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PREFACE
 

The purpose of this handbook is to provide a practical guide to those aspects of the management of seed 

stores for genetic conservation which require some understanding of seed physiology. The handbook assumes 

little previous knowledge of seed physiology, but aims to provide suflicient information on practical 

procedures either to avoid or to overcome potential problems in the day-to-day operation of the seed store 

and seed testing laboratory within a genetic resources centre. Most of the handbook deals with the assess­

rent of seed viability when the seed first arrives and in subsequent monitoring tests during storage. 

Consequently a suitable sub-tit'e for this handbook would be: the germ ination of dormnant and non-dorniant 

seeds fron accessions maintained in nmedil.ln- or long-term seed stores for genetic resources conservation. 

Advice on the preparation of seeds for storage (drying, cleaning, moisture content determination and 

packaging) is also included because it is imoportan t that these procedures do riot cause additional problems 

in the subsequent assessnentself seed viability, or reduce the potential storage life of accessions. 

Although mrany of the problems are similar to those in other branches or seed technology, some gain 

added importance and sonto new problems are encountered when dealing with seeds for long-termn 

conservation. For examnple in gene banks it is particularly important to ensure that initial processing does 

ri.,t unnecessarily reduce the quality of the seed since this affects potential longevity. THen again problemns 

of seed dormancy interfering with viability testing are likely to be more severe in seed banks for several 

reasons: for example. ir order to ensure rnaxirnut][l seed quality efforts wi!l be inade to store seeds as soon 

as possible after harsest and this is when dormrranicy is li OSt pronounced, somrie accessions will represent 

wild progenitors of crops or primitiitie landraces and these are usually iro're dornant than ori dern cifltivars; 

and the lov temperatures used to preserve viability also tend to riaintain seeds in a dormant condition. 

Finally the seeds in gene banks are precious aid testing procedures are required which mriniimise tile 

nitrnber of seeds destroyed. lecause if these differences, the seed technology appropriate for cormimercial 

seed handling and testing is not always appropriate for gene banks. 

*ro avoid any mtisunderstandings in the chapters which follow there are certain terns which inmust be 

defined and understood frori the Outset. As already stated, this handbook provides advice on the assessment 

of the viability of seeds fromi accessions of orthoCox species in long-tern storage; in most cases 

viability tests will be gerninatiot tests perfortmted under conditions intended to overcore dorrmancy and 

thus result in the _erniination of all viable seeds; after an initial germination test suibsequrent tests will be 

carried out after each miosnitoring ittrval in order to determrine whether tIre viability has fallen to tine 

regeneration standard. When thi; happens arrangetents will be trade to regenerate tre accession to 

prodce a fresh stick o seeds or alternatively a samrple of the sate genetical constitution will be 

oI ta i ned frot atn rot her stirt e. Tine urnderliied terns are d, fined aid explained below. 

Accession.-\ satpipIe of seeds representing a multivar, a breeding line, or at collected field sample which 

is held in storage for conservation. It nereds to contaitt stilicient seeds to represent the genetic variatiot 

of the population foult which it was deris-ed, to provide mnaterial for germtlination tests to nonitor viability, 

and provide seeds for distributin arid regeneration. Ideally IIII)GR has recomnended that an accession 

should consist of 4000 seeds fur genetically hoinogeneOis accessittns arid 12,000 seeds for genetically 

het rogeneotls a( cessions. 

http:nmedil.ln
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Dormancy. As applied to seeds, the condition of a live seed which prevents germination when it is 
supplied with the conditions normally considered to be suitable for germination, viz. adequate moisture, a 
suitable temperature and adequate aeration. Unless appropriate techniques are adopted, a dormant seed 
may be assumed (wrongly) to be dead in a germination test. 

Germination. Ultimately the prod-iction of a seedling from a seed; the emergence of the radicle from the 
seed is normally the first visible sign that germination has commenced, but germination begins from the 
first metabolic processes during imbibition. 

Germination test. A laboratory test 'o estimate the proportion of seeds within an accession capable of 
germinating. 

Long-term storage. The storage of seed accessions for long-term periods. Stores operated at sub-zero 
temperatures are generally classed as long-term seed stores, but the storage conditions recommended by 
IBPGR for long-term seed conservation are -18*C or less in air-tight containers at a seed moisture content 
of 5 ± 1%. 

Monitoring interval. The period of storage between two viability tests to ascertain whether to continue 
storing the accession or io produce a fresh stock of seeds by regeneration or replacement from another 
source.
 

Orthodox seeds. Orthodox seeds can be dried to low moisture contents and stored at low temperatures 
without damage and their longevity in storage is increased by so doing. All arable crops and many small­
seeded tree species produce orthodox seeds. 

Recalcitrant seeds. Recalcitrant seeds cannot be dried without damage. Because they cannot be dried, 
recalcitrant seeds cannot be stored at sub-zero temperatures without freezing, and many tropical examples 
also show chilling injury (damage at about 10'C or less). Consequently recalcitrant species cannot be 
stored under the conditions recommended by IBPGR for long-term storage. No methods are presently 
available for the medium- or long-term storage of recalcitrant seeds (e.g. seeds of cocoa, rubber and many 
of the woody species which produce large seeds). 

Regenerate. Grow a sample of seeds from an accession to produce plants from which new seeds can be 
harvested and provide a fresh sample of seeds of similar genetic constitution to the original accession and 
which therefore can be used to replace it in store. 

Regeneration standard. The percentage viability of an accession, usually estimated by germination tests, 
which indicates that it is no longer suitable for -',netic conservation and should be replaced by regenera­
tion or obtaining similar seeds from another soir. Loss of viability during storage results in genetic 
changes through associated mutation and, in the case of genetically heterogeneous accessions, through 
genetic erosion because of genetic selection against genotypes o! shorter longevity. Accordingly the IBPGR 
Seed Storage Committee has recommended the regeneration standard adopted should be 85% for most 
species, though lower standards may have to be adopted for some. 

Viability. The possession in a seed of those processes essential for a seed to germinate. Thus a viable 
seed is alive; but this does not ensure that the seed will germinate (for example, if the seed is dormant). 
Within an accession, percentage viability is theproportion of seeds which are viable; it is estimated from 
the result of a viability te t. 
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Viability test. A test on a sample of seeds withdrawn from the accession designed to estimate the 

percentage viability of the accession. A germination test can only function as a viability test either if all 

the seeds are non-dormant, or if special treatments are applied to remove dormancy. An alternative 

viability test procedure which does not require special treatments to remove dormancy is the tetrazolium 

test; in forestry a viability test is often synonymous with a tetrazolium test. 

This handbook is divided into two volumes. The first volurne provides a general introduction to the 

management of seed accessions within gene banks, seed physiology and seed testing with particular 

reference to the specific problems for gene banks operating long-term seed stores (though the majority of 

this handbook is also relevant to the operation of medium-term seed stores), and provides further, more 

detailed, information which is likely to be useful for the operation of seed stores for genetic resources 

conservation. 

The second volume of this handbook* provides more detailed advice on the estimation of the viability of 

seed accessions of particular crop species, with the emphasis on treatments which promote the germination 

of dormant seeds. :t is based mainly on a critical distillation of relevant literature together with 

additional advice based on the experiences of the authors and on some protocols developed by the staff of 

the Royal Botanic Gardens Kew Gene Bank at Wakehurst Place, Ardingly, West Sussex, England. 

The technology of handling seeds for long-term conservation is relatively new. Moreover, in many 

species we have inadequate knowledge or experience. We have provided direct instructions for procedures 

to be followed where this is possible, but in many cases insufficient information is available at present for 

unequivocal advice to be given. Consequently this handbook is also intended to provide a guide to gene bank 

staff to help them find their own solutions. Many of the suggestions are tentative und it is expected that 

the techniques will be modified and expanded in the light of the experience of those in seed banks who 

are having to cope with these problems. Indeed it is hoped that this handbook will stimulate gene bank 

staff, and seed physiologists elsewhere, to solve many of the difficulties which are highlighted here. 

Accordingly we would be grateful for any suggestions which could help in the revision of future editions; 

these may be sent to either the authors or the Executive S. cretary, IBPGR. 

This handbook is intended to complement a previous IBPGR publication - The Design of Seed Storage 

Facilities for Genetic Conservation (full reference provided in Chapter I). To avoid duplication that report 

is extensively referred to here as the 1982 Report; copies are available from the IBPGR Secretariat 

in Rome. 

* Handbook of Seed Technology for Genebanks Volume II. Compendium of Specific Germination Information 

and Test Recommendations, IBPGR, Rome, 1985 (A GPG: IBPGR 85/85). 
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CHAPTER 1, 	 MANAGING A LONG-IERM SEED STORE FOR GENETIC RESOURCES
 

CONSERVATION: GETTING THE SEEDS INTO STORE
 

In essence the operation of a long-term seed store for the genetic ivsources conservation of orthodox 

species is simple: seed accessions are received, recorded, and maintained in store under cold. dry 

condition- and sub-samples withdrawn and despatched when required. However, the apparent similarity with 

the operatimn of, say, a warehouse containing manufactured goods is false. Whereas the latter are 

inanimate, seed accessions are or should be living material; if they are not then the accession serves no 

pirpose. Many of the preolenls which have arisen in the maintenance of seed collections ih gene eanks 

hive resulted from a failure to recognise fully that seeds are living niaterial in a quiiscent state. 

I-or this reason we begin this volume with some observations on the management of long-term seed stores 

with the aim of maintaining accessions containing a high proportion of live seeds. 

RECOGNITION AND 	CLASSIFICATION OF SEED STORAGE CI-IARACTEPISTICS 

The use of long-term seed storage for the conservation of plant genetic resources is only feasible for 

those species which show orthodox seed characteristics (see Preface). Other techniques have to be used if 

a species produces recalcitrant seeds. Unfortunately several mistakes have been made in assigning species 

to these alternative categories - in particular several species have been reported as recalcitrant (and 

therefore unsuited to 	 long-term seed storage) when they are in fact orthodox. 

There are several reasons why mistakes can be made and these are dealt with in detail in a reference 

given at the end of this chapter. Often mistakes have arisen due to insufficient understanding of drying 

problems. For example, seeds have been killed by drying because the technique was inappropriate or 

because the seeds were immature. In other cases the drying technique was adequate but possible effects 

of drying on other aspects of seed physiology were not understood; e.g. in some species rehydration in 

germination tests is very slow after drying to low moisture contents and germination tests should be 

extended, sometimes hardseedcedness is induced on drying so that scarification is needed; and sometimes 

dormancy is induced which requires additional treatments. In other cases, after drying, the rehydration 

needs special care otherwise rapid water uptake results in imbibition injury. All these problems are dealt 

with in this manual. Here they are mentioned to emphasise tile importance of understanding the ,,robleins 

if expensive miistakes 	are to be avoided. 

Although it is not possible to store recalcitrant seeds for more than a few weeks or years (depending 

on species) alternative methods have to be used for genetic conservation of these species, e.g. regularly 

replanted orchards. Nevertheless seed technology is often aln important part of the conservation process 

since gernplasm is ofien collected and transported as seeds, and seeds are germinated in the course of 

regeneration and evaluation. Although the main emphasis in this manual is oil orthodox seeds, it will be 

found that tiuch of the information i, germination and estimation of viability is also applicable to 

recalcitrant seeds. Furthermore benak c of the need for specific advice on the germination of recalcitrant 

seeds we have included several species in the second volume of this manual. 



QUESTION 

Should collection be accepted for long-
term storage? 

What should the order of operation be 
when receiving seed collections? 

What is the minimum acceptable number 
of seeds for long-term storage? 

Should seed moisture content be deter-
mined? 

If so, how? 

Should accessions be bulk-stored or sub-
divided into many containers? 

What form of storage containers are most 
appropriate? 

Is seed health to be tested? 

What are the appropriate germination test 
conditicns? 

TABLE 1.1 Gene bank Decision-making Management Table 

DECISION 

RBG Wakehurst Place 	 Other possibilities 

Accept if (a) seed of wild material, (b) does not e.g. is the material within the mandate of the seed 
duplicate existing collection. (c) seed number bank? Does it unintentionally duplicate an existing 
acceptable, (d) germination above regeneration collection? Even if the number of seeds is smaller 
standard, and (e) the species shows orthodox seed than the standard accession size or below the 
storage characteristics, regeneration standard it still may be decided to 

retain the accession if it is deemed important 
material. 

e.g. Depulp, Dry, Thresh, Clean and Analyse 
Purity, Dry further, Determine moisture content, 
Pack, Store and Test Germination. 

1,000 	 The standard accession size may vary with the type 
of material: e.g. IBPGR have recommended 4,000 
seeds for base collections of genetically homogeneous 
accessions and 12,000 for heterogeneous accessions, 
but practical considerations may demand some 
flexibility. 

No, use standard drying times instead if species Moisture contents determined on some accessions 
handled extensively before. only in order to monitor drying procedures. 

Yes, use standard ISTA procedures, but with Yes, use ISTA procedures, but using less weight of 
standard seed number (instead of standard weight). seed and more accurate weighing procedures. 

Sub-divide. 	 Use a single container. The policy within a seed 
bank may be different for different species. 

Glass bottles with rubber seals. 	 Laminated foil packets. 
Metal cans. 

No. 	 Some health testing feasible, but comprehensive 
health testing impossible. 

Refer to algorithm (see Volume II). 	 Refer to prescriptions in the second volume. If no 
suitable prescriptions available, refer to Chapter 
and the second volume. 

5 



Should a fixed sample size or a sequential 
germination test procedure be used? 

How many seeds per test? 

Should germination be evaluated according 
to the criterion of viability or the 
criterion of normal germination? 

What is the maxinmum acceptable propor-
tion of empty seeds? 

What is to be done if proportion of empty 
seeds is greate. than this? 

What is the regeneration stanjard? 

Should accessions which fail this standard 
be regenerated'? 


Ho frequertly should accession germina-
tion be monitored? 

Which categories of correspondent should 
be upplied with seeds on request? 

How many seeds should be supplied to 
users of genetic resources? 

What supporting information should be 
supplied? 

Should repeat requests for an accession be 
supplied automatically? 

Fixed sample size. 

100 


Viability (i.e. protrusion of radicle in germination 
test). 

5% 


Reclean. 

75% germination. 

No. If possible recollect. 

Every ten years. 


All bonafide organisations which collaborate in 
the exchange and conservation of germplasm. 

50 


Details of collection/characterization and 
recommended method for germination.. 

Not within three years. 

Fixed sample for initial germination test, sequential 
test for subsequent monitoring tests. 

400 for initial test, 40 for each group in sequential 
tests.
 

Normal germination (i.e. germination resulting in 
morphologically normal seedling). Exceptionally a 
tetrazolium test when pronounced dormancy cannot 
be overcome. 

In some species e.g. some tropical grasses much 
higher values than this would have to be accepted. 

Do not reclean but tak- number of empty seeds into 
account when assessing true seed viability. 

8596 germination is more appropriate for most crop 
species in which high initial germination is expected, 
e.g. in cultivated cereals. 

Yes, but hold sample of initial accession in store 
until regenerated seeds are obtained and shown to be 
of satisfactory viability. 

Some sample accessions of seed might be tested 
sooner than This, particularly of species which store 
badly. The monitoring interval could then be 
reviewed in the light of experience. 

Working collections, when necessary. 

The appropriate size of sample could vary in relation 
to the genetic heterogeneity of the accession. 

Passport data plus evaluation data where available. 

At any time if bank is satisfied with need. 
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Table 1.2 An outline of the sequence of operations required to incorporate an accession into the 
collection maintained by a gene bank. This example is for seeds of a 

grass species received as panicles. 

ACTION INFORMATION 	 PRECAUTIONS 

RECEIPr 	 Allocate serial number, Insect infestation? Seed treated
Date of receipt. chemically? no seeds and documenta. 

a lion natch' 

VERIFICATION Despatch all relevant collection information 
together with herbarium specimens to 
taxonomist. 

r* DRYING 	 Location in drying room. Opencontainer to allow seedsto dry, but 

prevent itixing of separate accessions. 

THRESHING Cancel location in drying room, add date of Keep discarded material for seed healthI hreshing. 	 analyses. 

ESTIMATE MOISTURE Record moisture content. II seeds too moist for loig-ierm storage
CONTENT then return to drying roon fur further 

drying. 

r- CLEANING 	 Provide estimate of number of seedswithin Keep discarded material for seedhealth 
- accession. analyses.I 

L- PURITY 	 Provide estimate of empty seed fraction, If too many empty seeds then return for 
reduce estimate of total seednumber, further cleaning. 

PACKAGING 	 No. o containers, type of cotainer,
 
batch no. of containers.
 

STORAGE Date of storage, location in store of all
 
I containers.
 

ESTIMATE ACCESSION 	 Record all details of the testis), Sample seedsat randomt,overcome
VIABILITY Reduce estimate of total seed number by 	

seed 
dormancy in germination tests. 

number of seedsremoved to estimate 
viability.
Estimate regeneration interva:, decide date of 
first monitoring test. 

ADD TO SEEDLIST 	 Allocate accession number, indicate Do not add to seed list if insufficient 
distribution policy, no. of seedsavailable seeds,insufficient viability, verificationfor distribution and monitoring and minimum of species not available, duplicates 
no. of seedsrequired for regeneration, existing accession or outside remit of 

the collection. 

(DESPATCH SAMPLEFOR 	 Record institute at which accession duplicated,
DUPLICATION) despatch all information with duplicate sample. 
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MANAGEMENT AND OPERATION SEQUENCE OF LONG-TERM SEED STORES FOR ORTHODOX SPECIES 

Management, whether of a genetic resources centre or any other organisation, entails decision making. 

Three facets of management decision making are worth noting. First, the need for a decision should be 

identified; -'therwise wrong decisions will often be mlade by default. Second, the decision is best specified 

in the form of an answer to a question. Finally, the solution should be clear and unambiguous. 

Decision framework 

A decision framework is very useful frorn the outset for managing a long-term seed storage facility. 

Of course as experience is gained the framework can be modified and developed. It will enable gene batik 

staff to be aware of potential problems (at least those anticipated by the manager) and to be clear on how 

to achieve their objectives. 

The seed store operated by the Royal Botanic Gardens, Kew at Wakehurst Place, U.K. could not be 

used as a model of gene bank operation, because the material it handles is atypical of the majority of 

gene banks. Nevertheless an analysis of a decision framework with reference to the solutions adopted by 

the Wakehurst Place gene bank (Table 1.) may help others in arriving at decisions appropriate to their 

own material and objectives. However the list of questions and solutions will often differ between 

gene banks.
 

Sequence of banking operatins 

In addition to anticipating matters on which decisions will be required, it is important to decide the 

sequence of operations each accession will experience from receipt at the gene batik onwards. Table 1.2 

provides an example of operational sequences to incorporate an accession of a grass received in the forim 

of panicles. This is in the form of a flowchart which includes not only the progress of seed materials 

into, through and out of the gene bank but also the vitally itmportant information flow into, within and 

without the gene bank. Management information is also essential to ensure the maintenance of the 

accession. There are thus four categories of information associated with each accession: passport data ­

taxonomic status, comnon name and details of origin; characterization data - botanical and other easily 

observed heritable attributes: evaluation data - facts gathered by plant breeders or others during screening 

of the accession to determine its breeding potential; and accession management data. Accession 

management data includes: date of receipt; date of entry into the long-term store; store location; size of 

accession (weight or, preferably, the estinated number of seeds - ideally this also includes 1000 seed 

weight); initial viability; proportion of empty seeds (where relevant); dates, germination test conditions and 

results of all previous viability monitoring tests; and the date when the next monitoring test is due. 

Ideally the information would also include seed no isture content, the proportion of dormant .seeds, the 

estimated storage life of the accession in the long-terni store, ebservations on seed purity and seed health, 

a list of where, when and h(w many seeds from the accession have ben distributed, and how imay seeds 

remain in store. The management of the information required to conserve seed accessions within gene 

banks is not considered further here since this topic is covered by another IIPGR report cited at the end 

of this chapter. 

Frot Table 1.2 we can see that the basic order of operations for armaccession of a grass going into 

store is drying, threshing, moisture determination, cleaning and purity analysis, packaging, storage, and 

germination (viability) testing. This sequence will require aWteration for other species. For exarrple, arm 



accession received as fleshy fruits must have the seeds extracted before drying, bmt threshing willnot be 

necessars. 

Certain aspettis of the order of operations shown for a grass in "fable 1.2need lurther explanation. 
Threshing o'(turs after preli:ninary droing. Thus seed heads willoften be dried first as a whole unit. 

When dried the seed heads are easier to thresh. I-lowever, sery dry seeds can be suite prone to 
mechanical danage (see later section on threshing) and threshing cain involke a good deal of tehanical 

treatnectt iof the seed. ConlsequetliJ final drs iiig dosi to bt\\etln 4 o moisture conteitand forlong­

termrt storaqe IN subsequent to titreshitig; hence the dotted line i Table 1.2. 

Clettlng and pturity analysis are each considered it be parts of the saute operatiott %i(e the retilt of 

the pUrity anal,. is tia identify the need for further tclearng to rediu( the empty seed tra(tiont; again, as 
shosi b, the dotted line in) Table 1.2. Gertititiotton testitng is rotisidcered is the last operation within tile 

sequence. There are a ntitt ber of rea son% for this.Firs there is, little point in testing act, essiots with a 
high proporttun of etmipty seeds for gernttt.tlon. Thus gertmtiation testinig is stbsequent to (-lealitng attd 
purity analysis. Secondly the rec-eipt of acessons at i gene bank will tetid to be seasotnal rather than
 

regular throutghott tit(' year. It will be wise to concitrate the effort during these periods of peak input
 

to enable tie a:-ssijons it)be placed itt good storage tottiititotnts as %-tOt1 Is p0ssibh, it order tt a old loss
 
tif qutalit). Ii which case germinatont testing tat be (tarried ottt %%;hentitle allows after tt a(essilO has
 
been dried arid placed so deterioratioi artested. (-LLrs-e tlhis policy
it storage Ithat is Of ti ott'asiot when 

is adopted it iay be ,LotInd that stine ac(essions with poorer gerlmtintatiotn than tihte stattdard
regetteratiott 


are placed tit storage. hlt this is of 110 .oLnseqtrit,. Slth accessiotns can rilaitt tIt good storage
 
cotidit i ois untilit 
 is knowtn whether titea'cession ran be replaced by another t'olletio or. Until facilities
 
are asadfable for tfue regeneration of tne ac((sti - iii which tase a sample of tileac(cesion should
 

rtvitin ii store ar\wav as a prectautiot iii (ase of 'rop faillire durinig regeneration. 

Thie itxamph,gusen above shos the adlvantage of adopting a flexible approah it)organtising the work
 
(i a gette bank. It tant be extended further by stiggesting that, it the number of staff is lutited, the seed
 
testtng operations totuld be minimised 
 or event suspended during tine peak input season. Another possibility
 
is to orgainlse tlo wol+\rk of tie seed testing laboratory seasotal fly with regard to the species being tested.
 
[or example, a higher throughput magp
a be possible if oily one species is tested inono part of the year: in 

titenorthern hemrisphere autitIrtit Notwtt cereals itight be tt.sted itt .\fa/y.tutte so tfhat facilities could be tirade 
as ulable for sowiig it .he autiimniti If regeneratitit of ct% ac'-esilts is ne(cessary; whereas spritg so%%it 
cereals could be tested in October/Novernber so that If iltts' tould be tiadeavailable for sowing iii the 
spring if rtgener,itutu of ails w(-t-sslios is neicessary. Organ.itoti if mtonitt oring tests itt this way may 

irrease tfhrOlighput t otipared to testing at(t*euvssus if ally ,pei-i"s thrtigtouht the year. 

The tlmain purpost of this tmitjal i, to pro ide 'Avite, (onierlitig nethods of geritiniatig seeds froii 
ac'iessions in stire arid, iii parti, tlir, suggestltis as to hsw t, promttote titegermitiatiott of dormitait seeds 
it order to provide !or the germination of all \idile seeds. Subsequent chapters provide detailed 

inorratiori ot these aspects if the st\kork of lotig-term seed stores for geltetli" resoitrtes tiotser'atiol. I lie 
reiainder of this haptir is maiml) ctuerited si th %ariotis aspe is I the operation of gene banks which 

ciat aIfeet titqtality of seed iti("ise%%tts banked initIe serf store. 

EXTRACTING SEEDS FROM FRUlT. 

It very milairyVsp(c ies gete banks will in fac-t be storing seeds within dry fruitsand other stiructures 
(e.g. a caryopsis within its attached letnuta arid palea, as itt many grasses - see Chapter 3). P'roblems can 



-7­

arise because in certain cases the,,r Iuits, though know agronormicaljy as s eds, will not cotalrl true 

seeds in which case they are known as 'empty seeds'. In other cases problens ay arise because ithe(dried 

frujit structure miaiy contain more than one seed. iotltypes of problem are considered iii a later Section 

of this chapter; here \e%t centrate on the extraction of seeds fron riolstor fleshy Iroilt . In these 

cases the seeds roust be removed frori the friits before long-terii seed storage. 

It t Is 
W y tit 

introduction. %Iari of the procedures \ idtly uIsled to extra(t seeds I rom IlIs, i ruits ha.e been devolopled 

for the con'erience of breeders who llae oftell been liore concerned \ilti eae i ,s than witilh 

A general word of warnintg coincerning exti action procedures 'u rrenitisag' Cneessarb) \Xay 

extratitoi 

obtairning a high proportion of surriing seeds. It caliliot ie as1ieiI that air e raiCtirlll lrouedure 

described as satilsfactor' by a breeder does lot dairage tlie seed aid/or reduce ubselIient storage life. 

]it a few species a lmall proportint if seed,, may Shoss a tendency to begin to gerinlnate Within lhie' 

fruit as a result u i ufficient dorlianc'. If this is likely thh tie seds shiuld be extracted from the 

fruits and dried as soon as poss ile. For tie mjaor it y oi species, hioweser, dormi alicy is sliff icielit to 

prevent gerieiraton within the irlt. n feldra ted (or 'air-dry') seeds the higher the seed rioisture 

conteii, the lastnr the loss ii iabilit, but f1h, hirated seeds are able tiisursise for quite long periods 

providt.d that ttey are prvented I1rein gerninating biy dormancy'. Thus hydrated, dormriant seeds within 

fleshy fruits are not daicge.d by sle i perieds ol s'orage illtIre truit. For exairiple, in imiany orthifdox 

Species ilk' dallilei appeLrs tio result Ill Ii\ \'eks storage iii moist Iruts. Since oxy gen is required for 

hysdrated Seeds tl irl atiutaill s anllit\ It is e,-,llt that air shiruldbe able to circulate freely between tilt, 

moist fruts ani; tt tic trill be lieid iii coittarte N swhich pr\'ide tro barrier l air. ]it general if friits 

are to be stored for tie short-term t1r1tilseed e xtraction is possible it swoiuldseln l)referable for tie 

ternDerature i storage to be about GY to 5'C lid that tte lltitiridivt Sholildbe slifilCicrltly high to present 

excess,ise drying Otit vi the iruitns. iThis as idts botlh inductior vif Neclndary dormilany'v (see C thapter 5), 

%hl1h ('arn iiciCur at labor,atory teript'ratures and above, ind also (ecomposilion tit the frillus. R ec.al'itrant 

seeds of nran\ trolpical fruits liay be killed by chilling tiltury - i.e. telperatures below i " to I 5(] - but 

such seeds cannot be dried arnd therehore will not be field inr om,'entior al long-terri seed Stores. 

Ob' iousl ,' thoughi, seed extractioll ShO)ld be underIakeln as soon as possible after fruit harvest. 

TIre folltwing notes are prosidvd for specif ic categories of Iruits. 

Pornes e.g. apple and pears (Iltiis andl'rus spp.). The fruits are easil bisected by krlt e and tIhe seeds 

r'mroved frori the lore b ' forceps. This is to accotvplshI ' fruit.easier with I iirl 

Storiefrrits e.g. P'riius spp. Niateratin of the flesh by' riahirne is of ten Ir.ti tised, buxt reiriovl of the 

flesh with a sharp knife by hanwd is I 0Mse1rlirrit for siiall glialititles iii serid. hilriedialely after vtractirn 

the stories should be WashCl rOpi)itls\' it tsater to remus all pulp antd jticte. It stirioce of the stohes 

shirild then be blotted drr. It it is wishied to (xlrait seeds Irirri stornes then this is best accoiplished 

after prelimiinary (one day) dryinig ili thie (rsig rom. Splt the StOut' niidiii'irp tie seed ah i dr) wsith 

vie or pliers by ipplying steatihl1% il( 'reisirig pressure at the bridrIL'st point ti the It.IgltiI Ilal asis if the 

stlle until tie tndoarp splits. '\ltvrriltiel ilsert a Strong blade into tie creiie and twist. 

Citrus fruits. Fruits carl be bisected kli (1nd tihe seeds tisi'd 0tht 5.1th lorietsp Or 1 ,lisueezing theby by 

half fruit oln a fruit juikv squeezer. Seed shtiild be riised thonronighll tit dist lled %sater. 
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True berries e.g. Solanaceae, Vitis spp., Ribes spp. Certain fruits within the Solanaceae contain poisonotus 
alkaloids (e.g. solanin in the potato) which can severely irritate the skin if the fruits handled aare lot. 
Light polyethylene gloves prevent this whilst not reducing dexterity. 

The contents of tie fruits are best removed either by cutting the fruit in half ot by cutting off the 
distal end of the fruit and squeezing out the contents. Sometimes breeders homogenise fruits in blender/ 
mixers for thirty seconds - the blades being protected by rubber - but in our opinion this procedure can 
damage seeds. The excised contents of fruits consist of seeds in a gelatinous coating. Six different 
procedures have been used to remove the gelatinous seed coating. 

I. Natural fermentation where the gelatinous slurry is hermetically stored at about 20'-25'C for 3 days 
with occasional stirring, the seeds subsequently being washed out using tap water. 

2. Enzyme digestion where a pectinase solution (0.1% sveight/volume) is added to the gelatinous slurry in 
tite ratio of 1:40, stirred for one hour and the seeds washed out using tap water. 

3. Acid fermentation where I normal hydrochloric acid (917 ml of distilled water added te 83 ml of 
concentrated hydrochloric acid) is added to the gelatinous slurry in the ratio of 1:10, left for 15-30 
minutes and seeds washedthe out using tap water. 

4. Enzyme digestion plus acid fermentation, either by acid fermentation (as above) followed by enzyme 
digestion (as above), or by mixing equal volumes of the gelatinous slurry and a 0.1 normal hydrochloric 
acid solution contaimng U.1% pectinase, leaving for 24 hours, and then washing the seeds out using 
tap water. 

5. Sodium carbonate digestion where a 10% sodium carbonate solution and the gelatinous slurry are mixed 
in the ratio 1:1, left for 18-24 hours, and tie seeds washed out rising tap water. 

6. Washing seeds in running tap water under pressure for 15-20 minutes where the pressure of the water 
and the use of a spatula are sufficient to detach the gelatinous covering from the seed. 

In most cases natural fermentation should be avoided since it can result in damage to the seed. 
Similarly acid digestion with I N hydrochloric acid can damage seeds - although it may only become 
obvious if germination is tested alter a period of storage; treatnent with 0.1 N hydrochloric acid has 
little effect on germination but treatment at this concentration fails to break down the gel and flesh and 
is therelore pointles., - tnless combined with a pectimase treatment. The sodiurn carbonate method also 
fails to break down large pieces of fruit flesh or fibre. Moreover sinc washing is successfurl in tife 
majority of spec v.s we see no reason to use methods I-5 incluisive. Wash ni should be done with the 
gelatinous slurry in siev(s to present the seeds being washed away; a high flow rate of water is 
advantageous. 

CuCurbit,. In most ct:utrbits it is comparatively easy to cut open the Iruit and then scrape out tie seeds 
front lie centres o! fruits.the Wash time seeds in running water before drying. 

Fleshy Jp_. e.g. Roa ,pp. A portion of the hip is cut away arid the seeds gently squeezed or teased 
Out. 
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Drupelets e.g. Raspberries. In these fruits the berries can be squashed between the hands and seeds 

washed out by washing. 

Strawberries. In strawberry the seeds cover the surface of the fruit. This surface can be cut away from 

,he bulk of the fruit, mashed between the fingers and the seeds separated out by washing. 

After seeds extracted from fruits have been washed they should be blotted to remtove excess Moisture 

from the seeds. This is particularly important with very small seeds, otherwise on drying the seeds tend 

to cake together resulting in a very wet patch of seeds in the centre of the cake. After t1.i remroval of 

surface moisture the seed should be dried in the drying room (see next section) i very thin layers ­

preferably only one seed thick. The small amount of gelatinous material that may remain after washing is 

easily removed once the seeds are dried. 

Fibrous drupes e.g. the palm fruits. Ilh, exocarp and mesocarp of the fruit enclose the endocarp - which 

is a hard thick shell. After the fruits have been harvested the fibrous mesocarp can be re'moved with a 

sharp knife, and the seeds can then be washed amid surface dried by blotting. 

Capsules e.g. Brazil nut (Bertholletia excelsa lIttul. *$CBenpl.) and Sapucaia nut (Lecythis zabucajo Aubl.). 

In these species the fruits are large woody structures which can only be cut with an axe. However, when 

the fruit has matured, there is a natural cap-like opening through which tire dry seeds will fall out. The 

seeds are naturally clean and dry and do not require washing, but further drying iay be required. 

Cocoa pods. Cocoa is believed to be recalcitrant. The fruit!; are large, hard, woody pods *consisting of a 

few cormpartments within which the seeds are embedded. The pods can be cracked open with a wooden 

mallet and the seeds extracted. The extracted seeds are covered in mucilage which is normally removed 

by mixing in sawdust. This can then be rubbed oft, the seeds rinsed and their surface blotted dry. 

Pine cones. The ripe cones varN greatly itt size and form between the various Pious spp., but consist of 

brown to yellowish-brown overlapping woody scales; each of these scales, if fully developed, bears two 

seeds at the base. With (frying the cones open up, and the seeds can be dislodged fron the base of the 

scales by shal:ing. Ensure that the cones are harvested before the seeds have already been dispersed! It 

may be necessary to remove the wings froiti the seeds in order to reduce the seed bulk. 

In the nornlal practice of seed production some fleshy fruits are picked and dried and only then are 

the seeds extracted, e.g. chillis, okra, gourds, tropical puMpkins aInd - sometimes - eggplant. Whilst this 

can be oire convenieit than extracting si eds whilst the fruits are moist it is inevitable that the seeds 

within the fruits will dry mre s!owly than they would if extracted from the irroist fruits and dried 

separately. Seed quality is expected to be superior in the latter case and it is suggested that this 

procedure may be preferable to extracting seeds from dried fruits. Gene banks handling these species are 

recommended to compare the quality of seed produced by both procedures and act accordingly. 

It was noted above that hydrated seeds can survive for quite long periods. It is important that once 

seeds are remroved from fruits that they be dried quickly, not slowly, through the intmeriedialt moisture 

contents (where loss in viability is most rapid) to the low moisture contents necessary for long-teri 

storage. A long period of exposure to intermediate iroisture contents will result in loss in slability. If 

there is likely to be a delay in drying tire seeds then they shotld be maintained temporarily in the flint. 

If this is not possible then the feasibility of temporarily mitntaining the sc,*ds nimbibed with access to 

oxygen could be investigated. 
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DRYING SEEDS 

The 1982 report recomrends seeds are best dried in a drying rool maintained at about 15"C and 
10 to 15% relative humidity with good air recirculation. This requires the use of an air-dehunudifier 
(sorption type) with refrigeration to lower the tentiperature and remove the hreat generated b) the air 
ehumidifier. Large seeds require a substi. tialtrineto dry down to between 4 and 6% Moisture content 

especially if the seeds arernot force-sertilated. An alternatise for large seeds (e.g. maize and beans) is 
to adopt a two-stage drying procedure. In the first stage a dry;ingrooii is iaintained at about 17'tCwith 
40 to 45% relative huiti . In the second stage the seeds are placed in j self-contained drier with good 
air reciriculation - again using sorption-t pe eqtipitent - but with io ref rigera tion to provide an environ­
ment of about 301C with 10 to 150, relative humidity. 

The factors shich are positively related to the rate of drying are temperature, vapour pressure 
differential (difference betv-seji vipOUr pressure of environrment in equilibriUnl with seed at current 
moisture content atid vapour pressure of drying environment), oil contert, and airflow rate. Seed size is 
negatively related to the rate of drying. That is the larger the seed the longer it takes to dry. In 
addition certain features of the seed coat tan affect the rate of drying - particularly tie testa inilegnie 
seeds. The 1982 report considers the relationships between these factors ill considerable detail. Here we 
consider a few practical details of the operation and perlormance of drying roorts in gene banks. 

Drying room precautions 

I. Clearly label each accession (or part of accession) being dried. 

2. Although insects are generally reported to be inactive below about 30% relative iuidity, there have 
been some reports that insects have reproduced and tultiplied within seed drying rooms. Staff should 
inspect for such activity daily, and ensure that insects do riot pass into the drying room fromr outside via 
the air-lock or via the dehumiidifier. In addition obvious contaminants (e.g. larvae and galls) should be 
removed from accessions before drying - see the later section on cleaning. If insect activity is noted then 
clean atid disinfect the drying room, and then check that the notional operating environment is 
being achieved. 

3. Whilst seeds will (fry much more quickly when exposed tI the drying roor environment in thin layers, 
it may be considered that the risk of mixing accessions (that is, contatiination) is too great to allow this, 
in which case it would be preferable for the accessions to remrain within bags. The exception to this is 
for very wet seeds (e.g. those extracted froiri fleshy, fruits) which unst be allowed to dry in very thin 
layers to avoid the seels caking together. If seeds are dried within bags then the smraller the bag the 
bettor. ltor exalple, a large accessimrn call be sub-divided into a niuber oifsmraller bags for drying rather 
than being left in a single lirge bag. The bags ilust, of course, allow air and ioistu re to pass through: 
cotton and hessiaii bags are recomt ended for stmiall and la,m' seeds respectively, wit', tlesh sizes as large 
as cai be tolerated for the seed in question. 

4. Bfags should not be piled upon and against each other, since tIis too will reduce tileseed drying rate. 

5. Finally bags should riot be placed orn the floor,or against the walls of the drying r0oonr, since - it) 
addition to obstructing air-flow arid thereby reducing the seed drying rate - the bags will act as a 
colmponent of the drying room insulation, arid seed temperature will be affected. (A tetmperature gradient 
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will operate from the side of the bag exposed to the room through the seed, through the wall or floor to 

the outside. In the case of o higher external temperature the seed would be heated. In the case of a 

lower external temperature the seed would be cooled, the humidity around the seed %kould rise and the 

seed might not dry in an extreme case.) 

Several drying roons hase now been operated at the recommended conditions for many years. Not 

only have they proved simple, effective and sale to uise, but - particularly when conibined with a sensible 

-ollection policy where seeds are despatched to the gene bank as quickly a possible - they have also 

resulted in the banking of ver v high quality seeds. In contrast heated-air seed driers have several Iinlita­

tions which make thern less appropriate for rise in gene banks. These have been described in the 1982 

report. Most of the problhors reported when drying seeds stern either from the rapid rates at which 

damage cart accum late in seed at high moisture contents and high temnperatures or from structural 

problems within the seed due to rapid changes in moisture content. The latter are described below. 

Reduction of seed volume on drying 

When seeds dr,, there is a decrease in both \veight and volume. If large seeds dry too rapidly the 

outside of tire seed will lose Moi3ture more rapidly than the inside of the seed and will also reduce in 

Volume more quick]y. This call lead to cracking of tihe seed coat. Alternatively seed coats cart fail to 

shrink sufficiently upon drying to continue to make contact with the embryo. Th,.se strained sections are 

brittle and can be easily broken when handled. Inter"o drying stresses also may increase susceptibility to 

mechanical injuries such as fractures to the radicle and within cotyledon attachment regions ill legumes. 

In general these forms of darrage are most noticeable \%,her) seeds have been dried very'rapidly - as (for 

example) can occur in heated-air driers. Few such difficulties have been observed in seed dried more 

slowvly in drying rooms operating at the recommended conditions. 

Cleavage damage 

Ilowever, considerable difliculties are encountered when soyabean (Glycine nax) seeds are dried to 

very low levels - even when they are dried slowly in a gene bank drying roori. When dried below about 

8% Moisture content soyabeans show what is known as cleavage darrage. Here the seed coat cracks and 

tIre cotyledons may separate, particularly if the seeds are handled. To avoid this form of dairage, 

soyabeans shoild either be dried in a drying room as specified above but removed when their moisture 

content has been reduced to 806 or be dried to equilibriirr irt ervironrenrts with a relative humidity of riot 

less thant 4016. 

THRESHING 

In some gene banks seeds will norrrally be received after threshirng has been carried out. Nrit in some 

cases it may be better to receive seed heads (inflorescences), unless this creates difficulty with quarantine 

services. The rcr:etlt (i seed reads cart aid taxonorric classification \%,here thisis in doubt. Il addition 

tire nuunber of seeds iecovered may be greater duie to better technique and it should be possible to 

identify and renrove weed plants. Further, it should be possible t(- reduce tire amount of mechanical 

damage that occurs to seeds as a result of repeated handling and threshing. 

Seeds should be threshed when the mnoisture content is between about 12 aird 16%. The reasons for 

this are: first, seeds within this range are easier to thresh than wetter seeds: tire wetter the seed tire 
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more likely will associated %egetatmon tend to block tip any equipment; and, more importantly, the easier it 
becomes to detach seeds irurm seed heads as the attachment becones more brittle as seeds are dried. 
Secondly, within this range mechanical damage to seeds is rinimnised. 

Mechanical damage 

Mechanical damage ik the term used to describe those physical injuries to seeds which result from 
collision. The collision may either be between seeds or between a seed and other objects - such as time 
surfaces of seed-processimt machinery. Obviously seed velocity at impact aflects the extent arid/or
likelihood of mechanical damage. Thus seeds should not be dropped from great heights, although this is 
unlikely to occur in a gene bank. Another factor which affects time likelihood of mechanical injury is the 
plasticity or elasticity of tihe surface which seeds hit. For example, a rubber surface deforms oin impact 
and thus cushions the effect of the collision for the seeds. Thus it is a good idea for metal surfaces in 
dividers etc. to be coated with rubber. 

The suggested rang, of moisture contents for threshing is based on the fact that at either very high 
or very low levels of moisture content the likelihood of rmi-chanical damage is increased. In moist seeds 
bruises result from impacts. The greater the impact the deeper the bruise. Bruising of the radicle is the 
most likely to prevent normal germination (see Chapters 4 amid I0). Bruising of other areas can make the 
seed more prone to disease and/or imbibition injury (see Chapters 4 armd 7). rruisig darmage is the result 
or cells rupturing on iripact and releasing destructive hydrolytic enzymes, e.g. onl time surface of cotyledons 

legumes. Apart from any effect on germination if tested immediately alter impact, there is some 
evidence that bruised seeds lose viability more rapidly in storage - particularly when the seeds are stored 
very moist. 

In dry seeds the usual form of damage is caused by fracturing since such seeds can be extremely 
brittle. Again the most prevalent area for injuries to curo is in the region of the radicle. In addition
 
cracks in the seed coat can result, and these can increase the likelihood of damage to time seed occurring
 
at imbibition (see Chapters 
 4 and 7). Seeds which are neither too wet for bruising to occur on impact,
 
nor too dry for fracturing to occur onl impact, can be considered to be at an optimum 
 level of moisture 
for handling and threshing. Leguie seeds are probably amongst the more prone to mechanical darmage.
 
The range of 12 to 16% moisture content is thought 
 to be the optimum moisture content for handling and
 
threshing seeds of legurme species. For many other species 
 the optimum range is wider than this. Never­
theless, for convenience, but also because riot 
 all species have been investigated in as great detail as the
 
legume seeds, we suggest this is
range adhered to, where possible, for all species. 

Seed anatomy is also mnportant. First, small seeds are far less prone to mechanical damage than 
large seeds - mainly because the former are more protected against impacts at harvest amid threshing by 
the mass and nature of vegetation harvested with time seed. Secondly seed shape is important. Spherical
seeds such as those of lBrassica spp. are less prone to mechanical damage than flat seeds suchi as sesame 
(Sesamum indicum) or angular seeds such as onion (AllIrnim cepa). Thirdly, time location of time enmbryo 
within the seed has an effect. In rye (Secale cereale), for example, time tip if the radicle protrudes 
somewhat from time line of the endospermn whereas in barley (liordem iUmgare) the root tip is less exposed 
and protected by the seed covering strutures; thus rye is far more prone to nmechanical damage than 
barley. Finally, variation in seed coat characteristics influence susceptibility tom inechanical damage ­
particularly in the Leguminiosae - and this (-ar be particularly rmticeab e within a species. Hard seeds (see 
Chapters 4 arid 7) tend to have compzratlmvel imck impermcable seed coats which give some protection 
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against impacts. Thus varieties with thinner seed coats tnay be more prone to mechanical damage. In 
addition tile rmore tightly seed coats adhere to embryos the more resistant the seeds are to mechanical 

damage. There can be substantial varietal differences in the adherence of the seed coat to the embryo 

(e.g. in Phaseolus vulgaris) and consequently in susceptibility to mechanical danage. 

Use of threshers 

Seeds can either be threshed by hand or threshed rnechanicall). There are a number of points to 

consider if mechanical threshers are used. The threshing nachirne must be clean. This is essential to 
avoid seeds from one accession being contaninated vith seeds of accessions previously threshed and to 

avoid diseases or insect pests being passed frorn one accession to another. Certain threshers do not 
require cleaning. However, others may need to be dismantled amid thoroughly cleaned between accessions. 
Cleaning the thresher will involve the removal by brushing and blowing of seeds, stones, earth and other 

debris from the machine. 

Mechanical threshers are rarely 10096 effective in removing and separating seeds from seedheads and 
the associated vegetation. Frequently those seeds miost firmly attached to the seed heads (e.g. in cereals 

those at the base of ears) ane not dislodged during mechanical threshing. Also sotie seeds which are 
detached are caught in the associated vegetation. Thus a nunber of relatively precious seeds may be lost 

from the accession. In extreme cases there can be so much acconlanying vegetation that seed heads are 

'protected' from the thresher and virtually no seeds are recovered. 

Finally even seeds within the range of 12 to 1606 moisture content are nevertheless brittle, and 

mechanical threshing can result in broken seeds. If other considerations dernand the use of threshers, steps 

should be taken to ensure that the process is closely controlled and damage minitnised. 

PURITY 

In an accession in which all seeds are meant to be the same the definition of purity is simple. Every 

seed would be genetically identical, whole, undamaged and the accession should be free from pests, diseases 
and debris. We car. consider this aim to be absolute purity. In other cases it will be intended that the 

accession is genetically heterogeneous but the other factors will still be relevant. However, each criterion 

is an ideal rather than a necessity. 

Dispersal units 

tOne point of difficulty concerns what exactly cons itutes a seed'? Botanically the seed is the ripened 

ovule containinp, the embryo, whilst the fruit is the fertilized and natured ovary of a flower (see 

Chapter 3). Hlowever, agriculturall the seed is described as the Unit of dispirsal or propagation. This can 

cause problens for in some species - particularly tine grasses - it can be difficult to determine whether a 
seed (agricultural definition) does in fact conttain a seed (botanical definition)! Hence the terns ertpty and 

full seeds. 

Other difficulties may arise when the dispersal unit being stored consists of dried fruits which contain 

more than one seed. For example this is the case in Beta spp. where the diied fruit is called a cluster. 

The cluster is tine unit of propagation: it mnultigerm lines each cluster tnily contain as inany as four or 
five seeds; in tmonogerrn lines each cluster normally contains only one or two seeds. In agronomic practice 
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clusters of multigerr lines are often 'rubbed' - that is, a substantial part of the fruit is eroded by 
friction - to produce clusters containing only one or two seeds. Tile reason for this is to avoid as many 

as four or five plants growing at one spot after sowing, all but one of which in farming have then to be 
removed ('singled'). There is no probleri in storing dried clusters of Beta spp. and thus nt imnlediate 

reason for gene banks to attenipt either to reduce the number of seeds within clusters or to extract seeds 
from clusters. Moreover the process of 'rubbing' is to be avoided by gene banks since it considerably 

reduces the number of seeds available and incidentally increases the risk of loss of genetic heterogeneity. 
There are circuimstances iii which gene banks may wish to extract seeds trorn fruits cointairning more than 
one seed, for exaltmple when regenerating or tnultiplying an accession if the num ber if fruits is limited, or 
it a topographical tetrazoliur test for viability is required. ]in the example of Beta spp. extraction is 
quite easy. Each seed is contained loosely within a cellular capsule. Each capsule has a flat plate-like lid 
on the exterior of the cluster. This can be cut away or persuaded to open and the true seed allowed to 

drop out. Particular care should be taken when imbibing these excised dry seeds (Chapters 4 aidf 7). 

Debris and other seeds 

Debris catn consist of a wide range of plant arid soil-derived matter s%,tich has failed to be separated 
frot seeds during harvesting anid threshing. Examples of soil-derived debris include soil, sand and stotres. 
Examples of plant-derived debris inclde chalf, stens, leaves, flowers, nematode galls, futgus bodies arid 
seedlike structures %%,here the embryo (arid endosperm if originally present) have been replaced by insect 

larvae. Indeed seed-borne insect pests cart be a serious potential Froblemlm and it is a useful precaution to 
open containers cont-.inirig seed rnraterials sent to gene banks in lat inar-flow cabinets witt the air direction 

reversed. (That is air frorri tile laboratory is drawn into the cabitnet atrd filtered before being exhausted.) 
This avoids itrsects being introduced ilto tile gene bati< atid possibly escaping. It the earlier section Oil 
drying it was advised that, to avoid this, accessions sho(uld be opened and gien a prelilinary cleaning at 
receipt. Tile most problematic forn of plant debris are broken seeds, pieces of seed covering structure 

and ertpty seeds. In general - in line with ISTA rules - where hi.l or rmore of tihe true, botanical, seed is 

present it is considered to be a seed, not a piece of debris since the part of the seed present tray be 
capable of producing a plant. Seeds Of Weeds and other crop species can usually be detected by e.e. 

Seed cleaning 

In most gene banks it will be necessary to ittprove the purity of solme accessions by cleaning. 
Commercially the cleaning of large bulks of seeds is usually achieyed by rmechanised nmeans - passing the 
seeds through rotating drurns or across vibrating screens tt %ariouns apertures. This often has tile 

(corrmercial) advantage of produ:ing a tnilfurlly sized seed htt - very srrtall and very large seeds being 
excluded fronm tire Seed lot. Cletrly this iould not be helpid itn gene banks fur sUih a poliCy could lead 
to selec-tion within genetically heterOgeretiUs atcessiOIs. Moreover. tire eqlipmtentt Itself requtire, rigorus 

cleaning arid often :areful adjirstmrent betr-en accessions. COtisequtlntIy gene banks are stroltgl y adised to 
clean accessions by hand. IHadr sieves %tItfh graded meh sizes can be rise( Iti ret It',. large aind finie 
debris provided, particularly when the ss ott iscit Imeantto be geneti-ally heteroIgeneous, tare is taker to 

return smtall, shriselled artd litirtiature si-eds til tire I(essluIn bulk. 

Sinall accessions cart also be fairly easily ' -re,ed by haind - partict'larly it tis is done rti an orpaque 

glass sheet illuminated frolnt below. FInally in ",, , species the seed (a i be blown in a Verrtilited air 

column - this enables lower density raterials - leavei-,, awns, etci. - tIm be separited. It itost gene banks 
a combination of blowing, sieviing arid vistral itispection will provide the tirst suitible :leaning procedures. 
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It should be noted that those concerned with seed health testing have urged that material discarded in the 

cleaning process could be used for preliminary seed health tests if these are undertaken, because such 

material often contains a higl level of pests and diseases and because this can reduce the demands of seed 

health testers for seeds sampled from the accession itself. 

Assessing purity 

Having cleaned the accession it will probably be necessary to assess purity. In gene banks, because of 

the low seed numbers involved, it should be possible to remove all seeds of weed and other crop species 

and most of the debris by cleaning. However in many species the possibility exists that sonic of the 

pure seeds remaining are empty; that is the seed-like structue lacks an eriibryo. The uirecognised 

presence of empty seeds will make the estimation of percentage germination - and thus comparison with 

the regeneration standard - impossible. Consequently some method of determining the presence of empty 

seeds is required. 

Three methods of determining the empty seed fraction are available: the International method; the 

Irish method; and X-ray methods. Of these X-ray methods are the simplest, quickest procedures and their 

use is recommended in gene banks. The only drawback is the initial cost of the equipment. Methods of 

determining the empty seed fraction are discussed in Chapter S. To avoid confusion - particularly for 

those to whom samples of accessions are distributed - it is recom[mended that a target is set for the 

proportion of full seeds in accessions, e.g. 95%, and that accessions failing to neet this target be 

re-cleaned as many Lines as is necessary to reach this standard. However, in soeie gtass species, for 

example, there are no satisfactory methods for removing empty seeds and the proportion of full seeds will 

be much less than this; it is nevertheless important to know what this proportion is. 

SEED NUMBER 

Having ensured that the proportion of seed-like structures which contain a true seed is known, it is 

then necessary to determine tile number of seeds present within the accession. This is required in order 

to determine whether there are sufficient seeds available for conservation and, if so, the number of seeds 

available for distribution, evaluation, viability monitoring arid regeneration. Moreover, when seeds are 

removed frorm the accession for any of the above purposes it is vital to ensure that the record of seed 

number is reduced accordingly; otherwise the accession may be lost through seed depletion Without 

sufficieit seeds for regeneration. 

Seed number (an be determined directly (the whole accession being counted) or estimated indirectly 

(the whole accession is weighed, a sub-sanple from the accession counted and weighed, arid seed number 

estimated by dividing the total weight of the accession by the estimated mean seed weight. Further 

details and various alternative procedures for determining/estimating the seed number of accessions are 

provided in Chapter 2. 

SEED HEALTH
 

Fungi, bacteria, viruses and nematodes can all be seed-borne (and also debris-borne). One problem 

which arises from this is that quarantine services can delay and even destroy seed Material before receipt 

or after despatch frorm gene banks. Another common problem is the misuse of disease-eradicants which 

are toxic to seeds (se also Chapter c). Since there is evidence that some chemicals used to treat seeds 
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can reduce longevity under some storage conoitions, an,' because the long-term effects of the majority are 
unknown, the IBPGR Seed Storage Committee has recommended that cherical treatment of seed for long­
term genetic conservation should be avoided if possible. In spite of these difficulties gene banks have a 
responsibility to avoid the introductiun of a new seed-borne pathogen, or a new race of a seed-borne 
pathogen, into regions. To avoid this occurring UNFAO recommendations are that 

I. All germplasm should be introduced through quarantine services. 

2. Regional and national laboratories should be established for seed health testing to enable this to occur. 

If the bank itself undertakes seed health examination, work could be minimised if this is undertaken 
the first time a sample front an accession is withdrawn for dstribution, rath-r than delaying its acceptance 
into storage at receipt. However, to save seeds it has been suggested that debris removed from accessions 
during seed cleaning should be used for an initial investigation of seed health. As already mentioned it is 
best to avoid any treatment to the seeds (for example, heat or chemical treatments) before storage 
because these may affect rates i-f deterioration during long-term storage, or affect the results of 
subsequent monitoring tests. Where a seed health treatment is deemed essential it is suggested that, 
where the rules allow, it should be carried out immediately before sowing or distribution, rather than 
before storage. Moreover, if at all possible, the user to whom material is distributed should be made 
responsible for satisfying import regulations, quarantine restrictions, etc. - rather than the gene bank. 

For many seed health probflems, testing can be carried out on a sample of seeds drawn from the 
accession. This can be done when a sample is witindrawn frorn an accession for distribution for the first
 
time, and will enable assumptions to be drawn concerning 
 the health nf the remaining seeds in the 
accession. There are, however, two drawbacks to this policy. First, such d procedure would inevitably 
result in some delay in responding to requests. Secondly, certain seed-borne pathogens can be actively 
spread from only trace infections. To test for such a pathogen requires the testing of the whole bulk ­
and so seed sampling procedures are inadequate. Thus in these cases each sample distributed will require 
testing. However, such pathogens are normally tested by post-entry quarantine and so gene banks should 
be abie to avoid this work since the user of the distributed material will be responsible for it. 

Seed health testing requires a substantial number of expertly trained, and re-trained, staff. Most gene 
banks are unlikely to have sufficient resources to be able to undertake seed health testing. In these cases 
suitable ar-angerments should be made for other existing institutions to assume this responsibility. The 
most satisfactory solution is where the gene batik ; id quarantinr station are situated nearby each other 
within the same institution. Nevirtheless, even il responsibility for seed health has been delegated to 
another laboratory, gene bank staff should continually be aware of seed health problems. 

MOISTURE CONTENT DETERMINATION 

Two aspects of the seed storage environnmcnt are controlled - moisture content and temperature. 
Both need monitoring. Measurement of temperature is relatively simple. A wide range of different types 
of instrument is availible to give instant, remote measurement of store temperature. However, it is not 
so simple to measure seed moisture content. 
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Non-destructive methods 

Equipment is available to provide instant, non-destructive, measurement of seed moisture content. 
One type of equipment consists of a probe which is inserted into the seed bulk and measures electrical 
conductivity; the recorded value needs correction according to seed temperature. However, electrical 
inethods of determining seed moisture content are both im.ufficiently accurate and - because of inherent 
limitations in the method - are unable to measure very low seed moisture contents such as are appropriate 

for gene bank storage. They are nevertheless useful for checking the moisture content of incoming 
batches of seeds to decide whether drying is urgently needed. 

Gravimetric methods 

Consequently it is necssary for gene banks to use the more time-consuming. destructive, but accurato 
gravimetric methods of determining seed moisture content. These are destructive determinations because 
seeds - normally first ground - are weighed, heated in an oven and subsequently re-weighed. Moisture can 
be expressed as the loss in weight (i.e. less in water) as a proportion of the original weight of the seed 
(known as the fresh-weight basis or wet basis) or as a proportion of the final weight of the seed (dry­

weight basis or dry basis). 

There a problen however: the loss in weight which occurs during oven-drying is dependent upon both 
the temperature within the oven and the drying period. This is because - in addition to removing or 
failtng to remove all moisture - oven drying treatments can cause oxidation, decomposition or the loss of 

other volatile substances (e.g. oils). The result is therefore to some extent arbitrary. 

In order to make the term moisture content consistent and to iinimise the above problem, agreed 
standard procedures are used to determine seed moisture content. Seed analysts follow the rules of the 
International Seed Testing Association (reproduced in part in Chapter 2). According to these rules moisture 
content is recorded as a percentage of the seed including the water (wet basis). Engineers follow the rules 
of the International Standards Organisations. They usually express moisture content as a percentage of the 
dry weight of the seed (dry basis). Otherwise the two sets of rules are essentially identical. A conversion 
scale (Chapter 2) is provided to convert between dry basis and wet basis moisture contents. In seed 

physiology and in gene bank applications it is normal to calculate and express moisture content values on 

the wet basis. 

Since oil content varies between species, two methods of determining moisture content are available: 
(I) the high constant temperature oven method - for non-oily seeds; (2) the low constant temperature oven 
method - for oily seeds. Two lists of species are provided in Chapter 2 - one of species with non-oily 

seeds ar i the other of species with oily seeds. Oil rontent of seeds in the first category are generally 

less than 596 db (dry basis, otherwise the value would be confounded with moisture content!), and greater 
than 15% db in the second. We suggest that the high temperature method be used for species with seeds 
of oil contents of 5% (db) or less and the low temperature method for species where seed oil contents are 

greater than 5% (db). See Chapter 2 for more information. 

Time taken by seeds to dry to preferred moisture contents 

Moisture content determinations are expensive in terms of both seeds and manpower. Given 
inadequate resources and the problems of incorp'orating large numbers of accessions into store as quickly as 
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possible, how necessary is it for the moisture content of each and every :'CcessiUn to be determined before 

storage? Assuming that the gene bank is drying accessions in a drying room of known characteristics then 

it is possible to avoid the need for determining individual accession moisture contents in seeds of known 

drying characteristics by relying instead on a pre-determined fixed time within the drying room. For seeds 

of a given species with the same chernical composition (oil cottent) and tile samie size in a given drying 

environment the rate of loss of Moisture is dependent upon the difference betweeni the actual seed 
moisture content and the InoistUre content at which tie seed would be in equilibriurn with the drying 

environment. As the difference between thrc.e two values declines during drying so the rate o)' loss inl 

moisture oeclines - and dramatically so. Consequently in a gene bank drying room operated at realistic 

conditions the difference between the rune taken for seed! to dry to between 4 and 606 oinisture content 

froni various diIff,-rent levels of initial nrlSture will be inperceptible in practical terms. Within each 

species the mo, important factor affecting these timties will be seed size. Particularly in large seeded 

species it may be necessary for the drying time to vary within a species depending upon seed size. 

The 1982 report provides equations and iromograms which can be used to estimate approximate drying 

times. Nevertheless, each gene bank will need to check such times from their own practical experience. 

It is suggested that part of tile drying roorn cortnmissioning period be devoted to providing this information. 

When using pre-deterinined fixed drying tittles particular attention should be paid to airflow patterns 

throughout the drying roorni. It would also be advisable subsequiently to sample accessions occasionally 

after drying to check that the expected moisture contents contintie to be attained. 

Having considered how to determine moisture content, or ensure i: is within tile preferred range of 

between 4 and 6%, we can now consider how seed mroisture content shotld then be controlled during 

storage. There are two alternatives: either the accessions are stored iir opLin containers and the relative 

hurnidity of the whole cold store is controlled; or the accessions are stored sealed in herrmetic containers 

with no control of cold store humidity. In long-term stores tile latter is preferable on grounds of cost, 

technical considerations and safety (see the 1982 report). Consequently it is necessary to consider tire 

packaging of accessions to achieve hertietic environments. 

PACKAGING 

Any material wh~ch is irpertneable to water vapour is theoretically suitable as a packaging medium. 

it practice three types of tmaterial are used: glass, tretal and alumiinium-plastic foil lainirates. Tihe 

advantages, disadvantages, potential faults, their detection and testing have been considered in the 1982 

report. Here we etiphasise two aspects of packaging: whether containers should be re-usable, and the 

importance of acting upon any observed packaging deficiency. 

Re-usable or not-re-usable containers 

If accessions are to be retrieved from storage frequently and sub-saitipled, then re-usable containers 

(particularly screw-capped or similar jars or tins) are an adnatage since the cost of accessing the material 

is essentially labour only with little or no replacement of packaging material. In contrast, if non-re-usable 

containers are employed then accessing tiaterial in store entails a replacement cost for the container each 

time. Moreover iti the latter case tire need to repackage miay increase tire period tle accession remains 

out of the store. This nay not cause a significant loss in viability but it will increase handling litiie. On 
'he other hand there is potentially more chance of leaks occurring svith re-usable as opposed to single-use 

containers. Some compromise between tire tss' types of containers inay be useful if a semuilcltil test for 
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monitoring (see Chapters 12 and 15) accession viability is used. In which case it would be convenient for 

accessions to be stored in re-usable containers which are easy to open and reseal during the period of the 

sequential test when a number of samplings may be necessary over a short period, but for accessions to be 

sealed in single-use containers once the sequential test is terminated (if the decision is to keep the 

accession in store for a further rnoni.oring interval). 

Action on finding a defective container 

If a container defect is observed when accessions are first placed into store then these deficiencies 

can and should be rectified immediately, and a close watch kept on containers from the same batch. Once 

a gene bank has been operating for some time it is possible tha' a container withdrawn from the cold 

store may show some defect. Obviously this container will be discarded and replaced. Further action is, 

however, required. 

A reasonable sample of containers from the same batch which were sealed at a similar time should 

also be checked for deficiencies, and if necessary, replaced. In the first instance a reasonable sample 

might be considered to be all those containers sealed on the same date with this being extended by one 

day before and after as necessary until one hundred or so containers have been inspected. If no other 

deficiencies are found the exercise can be concluded. 

If deficiencies are found, then an attempt should be made to diagnos, the cause of 'tie defect. This 

might be a specific operator error, a specific error in adjustment to a sealing machine, or manufacturing 

defects in a batch of containers. Inspections should continue until staff are confident that all containers 

which may have been affected by the specific error have been checked. 

SYNTHESIS OF BANKING OPERATIONS 

It is now possible to synthesise the preceding sections and compile examples of procedures for the 

incorporation of accessions into the long-term store. We shall consider two examples of the actions ideally 

required. In the first example a grass has been collected by an independent collector. 

I. Before setting out the collector had informed the gene bank of the intended mission and asked 

whether the gene bank would be able to receive the material collected. 

2. In reply the gene bank had confirmed their willingness, and ability, to receive the material during the 

period stated, and provided the collector with the following guidelines: 

i) the grasses in question show a propensity to shatter arid collection should not be delayed; 

(ii) the gene bank prefers the material to be returned as inflorescences; 

(iii) accessions containing fewer than 4000 seeds would not be accepted for long-term storage, but ideally 

12,000 seeds were required; 

(iv) the inflorescences should be dried (but do not use heated air-driers) to around 10-12% moisture 

content and their hermetically sealed; 

v) a sinilar duplicate, well-docrumented, collection must be provided to the national gene bank; 

(vil before beginning to collect it must be confirmed that the exporting seed health authority will 

neither unduly delay, nor treat the material in question - the gene bank had already made a similar 

arrangement with the importing authority; 

(vii) a copy of the passport and ch,3racterization data must accompany r'ach collection; 
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(viii) the material should be despatched as soon as it is packaged at regular intervals, preferably of a. 

week or less, and a telex containing details of each consignment should be sent to the gene bank 

immedia aely. 

3. Having received a telex that another consignment was en route the gene hank was able to ensure that 
the courier provided the rapid ser, ice contracted. 
4. When received by the gene bank the material was iinediatelv' placed in the temporary store 

maintained at 17 C with 400% relative humidity, whilst the accohoianying documents swere passed to the 

gene bank manager. 

5. After che :king that the documentation matched the packages received, the manager made arrange­
ments for the accompanying passport and character:wation data to be entered into the gene bank's files, 
whilst at the samne time providing accession i tutobers and opening a inanagernent information file for each 

package, and informing the collector that the consignment had been received. 

6. The manager then made arrangements for the package to be removed frot the temporary store and 

for the banking procedure to begin. 

7. The hermetically scaled container sent by the collector was opened in a reversed-flow laminar-flow 

cabinet. 

8. No obvious pest or disease problems were observed within the inflorescences and the inflorescences 

were confirmed as being the species given on the passport data. 

9. The operator assessed the inilorescences tobe sufficiently dry to thresh and did this by gently pulling 

e:ich inflorescence between the gloved thutmb and index linger of one hand. 

10. The seeds and various covering structures still attached were then repeatedly. but gently, rubbed 

between two gloved hands. 

II. This material was thm.n cleaned in an air-blower - adjusted so tI oily dust and other light material 

lifted off, whilst the seeds and seed-like materials remained. 

12. Then, on the bench top, ma -- ial of a similar density to the seeds - weed seeds, soil particles, etc. 
- were removed to one side using a spatula; any broken seeds were also removed at this point. 
13. All discarded materials frtin the inflorescences - straw, dust, broken seeds, etc. - were then placed in 

a separate, sealed container for health testing, and labelled appropriately. 

14. Using the riffle divider a sample of 100 seed-like structures was obtained, and X-rayed in real time 

(that is the itage was observed ott a video itonitor). 

15. Since this test indicated that about 20% of the seed-like structures were empty (that is no seeds were 
contained within them), the accession was returned to the cleaner/blower and the air velocity increased so 

that the lightest seed-like structures were removed from the seed. 

16. A sample of the seed-like structures removed frorn the seed bulk were then cut open with a scalpel; 
this test confirmed that only empty seeds, not full seeds, were being retuoved by the cleaner. 

17. Again I00 seed-like structures were sampled from the accession by using the riffle divider, and then 

X-rayed il real time. 

I8. This test indicated that more than 95% of the seed-like struc,utres contained a seed. 
19. The result of this last X-ray test was recorded ott the ilanagenie! t file, together with the total 
weight of the accession retnaining after cleaning, the accessiot placed in a cotton bag and taken to the 

drying room maintained at 15'C with 10-15% relative humidity. 

20. The empty seeds removed in the sc-tend cleatntg operation were added to the bag c )ntaining all the 
discarded components of tue tmlores(enrces, tih(, bag re-sealed and sent to the sec(d health laboratory for a 
preliminary investigation of the seed health hazards associated with thie accession; bit if this had tuot beeni 

possible the discarded materials woulI have been incinerated. 

21. From the texture and brittlenuess of t(- Il f loresC:ences at threshing the operator estimated seed 

moisture ciontent to be between about 12 and I4%, and Ifrut premvious experience expected the seeds to dry 
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below 6% moisture content within a week in the drying room. 

22. After a week in the drying room the accession was re-weighed and it was tound that the total weight 

had declined to 90% of its original weight. 

23. An 8 gramme sub-sample of seed was obtained using the riffle divider and this was then divided into 

two, weighed, dried in a inechanicallI-ventilated oven for 2 hours at 130" to 133"C, cooled, re-weighed, 

and accession moisture content calculated as 4.5%. 

24. Again using the riffle divider, tvo large sub-samples of seed were obtained from the accession and ­

in a dry room - 1000 seeds counted at randomt froii each, weighed and all these seeds then returned to 

the accession. 

25. The accession was then re-weighed; calculations by the operator (based on total seed weight and 1000 

seed weight) showed the number of seeds present to be in excess of 4000, and thus sulficient to comprise 

an accession. 

26. The accession was then removed fron thie drying room, hermetically sealed in a laminated aluminiuni 

foil packet, and then placed in the long-term seed store operated at -20'C at the location specified by the 

gene bank manager. 

27. The seed moisture content, estimate of total seed number, total accession weight, 1000 seed weight, 

and store location of the accession together with the date of entry into the long-term store were then 

recorded on the management information file, and Inc seed testing laboratory iiformed that the accession 

was now in store and awaiting a germination test to assess viability as soon as this was possible. 

28. Provided this test result proved satisfactory the accession would then be added to the list of material 

available in the base collection. 

By way of contrast the second example considers the routine followed when a stiall accession of true 

potato seed received from a breeder is multiplied within the gene bank because timeaccession is considered 

valuable but contains too few seeds. 

1.1000 of the 2000 seeds in the collection had been sampled, germinated and the resultant surviving 

seedlings transplanted into the field. 

2. The growth habit of the crop and other relevant information concerning as iany descriptors as 

possible noted down, and transferred to characterization and evaluation data forms. 

3. The seed health laboratory staff were invited to inspect, and take samples from, the growing crop. 

4. As rio other potato crops were being grown in the vicinity no special isolation measures were taken. 

5. Flowe:ing dates were noted, and the fruits picked about six weeks later whilst still green - and 

certainly before the hauln began to senesce - an accession number allocated, and a management file 

opened. 

6. The collected fruits were stored overnight in a cold roorn maintained at 30 to 51C. 

7. The next day the operator, wearing gloves, cut around the outside of each fruit with a scalpel and 

squeezed the fruit contents into I large bowl. 

S. Slight pressure between gloved hands was exerted oil the ir it contents withit tile bowl as a 

preliminary stage in separating the seed front the gel. 

9. Small (100-200 nil) sub-samples of the gel werc reitoved froni the bowl and placed in a strainer with 

I min square rnesh. 

10. A stream of water from a moderately high pressure tap v.wcsthen directed at the contents of the 

strainer and the gel and seed separated with the assistance of gloved fingers. 

II. When the maiority of tie gel had been removed, the seeds were thinly spread on top of blotting 

paper and placed in the temporary storage roon maintained at 17"C with ,40% relative humidity overnight. 

12. The next day any remaining gelatinous covering was removed using forceps, the (tried seeds brushed 

front the blotting paper into a cotton bag and transferred to the drying rooi naintained at 15"C with 
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10 to 15% relative humidity for 3 or 4 days. 

13. Details of the harvesting, extraction, and drying procedures and dates were added to the accession 

management file. 

14. A I gramme sub-sarnple of the seeds was obtained using the riffle divider and further divided into 
two, weighed, dried in a mechanically-ventilated oven for I hour at 1300 to 133°C, cooled, re-weighed, and 

accession moisture content calculated as 4%. 
IS. Again using the riffle divider, two large sub-samples of seed were obtained frot the accession and ­
in a dry roon- - 1000 seeds counted at randoin from each, weighed and all these seeds returned to the 

accession. 

16. The entire accession was then re-weighed ano cakuz:,t made walcl, di.c minvd that the number of 
seeds present was well in excess of 4000 and thus sufficient to comprise an accession. 

17. The accession was then removed from the drying room, hermetically sealed in a la[Tina:ted aluminium 
foil packet, and then placed in the long-term seed store operated at -20"C at the location specified by the 

gene bank manager. 

18. The seed moisture content, estimate of total seed number, total accession weight, 1000 seed weight, 
and store location of the accession together with tihe date were then recorded on the management 
information file, a cross-reference to the accession number and location of the parent seed material 
provided, and the seed testing laboratory informed that the accession was now in store and awaiting a 
gerni," on test to assess viability. 
19. Provicked this test result proved satisfactory the accession would then be added to the list of material 

in the base collection. 

These two examples illustrate how easy it is to incorporate good quality seed accessions into long­
term stores and are intended to consolidate the information within the preceding sections. 

FURTHER READING 

It is outside the scope of this handbook to present detailed information on seed collecting, drying, 
health, regeneration/multiplication, or the management of information within gene banks. 

For further information on these and other relevant topics the reader should consult the following 

references.
 

Seed collecting 

Hawkes, J.G. (1980). Crop Genetic Resources Field Collection Manual, 37pp. 1l1PGlR/Eticarpia, Birmingham. 
Smith, R.D. (1985). Collecting Seed (in preparation). IBPGIZ, Rome. 

Seed drying and storage 

Cromarty, A.S., Ellis, R.H. and Roberts, E.H. (1982). The Design of Seed Storage Facilites for Genetic 
Conservation, 96pp. IMPGIZ, Rome. (Reprinled in 1985 as No. I im the series Handbooks for Genebanks.) 

Seed health 

Neergaard, P. (1979). Seed Pathology, l18 7 pp. Macmillan, London.
 
Various authors (1983). Proceedings of the international Symposium on Seed Pathology, Copenhagen,
 
11-16 October 1982. Seed Science and Technology, 11, 455-1359. 
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Seed multiplication/Regeneration 

Hebblethwaite, P.D. (ed.) (1980). Seed Production, 694pp. Butterworths, London. 

Classification of seed storage characteristics 

Ellis, R.H. (1984). Revised table of seed storage characteristics. Plant Genetic Resources Newsletter, 58, 

16-33.
 

Roberts, E.H., King, M.W. and Ellis, R.H. (1984). Recalcitrant seeds: their recognition and storage. In
 

Crop Genetic Resources: Conservation and Evaluation (eds J.H.W. Holden and J.T. Williams), pp. 38-52.
 

George Allen and Unwin, London.
 

Gene bank Management
 

Dickie, J.B., Linington, S. and Williams, J.T. (eds) (1984). Seed Management Techniques for Genebanks,
 

294pp. IBPGR, Rome.
 

Konopka, J. and Hanson, 3. (eds) (1985). Documentation of Genetic Resources: Information Handling
 

Systems for Genebank Management, 85pp. IBPGR, Rome.
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CHAPTER 2, THE DETERMINATION OF MOISTURE CONTENT AND THE NUMBER
 

OF SEEDS IN ACCESSIONS
 

EQUIPMENT FOR GRAVIMETRIC MOISTURE CONTENT DETERMINATION 

The following equipment ;. required for moisture content determinations by gravirnetric methods: 
a forced-draught oven, drying containers, a grinder and sieves, an analytical balance, a desiccator and a 
therrnometer. 

The forced-draught oven should be ventilated by :i powerful Ian, electrically heated with thermostatic 
control, well insulated and capabl, of providing a uniform tewperature throughout the cabinet. The heating 
capacity must be capable of enabhing the oven to regain ,'e operating temperature within 15 minutes of 
the oven door being opened at that termperature, haded with the material to be dried and then closed. 
Removable perforated or wire shelves should be fitted. A thermometer, accurate to 0.51C, should be 
fitted so that it is in the vicinit of the samples wh:lst it can be read without the oven door having to be 

opened. 

The drying containers should be made of non-corrosive metal or glass approximately 0.5 tn thick. 
The bottom of each container should be flat with rounded edges. The upper perimeter should be level with 
snug fitting covers. The size of the container should be such that the ,ample to be dried can be 
distributed to give not more than 0.3 g/cn. Since the miaximurn sample size will be no more than 5 g, 
circular dishes of 2.5 cm diameter (internal) [15/( i 2.5') 0.25 g/cnzl are sufficient. 

Grinding is not necessary hor sirall-seeded species but for gene banks dealing with larger-seeded 
species (a list of species where the seeds must be ground is provided later in this chapter) a grinding mill 
is essential. The grinder should be capable of adjustment so that the size of the ground material can be 
altered. Sieves of mesh sizes 0.5, 1.0 and 4.0 min are required to enable the mill to be tested after 
adjustments have been made. The grinding plates should not get hot when used (otherwise moisture would 
be lost from the seeds before the determination). It should be constructed frorn non-absorbent material 
and protected fromr ambient air (particularly draughts) during grinding (that is it should be enclosed). 

The analytical balance must be supported on a suitable balance bench (free from vibration), must be 
quick in operation (to avoid samples gaining or losing Moisture during the weighing operation) and capable 
of weighing to 0.001 g if 5 g samples are used, or 0.0001 g if smaller samples are used (see later section). 

The desiccator should be fitted internally with a thick iretal plate to enable the containers to cool 
rapidly when removed Irorn the oven. It should contain a suitable desiccant (e.g. indicating silica gel) 
which should be regularly regenerated or replaced. 

METHODS FOR GRAVIMETRIC MOISTURE CONTENT DETERMINATION 

The ISTA rules for procedures to determine seed moisture content are surnmarised below. Tine full 
rules and annexes to the rules will be found in Seed Science and Technology, 1985, Volume 13. 
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The essential points are as follows. 

I. The sample should be exposed to the laboratory atmosphere as seldom as possible throughout the 

drying procedure (except in the special case of the two-stage procedure described below). Samples ol 

left for long periods exposed to the laboratoryseeds used to determine moisture content should not be 

atmosphere either directly or indirectly (e.g. in permeable containers). 

samples - see Chapter 13 for2. Determinations are made in duplicate on two independently drawn 

details of appropriate sampling procedures. The size of sample required for the determination ol moisture 

the later note on sample size - since the method iscontent is likely to be a problem in gene banks - see 

5 g for each of the duplicate samples with twodestructive. The ISTA procedures prescribe 4 to 

exceptions. First, if the diameter of the drying containers is greater than 8 cm then 10 g is required for 

each duplicate sample. Secondly, if pre-drying is required (see below) then at least 25 g ol seeds must be 

sampled. 

3. If the sample is very moist then it should be pre-dried. (This is unlikely to be necessary in gene 

banks, unless it is necessary to determine the moisture content of very wet seeds on receipt before they 

are dried.) If moisture content is more than 30% the previously weighed samples are left overnight on top 

of a heated oven. If the moisture content is between 17% to 30%, or 10% to 30% for soyabean, or 

1396 to 30% for rice, and the seeds are large, then the previously weighed samples are first placed in an 

oven at 130°C for 5 to 10 minutes and subsequently exposed to the laboratory atmosphere for 2 hours. To 

determine the loss in moisture during pre-drying, the samples - at least 25 g - are first weighed into 

previously weighed containers, pre-dried as above and the loss in weight (i.e. loss in moisture) determined 

by subtraction. This is the flirst stage of a two-stage moisture content determination. 

a very high oil content which makes them dillicult to4. Large seeds are then ground - unless they have 

grind - (see list of species which require grinding below). For cereals and cotton ite grinding is 

necessary: the ISTA prescribe that at least 50% of the ground material should pass through a sieve with 

0.5 mm niesh size but not more than 10% of the ground material should remain on a sieve of I mm mesh 

size. Leguminous and tree seeds should not be ground so finely: at least 50% of the ground material 

should pass through a sieve of 4 min mesh size. The settings of the grinding mill necessary to satisfy 

mill so that all stall in the gene bankthese requirements should be inscribed on or close to the grinding 

are reminded of them. It is essential that seeds of the following species are ground. 

Arachis hypogaea Gossypiuim slpp. Quercus spp. 

Avena spp. fHordeum vul.gare Ricinus curnmunis 

spp. Secale cerealeCicer arietinurn Lathyrus 

spp. SorghUi spp.Citrullus lanatus (C. vulgaris) Lupinus 

Fagopyrum esculentum Orza sativa Triticumi spp. 

Fagus spp. Phaseolus spp. Vicia spp. 

Glycine max Pisum sativum Zea mays 

5. The drying containers must be dried before use. To do this they should be placed it) an oven at 

130°C (approximately) for an hour and then allowed to cool in the desiccator (containing a desiccant) for 

a further hour. The drying of containers before use is particularly imnportant in humid regions. 
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6. Each dish and lid is then weighed. The sample (whether previously pre-dried and ground or not) is 
then placed in the container, the lid is replaced and the dish, lid and seeds are weighed. All weighings 
are normally to 3 decimal places (that is to 0.001 g), but see below for circumstances when greater 
accuracy is needed. 

7. Dishes containing non-oily seeds are then placed in an oven maintained at 130" to 1331C, tlme lids 
removed and the samples dried for 4 hours (maize), 2 hours (other cereals) or one hour (all other species 
with non-oily seeds). This drying period commntences when oven temperature has regained 130' to 133"C 
after the samples have been put into the oven and the oven door closed. (This period huld be no longer 
than 15 minutes.) At the end of the appropriate drying period each lid is placed back on the dish Iron 
which it was removed and the containers allowed to cool in a desiccator hor about 45 minutes. When cool 
the containers and (dry) contents are weighed. The ISTA provide the following list of species where seed 
moisture content should be determined using this method - the high constant temperature oven method. 

Agrostis spp. Cynosurus cristatus PanicuM spp. 
Alopecurus pratensis Dactylis gloierata Papaver sotniferum 
Anethurn graveolens Daucus carota Paspalumn dilatatuit 
Anthoxanthun odoratum Deschampsia spp. Pastinaca sativa 
Anthriscus spp. Fagopyrut esculentuni Petroselinutl crispUt 
Au graveolens Festuca spp. Phalaris spp. 
Arrhenathernm spp. Holcus lanatus Phaseolus spp. 
Asparagus officinalis Hordeuni vulgare Phleum spp. 
Avena spp. Lactuca sativa Pisurn sativum 
Beta vulgaris Lathyrus spp. Poa spp. 
Bromus spp. Lepidiu sativurn Scorzonera hispanica 
Cannabis sativa Loliun spp. Secale cereale 
Carom carvi 

Chloris gayana 
Lotus spp. 

LupinuS spp. 
Sorghutf 

Sptacia 

spp. 

oleracea 
Cicer arietinum Lycopersicon escUlentum Trifoliume spp. 
Cichorium spp. Medicago spp. Trisetu flavescens 
Citrullus lanatus Melilotus spp. Triticum spp. 
Cucumus spp. Nicotiana tabacumi Valerianella locusta 
Cucurbita spp. Onobrychis viciifolia Vicia spp. 
Curninurt. cy.ninun Ornithopus sativus Zea 2ny2s 
Cynodon dactylon Oryza sativa 

Note that the above list contains a fe.% species whose seeds have a fairly high oil content, e.g. 
Lactuca sativa. 

8. The low constant temperature oven method for oily seeds is carried out iti exactly tile same way as 
the above method except that the oven is maintained at 103

0 
t 21C for 17 t I hours. (Consequently this 

procedure is usually carried out overnight.) The ISTA provide time following list (.fspecies with oily seeds 
whose moisture content should be determined usitng this tmethod - tIme low constant telperature oven 
method. 
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Allium spp. Glycine max Ricinus conrnunis 

Arachis hypogaea Gossyprun spp. Sesaiurr indicurn 

Brassica spp. Linuin usitatissimnutn Sinapis spp. 

Carnelina sativa lRaphanus sativus Solanum rnelongena 

Capsicum spp. 

In addition the current ISTA rules prescribe that the moisture content of seeds of all tree species 

should be determined by the low constant temperature oven method. The 1976 ISTA rules (Seed Science 

and Technology, 1176, Volut, 4. x,es 40 to 43 and 160 to 163), however, prescribed that the Moisture 

content of seeds of Abies, Cedrus, F'us, Picea, Pinus and Tsoga spp. should be deternined by the 

(toluene) distillation method. A few notes on the distillation method are provided here because gene banks 

might at some time wish to use this method to check the accuracy of their oven determination methods 

(for any species), but see the above reference for more detailed instructions on the operation of the 

method. 

The seed sample and solvent (toluene is usually recorinmended) are placed in a distillation flask. The 

flask is then heated, gently, and the evaporated moisture and solvent condensed in a water cooled reflux 

condensor and collected in a trap (receiver). The trap is graduated at intervals of 0.1 nil. The solvent 

and water separate in the trap allowing the volume of water evolved by a known weight of seeds to be 

measured. Although the method, when carefully applied, is accurate, it is only rarely used to determine 

seed moisture content because it is extremely time-consuming. 

Figure 2.1 Seed rnoisture content nomograph. Use a straight rule to connect appropriate points on scales 
a, b arid c. The dotted line shows an example calculation: extrapolating the straight line connecting the 

values 0.3 g on scale a (loss in weight on drying) and 5 g ot) scale b (original sample weight) gives the 
moisture content on scale c which can be expressed on either the dry basis (6.4%) or on the wet basis 

(6.0%). Thus scale c also serves to convert between moisture content values calculated on either basis. 

Loss in weight on drying (g)
I I , J I ' I 'II, , I I I 

2 I 0.5 0.2 0.1 0.05 a 0.02 

Original sample weight (g) i... iii; 
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i 
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2 

2 

Moisture content (,db) 

Moisture content I(%, wh) 

5 
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15 

20 
C 

25 

20 
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Calculation of seed moisture content 

In seed testing work the seed moisture content is calculated as the loss in weight as ,. P"orcentage vi 

the original weight of seeds. This is known as wet basis (wb) or fresh-weight basis. The ISIA ;ules 

prescribe calculation to one decimal place. Algebraically, if MI is the weight of the container (with 

M2cover), the weight of container and contents before drying, and NI3 the weight of container and 

contents after drying then 

percentage moisture content (wb) = 100 x (M2 - NI3) /(h - hi 1)2 

This method of expressing seed moisture content is also recommended for use in gene btidiN. 

In some laboratories (particularly botany and biochemistry laboratories) seed moisture content is often 

calculated on the dry basis (db): that is the loss in weight is expressed as a percentage of the dry weight 

of the seeds. Algebraically, using the same notation as above, 

percentage moisture 1 x - ­content (db) 100 (M2 M 3) /(M 3 M I) 

The seed moisture content nomograph in Figure 2.1 can be used to calculate moisture content on 

either basis. In addition scale c allows easy conversion between moisture content values determined on 

either basis. 

In a two-stage drying procedure the moisture lost in each stage can be determined as above on tile 

wet basis. If SI and S2 are the percentage loss of moisture (wb) in the first and second stages 

respectively, then the 

Original percentage moisture content (wb) (S I + S - (S I x 2)/100 

To determine seed moisture content on the dry basis from a two-stage drying procedure, first 

calculate as above on the wet basis and then convert the result to the dry basis using scale c in 

Figure 2.1. 

According to the ISTA rules the differencei between the two determinations of moisture content 

(remember the sarrmples were duplicated) should be nk, greater than 0.2%. If it is greater the determination 

should 5e repeated. 

Weight of seeds required for moisture content determinations 

If moisture content is to be meaningful - that is, estimates are reliab!o. rrproduceable and 

standardised (see Chapter I) - there is currently no alternative to the adoption of the low and nigh 

constant temperature oven methods (assuming the toluene distillation method to be too !irre-consuining). 

One area where the rules can, however, be altered slightly to the benefit ol gene banks cor~cerns the 

amount of seed used for each determination. 

For accessions with very small .eeds the ISTA requirement of at least 8 to 10 g of seeds for the 

destructive determination of moisture content is undesirable for gene batrks, if not impossible. orh simple 

approach for very small seeds, which has been -sufficiently accurate in our experience, is to reduce the 
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weight of seed used by a factor of ten, but at the same time to increase the accuracy of all weighings by 

a factor of ten; that is to use two samples of 0.4-0.5 g each and make all weighings with a 4 decimal 

place balance (that is to 0.0001 g). 

Recent work by staff at the Wakehurst Place Gene Bank supports our view that the weight of seeds 

required for the gravimnetric determination of accession moisture content can be reduced greatly below that 

prescribed by the ISTA. They have found that only when sample weights are reduced below 0.2 g is there 

an appreciable increase in the error of moisture content determinations. 

SEED NUMBER ESTIMATION 

Unless the number of seeds within an accession is known when the accession is first placed in the 

seed store and this number is updated subsequently whenever seeds are removed (e.g. when monitoring or 

distributing samples for other purposes), there is a risk that the accession will be exhausted without 

sufficient seeds for r-generation. The only way to determine seed number accurately is to count all the 

seeds within the accession. 

Seeds can be counted manually using a spatula on a surface which provides a contrasting background 

to the seeds, but this requires considerable effort. As an alternative the use of automatic seed counters 

can be considered. These are accurate to within about t596 of the true seed number when used correctly. 

They work best when the ancession is free from debris and the seeds are of uniform size and shape. 

Consequently their use with genetically heterogeneous accessions in particular can result in considerably 

more error than t5%. 

It is suggested that for most gene banks it will be sufficiently accurate to estimate the seed number 

in an accession by counting and weighing a sample withdrawn from it and calculating the mean seed 

weight. Then 

number of seeds in accession = total weight of accession/mean seed weight. 

Note in passing that the weight of a given number of seeds (for example, the number of seeds to be 

sampled for distribution) can, of course, be determined by the following formula: 

weight of seeds = mean seed weight x number of seeds required. 

The ;iean seed weight is an estimate since it is determined from a sample of seeds drawn at random 

fron. the accession as a whole. (It is important to sample seeds from the accession at random; see 

Chapter 13.1 The seed number derived from the above calculation is alsc, therefore, an estimate . Both 

are subject to error. The size of the error needs to be considered for, if the number of seeds in the 

accession is overestimated, subsequent accounting will be misleading and the accession might be depleted 

to a lower number of seeds than is safe before it is regenerated. A number of alternative methods for 

dealing with this problem are considered below. 

Estimation of mean seed weight by ISTA procedures 

In ISTA procedures either the whole working sample (at least 2500 seeds, that is roughly equivalent to 

the number of seeds within an accession) is' :ounted in an autonati cumnter and then weighed; or 
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replicated samples are drawn, counted and weighed. In the latter case eight replicates of 100 seeds each 
are drawn at random from the accession. Each replicate is then weighed to an accuracy of between one 
ten thousandth and one thousandth of the weight of the working sample. (For example, if the working 
sample weighs between 100 and 999.9 g then each replicate of 100 seeds is to be weighed to 0.1 g). For 
gene bank purposes the total accession weight could be used in place of the working sample weight in the 
above calculation. An alternative suggestion is to weigh each replicate to an accuracy of between one 
hundredth and one thousandth. (For example, if the 100 seed replicate weighs 2.5 g weigh to 0.0' g.) 

The coefficient of variation of 00 seed weight between the eight replicates must then be calculated 
according to the following formulae: 

Standard deviation (s) = v/[(n(Zxl) - (£x)'}/n(n-l)1 

Coefficient of variation = (s / R) 100 

where x = weight of each replicate 

x = mean weight of all replicates 

n = numler of replicates 

E = sum of 

According to the ISTA rules if the coafficient of variation does not exceed 6.0 for chaffy grass seeds, 
or 4.0 for other seeds, then the thousand seed weight is calculated as ten times x. The mean seed weight 
is given by x/100. If, however, these values for the coefficient of variation are exceeded then a further 
eight 100 seed replicates must be samspled at random, counted and weighed. The standard deviation for all 
16 replicates is then calculated. If any replicate diverges from the mean of all 16 replicates by more 
than two standard deviations (i.e. twice the standard deviation) then these replicate values are ignored and 
the mean weight of 100 seeds calculated from the remaining replicate valu-.s. The thous-ind seed weight 
is then calcLlated as ten times this value, but to calculate mean seed weight divide the mean value by 100. 

Estimatizn of mean seed weight by the Wakehurst Place procedure 

Linington, Smith and Butler (1985) of the Wakehurst Place Gene Bank have suggested an alternative 
procedure. Their results with diverse species with widely varying seed weights show that the coefficient 
of variation for the estimation of seed weight is reduced substantially by increasing the number of seeds 
couited and weighed per replicate from 10 to 200, but further increase beyond 200 seeds only reduces the 
coefficient of variation marginally. They suggest that, rather than counting out and weighing 800 (as in 
the ISTA procedure above) or 1000 seeds (to determine thousand seed weight), it is only necessary in gene 
banks to count and weigh a single group of 200 seeds, and this would save considerable time. 

Correction of the estimate of mean seed weight 

Whether mean seed weight is estimated by the ISTA procedure (8 x 100 seeds), a simple thousand seed 
procedure (I x 1000 seeds), or the Wakehurst Place procedure (I x 200 seeds) it is likely that half of the 
estimates will underestimate mean seed weight and consequently overestimate the number of seeds present 
within the accession. This is a serious potential problem which gene bank staff must seek to avoid. 
Linington et al suggest that gene banks using their procedure should assume (arbitrarily) that they have 
sampled a group of seed:i which is lighter tharp the true mean for the accession and which is in fact the 
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fifth percentile sample in terms of seed weight (that is it is assumed that 9596 of samples drawn from the 

accession would be heavier than this estimate). To correct for this potential error then requires the 

addition of almost two (.96) standard deviations to the original estimate. 

However, since only one 200 seed group has been counted and weighed no estimate of the standard 

devition is available. To overcome this problem Linington et al suggest that the relationship between the 

standard deviation and mean seed weight determined from their study could be applied, but with the 

further secuilty of using the upper 95% confidence limit of their estimates. Figure 2.2 is provided here to 

allow the determination of this security factor from the estimate of mean seed weight derived from 

counting and weighing a single group of 200 seeds: an exainple of how to estimate mean s'ed weight by 

this procedure is given in the caption to this figure. 

Of course if the ISTA procedure is used then an estimate of the standard deviation will be available 

and can be applied directly: a security factor of twice this standard deviation of 100 seed weight can be 

added to the estimate of the mean weight of 100 seeds. This value can then be divided by 100 to obtain 

a safe estimate of the mean seed weight of the accession. 

Monitoring accession seed numbc: *n the store 

In addition to initial errors in the estimation of the number of seeds in an accession, there is also 

the problem that subsequent withdrawals of seeds from the accession for any purpose may also be subject 

to error. For example if it is intended to distribute batches of 100 seeds from an accession a few more 

seeds may be inadvertently included each time. These errors taken together constitute a serious potential 

Figure 2.2 Seed weight/number nomograph. Scales e-g can be used to determine st.d number if the mean seedweight (e) and
 
total seed weight tf) are known. The two dotted lines show exaple calculations where the mean geed weight Is 0.6 g.
 
Straight linesperpendicular to the axees of scales a-e enable mean seed weight (e) to be estimated from the 200 (a-c) or
 
1000 seed ucight (d). Conversion of 200 seed weight to mean seed weight from scale c to e provides for division by 200;
 
conversion from scale b to e also incorporated the correction factor of 2 standard deviations (see text); conversion from
 
scale a to e also incorporates the correction factor of the 95% confidence limit of 2 standard deviations (see text). The
 
horizontal broken line between scales a and e provides an example of the latter correction factor: the weight of a
 
200-seed'sample was 10 g, providing a mean seed weight estimate of 0.5 g (draw a horizontal line botween scale c at this
 
value and scale e). Inputting the value 10 g on scale a. however, corrects the mean seed weight estimate to 0.6 g (scale
 
e), therebr reducing the estimate of accession seed number. (The relationship between scales a, b and c was determined
 
from equations generously provided 'syLinington at al.).
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problem to gene banks; in particular the seeds in an accession may fall below the threshold numrber 

required for regeneration before the records indicate this danger. 

To avoid this it is important that the number of seeds rn an accession should be re-estimated before 
there is danger of the accession running out. In order to consider how this should be done it is necessary 
first to discuss when regeneration of the accession should be carried out. Since an attempt at regeneration 
might fail (because of accidents or attack by pests or disease) enough seed should be left for a second 
attempt if the first should fail. Allowing for other errors, it is therefore suggested that the ain should be 
to regenerate when the number of seeds in the accession has fallen to three tines the number required for 
regeneration. The number of seeds required for regenera lion depends inly on the number of seeds 
required to replace the accession (ideally, according to IIIlGR, 1000 seeds for a genetically homogereous 
accession, or 12,000 seeds for a genetically heterogeneous accession), divided by the seed multiplication 
factor (i.e. the average number of seeds expected to be produced from each plant), divided by the 
proportion of viable orseeds (this should be the regeneration standard or higher, typically 85%6 viability 
0.85 if expressed as a proportion), and divided by the field factor (the proportion of viable seeds sown 
which are expected to emerge). It would be as well to double this number to allow for variation in the 
seed multiplication factor and the field factor due to variations in weather and seedbed conditiuns. If 
there is considerable genotypic variation in multiplication factor within the species then it nay be wise to 
quadruple the calculated number of seeds. The final figure calculated should be subject to the constraint 

that the number of plants involved in the regeneration process should be sufficient to represent adequately 
the genetic variation in the accession. For most practical purposes this may be taken to be between 
about 50 to 100 plants (for a discussion of this problem, see Chapter 13 and the refereiice to Singh and 

Williams at the end of this chapter). 

So, for example, fer a genetically heterogeneous accession with considerable genetic variation in seed 
multiplication factor but thought to average 150, a viability of 85%, (or 0.85 as a proportion) and an 
expected field factor of 0.6, the number of seeds required for regeneration could be calculated as follows: 

112000/(150 x 0.85 x 0.6)] x 4 627 

This number would provide a greater number of plants (320) than is considered necessary to represent 
the genetic variation in the acression and, therefore, can be accepteu. Regenetatiou should be carried out 
when the number of seeds in the accession falls to three times this number, i.e. 1881 seeds. For 

convenience this would be rounded up to 1900 seeds. 

Thus it would be prudent to re-calculate tie nurmber of seeds in the accession when it is thought that 
the number remaining approaches this value, flow should this be done? Two approaches have been 

suggested.
 

The must straight forward would be to weigh the seed container belore it is filled, then re-weigh it 
cacti time a sample of seeds has been withdrawn fromi it (this assumes the container is re-usable, see 
Chapter I). From this the weight of seeds remainig is obtained by subtraction and the number of seeds 
remaining cai be calculated by dividing by the mean seed %veight of the accession. In this way the 
estimate of the number of seeds rerlainimg in the accession could be kept up-to-date and recorded in the 

accession file. 
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An alternative approach has been suggested by Linington et al. Their approach avoids weighing the 

accession, except initially, and depends upon determining in advance a reasonable estimate of the error in 

subsequent withdr.wals when removing a notional seed number (for example, for distribution). If: 

the original estimate of accession seed number = C;
 

the number of seeds required for regeneration = ';
 

the number of seeds intended for distribution to each customer = g;
 

the actual nurber of seeds distributed to each customer = h;
 

then the notional recount number = e- [(e - )111]x g. 

In other words the maximum nurber of samples which can be distributed is given by (e - 1)/h. 

However, according to the records the number of seeds distributed will be [(e - O/h] x g and not (e - ). 

Thus when the records show that only e - [(e - 1)/hi x g seeds remain the accession should be recounted. 
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CHAPTER 3, SEED MORPHOLOGY
 

There are several reasons \vhy it is necessary for anyone handling seeds in gene banks to have some 
knowledge of the structure of seeds and fruits. For example, niany of the problems of poor seed 
germination arise front or are associated with different types Of seed oi fruit morphology (Chapters 4, 5 
and 7), manyv of the difficulties in identifying empty seeds result froi seed riorphology ((hapter 8), and 
alternative techrniques to germination tests for estimating viability require an ability to recognise various 
seed structures (Chapter II). The main purpose of this chapter is to outline briefly the najor features of 
fruit and seed morphology and how they develop front the flower, and to provide an explanation and 
glossary (Table 3.10 of the terirs used. 

SEED DEVELOPMENT 

In the strict botanical sense a seed is a fertile and ripened ovule which contains an embryonic plant, 
usually supplied with food storage tissue, and surrounded by a protective coat (testa). Seeds are produced 

by two taxa, Gyrrnnosperniae and Angiosperrnae. 

The basic dilference between the seeds of the gynrosperms and those of the angiosperrms is that the 
seeds of angiosperms are the product of a double fertilization within the ovary, whereas the seeds of 
gymnosperrms are the product ot a single fertilization and there is no ovary. iecause there is no ovary, 
the seeds of gymnosperms are naked; in fact the terir gymnosperm literally ieans naked seed. fi 
angiosperis, the ovules are protected by the ovary which, after fertilization develops into the fruit. 

The ovule 

The young ovule in gyrrnosperms contains a central body, called the nucellu:,. which is surrounded by 
between one and three envelopes, the integuments (one integument in cycads, Ginkgo, conifers arid taxads, 
two in Ephedra and Welwitschia, and three in Gnetui). In angiosperms the nucellus is surrounded by 
either one or two integuments: the S.. ipetelae (where the petals are united, at least at their base) 
generally have one, arid the Polypetalae (where the petals are separate) and ironocotyledonous plants 
generally have two. fit both gyrninosperrris and angiosperms the integuments do not coMpletely surround the 
inner tissues but leave the nucellus exposed by a short narrow passage called the micropyle. Typically one 
of the cells of the nucellus becomes the megaspore rinother cell (in gymnosperrrs) or embryo sac rrother 
cell (in anrgiosperrs) which then undergoes a rreiloti: cell division so that the normal diploid imber of 
chrormosorres of the parent plant is halved. One it the lour haploid cells resulting from meitsis develops 
into ttre temale ganietophyte - the tunute ferriale haploid plant which is entirely dependent oii and nu-tuired 
by the mother diploid plant. [i anigiosperms the temale gametophyte is extremely reduce(] and consists 
initially of i single cell, the embryo sac, %.fhose nucleuis normally undergoes three consecutive mitotic 
divisions to forn eight (but sometirnes less) haploid ruclhi. The eight nuclei becottie organised into two 
quartets at opposite ends of the embryo sac. Those at the end near the micropyle form the egg apparatus 
consisting of two synergid nuclei, art egg cell, arid a polar nucleus; the four at the other end give rise to 
another polar nucleus arid three antipodal nuclei. At least this is the case in the majority or angiosperns 

but there are many odd variations on this basic there. 
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Pollination and fertilization 

i\fter volimno.ion, a poll,,n t,Jbe grows out frorn the pollen grain down the stigma to thil ovule, and 

two sperm nicli are dis la'ed "ito th embryo sac. I1 soie way, not entirely understood, the synergid 

nuclei seem to play sone acti'e rcel in stirouit.tg the proper discharge of th 'i otents of the pollen 

tube. One sperm nucleus fuses with :le kgg +ell to Iorin the diploid zygo te which then undergoes cell 

dis ision and develops into the embryo. The other Sperm nucleus fuses withtlhe two polar nuclei thus 

forming the start of a cell ine s,hlih desekIlops int'i a triploid e0Id-st Orage tissue knowno s%the endosperrm. 

At least this the normjial pattern but in sOllie cases the endosperm nay shioiw larger (hroiiiosorn e nuimbers. 

For example in Liliur specIs one of the polar nuclei is, ahreadv triploid before fusion so that after 

combining with the other haploid niticletis and the haploid spermi, tic resulting endosperm is pentaploid. 

Meanwhile the antipodal nuclei undergo several dikisions and forii antipodal tissue which develops large 

nuclei containing polytene chromosomies. This antipodal tissue seetis to play a role in providing RNA for 

controlling the development of the endosperm which is meanwhile undergoing such rapid nuclear division that 

the transcription of DNA to RNA by those nuclei nay be constrained. The antipodal tissue is short-lived, 

however, and disappears as the embryo arid endo',perm develop. Esentually thc nucellar tissue may also 

disappear but, if not, it becomes another food storage tissue in the seed known as the perisperm. 

In gymnosperms the haploid cell destined to becone the female gametophyte also starts its development 

with free nuclear division, but eventually a cellular stricture develops as cell walls are laid down. The 

female gametophyte is structurally more substantial than in the angiosperns since the gamnetophyte tissue 

ultimately develops simple archegonia. Each archegonium contains a large cell which initially contains a 

single haploid nucleus. This usually divides to form an ephemeral ventral cell or nucleus, and an egg cell 

or nucleus. 

Pollination takes place ir gymnosperms when a pollen grain lands directly on the nucellus. The pollen 

tube grows towards the egg cell in an archegonium; eventually the contents of tile tube, which includes two 

male gainetes, are released. In soiine species hoi'.ever, pollination occurs before the archegonia are formed, 
,and the arrival of the pollen stinulate% their developrnent. One peculiarity of the gymnosperms is that 

there is usually a long delay between poxllination and fertilization, often up to one year (except in Ephdra 

where the delay Is no inore than a few hours), as coriipared with a few mninutes or hours in the 

angiisperinis. Ieititiation occurs when one of the niale gametes fuses with the egg nucleus thus forming a 

iploid zygote wh'ich develip% into on embryo. Unlike the case of the angiosperms, the second male 

gamete appears to have no finiction except, possibly, in Ephedra, where it fuses with the ventral canal 

nucleus which iaN undergoi a few irregular divisions. 

Apomixis 

Although the priiduction of a seed is nriirtally initiated by a sexual process - the fertilization of the 

egg cell - in some anguosperni a non-sexual process, called apomixis is responsible. Il this case the egg 

rcell is formed frorn neoi tf- c][ploid cells, of thie nucellus. A intrnnon case is in Citrus where several 

apornrictic .nbryo! can develop alongside a norait sexualky produced embryo in ti saie seed, thus leading 

to polyembryony - several embryos within the sinev seed. A pociiitic seed developmuent is also coninion in 

many of the Poa grasses inicludig Poa airlca (anuutal inuaco' grass) and Poa pratenss (Kentucky blue 

grass), aid the c:orrinin dandelion, Taraxauri i ifficinale. Although polycmbryony is often associated with 

apomixis, this is not always the case. Polyembryony ran also arise by division tif the zygotic embryo: 
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this type of polyernbryony is quite common in the orchids, for example. 

Embryo growth and development 

In all seed plants, whether the embryos are produced sexually or apomictically, the embryos grow and 
develop to a particular stage which is characteristic of the species. Growth then suddenly stops, i.e. the 
developing seed becomes dormant, and in many cases the seed then dries out. At this stage the seed is 
usually shed frorn the parent plant. It is now an independent organism which usually continues in its 
dormant state [or some time until it starts to germinate and establish a new plant. There are some 
cases, however, in which the embryo does not complete its growth and development until some time after 
the seed has been shed frorn the plant; this is the case, for example, in some species of Ranunculus and 
Fraxinus. The size and complexity of the seed when it is shed from the parent plant varies enormously 
from species to species. The embryo of the ripe seed may consist of a small group of 100 cells or less in 
the smallest seeds to quite complex structures containing several emhryonic leaves and lateral roots, as is 

typical of the grasses, for example. Typically the embryo consists of a radicle (embryonic root), a plumule 
or epicotyl (embryonic shoot), and a hypocotyl which connects the radicle with the plumule. Usually there 
is an embryonic leaf or leaves of special form called cotyledons. In angiosperms one cotyledon is typical 
of rnonocotyledons, and two of dicotyledons (hence the names). Gyrnnosperms have one to several 

cotyledons, depending on the species. 

All except the smallest seeds carry a store of food in order to provide material and energy for 
germination and early seedling growth and development. Once the seed has germinated and established 
itself it finally becomes an independent photosynthesising organism depending on its own activities for its 
food and energy rather than that provided by its parent. The smallest seeds do not contain food stores, 
either because they quickly become parasitic plants and depend on their host for a supply of organic 
materials (e.g. in ti and Orobanche) or, like the epiphytic orchids, they form a symbiotic association 

with fungal nycorrhiza which aid nutrition during germination. 

Food storage tissues 

In larger seeds the food is stored in special tissues. In the gymnosperms and some of the angiosperms 
the perisperm, derived from the remains of the nucellus, provides the main store of nutrients. However, 
in tire angiosperms it is generally more usual for either the endosperin (e.g. in Alliurm, Figure 3.1, or the 
grasses) or swollen c,,tyledons (e.g. in legumes) to be employed as food stores. But virtually any tissue 
may be used for this purpose, for example the food of the Brazil nut (Bertholletia excelsa) is stored in an 
enlarged hypocotyl. Sometimes two or three tissues may be involved, as in ' eta vulgaris (Figure 3.2) 
where there is both a well-developed endosperm and perisperm. The three host commonly used storage 
tissues have qimte different genetic constitutions: the perisperm is diploid maternal tissue; the endosperm 
is generally a triploid tissue in which two-thirds of time genetic material is contributed from the maternal 

parent ard one-third from the paternal parent: and the cotyledons are a diploid tissue in which the genetic 
material is derived equally fromii tire maternal arid paternal parent. 

Endospermic and non-endospermic seeds 

There is therefore considerable variation in true seed anatomy, morphology arid composition. A 
consideration of these differences is necessary since they may alfect decisions on dorrrancy-breaking, 
errbryo-excision, arid etrazolinm staining pri.edures. We can identify an least nine basic forms of seed 
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Figures 3.1 - 3.13 Seed structure in diverse species. 

3.7 

-4A a­

- " -- crJc Iae 
,uL1'38-

, 5,,l3r1 
llil 3. o 

M. 3.12 cl 
-

v tem.'// 11 - 3.9 


3.2 

3.10 

3.3 , d. 

3.12b 

3.11 _. 

3.4 

'F- ,.¢,:,0..M, ' o 

3.6
 

3.13 

Figure 3.1 A)l itim spp. Figure 3.7 Ipominea ourpurea Fhjure 3.12a Zea my, 

Figure 3.2 Beta vulgarls Figure .8 lIerh5 anara Figure 3.12b Or za satlva 

Figure 3.3 Anemonecoronarla Figure 3.9 Verhena hbrida Figure 3.13 Phaseolus vulgarin 

Figure 3.4 Cyclamien persictei Figure 3.10 Olmorphotheca snuata 
Figurv 3.3 - .10 ire ba'sedon the work ofFigure 3.5 tNemesiastrutosa Figure 3.11 Lrg sl'P. 

Figure 3.6 Portulaca randiflora B.R. Atwater (see Chapter17, Volee 11).
 



- 38 ­

structure. The first anatomical distinction concerns the presence or absence of an endosperm. 

Endospermic seeds store the food material for the developing plant within the endosperm, which is 
separate from the embryo. In these seeds the endosperm is said to be dominant since the embryos are 
dependent upon the endosperm for the provision of nutrients for both development and germination. Sortie 
embryos of endospermic seeds may riot be differentiated into visible plant organs; whilst in others the 
organs may be only partly developed; whilst in the Gramineae, for example, the enmbryos may be highly 
developed and (aontain several ernbryonic leaf initials. 

In contrast, non-endospermic seeds either have no endosperm or only a vestigial endosperm. In these 
seeds the embryo is mature (since it is ready to germinate) and is said to be dotninant since, where 
present, the food reserves are contained within the cotyledons. 

Endospermic seeds can be classified into at least four categories depending upon the shape and 
location of the embryo, viz: basal rudimentary embryos, Figure 3.3; axillary linear embryos, Figure 3.4; 
axillary miniature embryos, Figure 3.5; or peripheral linear embryos, Figure 3.6. Similarly, non­
endospermic seeds can be classified into five categories dependin, upon the characteristics of the 
seed coat for those seeds with cotyledons or the absence of cotyledons, viz: hard seed coats, Figure 3.7; 
thin seed coats with a mucilaginous layer, Figure 3.8; woody seed coats with an inner seni-permeable 
layer, Figure 3.9; fibrous seed coats with a separate semi-perteable membranous coat, Figure 3.10; or 
non-cotyledonous, Figure 3.11. The majority of these categories are derived from l.R..Atwater's work; 
the possible utilisation of this classification of seed morphology to select suitable dortiiancy-breikting 
procedures is discussed in Chapter 17, Volume II. 

ASSOCIATION OF FRUIT STRUCTURES WITH SEEDS 

In very many species it is not just the true seed which is maintained in tile seed store, but intact 
dispersal units or fruits containing the true seeds. According to the strict botanical definition of a seed 
the parts of the fruit or surrounding flower parts outside the seed are clearly not a part of the seed itself. 
However, in normal and traditional usage the whole fruit or dispersal unit may be called the seed when it 
is dry, indehiscent and (usually) one-seeded. For example, the following fruits are normally called seeds: 
the caryopsis (the fruit of the Gramineae) (Figure 3.12); the achene (characteristic of the Ranunculaceae, 
Cornpositae and Polygonaceae) which differs frot time caryopsis in that the pericarp can be removed from 
the mature seed; the schizocarp (characteristic of the Umbelliferae arid Geraniaceae) which is composed of 
two or more carpels which separate at maturity to fruits resembling achenes; atid the nut (characteristic 
of the Fagaceae) which also reseribles the achene except that the pericarp is thick armd hard. Tire carpel 
(Malvaceae), floret (Gratnineae), endocarp ('alhmae), loment segment (Legumrinosae) (Figure 3.13), samara 
(Ulnaceae) and utricle (Chenopodiaceae) are also often classed as seeds under this wider definition. Note 
that in the case of the floret. for example, tire dispersal unit includes several structures frot tie flower 
in addition to the fruit includmig, cossibly, bracts, calyx, corolla, bractlets and pedicel as well as arils and 

awns. 

EXPLORATORY DISSECTION OF SEED-LIKE STRUCTURES 

Where there is some uncertainty about the morphology of tire seed-like structures present within an 
accession a small sub-sartiple of the seeds (,an be subjected to atr exploratory test. First this test will 
identify whether the accession consists of true seeds or rot. If not the dissection can determine whether 
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and Fruit and Seed StructureTABLE 3.1 Glossary of Seed Development 

kcem A dry, indehiscent one-seeded fruit, depend upon species.
 

fruit:a fleshy, single-seeded, Indehiscent
Adventitious root A root arising fromany structure other 	 Drupe The stone 


fruitwherethe seed is enclosed within a stony endocarp.
than a root (e.g. a stem-borne root), 

Drupelet A single drupe within a fruit comprised of
Aggregate fruit A type of fruitformedfromseveralpistils 


thatwere distinct in the flower, 
 aggregated drupes.
 

Three of the eightnucleiwhich result Ear The Inflorescence of cereals.Antipodal nuclei 

the seed normally formed byfrom mitotic divisions of the megaspore. 	 Embryo The part of 

iplxls Seed development from female garetophyte without 	 fertilization of the egg cell by the spelm cell which
 

develops into the young plant at germinat ion.
fertilization, 


Ar iegoniuIn gymnosperms the organ corresponding to the 	 Emibryo sac the female gumetophyte. 

Empty seed A seed-like structure which ay comprise oipistil of angiosperms. 
Archesporial cell The cell or the nucellus which bracts, integuient(s) at.,or pericarp but lacks an ebryn. 

FetdocarpThe Innerlayerof the perlcarp.
differentiates intocells which ultimately undergo melosis 

The starch- and oil-containing tissue within manyand produce the megaspore. 	 Endospelm 

seeds which Is outside the embryo and provides nutritlon toAri A loose, papery or pulpy appendage growing out from 

the hilu or funiculus of the seed. 	 the developing embryo. 

Epicarp The outer layer of"the pericaip: synonm ofAwn A bristle-like seed appendage often described as a 

exocarp. 

Axillary bud A bud In the axil of a leaf. Epicotyl The part ef the embryo or seedlinq between tlie 
beard. 

Axillary shoot A shoot developing from an axillary bud. cotyledons and the first true leaf; it elongates during 

Axis Depending on context either the main stem of the hypogeal germination. 

stem of the flower. 	 Exoarp The outer layerof the pericarp.embryo or the main 
unit of a flower: In the grasses afterBeard An awn or bristle-like hair. 	 Floret The smallest 

Berry A pulpy, indehiscent few- or many-seeded fruit 	 fertilization it consists of a caryopsis enclosed within the 

lemma and paled and in agronlic terms is often Incoruectlyresulting froma single pistil. 


Bitegpic testa A testa derived fromtwo layersof described as the seed.
 

Flower the organ bearing one or morepistils, or one orintegrjrients. 
Bract Small or scale-like leaves in, or associated with, 	 more stamrns, or both. 

froma single
Foflicle A dry,dehiscent fruit resultleig 

pistil which splits along onlyone groove at maturity.
 

theriower. 

Bractlet Bract borne on the pedicel. 


Callus In thiscontext a hard prominence or protuberance at Fruit The mature (ripe)ovary torpther with associated
 

the base of certain grass florets. structures: that Is the seed-bearing organ.
 

Calyx The circle of sepals around the flower which may form Fuliculus The stalk attaching the ovule to the wall of tle
 

part of the covering structures of the seed. ovary.
 

Capsule A dry, dehiscent fruitof more than one carpel with Cometophyte The part of a flower 
which produces either male 

or femalesex cells.
a dry parlcarp. 


Carpel The basic female reproductive unit: a ccpound Cametophyte tissue ihe nutritive (haploid) tissue occurring 

pistil or ovary may contain veiny carpels, but a simple within conifer seeds hilci enxist- bfotle t l isat ion 

pistil has onecarpel. 	 occurs.
 

Caruncle A fragile appendage uf the outer Integyieit f th Germ The emtryo of a seed.
 

seed in soe species. Glite A small chaff-like bract: commonly the lemmaand
 

Caryopsis A dry, indehiscent one-seeOnd fruit here the palea at the base of a grass spikelet which may, or may not,
 

perlcarp and integuments are tightly fised ta the seed. completely 
 enclose the caryopsis. 

Chaff Small, thin, dry, membranous scales or bracts Grain A cereal caryopsls, either naked or enclosed between 

associated with the mature inflorescence. a lemma and a palea. 

Otalaza The basal part of an ovule where it Is attached to Fillum The scar or mark on the testa at pninit oftoe 

the funiculus and where the Integuments originate: in attachwnent to the funiculus. 

legumes this region can some.tlrres be distingoished on the 11ll The tilntly adherig outer orting of the seed or 

outside of the seed near the hilum. earyopsis; the pericarp in some stelcev, and lemmaand palea 

Cob The rachis of a maize inflorescence. 	 in others.
 

Coleoptile The merbrane which protects the develping ltdulirej See dehuill. 

plumule of Graminear dui Ing emergence through the soil. ltak the leaf sheath enclosing the ear of maize, but alto 

Coleorhiza The mtuL;ane in saoaspecies whichprotects the used to descrile the lmma and palea of other cereals. 

radicle as it emerges through the seed covering structures. llylxcotyl the axis of the embryo below the cotyledons and
 

Corolla The circle of petals around the flower hictmay above the radicle whichelongates during epiqeal
 

form part of the seed covering str-ture. gerniit, ' ton.
 

Cotyledon Seed leaf or leaves of the embryo wri(h function Indehliscent Does lnot splitopen at maturity.
 

as either a storage or-lan or as an absorptive oin - also 	 Inflorescence In this context the flowering structure of
 

see scutellum. the plant.
 

Cremcarp The dry, dehiscent two-seeded fruit of Integuiment The outer envelope of an ovule, usuaily
 

umbellifers which comprises of two merlcarps: synonym of consisting of an inner ant an iiter layer whieh ciomprise the
 

schlzocarp. 
 seed coat, or testa, of the mature ovule - set bitemixic and 

Oupule Cup-like structure at the base of sane fruits. 	 unitetic testa. 

Degluvi Term used to describe the removal of the glumes Involucre Die or orewhorls of small leaves tr bracts
 

fromcereal caryopses. surrounding an inflorescence or flower.
 

Dnhiscent Opens at maturity to shed the seeds. Kernel The caryopsis of a cereal, particularly maize or
 

Dehull Term used to describe reaval of the billi Iron r harley.
 

seed or carytpsis: the actual covering structures removed 	 Lateral root A root arising from another root. 
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TABLE 3.1 (continued) 

Stliva The part or thepistil which receives pollen. Umbel A type of Inflorescence where the flowers form flat
 

Style Elongated part of thepistil between theovary and or umbrella-shaped heads Inwhich thepedicels and rays
 

the sti .a, arise from a coeTnonpointas In the Umbelliferae.
 
SynergId nuclei Twoof theeight nuclei dericd fromthe UnItegmic testa A testa made up ofonly oneinteguwment.
 
megaspore within thefemale gameto.hyte. Utricle A bladdery, single-seeded, usually Indehlscent
 

Terulnal bud Theshoot apex enveloped by several more or attached to the
fruitInwhich theseed Isonly loosely 


lessdifferentiated leaves. pericarp.
 
Testa Theouter coat of a seed derived fromthe
 
integuments, that is theseedcoat:
itcan comprise more than
 

onelayer- seebitegmic and unitegMic testa.
 
Thresh Toseparate theseeds fromthestemsand other plant
 

material: theresultant material may,however, consist of
 

more than Justtheseeds and/or contain seed-like structures
 

lacking a seed.
 

seeds. Secondly the dissectionthe seed-like structures contain either no seed (see Chapter 8) or several 

in Figures 3.3-3.11, can enable seed morphology to be classified into one of the nine categories outlined 

may be of potential importance in selecting suitable germination test and dormancy-breakingwhich 

Chapter 17). Thirdly the information obtained can be helpful (particularly if combined withprocedures (see 

the results of an X-ray analysis - see Chapter 8) in determining the naturity of embry( , particularly the 

accession, which also may influence the selectidn of germinationvariation in embryo maturity within the 

indicate the degree of infestation with insecttest procedures. Fourthly this exploratory dissection will 

larvae and, particularly, bruchids. 

http:3.3-3.11
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CHAPTER 4, THE GERMINATION OF NON-DORMANT SEEDS
 

It is essential that plants capable of growing to maturity (aill he produced fronteach seed accession 
maintained in a gene bank. That is tilie seeds mu St be ajive (Viable) and capable (f germination when 
regenerated or when sown by users of the material. Conequently tests for germination are carried out in) 
tile laboratory ol accessions in storage frolit tilloe tO tilllU to cho ck that percentage vabilits' is above the 
regeneration staindard. These germinatioil tests are thus tests of percenr tage vibility (a1terrative tests of 
viability are described in Chapter II), but only if the imajor factors which may prevent tie germination of 
viable seeds are avoided. One of tile ifajor fart crs which mia y ptevent seed germiiatioll is seed dornancy. 
This is such art iumportant problem that a considerable proporrtmn of this book is devoted to it: Chapter 5 
deals with the princiles of seed doriancy and iain features of interest to gene banks; Chapter 7 includes 
guidance ol techlliques for remiloving covering structures whi(h ire som etimies emnpllyed for relvoing 
dormancy; Chapter 6 provides guidance on appropriate light regimes for seeds whose dormancy is affected 
by light; and Volume 1I provides practical advice on removing dormancy. 

CRITERIA OF GERMINATION 

Germination involves first the activation of the quiescent, resting, embryo. In air-dry seeds (that is 
all seeds of orthodox species ill long-term storage) iletabelism is almost imperceptible. Consequently for 
germination to occur tile seed must take up water, that is. imbibe. The uptake of water is normally 
sufficient to trigger germination (providing the seed is held at dn adequate temperature and supplied with 
oxygen, atid providing it is not dormant). 

However, although it is reas¢onably clear when germination begins there are considerable differences in 
opinion as to at isfat point a seed can be said to have germinated. These differences concern the relative 
timing of the cessation of germination and the onset of seedling growth. 

Radicle emergence 

The first visible sign of embryo growth is tie protrusiil of some part of the embryo, usually the 
raidicle, through the seed coat. Thus this stage of germination is often referred to as radicle emergence. 
It is a clear, objective, criterion of germination. Radicle emergence is oftelln qualilied by describing a 
dimension to the miniituu ,xtent of radicle lirotriLsionl: for example, by 2 mn. It is ar adequate criterion 
fordetermninig that a giveti proportion of seedls within a sarrple front an accession is alive, i.e. viable. 

Seedling evaluation 

However, a e,' capable of achieving radicle emergence may not necessarily le able to produce a 
seedling capable of independent growth (indeptindeni that is vI stored food reserves withiii the seed) such 
that a plant cal canl be produced. (onisequeitly seed analysts ill seed testing station delay their decision 
on whether or tie t a seed has germi na ted tI0 a point beyond tie radicle elm ergence stage. 1o a seed 
analyst, gernrliriation ill a laboratory test is the ellergelce arid develo lnlent froi ifhe seed etibryo il those 
essential structures whch, for the species being tested. indicates the ability to develf into a normal plant 
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under favourable conditions in soil. Two classes of seedlings are therefore created by this definition: 

normal seedlings, those which have all the essential structures (well-developed, intact, root and shoot 

systems with no major damage) required for continued growth and development: and abnormal seedlings, 

those which are not considered capable of continued development because of damrage, deformation or 

decay. Percentage normal gernination is therefore assessed at a later stage to radicle emergence and 

estimates the proportion of seeds capable of producing normal seedlings. The process of classification of 

seedlings into either normal or abnormal seedlings is known as seedling evaluation. 

In contrast to radicle emergence where classification is objective, seedling evaluation is subjectiwy 

requiring a certain degree of training. A further problem is that seedling development is quite sensitive to 

the environment of the germination test and a deficiency in tire test environment can greatly increase the 

proportion of abnormal seedlings. All of this would appear to suggest that the radicle emergence criterion 

of germination is more suitable for adoption by gene banks. 

This, however, may not be so. In nmany species a considerable proportion of abnormal seedlings can 

be produced at .,,ertnination. For example, in a soyabean accession showing 90% radicle emergence it is 

possible that as nmany as 60% of the total number of seeds tested will produce abnornmal seedlings whil-i 

only 30% will produce normal seedlings. Moreover those lew seedlings capable of continued growth and 

development would have poor field emergence ability if sown out for regeneration or nultiplication, and 

poor seedling growth rates. Thus for many species it may be better to use normal germination as the 

criterion of germination. In addition for those species where the rnaxinnurn proportion of abnormal 

seedlings is low the adoption of the normal germination criterion Would enable se cd analysts, plant 

breeders, and gene bank personnel to use the satre - albeit subjective - criterion of gernination and reduce 

the scope for misunderstandings. Accordingly Chapter 10 considers seedling evaluation and the differences 

between the structure of normal and abnormal seedlings. 

THE GERMINATIJN TEST ENVIRONMENT 

The purpose in specifying a germination test environment is to attempt to provide those conditions 

which will enable all viable seeds in the test to germinate. A secondary requirement for practical 

purposes is for germination to be achieved within a reasonable period. 

There are three basic problems. First dormancy tray prevent seeds fromn gerinating: seeds may be 

dormant before the germination test; or seeds may becomre dorrrant during the gernination test (as 

mentioned in the introduction to this chapter, these problerrs are dealt with in detail elsewhere). 

Secondly, certain seeds (thought to be those closest to death) can be very sensitive to test conditions and. 

although alive at the beginning of the test, they inay die before germination can occur itt certain, 

stressful, environments; that is they may (lie during the germination test. Thirdly, the range of environ­

mental conditions over which germination can occur miray be to sonie extent under genetic control. Now 

inter-specific variation can he taken into account where necessary by specifying environments for each 

speci .b. But intra-specific variation is more difficult to deal with. Although there is evidence that 

genetically controlled intra-speciilic variation dues exist, niany dilerences observe'! between accessions may 

also be due to differences in maternal, ur post-harvest environment. Either way it is essential that gene 

banks are able to provide germination test eninronnrents that are neither genotype nor accession specific. 

In other words the requirement is for test conditions suitable for all accessions (if a given species. 
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Germination test substratcs 

Five alternative types of substrate are used in germination testing: soil, sand, compost, paper, and 

agar. Soil and compost have serious deficiencies from the point of view of the seed tester. Their 

composition is subject to considerable variation and this affects their moisture retention capacity. They 

may contain pathogens which can reduce the germination of seed tested. Both are bulky, messy materials 

to handle in laborateries and particularly within incubators. All of which severely limits the number of 

tests that can be run at one time. Sand too is bulky but, if prepared in the manner described in 

Chapter 9, can be a satisfactory germination substrate but the laboratory must be designed and equipped 

to handle it. 

If seeds have been chemically treated in some way (e.g. by fungicides or insecticides), testiig in sand, 

agar qr on paper can result in abnormal germination (stunted growth is a particularly common syriptom). 

In this case it may be necessary to test on compost where such effects are rninimised. A standard 

seedling compost should be used - see Chapter 9. 

Paper is the most widely used of all substrates. Seeds are either tested on top of paper or between 

sheets of pap...r. Three types of paper are used - blotting papei, filter paper, and paper towels - usually 

in the form of sheets or discs. However, filter paper is also used for some seeds w the form of pleated 

(many folded) sheets. Usually the papers are white but they are sometimes coleured (with a dye which 

should be non-toxic i, germinating seedlings) to enable the germination of small seeds to be seen imore 

easily. °lho paper should be porous (to enable water to be held), but strong (to maintain structure when 
wet), free of fungi and bacteria, and should not contain any toxic substances which would injure 

germinating seedlings. The texture should be such that roots grow on the surface of the paper, tiot into 

the paper. Chapter 9 provides details of tests which should be applied to all new batches of paper, and 

methods of using paper in seed germination tests. 

Sufficient water must be supplied to the seeds to enable their moisture content to be raised 

sufficiently to allow germination to occur. Thereafter water is required for seedling growth. Chapter 9 

considers water quality for seed germination tests and methods of ensuring that the germination test 

substrates maintain sufficient supply of moisture to the seeds. 

Water sensitivity 

An excess of water is problematic. It reduces oxygen availability which can cause abnormal 

germination or result in the failure of a seed to .germinate. Reduced oxygen availability can also increase 

microfloral competition for oxygen. The latter phenomenon can be particularly pronounced in some 

accessions of barley (Hordeun vulgare L.) and results in the phenomenon of 'water sensitivity'. Water 

sensitivity in barley is avoided by reducing the risk of excessive microfloral competition for oxygen. This 

can be done by supplying only sufficient water to moisten the germination test medium without excess 

water being present, or removing the seed covering structures (lemmina and palea), or treating the seeds 

with a combined bactericide and fungicide. The first method is the easiest and most reliable. 

Imbibition injury 

An excess of moisture at the onset of imbibition can also result in a type of damage which has been 

described variously as water injury, soaking injury, imbibition injury, and chilling injury. Here we will use 
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the term imbibition injury. 

Dry seeds placed in a moist environment absorb water in three phases: an initial phase of extremely 

rapid water uptake; a second lag phase in which little or no water is absorbed: and a third phase of 

water uptake which is generally less rapid than the first phase and which is associated with embryo growth 

and emergence through the seed covering structures. In good quality non-dormant seeds the second phase 

of water uptake may be of minimal duration and the first and third phases may resemble a continuum, but 

it is the first phase - imbibition - that concerns us here. It is thought to be the result of the physical 

absorption of water by colloidal materials within the seeds. Consequently with an adequate supply of 

of water into the seed is provided by the seed coveringwater the only limitation to the diffusion 

structures.
 

For the time being we shall consider seeds of species within the Leguminosae, since in this family 

imbibition injury is particularly pronounced and well documented. In the Leguminosae the seed covering 

it canstructure is the testa. The testa can be a very effective regulator of water uptake; indeed often 

act as a complete barrier to moisture and if the hilum (a small hole in the testa) is closed the seed will 

fail to imbibe. This phenomenon ir known as hardseededness and is discussed in the next section. Soaking 

dry seeds which have had their testae removed in water results in the death of cells on the surface of the 

cotyledons (this is observed by tetrazolium staining techniques - see Chapter II). It is thought that this 

cell death results from the rapid inrush o. water and that most damage occurs within the first few 

minutes of imbibition. There are three reasons for these assumptions. First, seeds with undamaged, 

intact, testae do not show this damage when soaked in water. Secondly, seeds without testae imbibed in 

do not show this damage.media of low osmotic potential - where water uptake is very slow - generally 

Thirdly, seeds from which the testae have been removed can be damaged (fail to germinate) if they are 

immersed in water for as little as two minutes. 

Now although undamaged intact testae seem to be able to limit the rate of water uptake and thereby 

avoid death of cells on the outside of the cotyledons it is unfortunately a common occurrence for testae 

to be damaged (and consequently not intact). In general the problem appears to be greatest in cultivars 

where the testae tend to be thinner than in wild lines. The damage is often in the form of cracking 

either visible by eye or by microscopic investigation. These cracks may be pre:sent in the dry seeds 

(resulting from either the drying process or teechanical treatment of the dry seeds - see later section) 

before imbibition, or they may be caused during the imbibition process due to unequal expansion and folding 

of the testa as it takes up moisture. In addition these movements of the testa relative to the embryo 

can, by abrasion, also cause cell death on the outside of the cotyledons. 

The cell death on the outside of the cotyledons that occurs when the testae are either damaped or 

removed and the seeds soaked in water can be sufficient to reduce germination. The effect is twofold: 

first death of these cells can res ,t directly in abnormal germination or failure to germinate at all: 

secondly, solutes are leached from these cells and these solutes can stimulate and increase the activity 'f 

the seed rmicroflora which either cause damage directly or result in increased competition for oxygen 

which, if oxygen is limiting, can also result in reduced germination. 

Two further factors influence the em-pression of imbibition injury - the temperature at which imbibition 

occurs and the dryness of the seeds. Chiling injury was the term used to describe the observation that 

dry seeds of lima bean (Phaseolus lunates) wsere injured (either the seeds failed to germinate or the 

resultant seedlings showed a reduced subs,:quent growth rate) if they were imbibed at low temperatures 
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(-I50C) compared to a slightly higher temperature (201C). However, it is now recognised that the two 
phenomena - imbibition injury and chilling injury - are one: seeds of many grain legumes are sensitive to 
injury during imbibition where rnoist-ire is in excess, and this sensitivity is increased by a lowering of the 

temperature of imbibition. 

The dryness of the seeds is also critical to the occurrence of imbibition injury. I seed moisture 
content is I-igh (1896 .) then imbibition injury is usuallI avoided. In some experimental observations there 
appears to be a critical moisture content - below %hhuch a constant proportion of seeds fail to germinate 
as a result of imbibition injury. In other obsersations the proportion of seeds affected increases with 
decrease in seed moisture content at imbibition. In either case it is clear that very dry seeds, as is the 
case of accessions within gene bariks, are particularly susceptible to imbibition injury. 

So far we have discussed imbibition injury as a phenomenon which occurs if (dry) seeds are set to 
imbibe in excess water - for example if seeds are immersed in water. Imbibition injury, however, is now 
known to occur in conditions where the supply of water is not grossly excessive. The problem can occur 
in standard germination tests of very dry seeds, even when the germination medium is of low osmotic 

potential. Further, although most experimental work has been concerned with imbibition injury in large­
seeded legumes (because it is particularly pronounced in these species), it is now clear that the problem 
can occur in other species. For example, sroilar problems have been encountered with forage legurnes, 

cotton (Gossypium spp.) and sorghum (Sorghur vulgare). 

Since gene banks will be handling very dry seeds, itmbibition injury is potentially a substantial problem. 
How can damage to seeds from imbibition injury be avoided or mninimised in gene bank monitoring tests or 

regeneration operations? 

First there should not be any excess moisture in the germination test. All the usual precautions (see 
section on germination substrates in Chapter 9) should be adhered to, to ensure that the germination 
medium is not too wet. In some cases the likelihood of imbibition injury may influence the choice of 
germination substrate. Agar is probably the best choice to rninimrnise imbibition injury, but satisfactory 

results can be obtained with paper, which is the mediun currently used by the majority of gene banks. 

Secondly, after removal from storage the moisture content of the very dry seeds can be raised slowly 
to about 18-20% by humidifi~ation (see Chapter II) prior to imbibition - either before a germination test 
or before sowing in the field or glasshouse for regeneration or multiplication. Instead of hunidification an 
osmoticuin could be used to raise seed moisture content slowly, although this has not been so extensively 

tested.
 

Finally, if the species is one which requires a low temperature for gerrmination or for breaking 
dormancy, the first few hours of iribibition carn be carried out at around 201C - to avoid the greater 

sensitivity of the seeds to imbibition injury at low temperatures. 

Hardseededness 

As with nbibition injury, hardseededness can be a particularly difficult problem for accessions of 
species in the L,, mirninosae, but can also be a problem in other families; fo. example, Rosaceae and 
Malvaceae. In somre senses it can be regarded as the opposite problem to imnbibition injury: hard seeds 

possess imperrneable seed coats, therefore carlmtot imbibe water an( as a consequence cannot germinate. 



4 ­47 

Although the phenomena of hardseededness and imbibition injury are so opposed, it should be noted that 

both result from the properties o! the seed coat and that on occasion individual seeds within a single 

accession may show symptoms of imbibition injury whilst others are hardseeded. 

When legume seeds, for example, are dried below about 15% moisture content the testae in some 

species, if intact and undamaged, become imperrmeable to Moisture. Further loss in moisture occurs 

through a part of the hilum - this is a large oval scar near the middle of one edge of the seed coat which 

marks where the seed broke away from the stalk (see Chapter 3). This area of the hilum functions as a 

hygroscopic one-way valve, letting moisture out of the seed if ambient ,'elative humidity is low but closing 

and preventing uptake of moisture if ambient relative humidity is high. 

Two levels of hardseededness are recognised. Reversible hard seeds (also known as conditionally hard 

seeds) soften if exposed to high relative humidity for a long time by the uptake of moisture over the 

whole seed coat. Reversible hardseededness occurs because the relative humidity is not quite high enough 

to close the valve completely, moisture is absorbed, the seed begins to swell and thus the testae soften 

and become permeable. One trick used to ensure loss of reversible hardseededness is to raise relative 

humidity slowly. Irreversible hard seeds (absolute hardseededness) do not soften if exposed to high 

humidity and remain hardseeded throughout germination tests. 

The two forms of hardseededness appear to be quite distinct. Techniques wiitrh remove reversible 

hardseededness may not overcome irreversible hardseededness and vice-versa. As seeds are dried they tend 

to become first reversibly hardseeded (around 10-12% moisture content) and then irreversibly hardseeded 

(aound 5-7% moisture content). Thus irreversible hardseededness is likely to !e a substantial problem for 

gene banks handling species which can show this characteristic. The problem is likely to be most severe 

in wild accessions, since these tend to have thicker seed coats than seeds of accessions of cultivated lines. 

Methods to remove hardseededness are described in Chapter 7. 

Hard seeds are easily recognised after a short period in a germination test by appearance and feel ­

they are very hard and fail to swell. If one is uncertain the seeds can be dropped on a china plate. 

Hard seeds will 'ping' whilst dormant or dead seeds will give a 'thud'. It is probably better to remove 

hardseededness from those seeds identified as hard during the germination test, rather than to treat all 

seeds whether hard or not before the germination test. First the treatment to remove hardseededness may 

damage permeable seeds which do not require any treatment. Secondly this would save effort ori the part 

of those testing the seeds. It is important that those to whom the seeds are distributed are informed that 

a proportion of seeds are hard and are adv ised on a procedure tc overcome this. 

Germination test temperature 

The temperature of the germination test affects both the total proportion of seeds which will 

germinate and the time taken by those seeds to germinate. Non-dormant good quality seeds usually show 

full germination over quite wide temperature ranges. The usual method of investigating the effect of 

temperature on germination is to test sub-samples of the seed lot at a number of different constant 

temperatures, check each test daily and record the number of seeds germinating on each day, and plut the 

results for cunulative percentage germination (ordinate axis) against the germination test temiperature 

These values are only approximate and are provided as a rough guide. 
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(abscissa) for each day of the germination test. Figure 4.1 demonstrates data presented in this manner. 

Using this diagram it is possible to describe the temperature range over which germination occurs by a 

minimum, an optimum, and a maximum temperature. Such values have been described as cardinal 

temperatures. Note that the actual values attributed to these cardinal temperatures depend critically upon 

the germination test period. Also the longer the test period the wider tile range of optimum temperatures 

(in terms of cumulative percentage germination). However the optimurn temperature should really be the 

temperature at which both the highest value for cumulative percentage germination and the greatest rate 

of germination occur - if they coincide. The rate of germination is important for gene banks since this is 

related to the germination test period required. low can we descriS, the rate of germination? 

First it should be pointed out that the slope of the germination progress curve (for example, as shown 

in Figure 4.2) does not give the rate of germination. Rather this slope is a measure of the variation of 

germination times between individual seeds within the lot. The true rate of germination for an individual 

seed is the reciprocal of the time it takes to germinate, and probably the best single measure of the rate 

of germination of a population of seeds is the reciprocal of the mean time taken by all the seeds in a 

representative sample from the population to germinate. 

One method of analysing the effect of temperature on germination is to plot the mean time taken to 

germinate against the temperature of the germination test. In Figure 4.3 the time taken for germination 

to reach 50% (this is often similar to the mean germination time value and easier to work out) has been 

plotted against temperature. Note that at extremes of temperature the time taken to germinate increases 

prcviding characteristic U-shaped curves. When different cultivars and/or seed lots are compared we cal 

see that although the U-shaped curves are not identical there is a common temperature range that exists 

over which all the cultivars and/or seed lots germinate most rapidly. In Figure 4.4 the reciprocal of the 

time taken to germinate is plotted against temperature: this makes it easier to identify the temperature 

at which the seeds germinate most rapidly. 

So far we have considered non-dormant, good quality seed lots. Now we Must consider non-dornant 

poor quality seed lots. It turns out that individual seeds close to death are much more sensitive to 

germination-test temperature than other seeds. Aged -eeds which are close to death will often only 

germinate over a narrow temperature range. In a seed lot there are varying proportions of seeds close to 

death, with the greatest proportion of seeds in this category for populations approximately 50% viable. 

Thus, the effect of temperature on cumulative percentage germination can have a much more marked 

effect on a population which is 50% viable than on one which is 100% viable (Figure 4.5). This observation 

leads us to the conclusion that any attempt to determine the suitable germination temperature for all 

accessions of a particular species should include observation of tile response to temperature of populations 

only 50-70% viable. It should be noted that the temperature at which poor quality seed lots show 

maximum germination (Figure 4.5) is not necessarily the samne temperature as that at which good quality 

seed lots germinate most rapidly (Figure 4.6). Consequently it should not automatically be assumed that 

the germination test environments developed by seed analysts for the rapid germination of comnmercial, 

high-viability seed lots in seed testing stations may necessarily be ideal for potential use in gene banks. 

The temperature regime also influences the expression of seed dormancy: this is considered in 

Chapter 5. Of course the final choice of germination test temperature(s) will require evaluation of the 

effect of temperature on the germination of both dormant and non-dormant seeds: subsequent chapters on 

individual families in Volume II of this book at.tempt to provide information on optimal temperatures for 

different species where information exists, or a simple approach where it does not. 
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Light 

Provided the seed is not dormant (see Chapter 5) there is no essential requirement for light; non­
dormant seeds will germinate in the absence of light. Light will be essential for removing dormancy in 
some species but, even where it is not, it aids the development of seedling morphology. Thus the provision 
of light for a part of the day is helpful. Since non-dormant seed may become dormant under certain 
lighting regimes zare should be taken when providing light to assist seedling development; for more details 
see Chapter 6. 

Additives to the germination media 

In the vast majority of species there is no requirement for externally applied nutrients since the 
process of germination involves the mobilisation of food reserves witlin the seed (but certain additives 
may be useful in removing dormancy - see Chapter 5). There are three situations, however, in which 
nutrient additives to the germination medium are required. 

I. There are a very few parasitic flowering plant species where the germination process does require the 
application of exogenous nutrients. Sg is one such genus. It is unlikely, however, that such species 
would be deliberately maintained in a genetic resources centre. 

2. Orchid seeds are extremely small with limited food reserves and are probably best germinated on 
synthetic media containing organic and inorganic nutrients. 

3. In certain species excised embryos are sometimes tested for germination (see Chapter II). In a few 
cases nutrients may be required. If further growth is required then a nutrient supply is essential. If this 
technique is used as a method of propagation it is sometimes considered to be a type of tissue culture 
(see Withers, L.A.C., (1980). Tissue Culture Storage for Genetic Conservation, 91pp. IBPGR, Rome). 

Germination test period 

As can be seen from a germination progress curve (Figure 4.2) individual seeds vary in the time taken 
to germinate; some seeds can take considerably longer to germinate than other seeds within the same 
population. The germination test period should be sufficient for every viable seed to germinate, including 
the slowest seed - the extreme individual, with respect to germination, within the sample. As seed 
populations age the mean time taken to germinate increases and also the variation in germination time 
amongst the iidividual seeds increases. Consequently the time taken by the last viable seed in the 
population to :;erminate increases considerably (Figure 4.2). Again poor quality seed lots should be tested 
to determine suitable germination test periods (but the germination test period required by dormant seeds ­
see Chapter 5 - is likely to extend beyond this period). 

Germination tests should be examined at regular intervals. At these intermediate examinations the 
germination medium may require rewetting. Also germinated seeds should be removed (i.e. seedlings 
evaluated, counted and removed). This is because normal seedlings in germination tests eventually die and 
decay in the absence of nutrients, and excessive seedling growth will dehydrate timegermination medium 
and form a dense mat of roots and shoots which greatly hinders seedling evaluation. Unless classification 
as abnormal is certain, it is suggested that only normal seedlings be removed at the intermediate counts 
to provide other seedlings with sufficient time to develop normal seedling structures. However, decaying 
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seeds (caused by either bacteria or fungi) should be removed to prevent the infection of healthy seeds in 

the germination test. 

For species which germinate rapidly inspection every 3 or 4 days (i.e. twice weekly) is recommended. 

However after the first two weeks, once-weekly inspection should be sufficient for the remaining seeds 

which are presumably slow germinators or dormant. Species whose seeds germinate less rapidly should be 

inspected weekly. 

Inspections at the end of the standard germination test period may sometimes suggest that the test 

duration should be extended. For example, a few seeds may have only just begun to germinate and a 

further period of growth may be necessary before seedling evaluation is possible. Or seeds may remain in 

the test which are thought to be dormant and which may germinate given a further period in test. 

This introduces another question: how does one evaluate the seeds in test which have thus far failed 

to germinate? The simple procedure for discerning hard seeds has already been noted. But how do we 

distinguish at the end, or possible end, of a germination test between dead seeds and dormant seeds? 

Suitable viability tests for this circumstace are provided in Chapter II. 

EQUIPMENT FOR GERMINATION TESTS 

The main equipment required in the seed testing laboratory is some means of controlling the 

germination environment. Temperature control is the most important facet of the germination 

environment; of lesser importance is illumination, humidity control and ventilation. Of course germination 

tests could be conducted in the ambient laboratory environment. However, this would not enable all viable 

seeds to germinate (for reasons already discussed concerning suitable temperatures for germination) besides 

the additional potent,.l pr(. of contamination and drying out. Furthermore, variations in the 

laboratory environment on dAf.e. , occasions would lead to different results. Control of the germination 

environment can be achieved by the use of Jacobsen apparatus (Copenhagen tanks), controlled temperature 

cabinets (incubators), or controlled temperature rooms (walk-in germinators). 

Copenhagen tanks 

The Copenhagen tank consists of a tank containing water, the temperature of which is controlled by a 

water bath. Seeds are planted on top of (filter) paper and placed on a metal or glass strip which is 

suspended above the water. A paper (or cotton) wick extends from underneath the seeds to the water 

below. The moistness of the paper germination medium is altered by increasing or decreasing the vertical 

distance between the seed and the water. A high level of humidity above the seed - to prevent seeds or 

seedlings drying out - is maintained either by coverirg the entire tank with a transparent lid or by 

covering individual filter papers with bell jars (each with a ventilation hole in the top). The latter is 

preferable as individual tests can be inspected, removed or replaced without disturbing the environment of 

other tests. 

Overhead lighting can be provided easily. Alternating-temperature regimes can be imposed on the 

seeds by altering the water-supply arrangements to the tank so that two water baths, controlled at 

different temperatures, provide water in the tank for diffement periods in each 24-hour cycle. 
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The major disadvantage of the basic design is that sced temperatures are dependent upon the water 
temperature, the distance between the seeds and the water, and (variable) ambient laboratory temperature. 
The latter can be overcome by controlling laboratory temperature. In humid countries it may prove 
difficult to operate Copenhagen tanks. Fungal and bacterial contamination is difficult to eradicate. 
Furthermore, in relation to the number of seeds which can be tested at any one time, Copenhagen tanks 

take up considerable space. 

Incubators 

Controlled ternp-rature incubators are flexible, readily available arid comparatively cheap. For most 
applications cooled incubators (i.e. incubators with both heating and refrigeration systerns) with forced air 
circulation art. required. The normal operating regime of such incubators is approximately -101C to 
+350 or 40°C. The biggest problem with this design of equipment is the variation of temperature between 
different locations within the cabinet, particularly when full. Manufacturers often quote variation in 
temperature of this kind when tested in empty incubatc.s. The spatial variation in temperature should be 
checked while germination tests are in progress inside the cabinet (since these will affect air flow). If 
any great disparities are noted the air circulation within the cabinet should be increased. Solid-state 
temperature control enables temperatures to be maintained with little ambient temperature drift and is 
recoimended. Adequate cooled incubators can be provided by converting refrigerators. Since the latter 
are mas-produced, theie iia, prove cheaper to acquire than purpose-built incubators - but any cost 
comparison Should take into account the useable volunie and the conversion time. Again it is important to 
imnimise the spatial variation within the incubator. 

An alternative to cooled incubators is to use several conventional heated incubators inside a 
refrigerated room, a technique often adopted in a number of warmer climates. However, for alternating 
temperatures it nay be better to use cooled incubators designed for the purpose. 

Alternating-temperature incubators (sometimes described as incubators with ternperature cycling) are 
also readily available. It is suggested that an achievable standard for specification is that the changes 
from high to low and low to high temperatures should be achieved within 30 minutes (although 
temperatures may not stabilise until after 60 minutes or so). A very useful modification is for the high­
temperature part of the cycle to be operated with the refrigeration equipment turned off - provided this 
temperature is more than 50C above time laboratory temperature. Illumination as uniforrm. as possible, with 
fluorescent tubes should be [,rovided. If seeds are to be germinated in open containers then air humidity 
should be controlled to between 90 arid 10096, but condensation should be avoided. A cheaper alternative 
is to control the hurnidity of each germination test - for example by placing the paper towels inside a 
loosely-wrapped polyethylene bag - thereby avoiding the need aind expense of humidity control - see 

Chapter 9. 

Several cooled incubators, each with the facility for temperature cycling amid control of light, probably 
represent the most sensible form of germination equipment for gene banks dealing with a large number of 
different species. It should be reniembered that cooled incubators dissipate eat: in an air-conditioned 
laboratory the additional heat load imposed by cooled incubators [tmust be allowed for; aid adequate 
ventilation must be provided in all laboratories. 
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Walk-in germinators 

Walk-in germinators are whole rooms which are used as germinators where temperature, light and 

humidity are controlled. They are best suited to gene banks where large numbers of tests are all carried 

out at a single constant temperature, although of course more may be constructed to provide a few 

additional constant temperatures. However, unless they are well-designed, problems of temperature 

variation within these large germinators can be considerable and worse than those encountered in 

incubators. Similarly condensation problems can be excessive - particularly if one wall ,abutts a colder 

environment (e.g. an outside wall in a temperate location, or a cold storage room). 

Illumination 

As already noted in this chapter, light is necessary for normal se.dling development, and it may also 

be required to promote the germination of dormant seeds (Chapter 5). Thus in many germination tests it 

is necessary to provide sufficient radiant energy of the correct quality. Specific directions on light 

intensity and quality are provided in Chapter 6. Warm-white fluorescent light sources are generally 

adequate, but it is important to check that the temperature of the test environment remains at the 

nominal temperature during the period of illumination. 
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CHAPTER 5, CHARACTERISTICS OF SEED DORMANCY AND FACTORS WHICH
 

INFLUENCE IT
 

When viable seeds are set to germinate some may fail to do so because they are dormant. This 

problem needs considerable attention in gene banks, not only because it can seriously interfere with the 
results of germination tests designed to assess the viability of accessions, but also it can reduce 

the amount of precious seeds which emerge when sown out for regeneration, multiplication or other 

purposes. Consequently when seeds are sent from a gene bank if possible instructions should be sent 
concerning any special techniques needed to break dormancy. If dormancy is not removed when a sample 

is used for regeneration or multiplication there will be preferential genetical selection for less dormant 

types, the progeny of which may carry a tendency to germinate viviparously. Apart from concentrating 

the agronomically undesirable characteristic the selection will lead to a general genetic erosion of 

genetically heterogeneous accessions. 

As mentiored briefly in the Preface, seed dormancy is a greater problem in gene banks than in 

ordinary agricultural or seed-testing practice. There are four reasons for this. (I) In order to maxinmise 

seed quality and therefore seed longevity, atternfpts should be made to store seeds in gene banks as soon as 

possible after harvest which, coincidentally, is when they are at their most dormant. (2) Again in order 

to nmaximise seed quality the 1982 Report recommends that seed drying in gene banks is carried out at a 

lower temperature than is conmon in commercial practice. Low-temperature drying will also tninimise 
loss of dorrnancy. (3)The sub-zero temperatures used in long-term seed storage not only prolong viability 

but also prolongs the dormant state. (4) Gene banks typically include primitive land races and wild 

relatives of crop plants in their collections and these usually show much gre:.ter dormancy than modern 

cultivars. 

Seed dormancy, then, is a major problen in gene bank operations and accordingly needs to be given 

considerable attention. This chapter discusses the principle features of seed dorrnatcy of relevance to gene 

banks, and the main ways in which it may be minimnised. Chapter 6 is devoted to the effects of light on 

the dormancy of light-sensitive seeds and suggests practical procedures for applying light in germination 

tests. Practical advice on removing, chipping or scarifying seed covering structures - techniques which are 

sometimes incorporated in dormancy-breal<ing procedures - is given in Chapter 7. Chapter II provides 

guidance on aIternati\ve criteria of viability other than germination when dormancy is an insuperable 

problem, and provides further advice on viability testing in these circumstances. Iinally the entire 

emphasis of Volume II is on practical methods of uvercoming seed dormancy: Chapter 16 introduces 

alternative approaches to the -)roblen where specific advice for at accession is not available; the 

subsequent chapters give specific . -,ce, organized taxanornically family by family on individual crops and, 

where available, general rnethods for species within each family. 

THE DEFINITION AND ROLE OF SEED DORMANCY 

Dormancy is an irmprecise term which has many diflerent meanings. In its broadest (and most 

imprecise) sense it can be applied to describe the period frern when the seed ermbryo discontinues growth 

on the mother plant to when it begins to grninate (ecological dorrmancy), In this sense one could 
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Figure 5.1 Schematic representation of the different categories of dormancy, 
together with associated problems 

NO 	[insufficient]Is 	 there adequate moisture I 
available for 	germination? !OLOGICAL DORMANCY 

YES (e.g. dry storage) 

las 	 the seed imbibed moisture? NO HARDSEEDEDNESS 

IYES 

Is the temperature and 2 
oxygen supply adequate? NO _ENFORCED DORMANCY 

YES 

Does the seed germinate? Does germination occur 

Z N 0 YE returned to a suitable 

OYES environment? 

Is the seed firm? NONDORMANTN 

NOIES 

NONVIABLE2 Is there 
excess water? 	 NO 

YES 	 NO Y NONVIABLE 

Does a Tz test show INNATE DORMANCY 
surface damage
t o cotyledons? 	 INDUCED DORMANCY 

WATER SENSITIVITY IMBIBITION INJURY 

Notes 

1) 	If the seed takes a long time to germinate, this may be either due to a 
slight degree of dormancy which is 'broken' under germination test condi­
tions, or due to low seed vigour. 

2) 	 If the seed is non-viable at the end of the germination test then either 
the seed was dead before the germination test began, or the -eed died 
during the germination test presumably as a result of the germination 
test conditions. 
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consider all seed in long-term seed stores for genetic conservat ion to be dorrant. 

However, to seed technologists - and in particular those who test seeds for germination - seed 
dormancy has a narrower meaning which is miore useful: seed dormancy is the condition in a stable seed 
which prevents it front germinating when supplied with those factors normally considered adequate for 
germination, i.e. when it is at a suitable tenpera ttire in a meditin providing adequate water and access to 
a gaseous environment approximating to air. It is this definition Which we find most satisfactory. T"he 
accompanying diagrait (Figure 5.1 attempts to clarify the divisions bet ween those pheosiena Which 
collectively comprise dormancy in its broadest sense (innate dor:m ancy, enforced dormancy, induced 
dormancy, hardseededness) together with those phenomtena which 'nay mistakenly result in a seed being 
classified as dormint (water sensitivity, imbibition inury, ntun-viabilityv). For more infornatisin on 
bardseedednes, water sensitivits, and imbibitirs injury Chapters 4 and 7; the testing sf seed forstt 


viability at the end of germination tests by pressure osr by Cutting is cntsidered iM Chapter II.
 

Dormancy is often divided into several catego-:_s. Most physiologists would now agree that there are 
three main types, although sortie confusion has arisen because different words have sometimes been used to 

describe tfre samle phenomenon. 

Innate dormancy 

Innate dormancy (also known as prirriary dormancy, natural dormancy, inherent dormancy and 
endogenous dormancy) describes the dormancy which is present immediately the new ,--mbryo ceases to grow 
when it is still at- "hed to the parent plant: such dormancy prevents the seed frot germinating 
viviparously (i.e. ott the mother plant) arid also usually for sortie time after the ripe seed is shied or 
harvested. Seed accessions in gene banks are likely to exhibit considerable innate dormancy (ior reasons 
already explained) arid, thus, innate dormancy may represent a formidable proflem to gene bank staff. 

Innate dormancy is di'ided into two categories by some workers; seed coat dormancy, arid embryo 
dormancy. If a viz ble seed imbibes water but fails to germinate until the seed co .s removed or the 
errtbryo excised, then dorrsanty is said to be imposed by the seed coat: that is it is the seed 'oat which 
is preventing germination. Note the difference between the defitsitios t seed ('oat dormanc'y and 
hardseededness: both phernomena result in the failure of viable seeds to germinate, but with seed-coat 
imposed dormancy the seed has imbibeo moistur', whereas with hardseededness the seed is unable to 
imbibe. Embryo dormancy is said to occur when a viable seed frorn which the seed ('oat has been remove(f 
fails to germinate: it is also described sometimes as physiological dormancy. We believe that there are 
at least four reasons why ger o banks need nit be particularly comcerned about the division rf iuiate 
dormancy into twit categories: 

(I) The embryo hails to germinate whether it is embryo dormanc or seed coat iormiancy which is 

imposed. 

(2) Seed coat removal often enables the treatnent level or concentration ef another dorrnancy-breaking 
agent with which j is combined to be reduced as compared \ith that necessary for the treatment of tile 

intact seed.
 

(3) Diifferent seeds '''ithin art accession may exhibit seed ioa t dorman'y arid e'rrbryo dormancy. 
(t) 'Arn individual seed mannexhibit bo th sed (moat dormns a' and ebrN)o dormant it, a degree: seed moat 

removal is unable to result in germnation; but, equally, a treatment which overcomes the ellect of enbryo 
dormanc) is unable to result in germination; whereas combining seed coat reinoval witlh a treatment which 



overcomes the effect of embryo dormancy enables germination to occur. 

Some authors refer to the last conditior as double dormancy; that is both seed coat dormancy and 

embryo dormancy. The term double dormancy has also been used to describe the condition in which some 
individuals within an accession exhibit seed coat dormancy whils, some others exhibit embryo dormancy. 

Enforced dormancy 

Enforced dormancy (also known as environmental dormancy) describes the condition when viable seeds 
do not germinate because of some limitation in the environment. The term has often been applied to 

describe the condition of natural populations of seeds which remain dormant while buried heneath the soil 
but germinate immediately the soil is disturbed and the seed exposed at the soil surface. Absence of light 

and reduced temperature alternations beneath the soil surface appear to be the major factors enforcing 

dormancy in this instance. Dormancy can be enforced on seeds of this type in the laboratory by setting 

them to germinate in the dark at a constant temperature. This type of dormancy disappears immediately 

the missing factors are provided. 

Induced dormancy 

After a seed has lost its innate dormancy it is possible for a similar type of dormancy to be induced. 

Induced dormancy (also known as secondary dormancy) is usually the result of seeds being supplied with 
water but exposed to an environmnent where some other particular factor is unfavourable for germination 

(e.g. high temperature, low oxygen); the seeds fail to germinate in this environment, and also subsequently 

fail to germinate when tt:nsferred to an environment which is favotirable for the germination of non­
dormant seeds. Dormancy which has been induced persists for a considerable time: it is this persistence 

of dormancy after removal from the inhibitory environment which di, inguishes induced dormancy from 

enforc'd dormancy. Induction of dormancy within seeds of accessions maintained in gene banks is possible 
during the storage and drying of very moist seeds, during poorly designed germination tests to monitor 

accession viability, and in field or glasshouse sowings uni4er unsuitable conditions where it was intended to 

regenerate or multiply an accession. 

Dormancy as a distributive strategy 

Dormancy forms part of the distributive strategy of higher plants, providing a dlelay mechanism which 

enables dispersal from the maternal parent before germination occurs. Moreover, dormancy can also enable 

the seed to germinate at more opportune times or positions - since the dormant state is often removed by 

those conditions of the environment which are associated with the ecological niche of the particular 

species. The majority of seed dormancy research and literature has been concerned with investigating its 

ecological importance and physiological basis. No attempt is made here to discuss these issues. Instead 
dormancy is discussed solely in relation to the practical objective of gene banks; to identify dormant seeds 

and provide procedures which remove dormancy from all seeds without daimage to non-dormant seeds. 

DISTRIBUTION OF DORMANCY WITHIN AN ACCESSION 

Seeds within accessions are not uniform. Rather they show individual variations in very many 

characters; for example, in weight and period of survival. Similarly individual seeds vary in dormancy. 

Thus although an accession miay be described, as dormant, this does not necessarily mean that each and 
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every seed within this accession is dormant or, indeed, equally dormant. 

The last point needs further consideration since dormancy has often been considered to be a simple 
binary phenomenon: a seed is said to be either DORMANT (ON) or NON-DORMANT (OFF). It is true 
that often the expression of dormancy can be binary within a single germination test; those viable seeds 
which fail to germinate being defined as dormant and those which germinate being defined as non-dormant; 
there is no intermediate class. But suppose the germination test period were to be extended by a further 
seven days and a few more seeds germinated. Would these seeds be dormant or non-dorrmant? To which 
question some would answer partially dormnant! (Other terms used to describe this include relative 
dormancy and conditional dormancy.) In other words there are circumstances in which some individual 
seeds would germinate under a wide ranpe of conditions but would behave as dormant seeds under other 
conditions. These would be considered to be only lightly dormant. On the other hand other seeds may 
only germinate under relative., few environments which may involve special pre-treatments. These could 
be considered to be deeply dormant. Since even deeply dormant seeds will germinate under some 
circumstances, there is a sense in which dormancy is always 'relative' or 'conditional'. 

Consequently there are two dimensions to the problem of dormancy within each accession: first there 
is the proportion of individual seeds within the accession which are dormant under specified conditions; 
and, secondly, there is relative with the of isthe tenacity v.hich state dormancy maintained fr- an 
individual seed. These two aspects are demonstrated in Figure 5.2 where germination is plotted against 
tim- in storage. Initially '7,.? of the population were dormant and only 5% non-dot.mant. Thus in the 
control population dormancy is not exhibited all members ofby the population. Storage of the seed 

Fi ure 5.2 Germination of riceseeds(OryzaglaberrJma Steud.)withdrawn fromstorage at 30*C with 11.7%moisture content 
(wb)

0 
after va,.ous periods (e) which demonstrate thephenomenon of atter-ripening. Seeds,rretested forgermination at

20*/3 'C (16h/8h) for ld. Note the variation in period required to remove dormancy from Individual seeds in the popula­
tion: i.e. there is a steady increase in the proportion f seeds able to germinate with Increasing storage period. (From
Ellis, R.H., Hong, T.D.and Roberts, E.H. (1983). Procedures for the safe removal of dormancy from rice seed. Seed Science
 
and T"chnology, 11, 77-112.)
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resulted in loss in dormancy such that alter 100 days storage 100% of tile seed population was non­

dormant. However, note that some seeds required only a short period of storage to break dormancy, 

whilst others required considerably more. Thus the tenacity with which the individual seeds retained 

dormancy differed. 

At this point it is worth noting that this'difference in the tenacity with which individual seeds retain 

dormancy can also be reflected in the time taken by the seed to germlinate in a germination test regime 

in which dormancy is broken. Consequently many authors will define a seed as dormant, or partially 

dormant despite the fact that it has germinated because there has been a delay to germination. 

DIFFERENCES IN BOTH THE PROPORTION AND THE DEGREE OF SEED DORMANCY BETWEEN 

POPULATIONS 

Dormancy, though ur, -enetic control, is extensively modified by both the pre-harvest and the post­

harvest environment to whi.n the seeds have been exposed. Consequently the progeny of a single stock 

c.n show vastly different dormancy characteristics if the seed is multiplied in two different environments. 

Moreover, in our experience there is no simple relationship between populations with regard to the 

proportion of individual seeds which are dormant (in a given germination test environment) and the tenacity 

with which these individuals retain dormancy. Thus there can be no guarantee that a treatment which 

successfully removes dormancy in one accession will be as successful with another accession. This is why 

one must be very careful to avoid generalisations when discussing dormancy-breaking nethods. Neverthe­

less, a wide range of diverse dormancy-breaking agents do have qualitatively similar effects not only for 

different seed lots within a species but also for seed lots of very many different species. 'he following 

section attempts to catalogue many of the treatments which often result in a loss of seed dormancy. 

TREATMENTS WHICH REMOVE DORMANCY 

After-ripening in dry storage 

After-ripening, or post-harvest maturation, describes the loss in dormancy that gradually occurs when 

seeds are stored after harvest in the air-dry state. In commercial seed practice it is extremely common 

for dortnancy to be removed in this way. As with other factors which lead to loss in dormancy, there is 

variation between individual seeds within a seed lot in the time taken for loss in dormancy to occur 

(Figure 5.2), but in addition the rate of loss can be influenced by both the temperature and the moisture 

content of the after-ripening environment. In general the higher either of these factors are the more 

rapid is the loss in dormancy, although in several investigations it has not been possible to discern any 

effect of seed moisture content. However, increase in either temperature or moisture content also results 

in greater loss in viability. Consequently it is not advisable for gene banks to use after-ripening as a 

dormancy-breaking technique oni a complete accession, for this could result in loss in viability, genetic 

integrity, and a substantial reduction in potential storage life. Under sorne circumstances, however, after­

ripening could be used on samples withdrawn for germination tests, providing the combination of conditions 

used is not sufficient to affect via:)ility detectably. 

Pre-drying treatmnents are similar to after-ripening treatmments. They consist of a period of exposure 

to a drying regimmue during which seed mnoisture content is lost. It is often suggested that such treatments 

be applied after pre-soak or pre-wash treattnents - see a later part of this chapter. 
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The effect of removal or puncture of structures covering the seed 

In addition to preventing imbibition (hardseededness), seed covering structures can limit oxygen 
diffusion and act as mechanical barriers to radicle emergence - seed-coat imposed dormancy. Thus in 
many species removal, puncture or scratching (scarification) of seed ccats may enable imibibed, dormant 
seeds to germinate. In a number of species such treatments can be quite effective in promoting 
germination. However, the procedures can be very labour-intensive - particularly in those small seeded 
species where dormancy can often be quite pronounced. Moreover, seeds can be damaged by these 
treatments. Chapter 7 gives further information on the partial or complete removal of seed coats. In a 
few fruit species seed coat removal can enable dormant seeds to germinate, but subsequent seedling 
growth may be restricted (dwarfism) unless embryo dormancy is also removed - see the information on 
Prunus and Pyrus in Volume II. It should also be remembered that removal of the seed coat can affect 
other germination-relaTed phenomena - see the information on hardseededness and imbibition injury in 
Chapters 4 and 7. 

The effect of gaseous atmosphere during germination tests on dormancy 

As rioted above, seed covering structures can) limit oxygen diffusion into the embryo. Increasing 
oxygen partial pressure around intact seeds can increase the rate of oxygen uptake and result in loss in 
dormancy compared to testing the seed in an atmosphere containing 21% oxygen (i.e. in air). However, in 
other cases increasing oxygen partial pressure above 21% increases the proportion *of dormant seeds 
whereas reduction below this value results in a greater loss in dormancy. Similarly pre-treatment in the 
complete absence of oxygen (pure nitrogen) may also result in loss in dormancy. 

Figure 5.3 Influence of temperature on the germination of a barley seed lot at harveA (U) and after 10days treatment at
40uC with 15%moisture content (0). Thedepression of germifiatlon of the freshly harvested seeds at 17.5*C and above Is an expression of dormancy (relative or 
 dormancy).
conditional Theafter-ripened seeds areable to germinate fully
over a
 
widerrangeof temperatures than the freshly 
harvested seeds.
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Other gases can also affect dormancy. High concentrations of carbon dioxide can result in both 

induction of dormancy or loss in dormancy whilst lower (3-596) concentrations usually tend to lead to loss 

in dormancy. The presence of hydrogen sulphide, carbon monoxide, phosphine, ethylene and certain 

anaesthetics (ethanol, methanol, acetone, chloroform, 2thyl ether) carl also result in loss in dormancy. 

The expression of dormancy in germination tests at constant temperatures and the effects of pre-chilling 

or stratification 

Temperature during the germination test affects the expression of dormancy considerably. Although 

dormant seeds of some species may not germinate at any constant temperature (in the absence of specific 

dormancy-breaking treatments) seeds of many crop species tend to show some germination over a very 

narrow band of constant temperatures. Some workers refer to such differential germination at constant 

temperatures as relative dormancy or conditional dormancy. The conventional representation of the 

relationship between germination at constant temperatures and dormancy is shown in Figure 5.3; dry 

storage of seed results in a loss in dormancy which enables the seed to germinate over a much wider 

range of temperature than the dormant seed. In these circumstances it is difficult to be certain whether 

those seeds which germinated over the narrow band of constant temperatures before storage were not 

dormant to begin with or whether dormancy was broken during the briK exposure to temperatures within 

this range. One guide can be to examine the time taken to germinate. C.iten if dormancy is first broken 

by some other means (in this example by dry storage) the subsequent germination at these temperatures 

can occur sooner. 

It would be fortunate if all dormant seed of all species showed germination over the same, narrow, 

band of temperatures. This is riot the case however. Species vary quite considerably in their response to 

constant temperatures, as an examination of Volume II of this manual will indicate. 

A period of pre-treatment of imbibed seeds at a different constant temperature to that applied in 

the subsequent germination test can be an extremely effective dormancy-breaking treatment. Pre­

treatment at a low, but not freezing, temperature is a particularly important dormancy-breaking treatment 

which is widely applied in practice. For example, in the temperate cereals exposure of imbibed seeds to 

temperatures below 7'C for up to seven days before transfer to a higher temperature for the subsequent 

germination test is the normal method of breaking dormancy in seed testing stations. In other species 

much greater periods of exposure are used; for example, see the infornation provided in Volume II for 

seeds of the rosaceous fruits. It should also be pointed out that in many of the species where pre-chilling 

seeds is beneficial, tile subsequent transfer to a higher temperature is riot necessarily essential for 

germination; often the seeds will germinate if they remain at the pre-clill temperature but, of course, 

germination will occur more slowly than at higher temperatures. Normally seeds are pre-crhlled on, or in, 

the same rtediurn as used for the germination test. A few workers, howrver, pre-chill seeds by 

submerging in water. Whilst this can be beneficial to seeds that are slow to miibe, in view of the 

problems that can arise when very dry seeds imbibe moisture too rapidly - see information on imbibition 

damage, Chapter 4 - it is recommended here that seeds should not be pre-chilled by subtn,_rging in water: 

if the seeds arn slow to imbibe then the pre-chill treatment period can be extended. It is worth noting 

that the response to pre-chill treatments is not limited to species from temperate regions; the germination 

of d')rmant seeds ol tlany species from reii-tropical and tropical regions can also be promoted by pre­

chill treatments, e.g. rice and many tropical forage species. 
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Throughout this book we use the term pre-chill to describe an exposure of the jinhibed, or imbibing, 
seeds to a low temperature; pre-chilling has also been described as stratification, layerage or - more 
rarely - after-ripening. Stratification and layerage are apt terms to describe the horticultural practice of 
exposing seeds in alternate layers between moist peat or sand to temperate ambient (low) winter 
temperatures - with the pre-treated seeds being sown out the following spring. (Throughout this report we 
only use the term after-ripening to describe the storage of air-dry seed under various conditions intended 

to reduce dormancy.) 

Similarly pre-treatment of imbibed seeds at a high temperature, with subsequent transfer to a lower 
temperature can be a powerful dormancy-breaking treatment; though widely used, the practical importance 
of such treatment is less than pre-chilling. Throughout this report we use the term warm stratification to 
describe such treatments. In some accessions alternating warm stratification and pre-chill treatments can 
be particulaiy promotory. The information provided in Volume I1 for seeds of Prunus species gives 
examples where warm stratification, or alternating exposare to warm stratification and pre-chill 
treatments promote the germination of dormant seeds. 

However, a further complicating factor when examining the influence of temperature on germination 
is the induction of dormancy. Often if seeds are exposed to temperatures outside the narrow band of 
temperatures at which they can germinate and then transferred to a temperature within this range they 
fail to germinate: that is dormancy is induced. In the majority of cases such induced dormancy is 
observed after exposure to temperatures above the narrow band at which they will. germinate. For 
example, in lettuce (Lactuca sativa L.) this phenomenon provides a very real practical problem for 
growers: if seeds are sown when soil temperatures are at or above about 201C seeds that have not been 
after-ripened will normally fail to germinate and emerge even though the soil temperature subsequently 
becomes cooler; in lettuce the phenomenon is described as thermodormancy. It should also be noted that 
it is possible for dormancy to be induced during exposure of imbibed seeds to low temperature-, but this 
is comparatively rare and unlikely to be a problem in gene banks. 

The somewhat paradoxical effect of high temperature pre-treatments of imbibed seeds needs sonic 
explanation. Prunus provides good examples of species where dormancy can be both broken an( induced by 
a pre-treatment at a high temperature, prior to a subsequent germination test at a lower temperature: 
it is possible to see both effects within one accession. An exposure of the imbibed seeds of a typical 
Prunus accession to 25°C, or so, for 2 weeks, with subsequent transfer to a lower temperature can 
increase the total proportion of seeds which germinate (that is, dormancy is broken), but the time taken 
by the less dormant individuals within the population to germinate can increase quite substantially (that is, 
dormancy is induced - the low germination test temperature itself being a dormancy-breaking treatment). 
In view of the final outcome of tile test (a higher proportion of seeds germinating) the warm stratification 
treatment is, thus, beneficial. However, in less dormant accessions the most notable effect would be the 
substantial increase in germination time and we would, thus, not consider the warm stratification 

treatment to be worthwhile in this case. 

The influence on seed dormancy of alternating-temperature environments in the germination test 

Of course soil temperatures are anything but constant aridin the surface layers there is a very 
distinct diurnal alternation. Alternating-temperatures can be extremely effective in breaking dormancy, 
and are widely used. For example, various alternating-temperature regimies are prescribed in the rules of 
the International Seed Testing Association; details of these regimes are provided il Volumne I[. However, 
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Figure 5.4 Characteristics of alternating temperature regimes and their Interdependence. Constant temperature regimes can 
be described by the above three tertiary characteristics whereas alternating temperature regimes have many more characteris­
tics, as shown above. The seven primary characteristics can be controlled experimentally. Theyare independent of each
 
other, but affect the six secondary and tertiary characteristics. All characteristics affect dose. An accession's response
 
to an alternating temperature regime is a function of dose and receptivity. The factors which affect an accession's
 
receptivity to dose exist before treatrent (genotype, maturation environment, after-ripening) and develop after imbibition
 
(interacting factors- change in recentivity).
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it should be noted front the outset that the adoption of any alternating-temperature regime in germination 
tests will not ensure the germination of dormant seeds; promotory alternating-temperature regimes require 
accurate definition. 

A major problem when considering such regimes is the number of attributes of alternating­
temperatures which could conceivably stimulate seed germination. These are: the length of each cycle; 
the minimum and maximum temperature in each cycle; the period of exposure to the rmininimurm and 
maximun temperatures; the range between the minimnum and maximurn temperature; the cumulative effect 
of the number of cycles; the efficacy of cycles with therespect to time from the onset of imbibition; 

rate 
of heating or cooling from one temperature to another; and the mean temperature. Moreover it is 
not possible to alter one attribute witho,,t confounding it with a change in at least one other. For clarity 
Figure 5.4 illustrates these various interrelated attributes of alternating temperature regimes. For 
practical purposes, however, we can assume diurnal alternations (i.e. a 24 hour cycle) and lirmit tle 
attributes of interest to: the minimum and maximum temperatures, the period spent at each temperature, 
the temperature range and the mean temperature. Figure 5.5 provides a stylized example of how each 
attribute can be specified to provide adequate conditions to remove dormancy in Rumex. Figure 5.6 
provides the results of an investigation with rice as a further example, which illustrates that we are 
witnessing the removal of dorrrancy from a population of seeds in which the responses of individuals vary. 
In some individuals only a small alternation is required to break dormancy, whilst in others the alternation 

required is considerable. 

The influence of light on seed dormancy 

It is well known that light can have a powerful influence on the expression of seed dorrmancy in 
many species (although the detection of its influence may be dependent on the presence of other 
dormancy-breaking agents - see a later part of this Chapter). Earlier reviews tended to divide light­
sensitive species into 
two categories depending on whether gerrrination was promoted or inhibited by light 
(ofte- described as positively or negatively photoblastic species respectively). To sorne extent these 
responses could be related to the ecology of the species. Generally speaking it could be seen as an 
adaptive advantage for small seeds with inevitably small food reserves to remain dormant unless they are 
at or near the soil surface, otherwise gerlnination could result in seedling death because food reserves are 
depleted before the shoot reaches the soil surface and starts to photosynthesise. On the other hand for 
sorne larger seeds of more arid climates it may be more important for seeds to avoid germination on the 
soil surface. In the first case one would expect to find a positive response to light and in the second 
a negative response. 

However, the division of seeds into those which show a posttisn response to light and those which 
show a negative response to light is now known to be art over-sirplification. First, light quality is 
important. Secondly, many seeds which germinate in response to low levels of light may be inhibited 
(prevented from germinating) it exposed to prolonged periods of high-intensity light. Chapter 6 provides 
information concerning the various responses of seeds to light and provides suggestions for optimal 
practical seed dormancy-breaking regimes for use in germination tests designed to assess accession 
viability. 
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Effect of soaking in water before the germination test 

Pre-soaking seeds in water before the germination test sometimes has a promotory effect on seed 

germination which is utilised by seed testers. For example, the 1976 Rules of the International Seed 

Testing Association recommended that dormancy in rice (Oryza sativa) seeds be removed by soaking the 

seeds in water at 401C for one to two days (but see the information on the genus Oryza in Volume II for 

our comments on this treatment). Throughout this report we refer to such treatments as pre-soak 

treatments. 

A second procedure in which soaking in water alone can promote the germination of dormant seeds 

is more akin to rinsing than soaking. Certain species may have inhibitors to germination present within 

the seed or fruit coat. These are removed by rinsing the seeds in constantly changed water. Such 

treatments are referred to as pre-wash treatments throughout this report. Examples of species in which 

pre-wash treatments can increase seed germination in subsequent germination tests include Vitis spp. and 

Beta vulgaris. In addition to removing germination inhibitors, pre-wash treatments may soften the seed 

coat or surrounding fruit structures, lessening the physical resistance to germination. 

Care should be taken with both pre-soak and pre-wash treatments, however. First, the water supply 

(whether standing or running) must contain sufficient dissolved oxygen to prevent the death of or induce 
dormancy in the imbibed, or imbibing, seeds. Secondly, the treatment should not be applied for so long 

that some seeds begin to germinate, otherwise the chitted seeds may be damaged when they are 

transferred to the germination test regime; moreover, very often it is recommended that pre-soak or pre­
wash treatments be succeeded by pre-dry treatments (that is the seeds are dried back down again) and 

such treatments usually kill chitted seeds. Finally, there is the risk of imbibition injury to very dry 

seeds: consequently it is suggested that seed moisture content be increased by humidification before 

pre-soak or pre-wash treatments. 

The effect of pre-applied and co-applied compounds in solution on dormancy 

Very many compounds have been applied to seeds in an attempt to break dormancy. Many have been 

found to have at least a small effect in promoting the germination of dormant seed=. The normal method 

of applying such compounds to seeds is in solution in water, although other solvents such as acetone have 

also been used. Two different application procedures are used; pre-application or co-application. A pre­

applied treatment refers to a treatment of seeds to the compound in solution in water (unless otherwise 

stated) prior to transfer to the germination test environment: treatment may be either by immersing the 

seeds in the solution, or by placing them on top of a germination-test substrate in which the solution is 

used instead of water. A co-applied treatment is one in which the compound - normally dissolved it. 

water - is applied to the seed in the germination environment - that is the gerimination-test substrate is 

moistened with this solution. With both methods of application the concentration of the compound in 

solution ci be critical: too low a concentration and no effect on germination is recorded; too high a 

concentration and the non-dormant seeds may be temporarily prevented fromr germinating or killed. Not 

only is it necessary to determine the most suitable concentration but, even so, optimum concentrations 

rarely break the dormancy of all seeds and the optimum concentrations may vary quite considerably 

between accessions. With the pre-applied method higher concentrations are generally necessary to promote 

the germination of dormant seeds compared to the co-applied method. Further factors requiring definition 

with the pre-applied method is the duration and temperature of tire trrmrrnent. 
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The following chemical agents are among those most commonly applied to seeds which have been 
reported to promote the germination of dormant seeds in one or more species: hydrogen peroxide, 
ethyl alcohol, sodium hypochlorite, thiourea, mercaptoethanol, nitrates, nitrites, hydrogen ions (i.e. low pH), 
cyanide, azide, gibberellins, cytokinins (e.g. kinetin) and hydroxylamine. See also the list of gases in an 
earlier part of this chapter, and for dezailed comments on the application of these and other chemicals to 
different species see the chapters on the various plant families in Volume II. 

Interactions and substitutions between the various factors which can promote the germination of 
dormant seeds 

It is important to note that many of the factors which are said to promote the germination of 
dormant seeds may only work under certain circumstances. For example, the phenomenon of thermo­
dormancy in lettuce was rioted under the section on the effect of temperature on dormancy, where at 
high temperatures (close to 301C) no germination occurs in some accessions - indeed dormancy is induced: 
however, if light is present then the seeds may well germinate, despite the supra-optimal temperatures. 
In other words the action (or inaction!) of one factor can be modified by the presence of a further factor. 

Interactions. Interactions can be either positive or negative. The meaning of the term interaction is 
probably best shown by an examination of some experimental results. The following results (from 
E.H. Roberts, 1973. Oxidative processes and the control of seed germination. In Seed Ecology ed. 
W. Heydecker, pp. 189-218. Butterworths, London.) provides examples of positive interactions between the 
effects of light, nitrate, and alternating temperature on the promotion of germination of dormant seeds of 
Rumex crispus. Similar interactions are very common in a wide range of species. 

To determine the effect of each potentizil dormancy-breaking agent and the interactions between 
these effects requires the testing of different sub-samples of the accession under all possible combinations 
of these agents. In this case, where there are three potential dormancy-breaking agents, eight (i.e. 2') 
different treatment combinations are required. The treatments and results are given below. 

Treatment Germination Environment Percentage Germination 

I 251C, dark, water 0 

2 25°C, light, water 0 

3 251C, light, 10-2 M KNO 3 0 
-4 25°C, dark, 10 2 M KNO 3 0 

5 25°/I.5oC*, dark, water 1 

6 25°/I.5"C*, light, water 68 
-
7 25'/l15C,, dark, 10 2 M 4KNO 3 

8 25"/1.5°C*, light, 10
-

2 Ni KNO 3 t00 

diurnal alternating temperature regimie 25 C for 8 hours, then 1.5"C for 16 hours. 

Treatment I is the control germination test: that is the test was conducted in the absence of all 
three potential dorimancy-breaking agents; in this investigation, no seeds germinated under these conditions. 
How is gerrmination affected by treatment with each dormancy-breaking agent on its own? At a constant 
temperature in the absect,, of nitrate light has no effect on germination (result of treatment 2 minus 
result of treatment I). At a constant tempe'ature in the dark, nitrate has no effect on germination 
(result of treatment 4 minus result of treatment I). In the dark in the absence of nitrate, alternating 
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temperature has only a marginal effect, viz. 1% germination (result of treatment 5 minus result of 

treatment I). Each of these subtractions is said to describe the action of each factor. 

How is germination affected if one dormancy-breaking treatment is combined with another? There 

are three different treatments possible which combine two different agents: light and potassium nitrate, 

light and alternating temperature, and alternating temperature and potassium nitrate. Light and nitrate 

combined at a constant temperature has no effect on germination (treatment 3 minus treatment I). 

Consequently since the action of nitrate is nil and the action of light is nil, there was no first order 

interaction between the action of ligh: and nitrate since the combined result (0) is neither greater nor 

less than the addition of the two separate actions (0 . 0 = 0). In the presence of light and alternating 

temperature (treatment 6) 68% germination is recorded. There is, thus, a powerful positive first order 

interaction between the actions of light and alternating temperature (0 I == 68), the effect of this 

interaction being a 67% increase in germination compared to the total effects of light (treatment 2) and 

alternating temperature (treatment 5) when applied alone and the control germination test result 

(treatment '). In the presence of alternating temperature and potassium nitrate (treatment 7) only 

4% germination is recorded. The interaction is thus 3% (4 - (I 0)). Finally, 100% germination is 

recorded in the presence of all three dormancy-breaking agents (treatment 8). There is, thus, a powerful 

positive second order interaction between the combined action of alternating temperature, light, and 

nitrate (individually giving I + 0 # 0%) and the first order interactions (giving 0 . 67 - 3%) since 

(I , 70 100). 

These results illustrate a common feature of dormancy investigations. Often investigations with a 

single dormancy-breaking agent alone show no effect. Only when this agent is combined with another 

promotory agent is any effect seen. Both light and alternating temperatures show this feature quite 

clearly (examine the results of treatments I, 2 and 5 with that of treatment 6). Although nitrate on its 

own or in combination with any one of the other two agents had little or no effect, when combined with 

both other agents it had a very considerable effect (compare treatment 8 with treatment 6). 

This is a conventional representation of interactions between the effects of different dormancy­

breaking agents on seed germination, but it should be noted that there are more complicated dcfinitions 

and explanations of interactions. Interactions can be quite powerful, for example that shown by light and 

alternating temperature on the germination of Rumex crispus described here. But any significant increase 

in germination which results from combining dornancy-breaking agents is worthwhile, even if no inter­

action is observed. Much use is made o! the potential benefits to be obtained by combining different 

dormancy -breaking agents to promote the germination of dormant seeds in the suggestions made for seeds 

of Darticular crops in Volume 11; for example, see the information provided for rice (Oryza spp.). 

Substitution. In certain cases it is thought that two different dormancy-breaking agents break the 

dormancy of the same individual members of the dormant seed population; in which case one agent is 

said to substitute for the other. Thus when both are applied together the percentage germination is 

no higher than the result with either agent alone (i.e. result in treatment A result in treatment B = 

result in cornbined treatments A and B). Gibberellic acid is often said to substitute for light in breaking 

the dormancy of many light-sensitive seeds, but sometimes the expression has been used uncritically. 
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CHAPTER 6, LIGHT, PHYTOCHROME AND SEED GERMINATION
 

In Chapter 5 it was noted that light can influence the germination of dormant seeds. Consequently 
gene bank staff need to decide what light environment should be provided to promote the maximum 
germination of seeds. Critical information for individual species is seldori available but this chapter 
attempts to provide general guidance on suitable light regimnes and how to measure them. 

Historically it used to be thought that species could be classified into three categories regarding 
their seeds' response to light: those where germination was promoted by light; those where germination 
was inhibited by light; and those species which were unaffected by light. However, the division of seeds 
into those which show a positive response to light and those which show a negative response to light is 
now known to be an over-simpli' cation. Many seeds which germinate in response to low levels of light 
may be inhibited if exposed to prolonged periods of high intensity light. The response to light within a 
seed lot may change during storage. Different accessions of a given species can differ in their qualitative 
and/or quantitative response to light. Even within a single accession there (-ar be a thousand- fold 
variation between individual seeds in the mrinimtuir arMount of light needed to stimulate germination. Arid 
any response to light is usually critically dependent upon the status (f other aspects of the germination 
test environment, such as temperature. In order to understand these various responses and arrive at an 
optimal practical seed dorirancy-breaking regime for use in germination designedtests to assess viability, 
it ts useful to understand what is meant by the term light and to consider tie tiain characteristics aid 
mode of action of tile photoreceptor pigment (phytochrome) involved in light reactions. 

LIGHT QUALITY 

Light is both a physiological and a physical term. In physiological terns light is usually described as 
the energy detected by the average hurian eye. In physical terris light appears to act in two ways. The 
passage of light through space is described as waves of electromagnetic radiation. The emission or 
absorption of light by matter is, however, described as a corpuscular (packet) phenomenon. These two 
aspects of the physical descrption of light are explained below. 

Since light travels in the forit of a wave it can be described by any of tite three following 
parameters: wavelength - tile distance between two consecutive wave crests; frequency - tite number nf 
wave crests passing a stationary point in ne second; or waventuntber - tire ntuiber of wave crests present 
in a one centnrtre leigth of the wave. These parameters are inter-related. If Wavelength is Measured 
in centirietres then the wa senumber is the reciprocal of the wavelength, whilst tite frequency is simply 
tite wasemntber multiplied by the speed of light - a constant. For seed physiology light quality is most 
usefully described by the wavelength. Wavelengths of visible light are generally given in nanornetres

I 
(I0-rm, symbolically ini). Arrgstr Irn units (10- 10n, syrmbolically /A) were commonly used until tire 
introduction o S.I. nrits. In Figure 6.1 the ect-ctromagnetic spectrum of solar radiation is described 
according to tie wavelength of its constit,- is. Note that visible light is but a smrall part of the 

spectrumn. 

9 
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Figure 6.1 The components of solar radiation by wavelength (in, left) 

and the spectrum of visible light (nrn, right). 
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Within the spectrum of visible light (Figure 6.1) the human eye identifies energy of specific 

wavelengths as colours. For example if the light energy received by the eye is only within the range 

400-440 nanometres (nm) then this is perceived as violet light. White light is perceived when the eye 

receives light energy across the continuum of 400-700 nm. The sensitivity of the human eye decreases 

rapidly to wavelengths outside this range. In biology it is common to describe light within the visible 

spectrum by its perceived colour rather than its wavelength - for example, as red light rather than 

650-700 nm. Conceptually the wavelength can be considered to be the quality of light energy. How then 

do we describe the amount of light energy? 

Light absorbed or emitted by matter (as opposed to that travelling through space) behaves as a 

stream of discrete energy packets. The smallest energy packet is described as a quantum; if this is 

within the visible spectrum (or slightly outside) then it may be rmore specifically referred to as a photon. 

The use of th-! term photon (or quantum' relates to the action of light energy. Einstein's law of 

photocherrical equivaience states that in the primary photochemical reaction one quantum of light energy 

must be absorbed for every atom or molecule reacting. Thus the amount of light reaching a giiven area 

per unit tirme in a germination test - irradiance - can be quantified in terms of the number of quanta 

received in a given area per unit time. [Similarly the arnouint of light given out by an artificial light 

source per onit time - emnittance - can be described ir terms of the runrber of quanta radiated per unit 

solid angle per unit time. (The solid angle - steradian - is the surface area on a sphere which is 

equivalent to the square of the radius.)] However, one problem that arises when quantifying irradiance 

and enittance is that other quite different sysherrs of measuremnent are also used. The units used and 

terminology of the three distinct systems will ,be discussed later in this chapter. 
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The energy contained within a quantum depends upon the wavelength of the radiati ;n. The shorter 
the wavelength the more energy per quantum. Thus from Figure 6.1 each quanturn at X-ray wavelengths 
contains considerably more energy than each quantum at infra-red wavelengths. The absorption of the 
large amount of energy contained within a quantum at X-ray wavelengths by a molecule can result in the 
complete ejection of an electron from the nol,-cule, thus causing ionization. At far infra-red wavelengths 
the energy per quantum is low and only leads to an increase in the rotational or vibrational energy of the 
absorbing molecule (that is an increc.se in temperature). Photochenical reactions are tho,e which occur 
when the absorption of a photon by a molecule leads to a change in the energy level of an outer 
electron - i.e. it moves to an orbit of higher energy. These are caused by radiation between about 
290 nm (the mid-ultraviolet) and about O nm (the near infra-red). That is only slightly wider than the 
wavelength range detectable by eye (Figire 6.1). A photochemical reaction consists of first the absorption 
of a photon by a molecule resulting in the photoche ;cal activation of that molecule and a subsequent 
reaction in which the activated molecule takes part. 

Th," molecules which absorb photons are described as photoreceptors, or pigments. The reason why 
they are sometimes described as pigments is that they only absorb light within certain narrow wavelength 
bands; the rest is transmitted or reflected and therefore the pigment appears as a different colour from 
the incident light. The wavelength range over which energy is absorbed by a photoreceptor is described as 
the action spectrum. The main wavelengths which can influence seed germination are 600-680 nm (red 
light, generally promotory) and 700-760 nm (far-red, generally inhibitory). In addition wavelengths of 
400-500 nm (blue light) have been found both inhibitory or stirnulatory in a few cases, and prolonged 
exposure to other wavelengths can have an effect. The main (and possibly only) pigment involved in these 
germination responses is known as phytochrome. 

PHYTOCIIROME 

Phytochrome is a protein of molecular weight 120,000 with a tetrapyrole chromaphore attached. 
Phytochrorne occurs in two main inter-convertible forms. Pr absorbs mainly red light with a peak 
absorption at about 660 nm whereas Pfr absorbs more strongly in far-red light with a peak absorption at 
about 720-730 nm. Pfr is the active form which promotes germination whilst Pr is inactive. Under any 
given light conditions the situation is dynarnic with continuous interconversion of the two forms with a 
particular equilibrium ratio of Pfr to Pr which is characteristic of the spectral quality of the light. For 
example, under red light tile ratio of Pfr to total phytochrome [Pfr/(Pfr * Pr)] is 0.75, Linder far-red light 
it is about 0.03, and under sunlight (which contains red and far-red light in approximately equal 
proportions) it is about 0.60. Where seeds respond to light, short exposures to red light or daylight (white 
light) generally promote gerrmination and exposure to far-red light does not. Note that exposure to far-red 
light can also inhibit the germination of many seeds otherwise capable of gertminating in the dark. This 
is because their ability to germinate in the dark may have depended otn a sufficient quantity of 

pre-existing Pfr. 

The continuous interconversion between the two fortns of phytochrome is also affected by other 
factors. A simplified diagram of the transformations undergone by phytochrome is given in Figure 6.2 

and outlined below. 

I. Inactive existing phytochrome is activated to Pr. 

2. Pre-cursors to phytochrome are synthesized to Pr. 
3. Pr is transformed to Pfr by red, or possibly blue, light. 

http:increc.se
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4. 	 Pfr is transformed to Pr by far-red light. 

5. 	 In the dark Pfr may be transformed to Pr in hydrated seeds and sometimes slowly in dry seeds. 

6. 	 In dry seeds an inverse dark reaction may occur whereby Pr is transformed to Pfr. 

7. 	 Pfr may be destroyed, possibly by enzyrmes. 

8. 	 The reaction between Pfr and some unknown substance in the seeds causes the promotion of 

germination. 

This simple account (above and Figure 6.2) ignores the fact that al: pathways between Pr and Plfr 

and vice versa go through a series of intermediate forms of phytochrome whose stability varies. 

In general, germination is promoted if the amount of Pfr as a proportion of the total phytochrome 

is high. Only small amounts of light are required to affect this equilibrium; i.e. only a small amount of 

red or white light is necessary to promote germination in a light-sensitive seed, and only a small amount 

of far-red light is necessary to inhibit germination. 

There is however a further effect of light on seed germination which occurs at a subsequent stage 

before radicle emergence, and which can inhibit germination: this is known as the high irradiance reaction 

because it usually needs continuous application of light at high irradiance. It is thought to be due to the 

high 	 rate of interchange (rate ol cycling) between Pr and Pfr and thus can occur in any quality of light 

(even when the dynamic equilibrium in white or red light ensures that the majority of phytochrome is in 

the 	 Pfr form). Although any quality of light can be inhibitory, blue light is often found to be more 

inhibitory than other wavelengths; and this has led to the suggestion that a blue-absorbing pigment may 

also be involved. 

Figure 6.2 An outline of the transformations undergone by phytochromc. 
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LIGHT ENERGY 

Consequently in addition to the quality of light we must, if we wish to promote seed germination, 
consider the amount of light energy reaching the seeds. What units are used to measure the quantity of 
light reaching seeds? Unfortunately the answer to this question is not simple. The problem is that three 
separate terminologies have been used to quantify the light environment; viz. photometric, radiometric and 
quantum. 

Quantum units 

For our purposes - where we are interested in the photochemical reaction of Pr to Pfr - quantum 
units are the most appropriate. As described already, the smallest unit is the single photon or packet of 
energy which is absorbed by one molecule. This causes a change in the energy levels of outer electrons 
thereby photochemically activating the molecule. In chemistry a useful concept is that of the gram­
molecular weight or mole - the mass in grants of a substance numerically equal to its molecular weight. 
The number of molecules in a mole is r constant for all substances and is called Avogadro's number. Its 
value is approximately 6.02 x 1023. Similarly, 6.02 x 1023 photons are also described as a mol(e) since 
this number of photons (at the correct wavelength of course) could activate a gram-molecule of the 
receptor, if every molecule absorbed a photon. Thus the photon density reading at a surface is quantified 

-2
 as mol m . It is described as photon fluence. The photon 'flux' is described as photon fluence rate 
-2 


(toolm s-I). Photon fluence rate has also been described as photon flux density or quantum flux density 
-2 ­and measured as Einsteins m s 1. To convert between the two is easy: I mol m

2 ­
s 1 = I Einstein 

-2
-2 - Im s . The term Einstein is now used only rarely. 

Radiometric units 

Radiometric units are most suited to studies of power balances. The energy emitted from a light 
source or received by, for example, a seed is described as radiant energy if radiometric units are used, 

7
and is measured in joules (J). The other unit which may be encountered is the erg; tilejoule = I x 10

ergs. Radiant flux is the rate of flow of energy (i.e. power) irom a source of radiation and is measured 
-I
as joules per second (3 s I)or watts (W). (1 3 s I W). Energy= fluence (which corresponds to photon 

-2
density in quantum units) i, expressed as joules per square metre ( in ) and energy fluence rate as 
-
joules per second per square metre (3 s In ) or - since one watt is one joule per second - watts per 

square metre (W m- 2
). Energy fluence rate is the radiant energy received by a surface and is called 

irradiance or radiant flux density. All the above units are normally only specified, or measured, over 
limited, specified, wavelength ranges - generally the visible range (400-700 ni). 

Photometric units 

Photometric units were introduced by lighting engineers. These units measure light as it is perceived 
by human beings. The measuring system is based on the visual appearance of ig;.ht given out by a 
standard source and relies on the judgement of a hypothetical observer (desc-ibed the Standardas 
Photometric Observer) about the relative brightness of different light sources. Photometric units therefore 
n~m only take into account the iergy lluence rate of the visible spectrum, but also the fact that the 
human retina is more sensitive to wavelengths in the mid-range of this (yellow-green light) than at the 
extremies. For these reasons photometric unit% are of no direct interest tm plant biologists. However, 
because so much information is available in photometric units and because reliable and relatively cheap 
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instruments are available to measure light in photometric units, a considerable number of publications 

which describe the results of investigations into tie effect of light on seed germination have used photo­

metric units. It is for this reason that information on these units are provided here. 

Luminous energy is the quantity of light, weighted for its action upon the human eye (this weighting 

being a major problem in making sensible use of such information), radi!ted or received for a period of 

time. The unit of measurement is the lumen-second (Irn.s). Luminous e ,rgy corresponds to radiant 

energy in radiometric units. Luminous flux is the rate of emission of light. It can be derived from 

radiant flux in radiometric units but again must be weighted according to the sensitivity of the human 

eye. Luminous flux is measured in lutnens (n). Illuminance (or illutination) is the term most often 

encountered in descriptions of light environments. It is the luminous flu. density incident on a surface. 
- 2 

It is measured in lumens per square metre (lrn m 2). It is also described in lux (lx), where I in m 

I lux. Unfortunately several other units are also used to quantify illuininance in photometric units. 

Although these are at first sight confusing it is at least simple to :onvert between them. The phot is 

one lumen per square centimetre (Jn cm- 2
). Thus 10,000 phot = 1 lux. Sometimes illuminance is 

measured in British rather than metric units - that is lumens per square It (Ina "
2). This unit is also 

described as the foot-candle (fc). lfluminance in foot-candles can be convemttud to illumimiance in lux by 

usin:, the following conversion factor; I foot-candle = 10.76 lux. The lux has also been described as the 

metre-candle or candl" meter. 

A PROPOSED LIGHT REGIME FOR GERMINATION TESTS WHICH IS EXPECTED TO PROMOTE 

SEED GERMINATION 

It would be convenient if a cotmon light regime could be adopted by a gene bank for dealing with 

all light-sensitive species. The main difficulties on deciding on the specifications of such a regime are that 

there is a large variation in minimum light requirements for germination (between individual seeds within 

an accession, between accessions within a species, and between species). At the same tile there is the 

possibility of inhibiting germination if the amount of light used is too large. Fortunately, however, there 

is usually a very considerable range (often several orders of magnitude) between the amount of light 

required to saturate the promotion of germination and the threshold amount required for inhibition. 

Rearing these points in mind it is possible to suggest a suitable common light regirne which is 

probably suitable for a large number of light-sensitive species. Clearly, from the prereeding discussion, a 

light source providing low irradiance which emits little radiation in the far-red part of the spectrum is 

suitable, and it would be safest to apply the light inter ,iittently rather than continuously. For this 

purpose conventional dornestic fluorescent 'daylight' or 'w.rm white ' lighting is suitable - any of the 

several lamps with peak emission at about 580 nmn will do. (Thesc have the additioal advantage that 

they emit relatively little heat.) Incandescent lamips are much less suitable since they emit strongly in 

the far-red part of the spectrum (and also emit considerable heat). Diffuse low-intensity daylight is also 

suitable, but less easy to control. 

As a general-purpose regirne it is provisionally recommended that a pulse of White fluorescent light 

equivalent to about 200 3 n- 2 should be applied every four hours. The irradiance should be relatively low 
- 2

and so, for example, this pulse could be I W im- 2 for 200 se, ond or 5 W i for 40 seconds. II it is 

inconvenient to apply intermnittemnt pulses of light, at) acceptable alternative would be to apply the light 

fer, say, 8 to 12 hours per day at about I W i - 2 (86,400 3 m 2). In the more detailed recommendations 

and suggestions for specified genera in Volume II it will be noted that somimetitnes a suggestion is made 
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that the timing of the application of a light treatment from the onset of imbibition is important. 
Adoption of these suggestions is advised but, for the general case where no such suggestions have been 
made, the above light regimes can be applied throughout the germination test. 

CONVERSION BETWEEN MEASUREMENTS IN QUANTUM, RADIOMETRIC OR PHOTOMETRIC UNITS 

In the summary of germination test regimes provided in Volume II fur specified genera it will be 
seen that all the possible units of light measurement have been used by different workers. Consequently 
it is necessary for the reader to be able to convert between the various units in order to make 
comparisons of the effects of different light environments. 

For monochromatic light - that is light over a single narrow wavelength band (e.g. 660 t 5 rm) ­
it is possible to convert between the three types of units fairly easily. This can be done by using light 
meters which measure in the three different units, de.. mining tileilluminance (if photometric units) 
irradiance (if radiometric units) or the photon fluence rate (quantum units). However, if this is done it 
will be found that the conversion factor differs for monochromatic light of different wavelengths. Further 
difficulties occur when one considers light sourc.,: which emit over a wide range of wavelengths - since, 
depending on the source, the relative emissions in different wavebands can differ quite markedly. For 
example, the spectral energy distribution of sunlight peaks at 480 nmn wheteas thp spectral energy 
distribution of a warm-white fluorescent tube peaks at about 580 nm (Figure 6.3). 
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In practice we can, with one exception, limit our light sources to fluorescent tubes since in a 
laboratory germination test it is convenient to use an artificial light source, and the spectral energy 
distribution of 'white' or 'warm white' fluorescent tubes results in a Pfr/P ratio of about 0.6 which is 
pronotory. To convert from illuminance lux)to irradiance (W m 2 

) for 'white' or 'warm-white' fluorescent 
tubes the standard conversion factor is to multiply illuminance in lux by a factor between 0.0027 and 
0.0029. It is suggested that the lower value be used. Thus if illuminance from a 'warm white' 
fluorescent tube is 500 lux then the - 2irradiance is (500 x 0.0027 0 1.35 W m . (Incidentall"' 500 lux or 

21.35 W mn are convenient values to rermember as these are typical for illuminance or irradiance within 
an incubator equipped with fluorescent tubes.) 



- 75 -

Figure 6.4 Scale to convert between photometric (illurninance: foot-candles or lux), radiornetric 
2	 ­nf 2(irradiance: W r6- , between 400 and 700 nrn) and quantum (photon fluence rate: I' tool s I) units of 

light for 'warm-white' fluorescent light sources. To convert between non-adjacent units use a ruler 
parallel to the base and perpendicular to the axes. For example, the broken line between x and y 
demonstrates that an illuminance of 40 fooT-candles or 430 lux is equivalent to an irradiance of about 

- 2 	 2 - I 
1.17 W m and a photon fluence rate of about 5.7 11mCl m s for 'warm-white' fluorescent light 
sources. 
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For many species sufficient stimulation to germinate is obtained from brief periods of exposure to 
diffuse laboratory daylight. (The brief periods of exposure occur in incubators without lights when 
incubator doors are opened and closed.) If laboratory lighting is provided by diffuse daylight then a 
conversion factor for illuminance - 2 to irradiance of 0.0043 (V m lux - I) is appropriate. If, however, 
fluorescent tubes are used to provide laboratory light then the 2 

lux " 1) conversion factor of 0.0027 (W m
 
should 
 be used. In passing it should be noted that if a conversion factor .3 used to convert illuminance 
measured in photometric units of sunlight (diffuse or otherwise) to irradiance then the irradiance should be 
described as irradiance of the visible spectrum - since irradiance outside this region of wavelengths is also 
received from sunlight and the total irradiance of sunlight is roughly twice that within the visible spectrum. 

Conversion factors irom irradiance (radiornetric units) to photon fluence rate (quantum units) will also 
he dependent upon the spectral energy distribution of the source. We have calculated an approximate 
conversion factor for 'warm-white' fluoresce:it tubes from a comparison of the spectral energy distribution 
and the spectral photon distribution. The method of calculation though approximate does provide a means 
of conversion. We estimate the conversion factor from irradiance to photon fluence rate to be 

- 2 - II W m - 2 
= 0.0000049 mol m s for 'warm-white' fluorescent tubes. It is probably easier to think of 

this conversion factor as 4.9 micro - 2 - " 2 - 2mol m s I per W m - where I micro mol m s-I 10-
6 mol 

2 m- s-I. 

It is rather easy to make mistakes (for example, by an order of magnitude) when using conversion 
factors. Consequently a conversion scale (Figure 6.4) has been provided to enable the reader to convert 
easily between illuminance (lux or foot-candles), irradiance (W m - 2 ) and photon fluence rate (micro 
mol m ~2 

s I) where 'warm-white' fluorescent tubes are the light source. It is important to remember 
that this conversion scale is not valid for any other light source. 
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CHAPTER 7, 	 METHODS OF OVERCOMING THE INHIBITION OF GERMINATION
 

CAUSED BY SEED-COVERING STRUCTURES
 

As mentioned i- Chapter 3, in the strict botanical sense tile covering structure of the seed is the 

testa. However in 	 sonic cases the dispersal unit may consist of a dried fruit or floret which is the 'seed' 

in the traditional or agricultural sense, and thus the more general term seed-covering structures is used 

here to indicate all 	 those structures attac.,ed to and surrounding the seed which riay affect germination. 

INHIBITORY EFFECTS OF SEED-COVERiNG STRUCTURES 

There are six potential ways in which the seed-covering structures may prevent or delay the 

germination of viable seeds: (I) as a barrier to water uptake; (2) as a barrier to oxygen uptake; 

(3) as a physical barrier to radicle emergence; (4) as a source of chemical germination inhibitors or a 

barrier to their outward diffusion from the seed or fruit; (5) as a selective filter affecting light qu:lity; 

and (6) as a source of microorganisms, especially fungi. 

Barrier to water uptake 

Where the seed covering structures delay or prevent imbibition and thus delay or prevent germination 

the problem should not be described as one of dormancy, since dormancy is usually defined as the failure 

of an imbibed viable seed to germinate under otherwise suitable conditions of temperature, moisture and 

oxygen (see Chapter 5). However the effect can be such that the delayed progress of gernination is 

assumed (wrongly) to be the result of dormancy. 

In cases where the testa is irnpermeable and acts as a complete barrier to moisture, thereby 

preventing imbibition, the seed is said to be hard (Chazpter 4). This is an important topic deserving a 

separate section, and the morphology of hardseededness and methods of overcoming testa impermeability 

(that is, sctrification) will be discussed at the end of this chapter. However, even when a seed is not 

hard, the rat. (I imbibition may be slow and delay germination. 

First it is necessary to consider the proportion of the surface area of the seed which is in contact 

with the germination test substratum: this can be a particular ;rohlem where large seeds are tested on 

top of paper; it can also be a problem sonmetitnes when the flower structures enclose the seed, since these 

may lift the seed above the germination test substratum. 

Secondly several cases are known where the seed covering structures severely reduce the rate of 

irmbibition in dry seeds. Examples of this problem are provided with the advice for germinating seeds of 

Citrus and Prinus accessions it) VoluIle 11. 

The simplest riethod oi overcoming leduced germination as a result of severe delays to imbibitiun is 

to increase the total germination test period. Admittedly this acknowledges rather than overrornes the 

delays to imbibition, but in very many cases is the most satisfactory way in which to deal with the 

problem. Furthermore it automatically deals with those cases where the seed-coverlirg structures are riot 
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the cause of slow imbibition: tissues within the seeds such as the endosperni can also act as temporary 

barriers. 

Where seed shape or the seed covering structures result in poor contact between the seed and the 
germination test substratum, contact can be improved by testing the seeds between paper or in sand. If 
testing on top of paper or on top of sand is necessary (e.g. in order to provide a stimulatory light 
regime), then the problem of poor contact can be circumvented by regularly spraying a fine mist over the 
seeds to enable them to absorb moisture from the atmosphere as well as from the substratum. 

Several treatments are available which may lessen the effect of seed covering structures in reducing 
the rate of imbibition. In addition to pre-soaking, pre-washing, or surgical treatments to the seed covering 
structures which are considered below, other possible treatments include the use of chelating agents such 
as citric acid or ethylenediamirietetraacetic acid (EDTA) which are said to increase cell-wall permeability 
by sequestering calcium ions; liwever the evidence concerning chelating agents is somewhat contradictory. 

Barrier to oxygen uptake 

The teed covering structures may also act as a partial barrier to oxygen. The seed covering 
structures are often relatively impermeable to gases despite the fact that they may be permeable to water. 
The permeability may vary between different gases, particularly carbon dioxide and oxygen. In dry stored 
seeds the requirement for oxygen in metabolism is minimal, but it becomes substantial upon imbibition. 
The problem is increased where excess moisture surrounds the seed, or part of the seed. 

Apart from a surgical treatment to remove part or all of the seed covering structures which are 
described later, gaseous diffusion rates can be increased by increasing the pressure of the gas in question 
in the atmosphere around the seeds. Generally the gas in question is oxygen; raising the partial pressure 
of oxygen above 21% or, more rarely, increasing atmospheric pressure is sometimes applied as a 
stimulatory treatment. There amfea minority of cases, however, where some reduction in oxygen partial 
pressure (e.g. T.pha latifolia and Cynodon dactylon) or increase in carbon dioxide partial pressure (e.g. 
Trifolium subterraneurn) may be promotory. Carbon dioxide treatments to overcome hardseededness are 

discussed later. 

Physical barrier to radicle emergence 

Although the seed covering structures pose a potential mechanical barrier to the protrusion of the 
radicle, in general such problems are not common, and even where they occur they may be of minor 
importance. For example, in the absence of the seed covering structures radicle emergence may occur 
sooner: but the percentage germination may be no different if the germination test on intact seec's is 
continued for a sufficiently long period. 

The germination of aged seeds may be affected by the seed covering structures because the vigour 
(literally, seedling strength) of the developing root and shoot may be insufficient to break through them. 
One example of this is provided in the barleys (Hordeum spp.) where the tips of weak colecptiles are 
unable " break through the lernma and palea: instead growth occurs underneath the lemrna and palea 
until e-. .ually an arch of the coleoptile (and not the tip) breaks tlhrough, but the resulting seedling is 
abnormal. However, in general the seed covering structures (once moist) do not form an absolute barrier 
to radicle emergence. Nevertheless, genera in which the seed covering structures are sometimes reported 
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to prevent seed germination by mechanical resistance to the growing embryo include Alisma, Amaranthus, 

Rubus and Prunus.
 

Source or barrier to diffusion of inhibitors 

Endogenous germination inhibitors are claimed to be a common cause of seed dormancy. When they 
occur these inhibitors are often located in the seed covering structures. For example, in Beta spp. the 

inhibitors are located in the pericarp of the fruit cluster. It has also been suggested in some species that 
seed-covering structures can act as a barrier to the outward diffusion of inhibitors from the seed itself. 

Inhibitors present in fruits and seed covering structures may inhibit germination either through their 

metabolic effects or through influencing the osmotic pressure so that the embryo is un~able to obtain 

sufficient water for germination and growth. Inhibition due to chemical inhibitors may be overcome by 

pre-washing or surgical treatments described below. 

Selective filter to light 

One potential way in which the seed covering structures can influence germination is by selectively 

filtering light, resulting in inhibitory light quality (see Chapter 6) within the seed. Certainly there is 
much circumstantial evidence to suggest that this may occur in the maternal environment. Also the 

removal of seed covering structures tends to increase the range of light regimes over which seeds will 

germinate in germination tests. 

Source of microorganisms 

Finally it should not be forgotten that the seed covering structures can be a source of bacteria and 
fungi. After imbibition seeds may decay as a consequence of the infection. Moreover, any fungi present 

may compete for oxygen. In an environment where oxygen is limiting - because, for example, excess 

moisture may be present - germination may be prevented and the seed may die. In Hordeum this 

phenomenon is described as water sensitivity (Chapter 4). 

GENERAL METHODS OF OVERCOMING SEEDCOAT EFFECTS 

Alternative treatments 

It should not be assumed that where the seed covering structures are hindering germination that they 

must be removed (either in part of in whole) for germination to occur. Alternative dormancy-breaking 

treatments such as pre-chilling, light, alternating temperatures, chemical treatments or simply an extension 

of the germination test period are often sufficient to promote full germination without removing the seed 

covering structures. Not only'do these alternative treatments reduce the labour involved in setting up 

germination tests compared to that where removal of the seed covering structures is practised, but they 

may also avoid the potential damage to seeds that can be associated with removal of the seed covering 

structures. Several methods of directly overcoming the potential problems to germination posed by the 

seed covering structures are considered below, but the more indirect methods (such as the examples 

provided above) should not be forgotten. 
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Pre-washing or pre-soaking or seeds 

Pre-wasning treatments (where the seeds are continually rinsed in running water) and pre-soaking 

treatments (where the seeds are soaked in static water) can result in a fairly rapid uptake of moisture by 
the seeds and, thus, may overcome some of the delays to imbibition caused b the presence of the seed 
covering structures. (But rapid moisture uptake may also cause problems, see methodology below.) 
Pre-washing, particularly, and to a lesser extent pre-soaking treatments can also remove endogenous 
germination inhibitors from both the seeds and the seed covering structures. 

Scarification with acid treatments 

The term scarification usually describes treatments to the testas of seeds intended to overcome 
hardseededness and is considered later. However, the term is also sometimes used to describe acid 

treatments of seeds where the testa is permeable, but where the seed covering structures are considered 
to be preventing or delaying germination. The best example of the use of the term in this context is 
probably as applied to the seed dispersal units of the grasses. But in such cases the treatment is 
somewhat unreliable: in particular there is a tendency for it to kill some seeds in accessions; and when 
the same treatment (time x concentration) is applied to many accessions it may result in reduced, rather 
than enhanced, proportions of seeds germinating in some of the accessions. In general the use of acid­
scarification treatments where hardseededness is not a problem is not recommended here; but in advice 
given on some genera in later chapters (Volume II) we have had to suggest acid scarification where there 
is little evidence currently available of superior alternatives. Nevertheless, where we have suggested the 
use of acid scarification, treatment periods must be severely restricted to avoid damage to the seeds, and 
not used as a blanket approach in testing all accessions of these genera. 

Surgical treatments to the seed cuering structures 

The most obvious method of avoiding inhibition, or delay to germination caused by, or associated 
with, the presence of the seed covering structures is to remove them. Whilst total removal may be 
inferred by the term removal of seed covering structures, total removal is time-consuming, may be 
damaging to the seeds and is rarely necessary to achieve promotion of germination. Instead selective 
surgical treatments, which include piercing, puncturing or chipping part of the seeda covering structures, 
are suggested. Piercing or puncturing of seeds can br' achieved with a sharp needle; in endospermic seeds 
it is generally done in the region of the endosperm close to the embryo; embryos may also be pierced or 
punctured, but whether this is damaging or prornotory probably depends somewhat upon technique. The 
term chipping is generally used to describe the cutting, rubbing, or pulling off of a part of the seed 
covering s,uctures generally at the end opposite to the embryo: the terms file or rub are used to 

describe a sinilar action. 

Complete removal of the seed covering structures, or at least down to naked aryopses in the 

Gramineae for example, is inferred by the use of the termi defiull, dehusk, deglume, or hulling. These 
terms are explained in Chapter 3. The complete removal of seed covering structures, particularly where 
these adhere tightly to the seed or fruit, can, however, be daitaging to underlying tissues - particularly 
when the seeds are very dry - as well as time-consuming. Consequently such treatments should not be 
regarded as a panacea for all problems o germination in laboratory tests. Probably the most useful 
suggestion is to consider applying such treatments to the firm seeds which appear to be dormant during 

germination tests - see below. 
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As a general principle the removal of the seed covering structures should not be used as the first 
line of attack in promoting germination unless there is both ample skilled assistance able to carry this out 

and eviJence that their removal will not damage the seeds. Instead other less labour intensive and 

potentially less damaging dormancy-breaking treatments such as alternating temperatures, pre-chilling, and 
light should be considered. In the event, however, that some removal of the seed covering structures may 

be unavoidable then do not do this immediately; use the first period in the germination test to enable 
both the non-dormant seeds and those dormant seeds which have been sufficiently proioted by the test 

regime to germinate, and then consider surgical treatments to the remaining firm seeds only: this should 

save a considerable amount of work and also avoid some of the damage which can be associated with 

removal of the seed covering structures. 

Imbibition injury to seeds resulting from too rapid uptake of water is defined in Chapter 4. It is a 

particular problem for the Legurninosae and is considered in the later part of this chapter together with 

scarification procedures. However similar damage, particularly where the seeds are very dry, is 

sometimes observed in other species. The problem can be aggravated by either partial or complete 

removal of the seed covering structures. Consequently, I P're the removal of seed covering structures is 

practised on all seeds sub-sampled from an accession fo' testing germination, conditioning or humidification 

treatments may be necessary before placing the seeds on the germination test substrate, as discusst I in 

detail at the end of this chapter. 

TREATMENTS TO OVERCOMAE HARDSEEDEDNESS 

Hardseededness is particularly prevalent in the Leguminosae, but may also be observed in seeds of 

some species within the Malvaceae, Cannaceae, Geraniaceae, Chenopodiaceae, Convallariaceae, 

Convolvulaceae, Rosaceae, Solanaceae and other families. In considering the testa as a barrier to the 

absorption of water it was agreed at the beginning of this chapter that many seed physiologists would not 

consider hardseededness to be a form of dormancy, but it should be noted that the presence of hardseeded­
ness does not preclude the presence of embryo dormancy. That is, as with the influence of the seed 

covering structures where hardseededness is not a problem, a seed may show double dormancy. 

It is worth emphasising that hardseededness is more likely '.obe a problem in gene banks than, for 

example, in commercial seed trade. First because the seeds will be considerably drier than is typical for 
commercial practice. Consequently absolute or irreversible l'ardseededness is likely to be more prevalent 

in gene banks than the more easily overcome reversible hardseededness which is experienced at slightly 

higher moisture contents. (See Chapter 4 fc a discussion of reversible and irreversible hardseededness.) 

Secondly because the wild and weedy relatives of the cultivated crops included in gene bank collections 

tend to have thicker seed coats (which results in more severe hardseededtess) - since with domestication 

there has been some (conscious or unconscious) selection for thinner seed coats. 

Testa r. ture in papilionate legumes and hardseededness 

The components of the testa xvhich cause impermeability differ somewhat both between and within 
families. An example is provided here of the structure and role of the testa in papilionate legumes 

because they are the most important group of crop plants whose seeds exhibit hardseededness and because 

much is known of their structure. 
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Figure 7.1 Diagrammatic section through the testa of a papilionate legume to show the various 
constituents of the testa which contribute to the testa's impermeability to water and thus render a seed 
hard. (Based on a section through the testa of Pisum elatius by E. Werker: In The Germination of -Seeds 
(A.M. Mayer and A. Poljakoff-Mavberl. 211 pp. Pergamon Press, Oxford, 19S2.) 
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The outer layers of tile testae of papilionate legumnes are composed of a thin waxy cuticle overlying 
a palisade layer of elongated mlacrosclerid cells (Figure 7.1). The tips (towards the outside of the testas) 

of these cells have thickened petic caps and are embedded in a suberin matrix (Figure 7.1). There is not 
total agreement as to which part of the testa acts as the barrier to the entry of water, but thle 

combination of the waxy cuticle and the suberin layer over thle pectic caps of the macrosclerid cells is 
implicated, whilst the presence of dehydrated pectin and quinones towards tite base of the macrosclerid 

cells may also ontribute to impermeability. 

The onset of irrmeability appears to be roughly as follows. As the seeds dry moisture is at first 

lost through the whole surface of the seed. However, once a critical value - about 259 mosture content, 
say - is reached the testas begin to become sonewhat less permeble: below this value the relative loss 

of moisture through the testas declines, whereas the relative loss through the hilerm and chalaza increases. 

With further drying, to about 12 to 14% moisture content, the testas become impermeable anid tmoisture is 
subsequintly lost through the hilum and rhalae a only. (These moisture contents are provided only as an 

approximate guide: ih reality the ,allies vary between individuals within a populaon, and particularly 

between accessions where testa characteristics - especially thickness - can vary cosiderably.) At this 

point the hardseededness of the testas tends to be reversible (see Chapter 4): if the impermeable seeds 

are exposed to a high huridity, the testas eventually absorb moisture over the whole area and tet 

resultant expansion renders then permeable. 

Further drying (which occurs only through the hilum) Causes the testas to becote absolutely hard 

where they are ri longer able to absorb moisture from the atmosphere. This Occurs at between about 

5 and 10% moisture content. During this drying the hilurt and chalaza act as one-way valves; allowing 
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moisture out, but not in. Cunsequently such seeds are unable to imbibe moisture via this route. 

However, close to the hiluto and chalaza is a region of the testa where the rnacrosclerid cells are 

both wider and considerably longer than in other regions of the testa. This area of the testa is described 

as the strophiole and the increased length ol the rnacrosclerid cells in this region results iii a small 

protuberance of the general outline of the testa. It is through this region of the testae of papilionate 

legumes that moisture is able to re-enter hard seeds. The longer, wider roacrosclerid cells can be split 

apart by percussion (e.g. resulting from shaking the seeds): stresses applied tc other regions of the .sta 

cause the macrosclerid cells in the strophiolar region to split. The split region is described as the 

strophiolar cleft. If the relative humidity is high moisture enters the seeds via these splits and the seeds 

tegin to imbibe. If, however, relative humidity is reduced then the splits shrink and the seeds become 

hard again. 

Note, in passing, that there would be no point in applying percussion treatments on the complete 

accession before entry into the long-term store. 

Other species with hard seeds do not have a strophiolar region. Instead hardseededness tends to be 

lost through abrasion of the testa, particularly - though not always - through the loss of the waxy cuticle. 

Ecological significance of hardseededness 

In dry regions the hardseededness character enables seeds to dry down and subsequently maintain a 

very low moisture content. Consequently survival periods of hard seeds in the soil can be considerable; 

reports of survival periods of 50 years or more in soil are not uncommon. High soil temperatures and 

alternating temperatures can result in the loss of the hardseededness character from small proportions of 

the seeds in the soil; in the event of rains germination can then occur for this small proportion of seeds. 

The hardseededness character also aids dispersal. Hard seeds igested by animals and birds are not 

damaged by digestive juices arid after dispersal and excretion sorte species are able to germinate since 

the waxy cuticle will have been removed from the seeds by the action of the acids and enzymes in the 

digestive juices. 

However, this ecological strategy results in considerable problems for seed testing. In order to 

estimate the proportion of viable seeds in hardseeded accessions, ways of overcotning the character must 

be found and applied. 

Hardseededness and germination progress curves 

Hard seeds must be identified by gene bank staff so that the problem can be recognised in 

germination tests. In a germination test the hard seeds fail to swell. With large seeds this is sufficient 

to enable recognition, but with small seeds failure to enlarge is less obvious but hardseededness can be 

cnnfirmed by dropping each seed on to a china plate; a hard seed will cause the plate to 'ping'. This 

enables the irreversible hard seeds to be identified. The reversible hard seeds, however, should have begun 

to germinate before germination tests are concluded. At the end of the germination test such seeds are 

normally very obvious. Whereas the non-hard seeds have produced seedlings large enough for evaluation 

(see Chapter 10), the reversible hard seeds have only just begun to germinate; also the texture of the 

testae fends to differ. When germination progress curves (see Chapter 4) are examined the delayed 

germination of the reversible hard seeds results in a skewed tail to the general pattern of germination. 
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Consequently where such skewed germination progress curves are observed it is necessary to consider 
hardseededness as one possible cause. 

Methods of removing hardseededness 

The most widely used methods of removing hardseededness rely ol scarification (scratching) of testas. 
The scarification may be mechanical, by hand or machine, by dipping in acid, or by dipping in a solvent. 

Mechanical scarification by machine usually involves momentarily forcing the testa against a grinding 
wheel spinning at roughly 500 to I000 revolutions per mintite. Mechanical scarification by hand can be 
achieved by rubbing the testa on erery paper or with a file, chipping away a small part of the testa by 
squeezing between forceps, cutting a part of the testa off with a sharp blade, making incisions in the 
testa with a sharp razor blade, or by puncturing the testa with a sharp needle. Where seeds are scarified 
by rubbing or filing testas by hand it is suggested that the emery paper or lile be securely fixed and that 
each seed be rubbed across or along it once towards the operator. Chipping away a small part of the 
testa by squeezing between forceps is convenient for the (large-seeded) grain legumes, since each seed can 

be held easily. 

Acid scarification is one of the more widely used treatments to remove hardseededness. Concentra­
ted sulphuric acid is the most frequently applied acid, although other acids and lower concentrations, i.e. 
rnore dilute acids, are also used. Treatment times vary considerably, from a dip in acid. (presumably a few 
seconds only) to several hours. In the majority of cases, however, treatment periods are between I and 
20 minutes. Treatment in concentrated acid is obviously a severe treatment. II the concentration and/or 
treatment periods are too great then the seeds are damaged, that is they either germinate abnormally or 
fail to germinate at all. Conse-,uently acid scarification, though colnveniertnt and rs , is not recommended 
here as a general treati,' ., to retnove hardseededness, since it is not possible to specity a single elloctive 
treatment combination which will not darnage some seeds. However, for some genera itt \'eni II details 
of acid scarification treatments have beer -uggested at treatment combinations where thr risk to seeds is 
low, but in these cases there still renains a risk that some seeds will be datraged. Moreover, inl these 
cases tine acid scarification treatment alone is often unlikely to be comipletely effective in removing 

hardseededness. 

Several organic solvents have been used as scarification treatments. One example is ethyl alcohol 
which is though to dissolve part of the waxy cuticle (see Figure 7.1). Treatment periods ranging fron 
several minutes to several days have been used, but the efficacy of such treatments differs considerably 
between species and cannot be generally recommended: see the Leguriinosae chapter ill Volumeo II for 
examples of species where scarification in absolute alcohol may be beneficial. 

The second most widely applied roethod of reloving hardseededness is by impaction. Impaction (or 
percussion) treatments are applied by shaking the seeds (vigorously) within c'ontainer: typicala a 

treatinent would be to shake 
 3 times per second for 10 to 20 minutes. Standard conical flasks (with 
stoppers) arid rnechanica l shakers can be used for thest treatments. It should be clear from the previous 
section that such treatrments are n ost effective for hard seeds which possess a Strophiole. Others are 
less affected, but the efficacy of mpaction treatments for seeds without strophioles can be increased 
greatly by including material such as sharp sand in the flask which will also scarify the testas. A special 
problern that gene banks may have in applying impaction (or combined inttpactiorn/scarification) treatments 
is that very dry seeds inay be prone to mniechanical darttagC. To linilit this potential problem it is 



suggested that the shaking should not be too severe, but the treatment period extended to 45 minutes 

or so. 

The third most widely applied method of removing hardseededness is to subject the seeds to 

extremes of temperature (either in air or in water) ani also, thereby, to rapid temperature changes. 

Ternpcratures of 50' or 60'C are often used, but are better avoidcd since such treatments can also be 

considered as ageing treatments. Very low temperjtures are also used. generally by plunging dry seeds in 

liquid nitrogen (-1961C) or, less frequently, liquid air (-190"C). The effectiveness of such treatments 

appears to depend upon seed morphology. Again. those spries whose seeds possess a strophiole are the 

most responsive. It appears that it is the chi ige in terneratmure which is the important factor since 

several dips of 30 seconds or so in liquid nitrogen with I minute betwetv them tend to remove 

hardseededness from greater proportions of seed porulations than a single, longer (5 minutes so)or 

immersion in liquid nitrogen. However, a word of warning is necessary concerning liquid nitropen 

immersion -reatments to hard seeds. We have found such treatments to be very effective in enabling the 

see-!s to imbibe, but they often also cause loss in viability. Consequently we are reluctant to advise the 

general use ot liquid nitrogen immersion treatments. 

Rapid temperature changes also occur when seeds are subjected to alternating-temperature regimes 

in germination tests. Consequently some irreversiale hard seeds become permeable under such treatments. 

However the regimes best suited to increasing testa permeability are of ruch a wide amplitude, e.g. 

10°/50°C, that they are unsuitable for germination testing. Nevertheluss a long period of exposure to the 

narrower amplitude alternating temperature regimes which are suitable for germination -tests can result in 

loss of hardseededness from some hard seeds. 

One method of exposing seeds to an extreme of temperature which ha- sometimes been used to 

remove hardseededness is to soak the scecds in boiling water. rh,; method is not recommended for use in 

gene banks, however, since there is a considerable risk of .mbibition injury to the seeds which are not 

hard as well as some risk of loss in viability, depending upon the period of exposure, due to the high 

i rnpcrature. 

AVOIDANCE OF IMBIBITION INJURY AFTER REMOVAL OF HARDSEEDEDNESS 

The problem of irnbibition injury was introduced in Chapter 4. It should be clear from that chapter 

that control of imbibition hy the testa, although sormetimes causing the problem of hardseededness, is also 

beneficial in that it limits the damage to dry seeds which can occur when th' testa is not present to 

prevent excessively rapid water uptake. Whilst impac'ion treatments on papilionate legumes tend to 

mirnic the mechanism of noturally softened hard seeds (where moisture is absorbed initially in a regulated 

manner through the strophiolar cleft) scarification and other treatments to remove hardseededness produce 

permeable areas in the hard seed coat almost at random. Corsequently in these cases the testa is unable 

to regulate th_ watcr uptake over these areas and inbibitiOn injiry may occur. Consequtrntly hard seeds 

which have been scarilied will also require humidification (conditioning) treatments to increase seed 

moisture content to avoid contact of the %cry dry seeds with water in the liquid phase, just as seeds with 

cracked testas require these treatments, to avoid imbibition injury. 

The airm of humidification treatments should be to increase ser'd moisture contents slowly to between 

16 and 18% moisture content by absorption of water vapour instead ol rapid imbibition of liquid water. 

Placing the scarified seeds on metal gauze in a sealed container above liquid water at a temperature of 
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20'C for 24 hours is generally adequate, but the seeds will need to be spread out to ensure that the 
absorption is uniform. The use of a pump to bubble the air through water and then past the seeds in a 
closed system is helpful, but not essential. 

WHEN AND WHETHER TO TREAT SEEDS TO REMOVE HARDSEEDEDNESS 

In commercial seed testing it is often the case that treatments to remove hardseededness are not 
applied. Instead at the end of the germination test the (rreversible) hard seeds are identified and their 
proportion reported. It is often assumed that the hard seeds are viable. Consequently the proportion of 
viable seeds may be reported as the sum of tile proportions of germinated seeds and hard seeds. 

There are thus three alternative ways of approaching, and solving, the problem of hardscededness. 
The first solution is to treat all seeds prior to the germination test. The second solution is to treat only 
those seeds remaining hard in the germination test after some time in test has elapsed. And the third 
solution is not to treat hard seeds at all, but only report their proportion. 

This last solution car. oe discounted for the purposes of gene bank management. First it is essential 
that gene banks are able to promote the germination of all seeds within populations. Secondly it cannot 
be assur -d that a seed is viable simply because it has been identified as hard. 

It is suggested, however, that the decision whether to truat all seeds before the germination test or 
only those seeds identified as hard during the germination test will depend upon the expected proportions 
of hard seeds within ea.ch accession. Where the majority of seeds within an accession are known to be 
hard, then the treatment to remove hardseededness may as well be applied before starting the germination 
test (but remember to humidify the seeds). On the other hand if only a minority of seeds are hardseeded 
then it is a waste of effort to treat all sceds: it is more efficient to treat only those seeds identified 
as hard during the initial period in the germination test. Again, before returning them to the germination 
test remember to humidify these seeds. Where impaction treatments are applied to remove hardseeded­
ness, however, treatment of all seeds before testing requires little effort and therefore may be more 

efficient. 

A SUGGESTED GENERAL PROCEDURE FOR REMOVING HARDSEEDEDNESS 

The above sections provide many alternative approaches. Where knowledge of a species, or an 
accession, is limited the following general procedure is suggested for removing hardseededness. 

I. Impact (shake) the seeds in a conical flask lfr between 20 and 45 minutes. 

2. Humidify the seeds for 24 hours. 

J. Carry out the germination test for 2 to 3 %eeks. 

4. identify, count and remove the hard seeds. 

-i. Rub each hard seed on emery paper. 

6. Humidify these seeds again for 24 hours. 

7. Return to the germination test regime. 

8. If necessary, repeat steps 3 to 7 if hard seeds still remain. 
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DISTRIBUTION OF HARD SEEDS FROM GENE BANKS 

Where samples of seeds from accessions containing hard seeds are distributed it is important that the 

customer is made aware ol the problem of hardseededness and provided with details of the treatments 

required both to remove hardseededness and to humidify the seeds. Otherwise the customer may not be 

able to produce seedlings from the distributed seeds. 

In general it is not suggested that the seeds should be treated f'ur hardseededness and humidified 

before distribution. This is because the humidified seeds will age much more rapidly than would be the 

case for the dry seeds and consequently some loss in viability may occur if sowing is delayed, particularly 

where ambient temperatures are high. However, where delivery delays are unlikely to occur and it is 

known that the seeds are to be sown out immediately upon arrival then prior treatment to remove 

hardseededness and humidification could be allowed. 



CHAPTER 8, THE DETERMINATION OF THE EMPTY SEED FRACTION
 

It has already been noted in Chapter I that a seed-like structure may in fact lack a seed. In man 
species the seed covering structures may be firn and plump providing an imp,-ession - for example, to th 
farmer - that a seed is present whereas in reality it is not. This call be the case, for example, in inan 
pasture species and tiany uibellilers. Seed-like structures, then, can be diviued into four classes: thos 
containing viable non-dorlnant seeds which will geriinate und ?r a wide range of conditions; thos 
containing viable but dormant seeds which will only germinate if certain environmental stimfiuli have beel 
provided in the germination regime; those containing non-viable seeds which are incapable of gerominatiol 
in any environment; and those seed-like structures containing no seed. Where no dormaricy-brcikin, 
treatment is applied in a germination test only those seed-like structures in the first category wil 
germinate. Where a dormancy-breaking treatment is applied in, or before, the germination test then seed 
like structures in the first and some, but not necessarily all, of those seed-like structures in the seconi 
category may germinate. lBut in both (ases the division of seed-like structures which have not germinate( 
into the latter three categories cannot be achieved. Gene bank staff iust be able to estimate thes( 
proportions for each accession to ensure that the viability of tnaintained a-essions is not inferior to th 
regeneration standard for tile specer. Dormancy, non-viability arid empty seeds are frequently confounc. ( 
by collectors and breeders: on a numher of occasions we have received accessions with a high proportio 
of n n-germinating seeds where low gernination has been ascribed to dormancy, whereas subsequent test! 
have shown the non-gerrninating frac.ion to be eirpty. 

METHODS TO IDENTIFY EMPTY SEEDS 

Tile determination of the empty seed fraction needs to be done fairly early in the banking of atl 
accession since it determines the effectiveness of the cleaning operation(s): depending upon the result of 
the determination further cleaning may be required (Chapter I). Whichever lest procedure is used tire 
seeds should be seler:ted by a randonm sampling procedure (Chapter 13). This is because the result 
obtained front a test to determine the empty seed fracttion is an estimate obtained fron a seed sample 
of the accession. Since empty seeds tend to be lighter it is very easy for the empty seed fraction to 
vary within the seed bulk, there being a greater propor.ion of emipty seeds at the t(;I) ol the accession 
than at the bottot:. It is thus vital to rnix the acc:ession belore sampling - randomily - those seeds to be 
tested to deterrmine the etmpty seed fraction. The accuracy ol the estimate of the emtpty seed fraction 
will depend on sample si -e. To avoid wasting seeds it is suggestd that lhe samlple renoved for the 
initial germination test also be used to estimiate the e:ipty seed fraction (prelerabl) by using 
X-radiography): seeds identilied as lull can be located arid subsequently tested for gerilination. 

Irish method of determining the empty seed fraction 

Where the species seeds are contai,ed within ([htfly florets, that is in many grass species, tile 
presence of a seed can be rapidly indicated by a superficial inspec tion of thce shape and size of the floret. 
The seed-like structures can be examiiined by feeling with the linger fill and with a spatula or by illuilina­
tion fro'm below (place the seeds or) a sheC of grouiid glass with a light below; the lt ll seeds are 
distinguished by the (lark shape of tIme seed witlhin the covering and flower structures). To gain expertise 
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of the Irish method it is suggested that gene bank staff should calibrate the miethod by dissecting the 

florets evaluated by the Irish method according to the International method (described below). Although 

the Irish method is comparatively rapid it lacks the precision of the International imethod and is not 

recommended. 

International method of determining the empty seed fraction 

The International method requires the dissection of the seed-like structure to onlirin the presence 

or absence of the seed (botanical definition) on a saimph drawn from time accession. This method can be 

extremely time-consuming and is only likely to be useful in gene banks with a generous supply of trained 

assistants. Forceps and a scalpel are required for the dissection. In addition to this procedure being used 

to determine the empty seed fraction when an accession is banked, dissection may also be necessary 

bcfore rapid viability tests are carried out on seed-like structures remaining ungerminated at the end of 

germination tests designed to estimate seed viability - see Chapter II. 

X-ray methods of determining the empty seed fraction 

The use of X-radiography to determine the empty seed fraction within accessions maintained iii gene 

banks i recommended. The initial high cost of time equipment is justifiable since the method is accurate 

and easy and quick to perform. An X-radiograph is an image of the seed-like structures obtained by those 

X-rays which pass through these structures: the darkest parts within the image correspond to those parts 

of the subject which are easily penetrated by X-rays; on a negative the lighter parts correspond to those 

which are the most difficult for the X-rays to penetrate. The background and seed-covering structures 

are easily penetrated and are thus dark; the seeds within time seed-like structures, if present, are more 

Figure 8.1 X-ray photographs (i.e. positives, see text) of three seedlots of Brachiara hUnUdIcola Showing 
full (black) and empty (opaque) seeds. (From Goedert, C.O. (1984). Seed dormancy of tropical forage 

grasses and implications for the conservation of genetic resources. Ph.D. Thesis, University of Reading.) 
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difficult for X-rays to penetrate and thus result in light images. [Hence the presence of seeds within 

seed-like structures can be cetermined from an X-radiograph - provided the quality is adequate. Te 

radiograph image can be obtained on X-ray fitm (,'gative) or on photographic paper (positive) if a 

permanent record is -equired (see Figure 8.), or projected onto a fluorescent screen or transmitted to a 

video screen for immediate analysis. Whilst the Irish and International methods of determining the empty 

seed fraction are comparatively simple and can be self-taught, X-ray methods require some instruction 

before they can be used accurately and safely. It is re,,omnended that, if possible, purchasers of X-ray 

equipment receive instructions from tilesupplier in the gene bank when the machine is installed using 

accessions from species maintained in the bank. Ensure that the supplier adjusts the operating parameters 

of the equipment to obtain sharp radiographs with sufficie(nt contrast to indicate the presence of see.ls 

within seed-like structures. To assist gene bank stall in the purchase of X-ray equipment and its initial 

operation a discussion of the factors affecting the quality of radiographs follows. 

The characteristics of radiograph quality are: contrast - the degree of difference between adjacent 

parts of the image, in our case the seed and -ed covering structures; densitv - the Jarkness of the 

radiograph; and definition - the sharpness of details of the image, that is the resolution of fine detail. To 

identify the presence of seeds within seed covering structures we are primarily concerned with contrast 

and definition. Before discussing the operating parameter adjustments which may be required to produce 

sharp contrasting images it is necessary to describe, in simIple terms, the X-ray equipment. Figure 8.2 

provides a simplified outline of the main features of X-ray equipment. 

The X-ray tube, which generates the X-rays, consists of a filament (cathode) and a tungsten target 

(anode) in a vacuum contained within a glass envelope. If the cathode is heated (the first operating 

parameter) then the electrons in this filament are activated to high energy states. As a result of a high 

Figure 8.2 Outline of main features of X-ray equipment. 
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potential difference in voltage between the cathode and the anode (the second operating parameter) the 

excited electrons travel from the cathode across the vacuum towards the anode at a high velocity. The 

part of the anode which these electrons strike is called sie target and is corposed of tungsten: the 

actual area of the tungsten target which the electrons hit is described as the focal spot. It is the 

collision of the electrons on the tungsten target of the anode at the local spot which results in the 

production of X-rays. These X-rays are emitted through a metallic window (normally a beryllium window) 

from the X-ray tube into the X-ray cabinet as a cone of radiation. The apex of this cone of radiation is 

is at the focal spot of the tungsten target. Consequently the closer tile object under investigation artd the 

X-ray film to t.he tube tile greater the energy received per unit area of film. The distance between tube 

and film is the third operating parameter and is called the focus-filn distance; the fourth operating 

parameter is the distance between object and film. As in light photography the density of the image on 

the film is affected by the period of exposure to radiation (tile fifth operating parameter). Finally, the 

speed of the X-ray film is the sixth operating parameter. Tite effects of adjustments to these six 

operating parameters are discussed below. 

1. A current is applied to heat the cathode filament and is usually measured in milliAtnps (mA). 

Increasing the teating current increases the number of electrons ermitted and thus - see below - increases 

the number of X-rays generated. The number of X-rays generated affects the density but not the 

contrast of the image. 

2. The potential difference between the cathode and anode is measured in kilovolts (kV). The greater 

the potential difference across the tube the greater the speed of electrons between the cathode artd the 

anode and thus the greater the impact velocity of electrons on tite tungsten target. This velocity affects 

the wavelength of the emitted X-rays. At higher voltages shorter-wavelength X-rays are emitted. The 

shorter-wavelength X-rays are rmore penetrating and are described as hard X-rays. Conversely at lower 

voltages longer-wavelength X-rays are emitted which have less energy, are thus less penetrating artd are 

described as soft X-rays. The type of X-rays generated affects the contlast of the image: soft X-rays 

gc.nerated by lower voltages improve contrast. 

j. Since the X-rays are emitted as a cone of radiation increasing the focus-filn distance decreases the 

intensity and density of the radiation. lo addition, of course, it also increases the total area of object 

radiographed. The definition of the image is improved by increasing the focus-film distance and also 

enables larger film to be used. To avoid reduction in density when increasing the locus-film distance the 

heating current and/or the exposure period should be increased. 

4. For most purposes the seeds can be placed directly on the surface of the film and tile distance 

between the object and the film is then very small. The closer the contact between tile seed arid the 

film the better tite definition of the image: a blurred image may be caused by incomplete contact of the 

seeds with the film. 

5. The exposure time of the seeds to the X-rays is measured in seconds. The greater the exposure time 

the greater the density of tlhe image. Both the cathode fila;ilent heating current artd the exposure time 

affect density. Consequently their product, milliArp-seconds (trAs), must be kept constant to obtain tle 

same image density if .ither operating paraimeter is altered. 

6. The faster the filrm the shorter the exposure period aid X-ray dosage required, but the poorer the 

contrast artd definition of the image. Where seeds are to be tested for germination after X-radiography 
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it may be necessary to minimise X-ray dosage by using a fast film. If tire seeds are to be discarded 
after X-radiography then a low speed fin can be used for very high definition of the image, but a 
medium speed film is acceptable for most purposes. 

Once the equipmient is in day-to-day use the only changes in the operating parameters which will 
normally be required will be when different speed filns or ditferent seeds are used. As an example with 
medium speed film the average exposure conditions required for Pinus sylvestris seeds are 15 kV, 15 mAs 
with a focus-filn distance of 30 cii. At the Wakehurst Place Gene lSank normal exposure conditions for 
most grass species are II kV, 3rnA applied for 180s with a focus-film distance of 40 cmi. 

It is envisaged that gene banks will use X-radiography in two ways: either as a procedure to 
determine the empty seed fraction alone - for example, to determine whether further seed cleaning is 
required - in which case the X-ray dosage is unimportant since the radiographed sample will be discarded, 
or as an initial procedure of the germination test to identify and locate the full seeds Lo determine the 
proportion of these which germinate in a subsequent germination test. In the latter case the X-ray dosage 
should be minirmised to avoid danaging full seeds. In the first case the status (fullor empty) of the 
individual seed is unimportant; we are concerned only with providing an estitiate of the proportion of 
empty seeds in the accession. In the second case, however, it is useful to identify each individual seed so 
that at the end of the germination test the full but on-gerrninated seeds an be subjected to further 
tests (see Chapter il). It is suggested that a matrix of cells be prepared from card or plastic such that, 
for srnall-seeded species, 100 seeds (or whatever number is required) can be radiographed at once and each 
individual located. Ideally this frame should double as a counting board for the gerlination test (see 
Chapter 9) so that the radiograph image corresponds to a plan of each gerrmination test. Remernber to 
mark one corner of this frarne and thl, germination test so that the radiograph and germinatlion test tally. 
When constructing the fraie check that the card or plastic caii L penetrated by soft X-rays and that the 
iiiage is not blurred or lacking in contrast. There are two potential problems: first the material used to 
construct the frame will absorb and reflect X-rays, the formner reducing contrast and the latter causing 
blurring; secondly the object to filti distance is increased which may cause loss of definition. If such 
frames are unavailable or are unsatisfactory then use double-sided adhesive tape to fix line ofa seeds to 
the envelope contaminig the X-ray filii - again after checking that the adhesive tape is penetrable, by 
soft X-rays. 

AIthough much of thie above refers to the use of X-ray filmi, which tiust be developed, the radio­
graphic irrage can also be projected onto a fluorescent screen. I-or small-seeded species some 
magnif ication of the irtoage is necessary to avoid operator fatigue and to itiprove the accuracy of 
estimating the empty seed fraction. Developed X-ra filhts can be enlarged onto a screen or examined 
with a lens in a high-intetnsity illuminator. A wide variety of suichequipment is available front medical 

radiography supply companies. 

Thus far the practice of direct radiography has been described. For certain research purposes gene 
banks may wish to use contrast radiography ini which either aqueous contrast agents or vapourous cottrast 
agents are applied to tine seeds before radiography. These techniques can be isei to obtain greater 
contrast between the various tissues within ull seeds, but are unnecessary for the detection of empty 
seeds in accessions and are consequently not discussed here. In addition to detecting the presence and 
location of empty seeds direct radiography can also locate the presence (and frequency) of insect infested 
seeds and mechanically damaged seeds, as well as iiuature seeds with unde,'eloped embryos. 
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When using X-ray machines for detecting the empty seed fraction follow all the safety precautions 

advised by the manufacturer and, it available, by government safety regulations. Ensure that the X-ray 

machine is regularly checked by the manufacturer's servicing agent and that each operator is adequately 

trained in the safe operation of the machine and wears a filii badge (or similar) at all times to detect 

involuntary exposure to radiation. 

It is reconmended that advice be obtaincd froni other operators of X-ray miachines before purchasing 

one. Ideally this would be froii a seed testing station or gene bank dealing with lhose species of concern. 

If no such direct undependent advice is available then it is suggested that entoinologists are a good source 

of relevant practical information since they too use soft X-rays in direct radiography. Indeed where the 

purchase of an X-ray machine cannot be contemlplated, it Is suggested that neighbouring entomologists be 

approached to see whether they have a machine that could be used on a part-time bdisis or at least to 

assist in the training of staff, e.g. by calibrating the Irish method against the X-ray miethod. 

Uniform blower method to determine the empty seed fraction 

The uniform blower imethod is used in seed testing stations for determining purity in several small 

seeded grass species. The seedblowers used are stardardised and calibrated. The samples are blown for 

3 minutes with the airflow set to a given calibration point. In this procedure the lighter seeds are blown 

off and lost, but the heavier seeds reiain. Consequently this procedure is not useful in determining tlie 

empty seed fraction in gene banks. Air blowing is, Iowever, a useful seed cleaning procedure (Chapter I). 

THE EMPTY SEED FRACTION 

It is recomnended that the empty seed fraction be reduced by cleaning when accessions are received 

so that 95% or more of tfte seed-like structure, within each accession are hill (i.e. true) seeds. The size 

of tie empty seed fraction should be recorded and those receiving seeds distributed front the accession 

should be informed of the estimated empty seed fraction. Where insect damage is detected by 

X-radiography the proportion of infested seeds should also be co'tiinuitttCatecd. It is also recomituended that 

the viability or germination of accessions be reported as percentage if full seeds. To make these 

estimates as accurate as possible it is also recommended that empty seeds be identilied, counted and 

removed front each germination test intended to estiinate accession viability, rather than using tile initial 

estimate of the empty seed fraction derived w hen the accessitn vas banked to "correct" -I.e germination 

test result. This is because thie actual empty seed fraction iII alty one sample derived from the accession 

may not be equal to the initial estimate derived fron a previous saimiple. 
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CHAPTER 9, THE CONDUCT OF SEED GERMINATION TESTS
 

This chapter provides advice on various practical aspects of the conduct of seed germination tests. 
Much of it is based on that provided by the International Seed Testing Association in annexes to the 
International Rules for Seed Testing but it is supplemented with much more detailed information relevant 
to gene banks.
 

GERMINATION TEST SUBSTRATES AND PROCEDURES 

Paper quality 

Paper is the most widely used substrate for laboratory tests of seed germination. The essential 
requirements of paper for this purpose is that it must not contain any substance toxic to developing 
seedlings, is able to hold, and supply to the seeds, sufficient moisture to enable the seeds to imbibe and 
germinate, and is strong enough neither to break up when handled nor be penetrated by the roots of 
developing seedlings. The ability of a paper substrate to meet these requirements can (and should) be 
tested within tl~e gene bank. As a rule all new batches of paper substrate should be tested at receip*. 
since although the specification provided by manufacturers may be the sine as previpus batches, the 
batches may in fact differ in their suitability as a medium for seed germination tests. 

The fibre content of the paper should be 100% bleached wood, cotton, or other purified vegetable 
cellulose and the paper structure should be open and porous in order to hold sufficient moisture for the 
germination test. One potential problem is that the paper may have been treated with various chemicals 
during its manufacture, for example to bleach the paper. Such substances may be toxic to developing 
seedlings and consequently it is necessary to test the piper as follows to ensure that it is free from toxic 
substances. Cut the paper to size (if necessary) and place in petri dishes or polyethylene boxes with two 
thicknesses of blotters or four thicknesses of towels or filter papers per dish or box. Moisten the papers 
with sufficient water to saturate them, but do not provide excess water which would need to be poured 
off since this might remove some toxic substances. Then test seeds of one of the following species for 
germination on the moistened paper under test: timothy (Phleum pratense), redtop (Agrostis gigantea), 
chewings fescue (Festuca rubra var commutata), Bermuda grass (Cynodon dactylon), weeping lovegrass 
(Eragrostis curvula), celery or celeriac (Apiummgraveolens), garden cress (Lepidium sativum), chicory 
(Cichorium intybus), or dandelion (Taraxacum officinale). These species are suggested because their root 
development is particularly sensitive to the presence of toxic substances. Root development should be 
evaluated between about 3 and 10 days in test because symptoms of slight root inhibition are more 
pronounced initially; later secondary root growth may mask these symptoms. The classic synptoms of 
toxic substances are shortened and discoloured root tips. Additionally the root hairs may be bunched and 
the roots raised above the paper. To ensure that these symptorms can be detected it is necessary carryto 
out a control test at the same timme with paper that is considered reliable. During this test one alsocan 
check that the texture of the paper enables the roots to grow on the surface and iot into the papers. 
Another potential problem which can be checked during this test is the cleanliness of the paper. If fungi 
or bacteria develop from time paper (not from the seeds themselves) when moistened and incubated then 
the paper should be rejected for use. (In certain tropical climates it has been suggested that paper may 
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require sterilization before use, presumably because of contamination during storage.) When moistened tile 

layers of paper must be at least 2 mm thick and strong enough not to fall apart when handled: when 

moist hold from one corner in the air to test this. To test the ability of the paper to absorb moisture 

cut the dry paper into strips about 10 mm wide and hold vertically with about 20 mm of the paper 

immersed in water. After 2 minutes measure the distance up the paper that moisture has risen - this is 

described as capillary rise. A minimum standard is a 30 mm rise within 2 nrinutes. 

Although most paper used for germination tests is white, some thought should be given to colour. 

One problem is that with very small seeds radicle growth can be diffcult to detect on white paper since 

there is little contrast between the seedlings and background. This can make observations tiring and 

consequently increase errors. On coloured paper however, developing seedlings are more easily discerned. 

Red, blue and grey papers are available and highlight developing seedlings well. Whichever colour paper is 

used, however, two tests are necessary. The first is that for the presence of toxic substances and other 

paper qualities described above - since the dye may be toxic. The second concerns the effect of the light 

environment on the germination of dormant seeds (see Chapter 6). 1hat is it will be necessary to check 

(with a light-sensitive seed accession) that tne use of the coloured paper does not produce a less 

stimulatory, or an inhibitory, light environment for germination. 

The pH of all paper substrates should be within the range 6.0 to 7.5. Four types of paper are 

normally used: paper towels or blotters in rolled towel tests; filter papers either in petri dishes or on 

Copenhagen tanks; or pleated papers in pleated paper tests. These germination test procedures using 

different types of paper are described below. 

Rolled towel test 

In a rolled paper towel test the seeds are germinated between paper. Medium- and large-seeded 

species such as the cereals, maize and the grain legumes are normally tested for germination by this 

procedure. The towels used are slightly larger than an A4 sheet of paper, roughly 300-360 x 230-250 mr,. 

Whilst the blotters rlay be of a similar quality to filter papers, paper towels are those used in wash­

rooms, etc. and have different characteristics. The towels can be laid flat on top of each other and then 

soaked in water. About 40 or 50 towels at a time can be removed from the water, drained for a 

moment, and then gently wrung between the hands until no more water is squeezed out. They can then 

be laid out flat close to where the germination tests are to be prepared. The towels should be strong 

enough to maintain their structure during the wringing operation. The towel moisture content should have 

been reduced sufficiently so that, when a towel is gently pressed with a finger, a film of water is not 

formed around the finger. 

In the rolled towel test 3 towels are laid on top of one another. The seeds - normally 25 - are 

then placed on top of the uppermost sheet in a fairly regular pattern so that they are approximately 

equidistant - see the information later in this chapter on counting boards for spacing - with the exception 

that seeds are not placed within about 30 mm of 3 edges of the paper, and nnt within about 50 nun of 

one of the longer edges of tile towel. A fourth towel is then placed on top of the seeds and the basal 

20-30 mrn of the longer edge of all 4 towels turned up to form a lip to prevent the seeds falling out. 

The towels can then be gently and loosely rolled to form a tube about 50-60 mm in diameter. The 4 

towels should be strong enough when rolled to stand upright without collapsing. It is vital that the towels 

are rolled loosely: tight rolling will prevent air circulating between them and results in either no 

germination or abnormal germination. The friction between seeds and towels is sufficient to prevent the 
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seeds falling to the bottom of the rolled towels when these are stood upright. Keep practising until the 

tightness of the roll is lust suIfficient to prevent this happening. Tile commonest error is to roll the 

towels too tightl%. It is a good idea when learning to use this technique to deliberately roll i germination 
test too tightly in order to observe the eflect that thishas on seed germinartion. Sometimes metal, glass 

or plastic frames are placed between the sheet on which the seeds are placed and the top sheet Zo ensure 
ventilation, but this is not necessary in nornal practice. Once tie towels have been rolled, tie tests call 

be placed in a germinator. \Mhere the gerrinator maintains a high relative hurniditv the rolled towels can 

be held with a rubber band (not too tight)and stood upright I cages (constructed frtn metal itesh) 

within tileger riuator. If the germination test is to be conducted in incubators where relative hunidit y is 

riot controlled then the rolled towels can be placed in polyethylene bags arid the top loosely folded over: 

spray water over the towels every 2 or 3 days in this case. To identify each germination test requires an 

internal lzbel between the paper towels, and an external label, either held within the rubber band or 

written on the polyethylene bag. 

Blotters and towels can also be used flat in polyethylene boxes. Generally in the case of blotters a 
single bottom layer with one layer on top is sufficient, but otherwise use 3 towels on the bottom and one 

on top as with the rolled towel test. The box can be labelled with the germination test identification. 

One problem with both rolled towel tests an' flat tests iii polyethylene boxes is that they are quite 

bulky and great care must be taken to ensure th.'t the airflow within the germination cabinet is not 
impaired, otherwise the temperature within differen, parts of the cabinet may vary substantially. 

Figure 9.1 shows the stages involved in the preparation of germination tests using blotters or paper towels. 

Filter papers 

Filter papers are either used for germination tests in petri dishes or ol Copenhagen tanks. Normally 

9 cm diameter round filter papers are used although of course larger and smaller round or square filter 
papers and petri dishes can be obtained. Brecause of the smaller size of working area tine small-seeded 
species are usually tested for germination rising these procedures, e.g. the small-seeded vegetaoles. Filter 

papers can be moistened in one of two ways. They can be soaked in water for 10 minutes or so, and 
then hung to drip dry, or they can be placed in the petri dish and the required volume of water added 

using art autornatic syringe. The former can be more tlnre-consmlirng airl requires a clean atrrosphere in 

which to remove the excess moisture by gravity, but in the latter case the problem arises that the filter 

papers are never exactly equal in thickness arid thus differ in their rroisture holding capacity. As with 
paper towels arid blotters, the filter papers should not be so wet that when pressed a film of water forms 

around the finger. 

IIse the smaller ol the two halves (if the petri dish as the base, place tie filter paper in arid firm 

down in the dish when moist using an pstde-dow 9 :ri funnel. Normally 2 filter papers are required for 
each dish. It the larger half of tinnpetri dish s',re to be used as the base then two problems would 

arise: first the filter paper woltd dry out more qim:kly since there would be a gap between the smaller 

lid and the base, second the noisture in thn.paprr wonuld forima seal with the lidpreventing fresh air 
reaching the seeds. In fact sormr petri (1hi0 lesigns nsw in llide i ventilation gap in tine (larger tall) lid. 

After distributing the seeds on top ol thin filter paper rhie germinatrorn test identification cart be written 

on the prtri dish lid. Where huirrdity is tnot ('ontrlhd the petri dishes should be loosely wrapped in a 

polyethylene bag to prevent the filter pp'rs drying wut behorv tIn first rhnnmk. Figure( 9.2 shows tile 

stages involved in the preparation nil germrination tests rising filter paper!, in petri dishes. 



- 99 -

Figure 9.2 The preparation of a seed germination test on top of filter papers. 

(i) Requirements (c.ockwise from top left): Petri-dishes, 
(automatic) pipette, filter papers, form to record test
 

details and results (a pen is also needed), ax irayon,
 

forceps, spatula, polyethylene bags, funnel (optional),
 

vacuum counter head (optional).
 

(i) The filter sns: (2 I n tis case) art, (i1) The filter papers cal be mant' to lay flat in the 

placed in the petri-Ii - ,'i ' e ith the required dish b. psning them do*n with a funnel. 

amount of water. 

(iv) The seeds can te counted using a vacuum counter (as v) The seeds are then arranged on top of the dish
 

shown)or a spatula, using the vacuum counter (as shown) or using forceps,
 

seed by seed.
 

(v!) Whichever method isused th, . old be spaced (vii) whetea high humidity it not mainaied during the 

In such a way that the di'ltir( between seeds is test (i.e. where only temperature Is controlled) the 

maximised. The lid of the dish i iould be identified with petri-dlshes should be placed In polyethylene bags which 

details or the test. should be loosely folded at the open end, but not sealed. 
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On Copenhagen tanks the filter papers can be moistened by soaking and then draining by gravity. 

Ensure that the germination plate is clean before placing the filter paper on top, with the wick from the 
water bath below pressed between the filter paper and germination plate. After the seeds have been 
uniformly distributed on the filter paper - see the information later in this chapter on vacuum counters 

for spacing - cover with a clean well-fitting bell-jar and ensure that the ventilation hole is not blocked. 

Remember to identify the germination test. 

Pleated papers 

The one remaining type of paper substrate which might be used is pleated paper. This is simply a 

long piece of paper which has been repeatedly folded in a concertina fashion to provide many folds, or 
pleats, into which seeds can be placed. These papers are particularly useful in cases where the position 

of an individual seed needs to be idenLified from one intermediate count of germination to another and 
where it may be necessary to keep seeds isolated. In commercial seed testing they are normally used for 

sugar beet and for pelleted seeds. A typical pleated paper is 2000 mm long and 110 mm wide but already 

folded to provide 50 pleats - each 18 mm high within a reduced length of 165 mn into which seeds can 
be placed - see Figure 9.3. Each pleated paper is used in conjunction with a wrapping strip 580 x I10 mm 

and a polyethylcne box 180 mm long x 120 mm wide x 50 mm high with lid. 

The wrapping strip should be placed lengthwise in the box, pushed to the bottom with about 160 mm 

protruding on either side. Spray the wrapping strip with water so that it is moist, but when pressed a 
film of water does not form around the finger. Next soak the pleated paper in water, pulling apart 

slightly and gently to ensure moisture reaches inside every pleat. Remove from the water and squeeze 

the pleated paper between the thumb and fingers of both hands until all free water has been removed. 

Then place in the polythene box on top of the moist wrapping strip. There is a correct way up: ensure 

that both ends of the pleated paper face upwards, otherwise there will only be 49 pleats in which to place 

seeds not 50! Place two seeds (normally) in each pleat, fold the wrapping strips over and replace the lid. 

Informatiun on individual seeds can be recorded at the top of the pleat above the seed in waterproof ink 
if this is required. The germination test identification can be written on the lid of the polyethylene box. 

Agar
 

Agar is an alternative germination test substrate to paper which can be used for tests in petri dishes 

or in small pots with close-fitting lids. Agar is a polysaccharide complex which though insoluble in cold 
water dissolves slowly in hot water to a viscid solution. New Zealand agar or Japan agar is suitable for 

germination tests. Make a 1% solution by dissolving in water heated on a hot plate. When dissolved allow 

to cool partly and then pour into petri dishes or any other suitable germination test container. Dispensers 

are available which automate the preparation of agar dishes. A 1% agar solution forms a stiff jelly on 

ccoling, on to which the seeds can then be placed for the germination test. The advantage of agar over 

paper as a germinaticn test substrate is that the control of moisture availability is better. For example, 

in a germination test at 201C the agar should stay moist for about a month, whilst in a germination test 
at 30*C the agar should stay moist for 2 weeks or so. Also, as noted in Chapter 4, the initial seed 
imbibition environment may be more favourable than paper substrates and potential problems from 

imbibition injury can be reduced. Remember to mark the container with the germination test 

identification. 
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Figure 9.3 The preparation of a seed germination test between pleated paper. 
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If a dormancy-breaking agent is to be co-applied in a germination test on agar then the agent should 
be added to the 16 agar solution as it cools but before it becomes a stil jelly. 

Sand 

Sand is a bulky and messy substrate for laboratory germination tests and it is suggested that it only 
be used for routine germination tests where there are difficulties in obtaining reliable supplies of suitable 
paper. The washed sand must consist of unifvrm particles and have a pHl of between 6.0 and 7.5. Using 
sieves grade the sand and only use those particles which wil! pass through a sieve with 0.8 mm diameter 
holes but which are retained by a sieve with 0.05 mn diameter holes. Before use the sand must be 
sterilized. First pick out from the sand all obvious traces of organic matter. (For example, if the sand 
is re-used remove all seeds and seedlings from the previous test.) Heat the sand in steel pans, with no 
more than a 150 mm depth of sand, for 2 hours at 150'C. During this heating the sand must be turned 
regularly in order to dry thoroughly and prevent overheating. Finally, remove any plant remains (now 
charred and thus more visible) by sieving. As with paper substrates the sterilized sand may contain 
substances toxic to developing seedlings and it is necessary to test one of the sensitive species already 
listed in this chapter to check that the batch of sand is a suitable germination test substrate. 

The amount of water added to the sand for the germination test is a critical factor in the reliablp 
use of this substrate. The exact amount of water which should be added to the sand depends upon the 
size of the seeds under test and tire characteristics of the sand. The first thing to do is to calculate the 
water-holding capacity of the batch of this is thesand: weight of water the sand will hold without 
run off, expressed as a proportion of the dry weight of the sand. This weight can be determined by 
adding water to the sand until run off occurs, then allow the sand to drain until more run olf isno 
observed, weigh, dry in the oven at 150'C until constant weight is reached and weigh again. The water­
holding capacity is then the loss in weight expressed as a proportion of the final weight. For cereals, 
except maize, and vegetables the appropriate sand moisture content for germination tests is 50% of 
water-holding capacity; for large-seeded leguines and maize the appropriate figure is 60%, but the sand 
should only be made up to 50% before ihe seeds are placed in the sand, rvith the final 10% being 
sprinkled on subsequently. Calculate the volume of wate- required to provide these moisture contents and 

always measure accurately. 

Aluminium dishes of 150 mm diameter at the top, 125 mm diameter base and 40 mm deep can be 
used for the germination tests. The seeds should be sown on top of the sand and then covered with 
10-20 mm of loose sand, although in a few species (strialler-seeded) the seeds are cnly pressed into the 
surface of the sand and not covered. The dishes should be covered with a flat plate, and placed in the 
germinator. Use a planting rarker to label the germination test. 

Although the sand can generally be re-used (after cleaning and sterilizing, vegetable seeds should 
always be tested in new sand, and sand should be discarded after being used to test heavily dressed seeds. 

Compost 

Tite use of compost for laboratory germination tests should only be considered when abnormal 
germination is observed from seed accessions which have been chemically treated - for example, witih 
fungicides or insecticides. (See the final section of this chapter for a warning of health hazards from 

handling treated seeds.) 
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A proprietary seedling compost should be obtained consisting of a graded peat, adjusted for p1Hwith 

sand and nutrients added. The moisture content of the compost will b- extremely variable. For 

watergermination tests add sufficient water until a handful of the mixed compost just produces drops of 

when gently squeezed and check that the ball of compost still readily breaks up when pressed with the 

thumb. Use standard seed trays for the germination test and sow the seeds sufficiently below the 

compost surface. Use a planting marker to identify the germination test. Do not add additional water to 

the compost after sowing. 

SEED COUNTERS 

When arranging the seeds on, or in, whichever germination substrate is chosen for the germination 

test it is important to space the seeds out so that they are as far apart as possible ftorn one another 

within the limitations of the germination test container. The reasons for this are three-fold: first to 

reduce the chance of contamination of viable seeds from microorganism growth from adjacent decaying 

seeds; second to avoid leachate from one seed inhibiting the germination of another; and finally to 

-enable the developing seedlings to be evaluated individually without the complication of disentangling and 

possibly damaging - adjacent seedlings. In addition to the labour involved in distributing seeds equidistant 

on the germination medium there is also the task of counting the seeds for each replicate of the 

germination test. Seed counters can reduce the labour involved in both these stages of preparirg 

germination tests. Three types of seed counter are discussed below: electronic seed counters, vacuum 

counters, and counting boards. 

Automatic counters 

Various types of electronic seed counters are available. In essence the heart of the design is an 

electronic 'eye' which detects individual seeds dropping past. Mechanical means - normally by vibration ­

are employed to arrange the seeds in a single-file flow past the electronic ey.!. It is suggested that this 

type of seed counter is of little use in the preparation of germination tests. First because the equipment 

only counts the seeds and does not place them on time germination test medium. Second the mechanical 

means employed to arrange the seeds in a single-file results in the selection of seeds by weight - that is 

a biased sample is obtained. Finally the electronic 'eye' will tend to count dust or debris as a seed, and 

occasionally miss a seed because two pass by at once. In our experience the accuracy of such machines 

is about 15% and is inadequate for the preparation of seed germiniation tests. 

Vacuum counters 

Vacuum counters are widely-used in seed laboratories to count and place seeds on top of filter 

papers either for tests in petri dishes or on Copenhagen tanks. Figure 9.4 il'ustrates the general features 

of a vacuurn counter head. The most common arrangement is of 100 holes within a round 9 cmi lace, but 

fewer holes and different shape (square) and size faces are also used. The distance betwe,,n holes should 

be roughly 3 to 5 times the seed diameter. 

The use of vacuum counters will require a vacuum system including pipes to the benches where 

germination tests are prepared. It is preferable for the vacuum pinup to he some distance from the 

operator arid insulated to avoid operator fatigue from the high level of noise. To be effective the puMp 

miust be quite powerful: the systern needs to be able to support between 500 and 700 mnit of mercury at 

the laboratory benches where the counting heads are to be used and displace 0.6-0.75 m' of air per 

http:0.6-0.75
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Figure 9.4 General features of a vacuum counter: detachable counting heads (a);
 
plan view of a counting head (b); plunger c) and handle (d).
 
(Figure 9.2 provides illustrations ol a vacuumn counter in use.)
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seeds should fall into) place on the germ~inatio~n test %tibstrate a% a mirror imnage pattern of, the arrange­
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ment of holes on the counting head. Check that no seed is left attached to the counting head; seed 

covering structures can get stuck in the holes and may not fall off when the vacuum is released. It is 

important to check 'le plate and valve for wear regularly because small vacuum losses around the valve 

and at connections can make the counters unreliable and difficult to use. The final hose to the head 

should be very flexible so that the use of the counting head is as easy as possible. It may prove difficult 

to obtain counting heads. Although many potential suppliers are available they tend to supply from stock 

and are reluctant to manufacture more unless a large order is received. It is suggested that a seed 

testing station be contacted for assistance in obtaining counting heads if supply difficulties are encountered. 

Counting boards 

Counting boards are more useful for larger-seeded species such as maize and the grain legumes. As 

with vacuum counters difficulties in obtaining them may arise, but they can be easily constructed and so 

this represents less of a problem. Figure 9.5 shows the essential features of counting boards together with 

an example of suitable dimensions: this information is sufficient to enable a bo3rd to be constructed 

easily and cheaply. Counting boards are marginally smaller than the area of germination test substrate 

with which they are intended to be used and are generally used in conjunction with rolled towel tests. 

They are also convenient for tests in sand or compost. 

There are two identical layers within the counting board. The two layers have 50, 100 or however 

many hnles are required per replicate. arranged in a regular equidistant pattern. The distant - between 

holes should be at least 3 to 5 times the seed diameter; remember that seeds can roughly double in size 

after imbibition (in the case of legumes for example) and this must be taken into account when designing 

Figure 9.5 General features of a counting board with example dimensions (a) and a plan view 
of a board showing arrangement and dimensions of holes through which the seeds drop (b). 

(Figure 9.1 provides illustrations of a counting board in use.) 
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the board. Each hole should be marginally larger, than the largest seed to be tested. Tie counting board 
is constructed so that in use the two layers are initially staggered so that each hole on the top board 
forms a ledge. The seeds are scattered over the board, preferably in it mlanner similar to that explained 
in Chapter 13 for the random cups sampling method. Seeds which are riot caught in a ledge are rermoved 
by gently tipping the board slightly and opening the trap on the side of the board (Figure 9.5),each ledge 
checked to ensure that one seed, and one seed only, is present. The board is then) placed above the 
germination test substrate. The top layer is now pulled to one side (normally against the action of a 
spring, Figure 9.5); the holes in tlte two layers line up and the seeds drop through orl to the germiinatiorn 
test substrate below. 

Seed shape
 

Both vacuum counters and counting boards work best when used for accessiuns with spherical smooth 
seeds of uniform size. The rrore angular the seeds and the more variable the seed size within an 
accession the less satis;factory are vacuum Counters and countrng boards. Thus gene banks are likely to 
find this equiprernt presents iore problems in operation than is the case in seed testing stations, for 
example. Nevertheless the use of thiseuluipine:itrecorrnended non-angrlar smoothis for seeded species. 
It may also prove advisable to use eqtipcrent suilar to the top layer of a counting board for seed 
germination tests of chaffy species after X-radiography to detect the etlpty seed fraction - see Chapter 3. 

THE PROVISION 01" WATER IN SEED GERMINATION TESTS 

The water used to rroisten tire germination test redia trust be clean: it should be free from 
organic and inorganic imrpurities ind have a pH of between 6.0 and 7.5. Tap water can be satisfactory in 
some locations, but probleris mray arise fromr variations in its quality over tirre. Cornsequently the 
cleanliness and pH oh tap water should be checked frequently. Distilled water is normally pref,.-rable to 
tap water, but it mray require aeration to increase dissolved oxygen levels. Moreover problemrs of low p1H 
can arise die to high concentrations of dissolved carbon dioxide forrring carbonic acid. De-ionised water 
may be preferable to either tap or distilled water, but the pH rust be checked regularly. 

Whateser the source of water for germninatiotn tests it is necessary to verify its suitability for seed
 
germination tests by testing a 
 sensitive species in the manrer previously described t) test for paper
 
toxicity. One fiinal relating the
point to provision ofI water to seeds in germination tests concerns tire 
avoidar:e of irribibition injury - see Chapter 4. In a nunmber ol species it will be necessary to humidify
 
the very dr seeds helore setting thein to 
 gerirnate ott the nroist substrate. Details of hlitridification 
proiCedur. arte provided int Chapter 7. 

FINGAI. GROWTH DIIRING SEED GERMINATION TESTS 

In sortie gerrnutaiotn tests probletms tmay arise tIlleItolung:Al growth frori diseased or decayed seeds 
covertng and oierwhelItiltg o thfrt seeds whi h nlay thelnbe preventted frormi germinaiing normnally. There is 
no easy way oh as-ordrtg thiiprobleI corripleely bu it tar, be tiinttriised by mIt' following laboratory 

practices. 

(I) Proper spd(ng oh seeths (ste earlier se tions): if 'evere probehis are experienced with a particilar 
aressioqn then inmtreas'' tie distallie 'ttwrln(rh seds and ruse a greater inutber (ifreplicates. If prObulenis 
remnain then rust pleated papers for the germnintionl test. 
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(2) Optimum .-ivironment for germination: the more rapidly the sieeds germinate the shorter the time 
available for the fungi to take hold. Thus make sure the temperature regime is suitable, and the test 

environment is well aerated and that there is no excess moisture. 

(3) Cleanlines.; of germination test media and containers: make sure that these are not a source of 

fungal infection. 

(4) Imbibition environment: where seeds are damiaged by imbibition injury (see Chapter 4) cell contents 

leak out and cover the seed surface, providing a source of nutrients for fungi. Avoid by prior hurridilica­

tion of the seeds. 

(5) Prompt removal of decaying seeds: seeds which begin to decay itt germination tests shuld be 

removed immediately they are identified to prevent the spread of fungi to neighbouring seeds. 

(6) Seed covering structures: where seed covering structures are the source of infection it inay be 

worthwhile to remove these from the seeds before the tests. 

(7) Sprouted seeds: seeds which began to germinate before harvest and were subsequently dried can be 

a source of particularly severe infection during germination tests. ldcally where they can be identified in 
the accession at receipt they should be removed at that time. If present within the sample to be tested 

for germination they should be identified and removed before the test or as soon after the seeds have 

imbibed as possible. In this case a record of the discarded seeds must be made. 

A range of different types of treatments have been applied to seeds with a view to avoiding seed­
borne infections, If the infection is present only on the surface of seeds then the simplest treatment is 

to wash them in water. Where the infection is present within the seeds then three type's of treatinent 

are sometimes employed in an attempt to kill the pathogen, but not the seed. These are moist heat, dry 

heat and chemical treatments. In roist heat treatments the seeds are exposed to a high temperature, say 

50'C, at a high relative humidity or, very rarely, in water for roughly 15 to 90 minutes. In dry heat 

tre. tnerti t i seeds are first dried to a low moistlre conttent antd then exposed to very high teripera­

ture,, ,ay 80" to 100°C, for several hours. III both these cases the treatment is something of a gamble: 

will the pathogen be killed but not the seed? For this reason such treatments will not be contemplated 

in gene banks, but staff should be aware that accessions received from sorte sources may have been 

subjected to such evere treatments. 

In some laboratories seed sterilisation treatments are applied to seeds before germination tests as a 

routine procedure. This is not advised here since such treatments can be injurious ind tie presence of 

heavy metal salts (if used) can result in seedling abnormalities. Nevertheless, since lor certain 

problematic accessiotis gene banks may wish to investigate whether there would be an advantage from s, -d 

sterilization for a parti(uldr accession, the following suiuary of chemlical treatinents which have been 

used is provided. Where a range oh treatmenit ptinods is sugge'sed the shorter time should be used for 

small seeded Ipecies and the longer tuttle fur larhe-se'eded %pecies: 4-10% calcium hypo(fhlorite, 

4i-45 tnnultes (in alkaline solutiour, pHI 12, reduce, lhei risk of injury it) seeds); 0.1-41., mercuric c'hloride, 

0.5-15 minuites; 0.10,, silver trLte, 15 iiiiiiit.,Les; % hydrogen Imeroxii, 20 tniintes- 16 houri; 0.2-1% 

mrercury chlorrphenl, 1-2 hours; 0.-5% sodiuul io( hlrite, 2-10 lUinultes. 111 all these rases It is 

necessary to rinse the seeds several tiiimes with sterile watei beftre testinig for getlniioalU. Other pre­

treatrnlerts whih have been uselul inr lode 50 ppr anrphtericil l, .i fingiide, or cobining air 

antibacterial with an antifungal agent - 500 ppii nystati pluis 500 pli, stireptwuyl In. 

I Jntml re(ently time( rules o the lInternatiotnal Seed Test ing Asst,iit ion have riot lileweid seed 

disinfectimn treanuents prior to gerrnnlioi tests. IlII ti' t' ot lei .t 'ilgaris clusters, hiowesir, liti' 

ISTA rules have now been altered to allow trtImnt of the clusters witlh a fungicide. Dle purpose (it 
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this treatment is to reduce secondary infection of otherwise healthy clusters from infected clusters. The 
treatment with thiram (tetramethyIthioperoxydicarbonic diarnide or TMTD) is applied to dry clusters (unless 
they have already been so treated) at the rate of 3 grammes of thirain per kilograrimic of dry Beta 

clusters.
 

HANDLING CHEMICALLY TREATED SEED ACCESSIONS 

It is not recommended that treatments with mercuric compounds be used since mercury is a health 
hazard. The use of mercury-containing seed treatments should by now have been phased out. This 
introduces a further topic of great concern to the seed testing laboratory (and also other areas) of the 
gene bank: the risk posed to staff health from handling chemically treated seeds. It is not recommended 
that gene banks apply fungicides to seeds prior to storage in an effort to increase storage longevity since 
these cause difficulties in the subsequent evaluation of seedlings in germination tests and can be counter­
productive, reducing subsequent seed storage life. However gene bank staff may have to handle seed 
accessions which were treated with fungicides and insecticides prior to receipt, for example by seed health 
authorities. Acute poisoning of staff as a result of handling seeds treated with fungicides and insecticides 
is unlikely to occur since the doses applied to seeds should be very low, but a potential toxic hazard 
exists from repeated exposure to the laboratory environment in which treated seeds are handled since a 
number of the active ingredients of such treatments are suspected of being carcinogens. 

The major ways in which such cherricals will accumulate in the bodies of staff working in areas 
where treatud seeds are handled are by: absorption through the skin from direct contact with treated 
seeds or containers; inhalation of dust from air contaminated by the treatment; inha!ation of vapours from 
the seeds; absorption through the mucous in,!ioibranes of the eyes, nose and mouth; and the less likely risk 
of direct ingestion. The major ways in which the hazards can be reduced are as follows. Make sure 
treated seeds are always kept in sealed containers (and certainly not in a cotton bag if the accession is 
received in one). Open containers and handle the treated seeds in an isolated area of the laboratory 

which is well ventilated using an externally exhausted negative pressure systei. which does not recirculate 
the air. Some care will be needed with the exhausted air: it must not be directed towards other 
workers and may require a filter. Within the ventilated area tine greatest air velocity is required at the 
point where container, are opened and the treated seeds handled. Tile operator should wear protecdve 

gloves and a laboratory coat which should be regularly cleaned separately from other clothing. The floor 
and bench should be frequently cleaned with a danmp mop to reduce the risk of toxic dust spreading. 
After handling treated seeds the operator should wash hands and forearms thoroughly. No food or drink 
should be consumed in the area. Smoking miust also be banned. lPr.gnarnt wonen should not be allowed to 

handle treated seeds. 

The greatest huzard to health documnented so far in t fe handling of treated seeds has occurred with 
the use of mit rciry contmaining treatments. Whilst their use has been largely phased out, some countries 
may still be usinlIg such treatents and acressioans treated withtinerc,iic cornpounnlrs mnay be received by 
gene banks. Perhaps the mmostiniport.int advice is that inlrnhali i on whether seeds have been treated 
and if so the chernical(s) and treatment con(u ntration(s) be co5.aIlted before the accession is opened at 
receipt. Where no information is available it should be assumed that the seeds have been treated until 

proven otherwise. 
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CHAPTER 10, THE APPRAISAL OF GERMINATION TESTS
 

Although the main purpose of germination tests in gene banks is to estimate the proportion of seeds 
within accessions that are viable, considerably more information than this should be recorded during 
germination tests. It is particularly important that full details of the way in which the germination test 
is conducted and the lull results of the germination test are recorded. Only if this is done is it possible 
to gauge the accuracy of the estimate of viability obtained and to cormpare subsequently the results 
obtained in different germination tests. Examples of results likely to be compared in gene banks inciude 
the results of testing in different germination test environments to decide the most suitable regine for 
breaking seed dormancy, or the result!. from a given accession in a standard germination test environment 
at various times during storage in order to detect whether loss in viability has occurred. This chapter 

discusses how germination tests should be appraised and evaluated once underway, and pro'ides advice on 

how to determine when a germination test should be terminated and what to record then. 

RECORDiNG THE GERMINATION TEST 

Table 10.1 provides an example of the information likely to be recorded during a germination test. 
The printed information in Table 10.1 comprises a typical germination test form' together with the 
germination test and dormancy-breaking procedures to be followed. The information entered by pen 
comprises the various components of the results of the germination test together with the number of seeds 

tested for each replicate. 

When starting the germination test the seeds to be tested are counted and divided between the 

replicates; the number per replicate is recorded on the germination test form and each replicate is 
labelled accordingly. These points may seern obvious, but in some laboratories the number of seeds is not 
recorded before the germination test. Instead the number of seeds tested is derived at the end of the 
test by adding together the number of seedlings removed during the test and the number of seeds 
remaining ungerminited at the end of the test. This practice is not advised in gene banks: counting the 
s-eds before the test is to be preferred for the following reasons,. First the above calculation can be used 
as a check of the accuracy of recording the germination test. Secondly seed covering structures often 
become detached from the seedling during grewth and development and nay remain in the test when the 
seedling has been removed; these may be difficult to distinguish fron ungeritinated seeds. Finally the 

proportion of seeds germinating can be determined whilst the test is in progress. 

THE PROGRESS OF GERMINATION 

Although many tests carried out in gene banks will be shorter than this, Table 10.1 shows that this 

particular germinatiort test was evaluated on 15 occasions over a 98-day test period. The results give 
some idea of the trend of germination in titme. It is inportant that germinatiorn tests be evaluated 

regularly whilst in progress. First because the seedlings intist not be allowed to overwhelm the test by 
growing too large before they are removed, and secondly because the progress of germination provides 
additional irformiation (in various attributes (if both the seed accession and the gerri imation test 
ensironirent. That is since dortaircy can affect the rate of germination (see Clapter 5) monitoring the 
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Table 10.1 Example of the information recorded during a 
seed germination test of a rice seed accession. 

Location Genus Species Sub-species Test date Accession 

12.24.3 Oryza glaberrima 16/02/82 OR7G
 

Isttreatment HNO3, pie-applied, 24 hours, 0.1Normal 

2nd treatment H202, pie-applied, 24 hours, 0.25 Molar 1 'lli 

3rd treatment Hercaptoethanol, co-applied, 0.01 Molar rF1LI1I 

4th treatment Nil ri --n
 

Substratum Topof filter papers (2) FI- L 

Temperature regime Alternating, 34
0
/11

0
C, 16hours/8 hours 

Light regime No special treatment, diffuse light 

Replicate _ 2 3 4 5 6 7 8 9 1 0 1 1 2 Total 

No. of seeds 

tDatays
 

2Z UI 2 2 _ 1 L I, _'"2.'t 
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__t._ i J_ I I_ 

Abnormal . .. .. I - - _ - I 14 
Fresh 2 _ 2.2 2 I ­

Mo~uldy - - A - - 3 2 - - - - 2. c 
Hard ... 

Z % germination 



progress of germination can indicate whether seed dormancy may be affecting this and a comparison of 

the progress of germination of one accession in different germination test regimnes may help to indicate 

which is the more successful dormancy-breaking regime. Similarly monitoring the progress of germination 

can also help in identifying the accessions where aged seeds are present and may be helpful in detecting 

whether ageing (see Chapter 4) has occurred (where the progress of germination has become less rapid). 

Similarly reversible hardseededness (see Chapters 4 and 7) can be detected by monitoring the progress of 

germination. 

When to conclude a germination test 

This additional information generated by monitoring the progress of germination is useful, if not 

essential, in deciding when to terminate a germination test. Perhaps the best way of explaining why this 

is so is to use the data shown in Table 10.1 as an example, and to discuss why the decision was taken to 

terminate this germination test after 98 days. 

Figure 10.1 is the germination progress curve calculated from the results shown in the cumulative 

total column to the right of Table 10.1. It can be seen from Figure 10.1 that the majority of seeds 

germinated within the first 50 days or so in test and that the germination progress curve over this period 

show3 the sort of curve expected for a uniform seed population. One criterion often used to decid- when 

a germination test should be terminated is to conclude the test when no more seeds have germinated over 

a period of 7 days. According to this criterion the germination test would have been concluded at 70 
days, since between 63 and 70 days in test no seeds germinated (Table 10.1). In this instance the test 

was not terminated at 70 days because 32 firm seeds remained in the test and we were uncertain whether 

these seeds would germinate eventually. From Figure 10.1 it is clear that another pattern of more 

Figure 10.1 Germination progress curve of a rice seed accession. The original data
 
is shown in Table 10.1. The broken line represents an extrapolation of
 

the germination progress curve and is discussed in the text.
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sporadic germination became evident after 70 days in test. The test was then concluded after 98 days 

because this later, sporadic pattern of germination provided evidence that tilefirm seeds would germinate, 

but that these remaining firm, ungerminated seeds would probably require a further 80 to 90 days in test 

before - we assumed from an extrapolation of the germination progress curve, see Figure 10.1 - they 

would have all germinated in this environment. It was therefore considered valid to include the number of 

firm ungerminated seeds at the end of the test with the number of seeds which had germinated normally 

(see below) to calculate the percentage of viable seeds. 

SEEDLING EVALUATION 

The seedlings removed during the progress of the germination test were those classified as normal 
seedlings (see also Chapter 4) by seedling evaluation. The purpose of seedling evaluation is to distinguish 

between those seedlings which are thought to be capable of developing into plants given favourable 

conditions (normal seedlings) and those seedlings which are thought to be incapable of further development 

(abnormal seedlings). In essence normal seedlings possess adequate root and shoot structures, whilst 

abnormal seedlings suffer deficiency, or in (or their and systems.decay weal.;:."sseither both) root shoot 

Clearly it is important that seeds distributed from gene banks are capable of producing plants. 

Consequently it is necessary for gene bank staff to be able to evaluate seedlings when testing accessions. 

The International Seed Testing Association has produced a Handbook for Seedling Evaluation, 129 pp., ISTA, 

Zurich, 1979. Copies of this detailed publication can be obtained from the ISTA Secretariat, P.O. f3ox 412, 

8046 Zurich, Switzerland. The Handbook is divided into two parts. The first describes seed and seedling 

morphology and seedling development during the germination test. Thie second part deals with practical 

seedling evaluation and includes many photographs and drawing, of normal and abnormal seedlings of many 
genera. This Handbook is recommended to those carrying out germination tests in gene banks, and no 

attempt is made here to duplicate it. Instead we describe here only tile basic forms of germinatin, 

elementary seedling morphology, a basic explanation of types of abnormalities and some precautionary notes 

on the influence of the germination test environment on the production of abnormal seedlings. 

Seed germination and seedling development and structure 

In order to be able to evaluate and classify seediings into the two categories (normal and abnormal) 
it is necessary to be able to recognise the essential structures of a seedling. Although in essence these 

are simply a functional root and shoot system, differences of detail occur between genera depending upon 
the form of gerrinnation and whether the genus is mnomcotyledonous (the emrbryo normally has one 

cotyledon) or dicotyledonous (the embryo normally has two cotyledons). As a background to this section 

it may he helpful to refer first to Chapter 3 which ,eals with seed mlorphology. 

The usual first visible sign of germination is the piercing of the seed coat by the primary root. 

This subsequently elongates rapidly with secondary roots appearing later. Differences occur, however, in 

the development of the shoot system. In genera with epigeal germination the cotyledons are carried above 

the soil, whereas in genera with hypogeal germination the cotyledons remain within the seed coat (and 

thus below the soil surface. 

The sequence of epigeal germinatiL is as follows. After the primary root has emerged through the 

seed coat the h)pom'otyl elongates and forms an arch. Eventually this arching pulls the cotyledons and 

young shoot above the soil surface leaving the remainder of thineseed below time surface (although parts of 
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the seed coat may initially remain adhering to the cotyledons). The coty!edons turn green, expand and 

form the first photosynthetic organs of the seedling. The epicotyl and terminal bud develop subsequently. 

Allium is an example o. a monocotyledon with epigeal germination (Figure 10.2). Phaseolus is an example 

of a dicotyledon with epigeal germination (Figure 10.3). 

The sequence of hypogeal germination is as follows. In contrast :o epigeal germination after the 

primary root has emerged - in some genera (e.g. Triticum) this may be difficult to distinguish from 

secondary roots - there is little elongation of the hypocotyl and the cotyledons remain within the seed 

coat. In dicotyledons and )me monocotyledons (e.g. ___araus) the epicotyl elongates, usually forming an 

arch, and pulls the young first shoot above the soil surface. In other monocotyledons (e.g. Gramineae) 

there is no obvious epicotyl elongation. In hypogeal gemination the primary, or first, leaves which 

develop from the plumule are the first photosynthetic organs. Zea is an example of a monocotyledon with 

hypogeal germination (Figure 10.4). Pisum is an example of a dicotyledon with hypogeal germination 

Figure 10.5). Figures 10.2 to 10.5 illustrate the essential structures of seedlings of inonocotyledons and 

dicotyledons with epigeal and hypogeal germination. 

Characteristics of abnormal seedlings 

Essentially abnormal seedlings are either damaged, defective or decayed. However, not all seedling 

deficiencies are critical. In Zea, for example, the primary root may fail to develop. Despite such 

substantial damage these seedlings can establish themselves as plants under favourable soil conditions 

provided sufficient (two or more) seminal roots develop. Consequently maize seedlings which have no 

functional primary root but which have two or more functional seminal roots are classified as normal. 

The list of seedling defects in Table 10.3 should help to clarify the distinction between normal and 

abnormal seedlings when evaluating seedlings. 

POSSIBLE CAUSES OF ABNORMAL GERMINATION OTHER THAN POOR SEED QUALITY 

It should be recognised that faults in the germination test procedure (extrinsic factors) may lead to 

the production of abnormal seedlings from seeds which under more suitable procedures would have 

produccd normal seedlings. Six major extrinsic factors which can have this effect are listed below. 

(I) Substrate toxicity. Comparison of seedling morphology in germination tests is a useful guide when 

determining the most suitable environment for germination tests. One example of this use of seedling 

evaluation is the test for toxic effects of paper used for germination tests. Seeds of Timothy 

(Phleum pratense), or another sensitive species, are set to germinate on the paper in que:;tion and the 

seedlings evaluated - specifically the roots which are particularly sensitive to paper toxicity. This test is 

described in the section on substrates, Chapter 9. Thus the first point to recognise is that the substrate 

used for the germination test may result in the production of abnormal seedlings. 

(2) The duration of the germination test. Seedlings where evaluation :s doubtful should be given further 

sime for development. Only well developed normal seedlings should be removed from unconcluded tests 

(for example, as was the case in Table 10.), exept in the cases of badly decayed seedlings or mouldy 

seeds which must be removed to minimise cross-infection. But, if tine test duration is particularly long, 

abnormal seedlings should also be removed since their continued growth and development would interfere 

with the germination and development of seeds which germinate later. 
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TABLE 10.2 Glossary of Se "dlir6 Structures (Key to Figures 10.2 - 10.5) 

I. Adventitious root 13. Lateral root 25. Primary leaf 
2. Axillary bud 14. Lemma 26. Primary root 
3. Axillary shoot 15. IMeristem 27. Radicle 
4. Caryopsis 16. Mesucotvl 28. Root hairs 
5. Coleoptile 17. Nucellus 29. Scale-leaf 
6. Coleorhiza I. Ovary 30. Scutellum 
7. Cotyledon 19. Ovule 31. Secondary root 
S. Embryo 20. Palea 32. Seminal roots 
9. Endospermn 21. Pericarp 33. Shoot apex 
10. Epicotyl 22. Perispern 34. Terminal bud 
II. Gametophyte tissue 23. Petiole 35. Testa 
12. Hypocotyl 24. Plumule 

2 

Figure 10.2 Normal seedling structbre in onion (Allium cepa L.), a monocotyledon 
with epigeal germination. See Table 10.2 for the key to the seedling structure5. 
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Figure 10.3 Normal seedling structure in (from left to right) sunflower (Helhanthus annuus 

cucumber (Cucumis sativus L.), kidney bean (Phaseolus vulgaris L.) and castor bean 

(Ricinus communis L.), .dicotylp'dons with epigcal ge mination. 
See Table 10.2 for the key to the seedling structures. 
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Figure 10.4 Normal seedling structure in (from) left to right) maize (Zea mays L.), ryelrass 
(Lolium perenne L.) and whevat (Tritiquin aestivuin L.), inonocotyledons with hypogeal 

germination. See Table 10.2 for the key to the seedling stro~ctures. 
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Figure 10.5 Normal seedling structure in pea (Pisum sativurn L., left) and broad bean
 
(Vicia faba L., right), dicotyledons with hypogeal germination. See
 

Table 10.2 for the key to the seedling structures.
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TABLE 10.3 List of Seedling Defects which result in Classification as Abnormal 

I The primacy root: V The terminal bud (and surrounding tissues) (6): 
1. stunted 1.deformed
 
2. stubby 2. darsged
 
3. retarded 3. missing
 
4. missing 4. decayed due to primary infection (1) 
5. broken
 

6. split from the tip 
7. conctrict.o VI The cnleootlle and first leaf (leaves)
 
8. spindly the coleoptlle: 
9. trapped I- tho seed coat 1.deformed 
10. with negative geoLropism 2. damaged 
11.glassy 3. missing
 
12. decayed oue to primary infection (1) 4. with te tip damaged or missing 

5. strongly bent over
 
the smlral roots (2): 6. forming a loop or spiral
 

13. less than two seminal roets 7. tightlytwisted 

8. split for more than 1/3 of length rron the tip (7) 
9. split at the base
 

II The hypootyl, the epicotyl, the nsocotyl: 10. spindly
 
1. shortand tnick (3) 11. decayed due to primary infectlc,l(1)
 

2. deeply cracked or bro<en the leaf (leaves): 
3. split right through 12.extending less than half-way up the coleoptile
 
4. missing 13.misslngj
 

5. constricted 14. shredded or otherwise deformed (7)
 
6. tightly twsted
 
7. bent over 
8. forming a loop or spiral VII The seedling:
 
9. Spindly 1.dcfolmed
 
10. glassy 2. fractured
 
11. decayed due to primary infection '1) 1.cotyledons emerging before the root
 

i. two fu-sed together 
5. persisting endosperm collar
 

III. ihe cotyledons: apply iw. 5M rule (4,5) 6. yellow or white 
1. swollen and curled 7. spindle 
2. deformed 8. glassy
 
3. troken or otherwibe damaged 9. decayed due to primary Infection (1)
 

4. separate ormissing
 

5. discoloured
 
6. necrotic
 

7. glausy 
8. decayed due to primary Infection (1)
 

Specialdefects of crtyledons of dicotyledonous species
 
withepigeal germination (eg. _eta,drassira, Daucus,
 
Dianthus, Heliarthus, Lactu.a, lrlfoiletn, Zinnia, 

9. short ar,d thicn
 
1J.constricted
 
It. hent over 
12. forming a oop or spiral
 
13.without a definite "knee"
 
14.spindly
 

IV The primary leaves: apply the 50o rule (4) 
1. deformed
 

2. damaged
 

3. missing
 

4. dilscioaure 
5. necrotic
 
6. decayed ,!ue to prieary Infection (1) 
7. normal shape but less than 1/4 of the average leaf 

size of the nurmal seedlings In the test 
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Althouigh seeds fbr long-terri storage shold not be treded with (fhen -,is, seeds (-li .onit. rece -d -, 
the gene banks may hase been dressed %%ith iringwt-des or insectiides which est Ilt tn strutted orstrb' 

retarded roots when tire s des ar- tested '
 Sir.irhr 't lla resinon paper. pltwilollella lsfo +olvtlit, t ill iItI 
exudation ol natural Substances fr1oni the seed. Soil, howe r, terds itoabsorb th't.se phytotoxirc Substances. 
Consequently if these abnormtalities are observed .I further satiplie of seeds rorm the accession should be 
retested in soil. For more (retails on handling and testing 'rated seeds see Chapl r 9. 

OBSERVATIONS ON 'ONGERMINATED SEEDS 

In addition to es'alurting the igrntrunated seeds into the normal and abnurrnal categories by seedling 
evaluation at th,.- the test, ealatiitn of thcconclu,,ron of gert iination sorte lion-gerninated seed!, is also 
required. The example provided of a germination test forrr (Table 10.1) shows ttree categories of non­
gerrt mtated seeds at the concltrsion of the test: fresh (firm); rmloruldyt and hard. 

Th'e classification between imbibed, Ungertnitrirted seeds ilto tire fresh and mouldy categories is dealt 
with it (Ihpter II. The firr i seeds identified at the end of tire 6erirination test ra' be subjected to 
further tests; e.g. a co'rt ntJ Jtii Of the germination test, hut it another environment or after a further 
dormancy-breaking treatment, or a rapid viability test such as a te'razoliutr staining test - see Chapter II. 

Hard seeds are thse whi h have failed to iribibe during the germination test (Chapter 4). Methods 
are available which can be applied in ordor to enable seeds to Itbibe (Chapter 7), arid it issuch 	 suggested 
here that 	 those eeds be so treated and then returned to the germination test environiet. Ratier than 
wait until 	 tire ersi of the germination test to identify and scariiy tire hard seed, its suggested that this 

might be done soirewhi:t earlier (,cc C;apt.t 7). 

The only 	 other r-atcgor Cf ungerntinated seeds which tay be observed at tire end of a germrnation 
is shown in Tabe oat'estburt whi:h not 10. I is i empty s''eds. Methods of determing whether a seed 

is empty or not are provided in Chapter 8. Errmpty seeds :an either be identified betore the germnation 
test i',begun o. after the germination test is coneluded. Where the empty seeds are identified belore the 
gerinatton test they (-ar be removed Ircm sample of seed- ikethe strutures and excluded frorm the 
germination test; conscquerntIy there is no need to check for empty seeds at the end of the germination 

test. (lente it F'able I0.I no ros wa, provided for this category of ungerrinated seeds at tire end ofi the 
test.) Whether the proportion o ripty s.2edsis determined before th[r germination test is begun or at 
the conclusion oh tire gerntion test, it is suggested here that gerntation and viability (which may 
In:lude both the gertitiable seed and Iresh seed categories) are reported as percentages ol the full seeds. 
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CHAPTER 1., TESTS FOR VIABILITY WHEN THE GERMINATION RESULTS
 

WOULD BE MISLEADING
 

A germination test is usually tr best method of estimating seed viability. However a numlber of 

difficulties c-in arise in deciding why a particular sied has not germinated when a test is concluded, viz: 

dormant seeds (Chapter 5); hard seeds (Chapter if); enptv seeds (Chapter 8); and slow-germtinating seeds 

(Chapter 10). The purpose of this chapter is to discuss the procedures which can be employed to 

determine seed viability when dornarcy is suspected of conifunding the results of gerinination tests 

intendcd to estinate viability. 

Occasions alay well arise when the results of germination tests could be misleading because the 

dormancy-breaking treatments applied were ineffective or only partially effecti,,e. In such cases it is 

necessmry to carry our a viability test on the seeds which remain ungerminated at the end of the test. 

Ahiernatuvely a fresh sample of seeds may be sampled from the accession in stoie and subjected to a test 

of Niabilit, other than germination. The purpose of either test will be to estitmate the percentage of 

viable seeds in the acce.,sier (in order to deteimine whether the accession is acceptable as it is for 

contieied storage or needs regenerating) and also to decide whether it is worthwhile ttn apply further 

derm;ancy-hreaking treatr,ents to the seeds in futurt: gerirination tests - since the difference in result, 

between the viability and germination tests will indicate the proportion of seeds in the accession which 

rem::n dormant despite the use of specified dormancy-breaking treatments. 

It shouild be pointed out that one viability test which the ungerrrinated seeds may be subjected to is 

simtply a continiuation of ',he ger ination test - possibly in the sarie environarerit, or after tire application 

of a further stiriulus intended to break dormancy, or in another environment. FIor example, in Table 10.1 

and Figure 10.1 (Chapter 10) it was shown that considerable extension ef the gernination test period 

might enable tihe most dormant seeds in some accessions to germinate eventually. This chapter, however, 

is concerned with procedures vhich provide estiniates of viability by other methods. 

It is io be hoped that such alternative viability tests will not need to be used frequently since they 

are c(onsiderabl% moire hmbour-intensive than gvrinination tests aticd re(itlir( c.nsiderably tlore expertise. 

(This is one reason whiy oitsiderable emphasis is placed in this report on testing seeds in environments 

\fheire full ge, rillniium is likely to be pro tfared.) iforrlition is provided in this (hapter on four dfifferernt 

labtilvy tests Whlii'h i1, hC useful i gene bdriks is an ,diuinct to germtiniation tests. The first two rely 

On the dilfererit phse('l propert,es oi vibl Aiil ioi-viable emubryos after innbibtion and incuubation, while 

the oither two utilise tains to dis ilgmuish between lie ind dead areas of emrubryonic tissues within the 

seeds. Of the foutr. staining ists based on the use' of tetrazotlii salt arc the niost widely applied in 

seed testing. Further conitients are provilded on a few additional rapid viability tests, but these are brief 

since they are of Ii n ted value in gene banks. 

THE EXAMINATION OF UNGERMINATED SEEDS Al THE END 01: THE GERMINATION TEST 

This is the simrplest viability test which stiiuld be applied at the end er every germination test. 

.Seed- which fail to germinate are divided into four c.,tegories: those which failed to irrbibe at all; 
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those which nirbihed and are firm and free ;am primary fungal infection; those which are iouldy and 
sshich nay, when gently Nqueezed, exude liquid; and those which are empty. The first category are the 
hard seeds (see Chapters 4 and 71. 

Seeds %%hich fall Into the second category are referred to as fresh seeds. It is generally assutned 
that these seeds are %iable but dormant. This assurmption, however, may well be wrong in sorne cases 
since the ieed nay be empty althouJgh the seed covering structures ma) be firm to the touch. In the 
tropical pasture species, tor exarnp!e, it is comparatively cimmon for emp.y seed to be classified as firn 
seeds and mistaken for dormant seeds at the end of geritination tests. One way to avoid this particular 
rwistake is to elaboratt the test of firmness at the conclusion (of germination tests by dissecting the seeds 
(or seed-like stru':lures) which remain ungertoinated. This is often referred to as a cutting test. Even so, 
the combined procedure includirig the cutting test will only determine accurately the proportions of empty, 
mouldy, insect car:iaged or sever',y discolouied seeds. The proportion of viable but dormant,or dead seeds 

remains difficult to detect. 

The third c-stegor, of seeds are mouldy. It .sgenerally assutned that these seeds are dead. This is 
certainly the case if liquid is released when te seed is squeezed since this is the result of the catabolism 
of the embryo (and e'rdosperm if present) by hydrolytic enzymes. However, is is by ineans certain thatno 
.,I[or any of these soedsi were dead at the beginning of the germination test. Moreover, there are a 
number of examplcs where the assumption that nouldy seeds are dead was made erroneously, and the 
error hs since been repeated consistently. \gain, this limits one's confidence is conclusions based on this 

criterion. 

The f-urth and final category used to classify the seeds remaining ungerriinated at :he conclusion of 
germination tests is that of empty seeds. Whilst those seeds identified by inspection as being empty are 
ikels to be so, in sor:,e species \ithout a dssection test (ee above) it is pissible that other empty seecs 
,as not be identified. Corsequently although it is reasonable to assumie that if fresh seeds are present at 

the end of the germination the proportion of viable seeds is likely to be greater than the proportion of 
seeds which geririiated during the test, it is not necessarily the case that the proportion of viable seeds 
is tme sum of tie pioportions if hard reeds, firinseeds arid germinated seeds. 

Despite these the of is adjunct 

tests. It is especialh5 he!pful in initially detecting 


ert c:srris exairination ungerriinated seeds an essential to gCrmiination 

the presence of severe dormancy in high quality 
accessionS wiere the proportion of empty seeds is low. The procedure Cail be iade niore useful by 
dissecting sorri of the remairnig seed-hk, tru(tres arid subjecting these to a tetrazoliumn test (see later 
sectol). %here reip t y seeds are (orno niii it is s trongly advised tha t X-ray exslinia tion is used a, part of 

the roitine pror edireurse (Chpter S). 

THE EXCISED EMI1RYO TEST 

Vhe exision and substquent iiitubation of eibtrvos frontthe seed and/or fruitcoveing structures is 
another rrethodlof stimating tile slability of seeds. Whilst it is not as rapid a% tihestaining techniques 
described srbseqjeritly, for sl,w gerinirating species suchias- certain tree species - it is considerably 
rore rapid than germinatiom tests. "Iypicall an e'tniate of viability can be obtained within 7 to l4days, 
whereas gernlration tests on nraily tree seeds, for esariple, mlay require as ainy as 2 to 6 inonths ­

especilly if pre-chilling is required. Essentially excised ernhryu tests over'oie the criticism that 
gerinzation tests !r tests oh the (:irrditlun of' tfe seed covering strutures (sintce these tMy prevent 
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germination) rather than, the embryo. Considerable skill is required to carry out excised etrmbryo tests, not 

so much in evaluation but in the preparation of the seeds and tile excision of the embryos. 

The excised embryo test has been applied to a diverse range of species in which seed size and 

morphology vary considerably: for example, seeds of flowers, vegetables, shrubs, vines, fruit trees, 

coniferous and broad-leaved trees. A summary ot excised embro test procedures is provided below, but 

for more detailed descriptions the reader should consult Heit (1955) 3jnd the references provided therein. 

Moistening the seeds 

A fresh sample of seeds is required for this test, i.e. ungerminated needs recovered at the end of a 

germination test should not be used. Before embryos can be excised the seeds must be moistened so that 

they can be excised from the covering -tructures easily and without damage. The following alternative 

procedures have been used.
 

(a) Soak the seeds in slowly running water. 

(b) Soak the seeds either in standing water oelow 15°C or at room temperature with two changes of 

water per day. 

(c) Imbibe the seeds under germination test conditions: that is on paper, between paper, in or on sand, 

or on or in peat or coinpost. 

Seed moistening periods vary from one to :,even days depending upon the species and the method 

applied. Where the seed covering structures are thick, tough, hard or semi-hard, they may need tc be 

cracked, punctured, slit or (possibly) removed before or during the moistening treatment. This can be 

done with scalpels or kniven. Hard seeds, however, may need to be scariLed or impacted (see Chapter 7). 

In the case of the stone fruits the endocarp will need to be removed before soaking. This can be done by 

inserting a strong, sharp blade in the suture of the endocarp and levering it apart. 

Note, however, that for very dry seeds soaking treatments similar to those described above are likely 

to result ir. imbibition damcge (see Chapter 4) - particularly if the seed covering structures are disrupted 

in some way before the soaking treatment. Consequently it is essential that very dry seeds are subjected 

to the humdification treatments described in Chapter 7 before soaking the seeds. 

Excising the embryo 

Embryos are excised using sharp instruments such as scalpels ano razor blades. It is important to 

avoid touching embryos as fer as possible, but the application of pressure by the thumb and finger nails 

against the seed covering structures is helpful during excision. It is vital to avoid infecting embiyos 

during excision and so fairly sterile conditions should be usd. A laminar flow cabinet would be ideal, but 

otherwise a clean, draught-proof room can be i!sed and excisic:n carried out below a fixed sheet of glass. 

The instruments arid the working surface should be sterilized with a 50% ethanol solutiun in water and 

instruments should be cleaned and sterilized before every excis on. If, despite the above, mould infections 

develop, seeds or fruits can be sterilized either by shaking for three minutes in a 1% solution of mercuric 

chloride or by shaking for IS nirutes in a 196 sodiun hypochlorite solution. After either treatment the 

seeds should be washed well before excision. 
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incubating and evaluating embryos 

The excised erbryos are incubated or top of filter paper in petri dishes under ,norinal conditi,,ns of 
light and moisture at 20"C for op to 14 days. The principle of the test on w.hich evaluation is based is 
tha, 0iable embryos will remain health,- and ma-, also hegin to grow and turn green during the test whilst 
non-viable embryos will deca. during the incubation period. (Note the sirnila ity between the abov arid 
the physical test of viability which is carried out at the end of germiination tests by pressure or cutting 

described earlier.) 

Thus at the end of the incubation period the following categories of embryos are considered viable: 
(a) Embryos which have begun to germinate 

(b) Embryos with one or more cotyledoni growing or greening 
(c) Embryos which remain firm (apply pressure with a spatula to test for this) and which are slightly 
enlarged and either white or yellow (according to species). 

The following categories are considered non-viable: 

(a) Embryos which develop rnomld, deteriorate and decay 

(b) Degenerated ernlhryos 

(c) Discoiourr-d erribryos 

(d) Embryoless seeds or seeds with deformed embryos detected at excision (renemober to record these 
when :he test is 3et up). 

Some embryos may be damaged by excision. This is likely to be a considerable problem until 
expertise has developed. The embryos damaged during excision can be distinguished from non-viable 
embryos by the localised discolouration (e.g. siraight line! of necrosis) of tissue after 24 hours incubation. 
If these embryos show rio otner signs of dainage (as listed above for non-viable emrbryos they should be 
classified as viabhe. Howeve,, if a substantial proportion of embryos shows excision damage then the 
method of seed preparation and embryo excision should be improved before retesting the accession. 

B3ecaue surrne embryos turn green and may also begin to ger!,ninate duwing the test, iheir classilica­
tior, is much easier than in staining tests. Distinguishing the remaining excised enibryos as viable and 
non-viable i, more difficult, but these remaining viable embryos provide an estimate of the proportion of 
seeds showing embryo dormancy (as opposed to that imposed by the seed covering structures or, where 
present, the ndrsperrn) and their recognition may help to explain earlier inadequate germination test 

results. 

VITAL. STAINS TO ESTIMATE VIA[BILITY 

A word of warning concerning viability testing using staining techniques is necessary by way af 
introduction. Staining techniques rely on considerable practical expertise. This can only be gained frort 
repeated use of the tests, preferab!y under expert ltrlidal:-e. Moreover, for many species no established or 
well described techniques are asailable. 

The evauiation of topographical patterns of live .nd (lead areas within the embryo (it'cluding the shade 
of red .,0ouration observed in tetrazO1iun: stains) is difficult ind sublective. Consequently a good deal of 
training or,,J prac*:ce are required before coimpetence can be achieved. It would be naive to suggest that 
all gene banks could apply staining tests ersily as routine procedures - not least because they are 
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extrerely time consuming (even though tile results are obtained mo10rerapidly than in a germiination test). 

Nevertheless staining tests should be regarded as art essential back-up procedure to gerniination tests ili 
gene banks. It is probably v orthwhile for gene bank taI! to receive specialist-d tiaining in tetra;:olitii 

:taining teclhniques and evaluation. Training with expert guidailce is provided by occasional co, rses run by 

the International Seed Teting Asseciation. 

This chapter concentates on the provision oi practical inforination for the application ol these tests 

in gene banks but does trot attenpt to provide the sort of detailed information (such as tetrazoliun' 

staining parterns ,pe:r', by species) which is drlcribed elsewhere. The references provided Lat the ed of 
this chapter should b- consulted for examples of staining patterns. Only a very basic outline ol staining 

prorledures and possible problems is provided here. 

THE TOPOGRAPHICAL TETRAZOLIUM TEST FOR VIABILITY 

The salt 2,3,5-triphenyltetraznlium ch:oride (tetrazoliurn) is colourless and water-soluble. As such it 
is able to penetrate irbibed seed enibryos. Totrazolium is an oxidation-reduction itdicator which is 

reduced to a red, insoluble fortnazan by dehydrogenases which are active within viab!e tissues, but not 

dead tissues. Since forinazan is insoluble it becomes trapped within these viable cells and since it is red 
tissues containing viable cells can be identified. Loss ol activity ol the dehydrogena,,es tends to parallel 

loss in seed viability. Consequently the tetrazoliurn test can be used to estintate seed viability. 

The tetrazoliun test can either be applied to a fresh !sarple of seeds or to the firt. seeds which 

have failed to germinate az tihe end of a gernination test. However, in the latter case it will not be 

known whether the dead seeds identified by the tetrazoliuln test were dead before the germination test 
began or whether they died during the course of the germuination test. Tettazoliun tests on both at fresh 

sample of seeds atid those remaining ungermitlated at the end of a gernination test allow an estimate to 

be inade of the proportion of seeds which died during a given germination test procedure. This 

iinfortnation ctn be useful in investigating which of several environntents is tire 1maost suitable for 

germination tests. 

In expert hands tie tetrazoliun test cn a fresh sample of seeds can have several advantaglc, over 

germnation tests. Obviously the problem of dormancy is avoided, and the result is obtained comparatively 

rapidly. In addition, however some workers are able to evaluate the staininig patterns and stain intensity 

to indicate forns of dainage to seeds other than loss in viability resulting front ageing: for example, 
mechanical dairage, rapid drying damage, znd irtbibition injury and freezing injury. See Moore (9A3) for 

a discussion of these tpplicatiotis. 

Stability of tetrazolium salt and solutions 

The reactin rate for tie reduction of 2,3,5-t'iphenyltetrazoliuti chloride to Iermazan in the presence 
of dehydrogenases is affected by p1l, temperature, armospheric pressute and the concentration of the 

tetrazoiium salt in solution. Tetrzoliun salt is a white, or light yellow, porwder with a finite shelf life. 

The powder should be stored in a deep freeze at -iS"C or less. ]I solution ultra-vi let light stinulatesi a 

slow reduction of the salt. This results in the colourless soluntI turning red. Such tainted solutions ilist 

be discrmrd-d, To avoid reduction by light, teirazoliurn solutions should be stored in a cool (30- 5C) dark 

place. A further precaution is to cover the ,vessel in which the sl ution is stored with allniurn foil. 

Under these conditions tetrazoliumn solunion are ,ery stable. ltowever, the bull: nay be contaiunated 
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'
when sar,'oles of the solution are wi thidrawn. Because of this sufficient solution is usual made up for 

about two weeks' work. 

Concentration of tetrazoliurn solutions 

Different concentrations of tetrazolium solutions are used, normally 0. , 0.5 or 1.0 per cent 

.epending on species. ;t is normal practice to make up u single conc.entration stock solution (1%) and to 
dilute this if necessary. Solution concentrations are expressed on the weight-volunie basis. Thus a 196 

tetra-oliurn solution is one grarrtne of tetrazoliun salt dissolved in distilled water (iade up to 100 ml, To 
r
achieve the best results the pil value of the tetrazo;iutln soltion should be between pH 6 and pH 8. T e 

hig ier conc,-ntratioris of tetra ze!ijui in solution can be slightly more acirlicthan this. To avoid this 

butfered terrazoliui solutions are prepared. One litre of a butfered I', tetra.olurn solution can be 

prepared in the following way. 

I. Dissolve 3.631 g KH2PO4 in 400 nl of distilled water. 

2. Dissolve 7.126 g Na HPO .2H0 in 600 nil of distilled water.
2 4'2 

3. Mix the two solutions. 

4. Dissolve 10 g of 2,3,5-triphenyl tetrazolitii chloride in the 1000 ml of the buffer solution. 

To dilute a 1% tetrazoliun buffered stock solution in order to produce a 0.5% tetrazt.iurn solution 
mix one part of the stock solutien with one part of distilled water. To dilute a 196 tetrazolium buffered 

stock solution to produce a 0.10', tetrzoiun solution mix one part of tire stock solution with nine parts 

of distilled water. 

OUTLINE OF TETRAZOLIUM TEST PROCEDURES 

There are five stages to the tetrazohliun test: Pre-conditioninf of the seeds; preparation of the seeds; 

staining the seeids; washing; and liitevaluation of the staining patteurn withiu the seeds. Table II.1 
sunr'iarises, according to fam,ily. recouimended pre-euondiriouing and staining treatnrents, together with an 

irtdic.tion as to whether any treatmient to the seeds is required prior to pre-coniditioning, stairning and 

evaluatton. The sources of th;s inflorm tioriare Pi.,;Oided in tire references at the end of this C:hapter. 

This table is provi-Jed to assist those with eml:erience onf tetraolirn staining procedures in applying the 
test to other species. An outline of each tage of the tetrazoiiur staining procedur- is provided below. 

Pre-conditioning of the seeds 

Tfie dry seeds nust first be rmoristened in order that they can be easily bisei:ted, or punctured itc. 
and to lw the tetrazeliurn soluion to diffuse throul,hout the erubryo ard provide a clean, clear stain. 

In seed testing work in general this has been achieved by first soakingtltie seeds ir water or by placirg 

the seeds in a rinoust imediur (sirrnilur to the gerimnation test r,.editii). To tiroisten seeds quicklv, pre­

conditioning is often carried out at 30"C. L.orger periods at lower tsoniperatirrs or shorter pzr'od% at 

higher ottlper atunrs, howevr, tmay be tqualliv satisfact or. Pr:-( oditioning, parli ular,, w'ci e very drIy 
seeds are 5oaked, may resllt in inir bitiOn Injury. . iso In snrlle grain lguie , very dry secid ii.r, track 

when soaked. Conseqiueitly it is siugrsrrd here that a huriudilflrt ton triatrlnint (Chaptrer 7) rmay be 

required prior to pre-conditioning. 

In sorre species an additional treatnernt rmay be renuired belore pre-cm1 di ining - for exaripl, 

s-arification or thu retoval iIx rverng - facilitate ibibition.puncture or of seed stru'tures to The 
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requirement for such treatments is indicated in column 2 cf Table 11.1. Note that no pre.conditioning 

treatment is necessary where the seeds to be tested are the ungerminated, imbibed seeds remaining at the 

end of a germination test. During pro-conditioning various leachates (see hbelater section or rapid 

viability tests) may form a 'mucus' around the seeds. This ran be removed by rubbing the seeds between 

two sheets of filter paper before preparing them for staining. 

Preparation for staining 

Before staining it is usually necessary to prepare the seeds in some way to allow rapid staining and 

evaluation of the embryo. Magnification will aid the preparation of small seeds. There are a few 

species, such as clovers and vetches, where pre-conditioning and preparation for staining are not normally 

recommended. In these cases we nevertheless recommend humidification tredtments te avoid imbibition 

injury when the seeds are soaked in the tetrazoliurn solution, and we also recommend scarification if the 

seeds are hard. The requiremerit for preparation before staining is indicated in column 4 of Table 11.1. 

For detailed information on the preparation required tr each species consult the appropriate 

reference but the more common treatments, depending manly on seed morphology (see Chapter 3) are a­

follows. 

(I) Puncture. Small endospermic seeds (which cannot easily be bisected) are punctured in the endosperm 

above the embryo with a sharp needle, e.g. small-seeded grasses. In other species the Aeed coat can be 

pierced with a needle between the radicle and cotyledon, e.g. Beta spp. 

(2) Bisect. Larger endospermic seeds and non-endospermic seeds with a litear embryo are bisected 

longitudinally and medially through the embryo with a razor blade in a sawing motion, e.g. large-seeded 

grasses and cer, als, members of the Compositae. One half of the seed is discarded and the other placed 

in the staining solution. 

(3) Cut at the distal end. Small cndospermic seeds can be cut transversally with a razor blade at the 

opposite end of the seed to 1he embryo, e.g. small-seeded grasses. 

(4) Seed coat removal. In non-endospermic seeds it may be necessary to remove the seed coat after 

pre-conditioning, e.g. legume seeds. 

(5) Excise embryo. Where the embryo is sufficiently large it can be excised, e.g. oil palm, 

Staining
 

The seeds are then soaked for a set period at a set temperature in a given concentration of 

tetrazolium solution in the dark (because of the effect of ultra violet light on the solution's colour). 

Suitable concentrations, temperatures and periods for staining are summarised in Table 11.1 (column 5). 

Alternative treatment combinatiors may, however, also be applied: longer periods at lower temperatures 

-r shorter periods at higher temperatures may be found to be equally satisfactory or better. 

Washing 

After the staining treatment the seeds are washed several times in distilled water. This is to 

.'edrove any cscess tetrazolium soiution. They can either be evaluated immediately, or stored immersed in 

distilled water at 3"-5°C until required for evaluation. For some species it has been suggested that the 

seeds be imme!sed in a clearing solution of lactophcnol for one to two hoers after staining and washing 

before evaluation. The purpose of thistreatTent is t,- make tiietissu-s transparent, theteby aiding the 
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TABLE I1.1 Recommended tetrazolium test procedures by family 

Key to the columns 

Column I: species 

Columni 2: need for treatment to seed prior to pre-conditioning 

Column 3: pre-conditioning trea;ment 

Column 4: need for treatment to seed prior to staining 

Column 5: staining treatment (concentration, time, temperature) 

Column 6: need for treatment to seed prior to evaluation of staining pattern 

223 45 6 7 

ACCRACEAE 
Acer campestre L. - irmntbd, sand, 30-50C, 10-14d 1%, 24h, 300C . ISTA 
Acer 'innala maxim. + soak, 18h . 1%,24-48h, 3OC . ISTA
5 
cer nainattuThurb. ex Iurr. - imbibe, sand, 30-50C, 10-14d + 1%, 24h,300C ISTA
 

A .erp!ataroides L. + soak, 18h 
 + 1%, 15-20h,300C + ISTA
 
Acer ponudoplatanus soak, 18h 1%, 15-20h, 300 +
L. + ISTA 

AIZOACEAE
 
letragcnla tetragonltdes (Pall.)Kuntze - Imbibe or soak, 18h * 
 1%,24h, 301C + ISTA 

BERBERIDACEAE
 
Oorber!s spp. 
 - soak, 18h + 1%,16-24h,300C + ISTA
 
Mahonia spp. - soak, 1bh + 1%, 20-48h, 30C + ISTA
 

CAPRIFOLIACEAE
 
Lonlcera sp .
 - soak, 18h + 1%,24-48n, 300C . ISTA 
Santucus spp. soak, 118h I%, 20-24h, 30C + ISTA
 
Vibzna spp. 
 soak, 1dh 11%,2a-48h, 30C ISTA
 

CELASIRACEAE 
TI. IWs spp. soak, 10h 1%,21!h, . ISTA+ 300C 

CHENOPOIACEAE 
Beta vuloarJs L. - Imbibe or soak, 16-18h + .%, 24-46h, 3000 ISTA 
Spnacla oleracca L. - Imbibe or soak, 1Dh + 3.5-1%, 6-24h, 300C + ITA 

COf.POSITAE
 
Ar!l:am lappa L. soak,2k-k84,20'C + 1%,6-0h, 30C Novotna
 
Ealendkliofrlclnalls L. 
 soak, 20h,200C + i%,kh,300C Novotna 
Carthaus oacanthar leb. - soak, 20h . 1%,24h, 3002 W8K 
Carthamus tlrtorius L. - imbibeor soak, 18h + 0.5%,6h, 300C * ISTA 

- imbibe or s'ak, 16) . %, 24h, 300C + ISTA 
Cichorium spo. - Imbibe or soak, 6-18h . 1%, 6-24h, 3000 + ISTA 
Cnicus benedictus L. soak, 24h, 200C 1%, 7h, 300C+ Novotna 
Cynara scoyrs L. - Imbibe or soak, 6-1bh . It, 6-24h, 300C + ISTA 
141.anthusarwjs L. - Imbibe or sok, 18h + 0.5-1%, 3-6h, 300C + ISTA 

- Imbibe or soak, 18h 4 1%, 6-24h, 300C + ISTA 
IrxilahelerJu 
L. soak, 16h,20oC + 1%, 3h, 300C Novotna 
Lactuca sativa L. - Imbibe Or soak, 6-18h + 0.-1%, 6-24h, 300C ',ST 
Matricaria chamrnnlla L. soak, 6h, 200C + 0.5% 3h, 330C Novotna 
cjorzonerahispanica L. - Imbibe or soak, 6-18h + 0.5-1%, 6-2kb,300C + ISTA 

Sitybus mariana, (L.)Gacrtfi. soak, 20h, 200C 1%, C1, 300C Novotna 
Tragopogon por-ifolius L. - Irbibe or soL , 6-18h + n.5-1%, 6-24h, 300C + IS A 

CORMACFAE 
Comus spo. - soak, 4Oh, or itl + 1%, 48h, 300C * ISTA 

CLIY.ACEAE 
Carpinis app. - +soak,'18h 1%, 20-24h, 300C IS A
 
CoryRbs spp. 
 + teak, 18h + 1%, 16-24h,300C a ISTA 
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CRICIrERAE 

Brassica spp. - imbibe or soak, 16.18h . 0.5-1%, 3-6h, 300C . ISTA 
- imbibe or soak, 16-18h + 0.4-1%, 6-18h, 300C . ISTA 

- imbibe, 16h,250C . 1%, 1-2h,400C - DSRL 
Lepidluimsativus L. + imbibe or soak, 18h + 1%, 3-6h, 300C + ISTA 

Rap.arws satlvus L. - imbibe or soak, 18h + 0.5-1%, 2-3h, 300C . ISTA 
- Imbibe or soak, 18h + 0.5-1%, 3-6h, 300C + ISTA 
- Imbibc, 16h,250C . 1%, 1-2h,400C DSRL 

Sinapis alba L. imbibe or soak, 18h + 0.5-1%, 2-3h, 300C * ISTA 

CU'SI 0TACEAE 
CItrullus lanatus (Thnb.) Mansfield Imbibe or soak, 6-18h . 1%,6-24h, 300C + ISTA 

(Citrullus vulgaris Schrad.) - oak, 'h, 30-351C + 1%, 1-2h,400C - D5RL 
soak, 1h,300-350C + %, 2-5h, 25-C - OSRL 

Cuuumis Spp. imbibe or soak, 6-18h + 1%,6-24h, 300C o ISTA 

Cucurbitd spp. Imoibe or soik, 6-18h 1I%,6-24h, 30-C + ISTA 

CUPRESSACEAE 
Chamaecyparls thyoldes (L.)BYP - soak, 18h + 1%, 18-24h,300C + ISTA 

Juniperus spp. + soak, 18h + 1%,24h, 300C + ISTA 

Libocedrus spp. + soak, 18h + 1%,24-41, 300C * ISIA 

ELAEA0C0C0AE 
Elaeagnus spp. - soak, 181h + 1%, 24, 48h, 300C . ISTA 

ELPORBIACEAE 
Hevea brasiliensis Muell. Arg. + joak, 16h + 1%, 2h, 400C - -C-
Phyllanthus emblica L. - nil + 1%, 2-2.5h - 4 

FAGACEAE 
Fagus spP. + soak, 18h 1%, 16-24h, 300C + ISTA 

GRA4INEAE 
Aproprcn smithl Rydb. - nil . 0.05%, 48h - Bass 
5qrgkr on !,pp. - Imbibe, 6-18h + 0.5%, 4-6h, 30' + ISTA 

- imbibe, 6-10Ph + 1%, 20-24h, 30C * 1STA 

DgrostIs sap. - irbibe. 6-18h + 0.5-1%, 18-24h,300C * ISTA 
Slopecurus app. - Imbibe, 6-16h + 1%, 20-24h, 300C + ISTA 
Andropo'gongayanus Kunth - Imbibe + 0.5%, 211,4000 - Elma 
Anthoxanthum odoratum L. - Imbibe, 18h + 1%, 20-24h, 300C - ISTA 
Arrhenatheru elatius (L.) Beauv. - imbibe,6-16h + 0.5%, 4-6h, 3OaC * ISTA 

- Imbibe, 6-18h . 1%, 20-24h, 301C . ISA 
Avena saLiva L. - Imbibe or soak, 6-18h + 0.1-0.5%, 2h, 300C . ISTA 

- imbibeor soalo, 6-18h + 1%, 6-24h, 300C * ISTA 
Sven sapp. + Imbibe, 161h,300C + 0.%, 0.5-1h, 400C - DSRL 
Axonopus nffinis hase - Imbibe, 16h, 300C + U.5-1%, 8-10h, 250C - DSL 
AYunopjs spp. - imbibe or soak, 6-1 o 1%, 24h. 300C + ISTA 
Beckmamnia eruclformis (L.)Host - Imbibe or soak, 6-18h + 1%, 24h,300C + ISTA 

Hrach" rJa decurbens Stapr - Imbibe, 16h,300C + 1%, 0t, 350C Beavis 
Brachiatia spp. - Imbibe or soak, 6-18h * 1% 24t.,300C ISTA 
Bromus catharticus Vahl. - imbibe, 16h,25C -"0.5%, 3-6h, 250c OSRL 

Brous sp. - Imbibeor soak, 6-18nr + 0.5%, 4-6h, 300C ISIA 
- imbibeor soak, 6-18h * 1%,20-24h, 30-C + ISTA 

Cerchrus ciliaris L. - Imbibe or soak, 6-10h o 0.5%, 4-6h, 300C - ISTA 

- Imbibe or soak, 6-18h + 1%,24h, 30nC + ISTA 
Chlor.s gayana Kunth imbibe or soak, 18h . 0.5%, 6h, 30C ISTA 

Imbibe or soak, 18h . 1%,74h, 300C + ISTA 
Cynodcn dactylon (L.)Pers. imbibe or soak, 6-18h . 1%, 16-24h,300C o ISTA 

imbloe, 16h,300.350C . 0.5-1%, 12.h,250C DSRL 
Cvnosurus crlstatus L. Imbibe or soak, 6-18h . 0.5%, 6-24h, 300C ISTA 

Imbibe or soak, 6-18h . 1%, 16-24h, 300C * ISTA 
Dactylis g1omerata L. irbibeor soak, 6-18h . 1%, 16-24h,300C , ISIA 
Oescbampsa app. imbibe or soak, 6-1Bh 1%, 16-24h,300C * ISTA 

Echinochloa crus-gai|i (L.) P. Beajy. - imbibe or soak, 6-186h 0.5%. 6-24h, 300C ISTA 

- imbibe or soak, 6-18h 11%, 18-24h, 300C + ISIA 
Elpusine corecana (L.)Coertn. soak, 18h,50C o 0.5%, 3h, 300C - AK 
Eragrostis curoula (Scnrad.) ees imbibe or soak, 6-18h 4 1%, 18-24h, 300C ISTA 
Festuca arundirtace:,Schreber imbibe, '16h,25,C o 0.5%, 3-6h, 250C - OSRL 
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Festuca spp. - Imbibe oi soak, 6-18h + 0.5%, 4-6h, 300C o IS1A 

Itlcus lanatus L. - Imbibe or soak. 6-18h + 0.5%, 4-6h 300C ISTA 
- imbibe or soak, 6-18h + 1%, 18-24h,300C ISTA 

Itrdam vulgare L. - imbibeor soak, 6-18h + 0.5%, 3h, 300c ISTA 

- imbibe or soak, 6-18h + 1%, 6h, 300C !STA 

Hordeum sop. - imbibe, 16h,300C + 0.5%, 0.5-1h, 400C DSRL 

Lolium.&pp. - Imbibe or soak, 6-18h + 0.5%, 3-6h, 31-C + ISTA 
- Imbibe, 161, 250C + 0.5%, 3-6h, 25C - DSRL 

telinis minutiflora P. Beauv. - imbibe or soak, 6-18h + 1%, 6-24h, 300C + ISTA 

Oryza glaberrima Steud. - soak, 16h,300C + 0.5%, 2h, 400C - A 

* imbibe, 16h,25o-300C * 0.5%, 3-6h, 250C - DSRL 
Oryza sativa L. - imbibe or soak, 18h * 0.5%. 3h, 300C - ISTA 

+ Imbibe, 16h,25%30C + 0.5%, 3-6h, 250C - DSRL 

imbibe, 16h, 3001 - 0.5%, 3-6th,250C - DSRL 
- soak, 16h,300C + 0.5%, 2n, 400C - A 

Oryzopsis hymenoides Ri.,ker - soak, 24h 1%, 4-8h, 350C + &K 
Oryzopsia millacea Asch. & Schw. - imbibe or soak, 6-18h * 0.5-1%, 6-24h, 300C ISTA 
Panicu maximum J~cq. * soak, 16h + 0.5%, 4h, 400C - HHEA 
Panicum ramosum L. - Imbibe, 16h, 300C + 1%, 4-6h, 30C - Andersen 
Panicum spp. - imbibe or soak, 6-18h + 0.5-1%, 6-24h, 300C + ISTA 
Paspilum dilitatbm Poir. - ibibe, 16h, 300C + 0.5-1%, 8 10, 250C - DSRL 
Paspalus notatua Fiuqge - imbibe, 16h, 300C * 0.5-1%, 6-8h, 250C - DSRL 

- imbibe, 16h, 300C + 0.5-1%, 8-124h, 250C - DSRL 
Paspaim spp. - Imbibe or soak, 6-16h + 0.5-1U, 6-24h, 300C + ISTA 

Penniseti typholdes Stapf & Hkubbard - imbibe or soak, 6-16h + 0.5-1%, 6-24h, 30O0 + ISTA 
Phalaris spp. 

PboLin pratense L. 
-

-

Imbibe or SOaK, 6-18h 
imbibe, 16h, 3--35

0 
c 

+ 0.5-1%, 6-24h, 30C 

. 0.5-1%, 2h, 12+h 
* 

+ 
ISTA 

D3Rt 
Phleum Sap. - imbibe or soak, 6-18h + 0.5-1%, 6-24h, 301C * ISTA 
Poa pratensis L. - imbibe, 16h,300-351C . 0.5-1%, 12.h,25C + DSRL 
Poa spp. - Imbibe or soak, 6-13h + 0.5-1%, 6-24h, 300C + ISTA 
Secale cereale L. - Imbibe o' soak, 6-18h + 0.5%, 2-3h, 300C - ISTA 

- imbibe, 16h, 300C , 0.5%, 0.5-1h, 401C - D . 
Setaria 
Sort 

sp.
al-tm Parodi 

- imbibe or soak, 6-18h 
soak, 4-6n, 300C 

+ 0.5-1%, 6-24h, 300C 
4 0.5%, 1-2h, 401C -

ISTA 
SL 

SorgLm bicolor (L.) Moench - Imhibe, 161, 3000 + 0.5%, 0.5-1h, 40cC - SRL 
Sorghum halepense (L.) Pers. - Imbibe, 16h, 300C + 0.5%. 6-6h, 2CO-250C 05RL 
Sortyp sudanense (Piper) Stapf - soak, 4-6h, 300C + 0.5%, 1-2h, 400C - DSRL 

Surq-Kn spp. - imbibe or soak, 18h + 0.5-1%, 3-?4h, 300C * ISTA 
Sflpa viridula Trin. - imbibe, 15h * 0.1%, 2h, 350C - F&L 
Trisetum flavescens (L.) P. Beauv. - imbibe or soak, 6-18h + 0.5-1%, 6-24h, 300C + ISTA 

Triticta spp. - imbibe or soak, 6-15h 4 0.5%, 2-4h, 300C - ISA 
- imbibe or snak, 6-16h . 1%, 6-241h,300C - ISTA 
- Imbibe, 16h, 300C . 0.5%, '-2h, 200-250C - DSRL 

Zeamays L. Imbibe or soak, 81 * 0.5-1%,2-6h, I10C - ISTA 
Imnibe, 16h, 300C . 1.5%, M min, 43'C - DSRL 

Zizanla aquatica L. * nil + 0.25%, 12h - Simpson 

Zoysia Japonica Steud. - imbibe o: soak, 6-18h + n.5-1%, 18-24h,300C + ISTA 

LABIATAE 
Caleopais ochrclouca saak, 16h, 201C +. 1%,6-8h, 30'C Novotna 
Hyssopus officinlls L. soak,16h,200C + 1%,4h, 300C Novotna 

Lavandula angustifolia Mill. soak, 12h, 200C . 0.5%, 4h, 300C Novotna 

Leonurus cardiaca soak,16h,200C + 0.5%, 6h, 300C Novotna 
Marrubium vulgare L. soak,16h,200C . 1%, 3h, 300C Novotna 

Melissa officinalls L. soak, 16h,200C + 0.5%, 6h, 300C hovotna 
7ci m basillcusn L. Imbibeor soak, 181h . 1%, 16..24h,30C + ISTA 

soak, 20h, 201C + 0.5%, 5h, 300C Povotna 

Salvia o cfirlnaiJsL. soak, 20h, 200C . 1%, 5h, 300C Novotna 

Satureja hortensis L. soak, 20h, 200C * 0.5%, 4h, 300C Novotna 
Thyrrys serryllus L. soak, 16h,2000 0.5%, 4-:h, 300C Novotna 

Thymus vulgaris L. - imbibeor soak, 18h + 0.5-1'4,6-24h, 300C + ISTA 

LEGIMINOSAE 

Ororhis hynoaea L. + imbibe or soak, 18h + 0.5-1%, 20-24h, 30OC + ISTA 

+ Imbibe, 18h, then soak, 2-3h - 1%,24h, 4000 + ISTA 
COcer arletinam L. * Imhls a: soak, 18h + 1%, 6-24h, 301C + ISA 
Galega orficinais L. soak, 21h, 201C + 1%, 3-4h, 300C laovotna 
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Glvcine max (L.)Mere. - icbibe, 18h, then soak, -3h 1 0.5-1%, 6-24h, 30*C * ISTA 

- imbibe,16h,25C 11%, 2-4n, 40c - OSRL 
- Imbibe, 16h,250C ''%, 3-7h, 250C - DSR[ 

Lat yrus .LirsutusL. iribe, 16n, then soak, 2-h 11%, 6-24, 30 C 151A 

soak,3-4h, 251C - 1%,2-3h, .OC - DSL 

soak,3-4h,250C - 1%, 5-7n,:5C - DSRL 

Lens culinaris ted!c. * Imbibe, 18h, then soak, 2-3h + 1%, 6-24n, 19VC + ISTA 

Lespcde;'aa SpP. + Imbibe or soak, 18h + 0.5-1%, 3-6h, 300C * IFTA 

soak, 2h, 250C - 1%, 3-5h, 40-L - DSRL 
+ soak, 2n, 250C - /%, Sh,25C - DScRL 

Lotusspp. + soak 22h / 0.9-1%, 6-24h, 300C * ISIA 

Luolnus Spp. 
mb1Ica9o sativa L. 

+ 

-

soak, 22h 
soak, 2h, 251C 

t 0.5-1%, 6-24h, 301C 

- 1%, 3-4h, ' 
0 
Lo 

* 
* 

ISTA 

DSL 
- soak,2h,25C - 1%, 7-8h, 250C o DSRL 

M d paaPP. + soak, 22h C.5-1%, 6-24h, 301C * ISA 

Mellictus SPP. + soak, 22h 00.5-1%, 6-24h, 300C 0 ISTA 

- soak, 2h, 250C 1%, 4-5b, 400C + SRL 
- soak, 2h, 251C 1%, 8-lOb, 25r-C DSL 

14cuna deerir ]iana (Bort) Merr. + soak, 22h 00.5-1%, 6-24h, 30---- ISTA 

Onobrychis viciaefolia Scop. + soak, 22h a 0.5-1%, 4-24h, 301C 1STA 

Obonis arvenss soak, 16h,20C 1%, 3h, 300C flovotna 
OrnihoDus satlivausBrat. + sojk, 22h a 0.5-1%, 4-24h, 301Y; + ISTA 
Phaseolus Spp. - Imbibe, 18-24h,then soak, 2-3h f 0.5.1%, 6-24h, 300C 0 ISTA 

- imbibe, 16h,250C - 1%, 2-3h, 40C 4 DSRL 

- imbibe,16h,250C - 1%, 6-8h, 250C 0 OSRL 
Pisuc satvun L. - Imbibe, 18-24h,then soak, 2-3h ± 0.5-1%, 6-2kb, 30-C 0 ISTA 

Pisla spp. - soak, 3-6h, 250C - 1%, 2-3h, 40C + DSRL 
- soak, 3-6h,250C - 1%,6-8h, 251C + D5RL 

Poeraria lobata (W1lld.)]hwi + soak,22 t 0.5-1%, 6-24h, 300C . 0 ISTA 
Trlfolius incarnatum L. - soak,2h, 25C - 0.5-1%, 2-4h, 40C * DSRL 

- soak,2h, 250C - 0.5-1%, 4-6h, 25-C . DSRL 

Ttifolium pratense L. - suak, 2, 250C - 1%. 4-6h, 40C 0 DSRL 
- soak, 2h, 250C - 1%,6-1Oh, 25"C , OSRL 

Trifoliucrepens L. - soak,2-3h, 250C - 1%,4-6h, 400C 0 DSRL 

- soak, 2-3h, 25C - 1%,6-10/h,250C . USRL 
Trifolium spp. + soak, 22h 1 0.5-1%, 4-24h, 300C + ISTA 

Triqonceilafoenumc-graeqcnL. soak,16h,210°C . 1%,4-5h, .l(C Novotca 

Vicla faba L. * soak, 22h t 0.5-1%, 16-24h,301C 15TA 

Vicla Spp. . 

-

soak, 22h 

soak, 3-4h, 250C 

1 0.5-1%, 16.24h,300-

- 1%,2-3h, 4 
0 
C 

. 

+ 

ISTA 

DSRL 

- soak, 3-4h, 25-C - 1%, 5-7h, 250C + DSRL 
Vlr spp. 0 soak, 22h a 0.5-1%, 16-24h,300C + ISTA 

- soak,16h.25-C - 1%, 2-3h, 400C , OSRL 
- soak,16h,250C - 1%, a-6h, 250C 0 DSRL 

LILIACEA. 
Allicacspa. - Imbibe or soak, lBh + 1%, 24-28h, 30C 0 ISTA 

Asparagus officinali., L. - imbibe or soak,18h 0 0.5-1%, 20-24h, 300C 0 ISTA 

LINACEAE 
Linu usitatissiuma L. * Irbibe or soak, 18h 0.5-1%, 6-24h, 300C + ISTA 

MAGNOL IACEAE 

Llraudendron app. 0 soak, ISbh 1, 24-48h, 30C 0 ISTA 

MAIVACEAE 

Althea rosea Cav. soak, 24h, 20-C 1%, 3h, 500C Nnvotna 
sossypicaapp. 0 

0 

Imb-cibeor soak, *a/ 
Imbibe, 16h, 300C 

, 
0 

1%. 6-24h, 300C 
0.5-1%, 1-2h, 40 

0 
C 

0 

-

ISMA 
DSRL 

tlmhlbe,16h,30C + 0.5-1%, 2-4h, 250C - DSRL 
Hibiscus canablnus L. - nil 1%, 4-6h, 400C 0 DSRL 
(ala sylveatris L. soak, 3h, 20-C 0.5%, 4h, 30C Novotna 

MORACEAE 

Cancubis satlva L. - Imbibe or soak, (Sb , 0.5%, 4-6h, 30C + ISTA 

- Imbibe or soak, 18h 0 0.5-1%, 70-24h, 31C0 0 ISIA 
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MYRT/ CEAE
 
Psidlum guajava L. 
 - nil 	 I%, 12-14h Sap 

OtEAC£AE
 
Fralnus spp. 
 o soak,18h + 1%, 16-24h,30- , ISTA
 
L Igustrui
spa. soak, 18h 11%, -8-24h, 301C * [SIA 

PALMALEAE 
Elsols julneensis 3acq. * 	 soak, 16h * %, it4h,280C Mok 
Qreodooa eia mK + 	nil I%,24.),30C - Soetisna 

PAPAVERACEAC 

Glaucium flavum Crantz soak,16h,20-C 
 0.5%, 6-8h, 30nC Novotna

Papaver somniferum L. -	 Imbibeor soak, 18h + 0.5-1%, 24-48h, 301W + ISIA 

PUDALIACEAE
 
Sesamumandicum L. 
 - imbibe or soak, 16h * 0.5-1%, 6-24h, 3C . ISIA
 

PINAtCEAE
 
Abies spp. 
 - soak,18h + I%, 18-24h, 30C + ISTAPirusrebra L. - soak,24h + 1%,24-36%, 30C + ISTA

Pinus cculteri D. Don 
 - soak,24h + 1%,24-36h, 30WC * [SIA

Pirus koraensis S-leb.
& Zuc. - soak,24h 	 . 1%,24-36%, 30oC + ISIA 
Plnus spp. 
 - soak, 8h + 1%, 18-24h,30C + ISiA
 
Psoudotsuga spp. 
 - soak, 18h + 1%, 18-24h,30C * ISiA 

PLANTAGIACEAE
 
Plantago lanceolata L. 
 soak, 24-30h, 200C 
 , 0.5%, 3h, 300C Novotna 

POLY=ACEAE
 
Fa.opyrum esculontus Woench -	 imbibe or soak, 18h * I%,6-24h, 30' . ISTA
 
Rheum palmatum L. 
 soak,20h, 20tC + 
i%,5h, 300C Novotna
Rtheu rhaponticum L. - imbibe or soak,18h . 0.5-1%, 6-24h, 30C + ISTA
 
Riur.xacetosa L. Imbibeor soak, 18h 
 + 0.5-1%, 6-24h, 300C * ISIA 

RHAJCEPAF
Rhar us spp. soax,18h 
 * i%, 18-24h,300C ISTA
 
ZLiztyhus
,aurltlana Lam. 
 nil 
 * 1%, 1.5h S R 

ROSACEAE 
Agri~ro'a eupatorla 
 soak,24h, 200C 
 1, 6h, 300-C Novotna
 
Amelanchler spp. 
 soak,18h 
 . 1%, 16-24h,300C * ISTA
 
Cotoneaster spp. 
 - soak, 18h + 1%, 16-24h, 3000 ISTA
 
Crataeoe..spa. 
 - soak, 18h + 1%, 16-24h,300C o ISTA
 
Malus sp[J. 
 - soak, 18h . i%, 16-24h,300C ISTA 
Prunis spp. * 	 soak, 18h 0 1%, 4-8h, 300C [SIP
 

soak, 18h 
 * 0.5%, 10-12h,300C ISTAPxs sp. soak, 180 1%, 16-24h,300C [SIA

kosa spa. 
 soak,18h 
 * 1%, 16-24h,300C o ISTA
Rubus spp. 
 soak,18n 
 i %, 16-24h,300C o ISTA
 
Sorbus spa. 
 - soak,18h * 1%, 16-24h, 300C o [SI/ 

MUB1ACFAE 
Coffea arabica L. 
 - soak,41 * 1%, 4h, 350C - G&V
Coffea ane~pora Pierre en rroesner -	 soak, 41 1%, 4h, 35-C - C&V 

PUTACEAE 
Citrus natsudaidaiHayala nil- * 0.1%, 3h, 400C - FAN 
Rota ravol, s L. soak,16-20h,200C 
 1%,6h, 300C Novotna 

SCRcO'R&All CEAE 
Olcjitalislan~ta Ehth. soak,1(h,200C . 0.5-2%, 5h, 300C Novotna
 
Verbascum thsifone irchrad. 0
soak,16h,200F . 0.5%, 4-5h, 30-. Novotra 

SM ANACFP
Atropa belladorw L.a soak, 16h, 20C * 1%, 10h,300C Novotna
Capsicum spa. - bibe or soak, 18h UU.5-1%,24h, 300C ISTA 
Lycnpersicon lycopersicun Karst. - imbibe or soak, 111 0.5-1%, 6-24h, 301C [SIA 
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NIc :iariarabaon L. 
P,j'a_.i :3.oscens 
So'.aNn -. _mena L.-

-

-

Imbibe, le-24n 

Imbibeor soak,len 
imbibeor Soak,18h 

* 0.5-1%,18-24h,301C 
- 0.5-1%, 18-24h,30C 
. 0.5-1%, 6-24h, 30-C 

* 

* 

ISTA 

ISTA 
ISTA 

Taxusspp. -
TAXACEAE 

soak, 18." . 1%, 24-48h, 30C ISTA 

Iaooliun disticun (L.) Rich. -
TAXLTCIACEAE 

soak,18 . 1%, 24-48h, 30C . ISIA 

Tillasp. soak, 16 
IILIACFAE 

* 1%, 18-24h,30-C . 1SIA 

Anethu r.raveolensL. 
Apium graveolens L. 
Archangelica officinalis Hoffm. 

Caru cdrvi L. 
Culius cymirum L. 
Daucus carota L. 
Levisticun officinalls koch 
PastInaca sativa L. 
Patroselhnum crispum Nym. 

-

-

U843ELLIFERAE 
Imbibe, 18h 
imbibe,18h 
soak, 20h, 20C 

Imbibe or soak,lPh 
Imbibe or soak,18h 
Imbibe or soak, 1bh 
soak, 16h,2GoC 
initibeor soak, 18h 
Imbibe or soak, 18h 

+ ;%, 20-24h, 300C 
* I1,6-241h,.0C 
. 1%,4h, 30°C 

* 1%, 24h, 30°C 
. 1%, 6-24h, 30-C 
* 0.5-1%, 6-24h, 300C 
. 0.5-1%, 4h, 30C 
+ 0.5-1%, 6-24h, 10C 
* 0.5-1%, 6-24h, 3,7C 

+ 

+ 

. 

. 

. 

+ 

. 

ISTA 

ISTA 
Novotna 

ISTA 

ISIA 

ISTA 
Novotna 

ISTA 

ISIA 

Valeriana officinalls L. 
Valerlanciia locusta(L.)Laterr. 

VALERIANACEAE 
soak, 16h,20C 
Imbibeor soak,iui 

* 1%, 3h, 301C 
+ 0.5-1%, 18-24h, 30-C + 

Novotna 

ISTA 

Vitis Sp. 
VI ACEAE 

scak, 16h, 3"OC . 0.5%, 2-3h, 40-C - A 
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subsequent evaluation of the seeds. One litre oi lactophurro solution can be prepared Irom 200 tril 
phenol, 200 nil lactic acid, 400 nl glycerin, and 200 ml water. 

Evaluation 

To evaluate the seeds it is necessary for the embryo and other essential structures (those necessary 
for the deseloprnent of normal seedlings - see Chapter I0) to be exposed. In many cases preparation of 
the seeds before staining will have already exposed the embryo and othter essential structures, but in other 
cases it maY be necessary to prepare the stained seeds for evaluation. Column 6 of Table 11.1 indicates 
whether any preparation for evaluation is required. The tpes of preparation required at this stage are 
generally simiilar to those given previously for preparation for staining. Additional shaving off of small 
slices of tissue may be helpful. 

After staining, washing aid any further preparation, the seeas, er dissected seeds, are then evaluated 
for stain intensity ar.d stain locatio;-. Often a low-power binocular Microscope or magnifying lens is 

required. The v:eds fal!into three groups: 

(1) 	completely stained and thus viable seeds; 

(2) 	 conrupletely unstained and presunmably non-viable seods; 

(3) 	patially stained seeds, the classification of which as either viable or non-viable is consitterably more 
difficult. The references at the end of thi3 chapter provide examples of the staining patterns 
observed in rormal pracrtice arid should be consulted for further advice. 

It should be noted that stain intensity (Colour) is also important. Viable tissues should stain a bright 
red (sometimes described as carmine red). Both pink and very dark red stains are indicative of dead 
tissue. This is particularly important for ,eeds of dicotyledonouns species where diffeiential staining rna) 
be observed on te surfaces of the cotyledons. Note also, however, that viable seed embryos wi:l be 
stained a very dark red colour if the staining period is too long. 

CALIBRATION OF THE "rETRAZOLIUM TEST 

The 	 tetrazolium test should not be regarded as an absolute test of seed viability. Before the results 
obtained cai used et,'ethebe with ('1onli test must first be calibrated. This requires a coomparison, for 
each spec r, of tie staiing patterns observed in tetrazolium tests with the results of germination tests 
on tire same acceionus %%here the results of the latter have not been confounded with either dormancy or 
poor seed qualit. : that is where all viable seeds are know tio have germinated. It is preferable to do 
this on several seed lotsoifdiffering percentage siability. Note also that, where imbibition injury, 
hardseededness or delaed iibibition has lead to geroinatior tests underestimating accession viability, 
tetraioliiii tests will suiffer Irorm the sare deficiency: although tie two test results will agree, viability 
will be underestiriiated. 1 iiis a good deal o! preparatory work is required before the tetrazolium test can 
be applied with confidence. Similar considerations apply to the idigocarm ine tes described below. 

THE 	 INDIGOCARMINE TEST FOR VIABILITY 

Indigocarmine (disodiim 5,5'-indigtin disulphonzite; soluble indigo blue) is widely used in Poland, 
Roumania, USSR and Yugoslivia for determining the viability of tree and shrub seeds. It is reported to 

be as arcuirate as tetrarol iUr s'aining procediuresl and has the advantage of being cheaper, antd safer 
(lower human toxicity) than totraz,nUn. 
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idigocarrine is a dark blue powder with copper lustre. In solution it is blue or bluisi-purp!e 

colour. Like tetrazoliurn it *s sensitive to light and theretore should be kept ii the darrk. Unlike 

tetrazolium, however, indigocarrine solutions staiir the dead areas of embryos. Siained areas are blue, 

whereas the live areas of embryos remain unstained. The following summary of the indigocarnmine method 

of testing seeds is largely based upon inlortation proirded by Rostovtsev arid Lyubich. 

Preparation of indigocarmine solution 

One gramme of indigocarinine will di%solve in I00 ml of water at 251C. Solutions of 0.05% (weight 

by volume; i.e. I g in 2 litres of water) indigocartnine are used for seed testing. However, not all of the 

indigocarmnine powder will be soluble; a proportion will be insoluble. Consequently for any batch of 

powder it is necessary to determine the proportior. of insoluble material. This is done as iollows. One 

gramme of indigocarmine is dissolved i. two litres of boiling water for 30 minutes. Alter cooling the 

solution is filtered and the weight of ,indissolved indigocarmine (after drying at 100"-105"C to constant 

weight) is determired (a). The proportion of aissolsed indigocarmine is thus 0I-a)/1. Thus to prepare a 

0.05% solution 1/(/-a) g o powder is boiled for 30 minutes in. two litres of water. Tlhis Solution is 

subsequently cooled and then filtered. Cooled boiled water (indigocarinine is likely to oxidise, hence 

boiling is required to remove dissolved oxygen) is then added to make the solution up to two litre:. The 

prepared solution should be stored in the dark for not rore than 15 days. 

Preparation of seeds 

In general seeds are soaked in water at 18'-20"C for I to 2 days with daily changes of water. 

Specific treatments have been provided for the following genera. 

Tilia Crack the fruits, puncture the seeds and immerse in water for 24 to 48 hours.
 

Cornus Soak for up to 3 days if necessary and dhen crack into hall. The halves with intact ermbryo,
 

are then immersed ir, water for two hours.
 

Corylus Crack the nuts arid soak for I to 2 days. Split into two. The cotyledon to which the radicle
 

is attached is extracted and the seed coat renloved.
 

Prunus Crack the stones (see the mothod described for the excised ertubryo test) and soak for two days.
 

Fraxinus Soak for 2 to 3 days.
 

As with the excised embryo and tetrazolium tests, the soaking treatments may result in itmbibition 

injury. Consequently it is necessary to consider the use of humidification treatmetnts (Chapter II). 

Staining of embryos 

The roist embryos are extracted and those undamaged by extraction are immersed in the dark in the 

0.05% indigocarmine solution for two hours. 

Evaluation of embryos 

Embryos of the above species are considerod viable if 

(a) the embryo is coniplete unstained 

or (b) there is only a fant stain at the radicle tip 

or c) there are only a few spots of stain on the cotyledons opposite the radicle 

or d) the embryo shows ionly pale surface staining. 
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RAPID VIABILITY TESTS 

The excised embryo, tetrazolium, and indigocarmine tests are used in the cornmercial seed trade as 
rapid tests of viability, where the delay associated with germination testing is unacceptable. In contrait 
gene banks are only likely to apply the.,e tests where dormdncy is suspected of confounding the rcetilts of 
germination tests. Several other types of rapid viability tests are used in the seed trade. In general we 
believe their application ir routine gene bank work will be limited. Consequently we have not provided 
full detaiis of the procedures to be followed. Nevertheless a brief description of several tests is provided 
here for background information since it is conceivable that they might have some rescarch application irt 
gene banks.
 

Seed leachates
 

Two types of seed leachate conductivity tests are used. In these tests seeds are soaked in a given 
volume of water at a set temperature and for a set period. This seed steep water is then decanted and 
the concentration of leachates in solution determined. In the electrical conductivity test the concentration 
of ions is determined with electrodes and a conductivity meter. In the Urine test paper method the 
concentration of sugars is deterr.iined by the change in colour of a urine test paper dipped in the solution. 
In both tests the greater the concentration of ions or sugars in the leachate the poorer quality the seed 
lot. However, it should be noted that it is difficult to interpret the results solely in terms of viability, 
since the results are also influenced greatly by the condition of the seed covering structures. (See 
Chapters to and 7 on imbibition injury to understand why this is so.) 

Glutamic acid decarboxylase activity 

The glutarnic acid ducarboxylase activity (GADA) test is made on unimbibed, homo:,enised seeds. In 
this test glutamic acid is added to 'he homogenate and the resultant evolution of carbon dioxide is 
measured; the rate of CO 2 evolution is dependent on the activity of the decarboxylases present within the 
se-'d homogenate. Thus the more carbon dioxide evolved per gramme of seed homogerate per hour the 
higher the viability of the accession. However, since the test has to be calibratnd for each cultivar it is 
unlikely to be of use in gene banks. 

X-radiography
 

Finally mention should be made of the use of X-ray techniques to provide rapid estimates of seed 
viability. These are discussed briefly in Chapter . 
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CHAPTER 12, THE STATISTICS OF SAMPLING SEEDS 
FROM ACCESSIONS
 

The purpose of this chapter is to explain the principles upon which the techniques and reconienda­
tions in the three chapters which follow (Chapters 13, 14 and 15) are based. It is possible, however, to 
follow the advice in those chapters without reference to the explanations provided here. Although the 

xarnples ased in this chapter refer mainly to gernination tests designed to estimate the viability of 
accessions and/or decide whether regeneration is required, the same principles apply to other viability tests 
(e.g. the tetrazoliUni test, Chapter II) and the sampling theory applies to samples withdrawn from 
accessions fir any purpose - e~g. seed purity analysis (Chapter 8), seed health testing (Chapter I), the 
estimation of seed noistire content and mean seed weight (Chapter 2), and the provision of sub-samples 
for regeneration, multiplication. evaluation or distribution. 

SAMPLING 

In earlier chapters it has been emphasised that an accession, or seed lot, is a population consisting 
of indiidual seeds some of which may be alive (viable) and sotte of which nay be dead (non-viable). If 
we wished to determine the proportion of seeds in the accession which were viable with absolute 
precision, then we should have to test each and every seed for germination. Clearly this is a oonsense. 
To cvoid this we accept something less than absolute precision and only test a sruall part of the accession 
for germination; that is a small sample of seed is abstracted fron the accession. The result of the test 
on this sample is :hus an estimate of the viability of the accession as a whole. For commercial seed lots 
sampling can be a considerable problem for, in extreme cases, a single seed lot can weign more than 40 
tonnes! With accessions in gene banks, howevur, the process of sampling is physically easier since 
normally ene expects to be sampling from a bulk of fewer than 20,000 seed.;. 

The problem of biased samples 

In sampling one is attempting to produce a copy of the cotiplete accession, but with fewer seeds. 
To do this the selection of individual seeds to comprise the sample must be randomi; that is Without bias. 
Selection of seeds by eye to produce the sample would inevitably lead to some form of ias; for example, 
the selection of regular, whole, plutop, shiny seeds in preference to broken, cracked, shrivelled, discoloured 
seeds. It is perhaps vorth noting at this stage a further imiportan reason for the offective randon 
sampling of seed frot atcessions in geue banks for germination testing: unless randorn sampling is 
practised, not only ma)y the estinin t- of whanever attribute of the access on is being tested for iii the 
seed sanple be in error, btit also the seeds reliaining it store in geneti(all lit('rgeneous accessions iiiay 
have lost genes fcont the gene pool through preferential sampling oh certain seed phenotypes. lit adoitnon, 
in but hgenetically '-nlogeneoo amid he Irn.lielo is acceSsilihs, the rellainllg seeds nay show poorer 
agronomi " features in the first gneratiloin - ottergeui ,, t.t. - due t',o high proportions of broken, 
shrivelied, or discoloured seers, etc. This oia jeopardize the regeneration process and alIso roight give 
breeders (;r evaluator!. of the accession a poorer, alnd hilts,, lnipresion :)f lithe gulletic poitenal ot the 
accession. It thus behoves gene banks to sariphe correctly (i.e. randomly) not only when sampling to 
rmonitor viability, but also when remioving seeds frilmi accessions for any other purpose. 
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There are a number of methods of sampling srnall numbers of seeds from larger bulks. Since 

accurate sampling is of such importance in gene banks, Chapter 13 discusse:, sampling equipment and 

procedures for those without any formal or practical training in _awpling methods. 

APPLICATION OF PROBABILITY THEORY TO ENSURE THAT SUB-SAMFLES OF GENETICALLY 

HETZROGENEOUS ACCESSIONS CONTAIN GENOTYPES WHICH REPRESENT A MINORiTY OF TIIE 

ACCESSION 

In genetically heterogeneous accessions staff of the gene bank most, to the best ,f their abilities, 

ensure that any one sub-sample derived from the accession ior evaluation or distribution contains genes 

which are reptesented in only a minority of seeds within the polation. Now classic probability theory 

statea that the probability of an individual vith a given character heing selected is given by the proportion 

of individuals within the population which possess this character. Thus if a character is present within 5% 
o. the seed population, then the probability that a seed with this character is selected whet, one -Ced is 

drawn at random from the population is also 596, or 0.05. Sirnilarl, the probability of not selecting a 

seeu with this character is 9j%, or 0.95. 

Probability of the presence of a character in a sample drawn from a genetically heterogeneous accession 

Now, of course, no seed bank intends to suppl) breeders with sub-sattples of accessions which 

contain only one seed. How then do we determine the probability that a sample from :n accession of a 

given number of seeds does, or does not, contain at least one individual with the (minority) characteristic? 

If -isecond seed were .ampled from the accession then the probability of this second seed showing the 

desired character is the srame as the probability calculated for the first seed. The two samplings are 

independent of each other; the result of the first sampling duoes not affect the probability of the second 

sampling. (In a large accession we can : tore the fact that removing a single seed from the accession 

will change the frequency with which characters are represented in the renjaining popnlaiion, since the 

change will be imperceptible.) Now if the p:obability of the character rot being present in the first seed 

is0.95, and the probability of the character not being present in the second seed is also 0.95, what is ti. 

probability of the character riotbeing presen' in either seed? The answer to this question is obtained by 

multiplying the two probabilities together. if v.e denote the probability of selecting seeds without the 

minority character by tiio symbol P(A), then if two seeds are selected the probability of the character 

niot being present in both seeds is given by P(A) times P(A). In this example this gives 0.95 x 0.95 which 

equals 0.902.. This can now be extended by saying that if n seeds are sampled then the probability of 

the character not being represented by at least one seed in tie sample is given by [P(A)Jn 
. Clearly the 

gone bank would wish if possible to provirJe sufficient seeds (that is increase the value of n) such that the 

probability of the minority character not being pr-sent in the stb-sampie provided for evaluation or 

distribution is very low. 

l a;ec oi these principles, Chapter 13 provides information ott the relationships between the 

probability of a character being preent in a sample, the frequency of the character to the accession, and 

sample size. Advice is aiso provided in Chapter 13 as to how to enstre adequate sample sizes when 

accessions o.so contain empty or dead seeds. No attempt is imade iere to suggest suitable sample sizes 

to ensure that the proportional conpostiot of genes within ti, sub-samlple accurately rellects tie 

proportions of the various genes in the original accession but, if necessary, the equations provided in the 

remainder of this chapter could be used for this purpose. However their main ftnction here is to 

deternine the acctiracy of gerimination test rinsslts. 
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THE BINOMIAL DISTRIBUTION OF ERROR RESULTING FROM RANDOMPERFECT SAMPLING 

Throughout this chapter the teirn viability will be used to describe either the estimated or true 
proportion of liveseeds in an accession. In the maJority of cases it is envis:iged that the tests applied to 
estimate viability will be gernination tests in which, if necessary, appropriate techniques to break 
dormancy (see Chapter 5) have been applied. Ievitabl, we : ve dtcide.d to iccept switsthm); less than 
absolute precision in our viability tests by only testing a sample of seeds from the accession - not the 
complete accession. But how precise is our estimate? 

The variation resulting fromn random sampling error can be estimated theoretically froin the bintornial 
distribution. This distributior. catl be used if the lotiwing conditions are satisfied. (Statements in 
parenthesis give explicit reaning for seed testing application.) 

I. The experiment consists of a fixed number of trials, denoted by the letter n. (n is the number of 
seeds samp:ed foreach viability test.) 

2. Each trial las only two possible outcomes, usually success or failure. (Each seed will prove either 

viable or non-viable.) 
3. The outcome of any one trial is independent of the outcome of any other trial. (The result of the 
test on one seed does not influence the result of testing any other seed in the viability test.) 
4. The probability of success, denoted by the letter p, is constant from trial to trial. (Each seed is a 
member of the same accession.) 

The effect of viability on the accuracy of germination tests 

For vae the dc,iation (a) resulting from random sampling error accardingsiability standard 

to the theoretical binomial distribution can be calculated froi the following equation 

o /[p(100-p)Inj (12.1) 

where p is percentage germnation, (100-p) is the percentage of seeds rtot germinatiig and n is the 

number of seeds tested. 

To consider the influence of percentage viability on the standard deviation let us ignore the value 
of n for the time being by setting it to the value I (the effect of sample size, n, on the accuracy of 
viability tests will be considered in the next section). Table 12.1 shows that as p moves from 50% 
towards either 0% or 10096 the value / [p ( 100 - p) I n ] declines. 

Table 12.1 Relationship between p and l/[p(100- p)/ n ), where n is I 

p 0 5 I 15 20 25 30 35 410 45 

or or mr or or or Or or or or 50 

p I00 95 90 85 80 75 70 6,5 6(0 

v'[p(100-p)/ 1 0 21.8 30.0 35.7 40 43.3 /15.8 47.7 if4;.0 41).7 50.0 

There are a number of points to note front Table 12.1. 

55 
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I. The relationship between percentage viability and standard deviation is symmetrical about 50% 

viability. 

2. The value V/[p(100 -1p)/nI is zero for 0% or 100% viability. This is because there can be no 
sampling error Ior the!;e values: if every s-ed in the acce.sicn is dead then it is not possible to sample 
a live seed; if every seed in the accession is alive then it is riot possible to sample a (lead seed. 
3. Fhe stdndard deviation, for a fixed sample size, is greatest af 50% viabilamy. 

4. Between 100% and 50% viability, for a fixed sample size, the .;tandard deviation increases quite 
rapidly at first but the increase declines progressively towards a plateau between 656 and 50,, (This can 
be seen mot: clearly in subsequent figures relating standard deviation, percentage viability and sample 

size.) 

The practical implication of this for seed testing is that, betweett jO% and 100% viability, test 
results on seeds sampled trom high viability accessions will more accurately estimate true acce.siun 
viability than results from the samie number of seeds sampled from accessions with poorc,- viability. 

Practical limitations to theoretical considerations 

At! the points made above relate to the theoretical binomial distribution. Do tire results of seed 
viability tests actually conform to this error distrihution? The general form of thu relationship between 

average actual standard deviation and percentage viability estimated from germination tests is very similar 
to ihat for the theoretical binomial distribution, but it is not identical. From our results with very many 
germination tests we have found that the agreement is very good between about '0%a to 20% and 

60%to IOU% germination. Thus we can conclude tha& within these two ranges of percentage germination 
variation in test results of sampled seeds is solely due to the random selection of seeds. Between about 
20% to 80% germination, however, the average actual standard deviations terd to be greater than the 
binomial distribution would predict. It is not difficult to suggest why this might be. We have already 

noted in Chapter 4 that the result of the germination test is much rore vulnerable to slight differences 
in test conditiona for seeds of accessions with intermediate levels of gvrminJtiun (particularly those 
accessions where viability is close to 509. than for accessions with very high germination. We can 
conclude then that between 20% to 80% viability variability in, gcrminatioii test results is brought absut by 

both random sampling error and imperfect test conditions. In practice seed testers can ignore this 
discrepancy between the theoretical and actual error d:stributions, since the majority of decisions relating 

to gerrilnation test results will be for accessions with greater than 8096 viability (because, as explained 
elsewhvre, regeneration standards will normally be above this value). Thus for high viability accessions 
the binomial distribution of error provides -in adequate basis for evaluating seed testing procedures and is 

applied in the lo'lowing sections. 

The effect of sample size on the accuracy of germination tests 

Figure 12.1 plots the standard deviation predicted by the binomial distribution ag.inst percentage 
viability for several values of n, the nimber of seeds used for each test. Clearly the larger the sample 
size the lower the theoretical standard deviation. Note, however, the diminishing returns effect: the 
derrease in the :,tandard deviatio, is not proportional to the increase in the number of seeds tested but 
to the increase it the square root of the n'irrber of seeds tested; 'or example increasing the size ot n 

from 1U0 to 200 seeds reduces the stdndard deviation by about 30%, whereas a further increase iii n by 
100 to 300 seeds reduces the standard deviation further, but only by about 10%. Note also that the 
standard deviation for 100-seed tests at 95%, viabiiity is very similar to the value for 200-seed tests 
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Figure 12.1 Relationship between standard deviation and germination (%) for sample sizes 
of 100, 20G, 300, 400 and 1000 seeds predicid b) the binomial theorem. 

40 

0 50 100 

Germination (M) 

at 9C'16 viability, which in turn is ver! similar to that for 400-seed tats at 80% viability. This can be 
expressed in a slightly more useful way: as viability declines from 100% to 50% more seeds need to be 
sampled to maintain a constant degree of accuracy. This point will be returned to in a subsequent section 
of *his chapter. 

CONFIDENCE BOUNDS, LIMITS OR INTERVALS 

Confidence statements are often used by seed physiologists when reporting results, for this reason 
an explanation of these terms is provided here. It should become clear, however, that confidence bounds, 
limits or intervals will have little or no practical application for decision-making procedures in gene banks. 
Consequently any reade7 who does not need an explanation of these terms can skip this section. 

If we carry out a viability test on seeds sampled from an accession we will obtain a value for 
percentage viability (p in the equations which follow). Wc do not believe, however, that this estimate is 
the true value for the accession whole. we hope the of andas a Bu!, do that values the estimate true 
viability are reasonably close. To derive some sort of range of confidence in our estimate of the true 
accession viability we can define what is knowr as a confidence interval. This is normally represented as 
c, d where c and d are two values of, in our case, percentage germination; c is the lower confidence 
limit (or bound), d the upper confidence limit (or bound) and the range of values between c and d tile 
confidence interval. We must also give ideasome of how likely true accession viability is to be within 
this confidence inter/al, or what is our degree of confidence in the confidence interval. The two most 
common values used for th ! degree of conlidence are 95% and 99%, and the confidence interval of a 
viability test is reported as - the 9596 confidence interval is c, d. If a s the degree of confidence 
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then the confidence interval is calculated as follows for percentage values, 

p - (Za/ 2 .o+50/n) to p i (Za/ 2 .0+501n) (12.2) 

where Z is the value obtained from standard normal tables. We can substitute equation (12.1) for the 

value of the standard deviation, a, in the above equation and make this a little neater by writing as 

p ' [(Za 2 ,'/(p(100-p)/n)) + 50/n] (!2.3) 

For a 9)5% degree confidence Za/ 2 = 1.96 and for a 99% degree of confidence Za/2 - 2.575. 

Thus for a 400 seed test result with percentage viability estimated at 90%, the 999o confilence interval 

is calculated as follows: 

90 - [(2.575.490 x 10/400)) , 50/400] 

which gives 90 ± ((3.8625) + 9.125) 

or 90 1 3.9875.
 

Thus thu 99% confidence interval is 86%, 94%. This of course is a theoretical confidence interval. 

In practice the value of a used should be that obtained from variations between different viability tests. 

The value (50/n) is a correction factor enabling us to use the normal distribution to derive the value 

Za/2' In practice when the sample size is large, as in the example above, its value is negligible. A 

simplified version of equation (12.2) for large seed numbers is thus 

P f (Za/ 2 ' a) (12.4) 

It is important to note that a confidence statement is nol a probability statement. In the example 

above The 99% confidence interval is 86%, 9496' does not mean that there is a 99% probability of the 

true accession viability being between 86% and 94%. All this confidence statement means is that if we 

were to draw a large number of samples from the accession and find the confidence interval for each 

sample, then true accession viability would be within about 99% of these intervals. This is why 

confidence intervals are ol no practical use in gene bank decision making procedures. In gene banks we 

wish to be able to make a decision after each and every viability test, and we wish to be able to attach 

probabilities of error to these decision-making precedures. 

A SIGNIFICANT LOSS IN VIABILITY: THE TWO-TAILED TESt 

One form of decision-making procedure of potential interejt in gene banks is the following question. 

Has a significant loss in viability occurred since the accession was first placed in storage? To answer 

this question we must compare two values of percentage viability. The first value is an estimate of true 

accession viability when originally placed in store. The second value is an estimate of true accession 

viability at the present tine. That is both values are estimates. Consequently both are subject to random 

sampling error. 
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The null hypothesis 

In tests of significance we must first assume a null hypothesis. Here, to examine whether a 
difference between two percentages is significant, the null hypothesis that we test is that both values are 
eqial to the mean of the two values, and we determine the probability that this hypothesis is true. The 
test is known as a two-tailed test because the two percentages p, and are located either side ofP2 

the mean value p = (P1 P2)/2. To deterrmn'" the probability of the r,n: hypothesis being true we use 

the value of the normal deviate Z, where 

Z z (PI - P2 )/"/[p(10G - p)(I/n I I/n 2 )} (12.5) 

and nI and n2 are the number of seeds tested on each occasion. 

Again a correcticn factor is applied to enable the normal distribution to be used in this analysis, 
where p1 is not the initial estimate of percentage viability but 100 times the number of seeds initially 
estimated to be viable divided by the number of seeds tested, minus 0.5; similarly is not theP2 

percentage of seeds estimated to be viable after storage, but 100 times the number of seeds estimated to 
be viable after storage divided by the number of seeds tested, plus 0.5; and p, is greater than P2. 

As an example in the ust of equation (12.5) let us consider that 400 seeds sampled from an 
accession when it was first put into store gave 95% viability and 400 seeds sampled from the accession 
after a period of storage showed 91% viability. Now p = 93% and applying the correction factor gives 

Pl = 95.12(=100 x 380/399.5) and P2 = 90-89(='or x 364/400.5). 

t'hus Z - (95.12 - 90.89) / /f93 x 7 (1/400 1/400)) = 2.345 

Looking up Z in normal tables gives the two-tailed probability of 0.019; that is 2 x 0.0095 since this 
is a two-tailed test, p, and P2 being both sides of p. Thus we can reject the null hypothesis because 
there is a significant difference with the error probability less than 0.025 but greater than 0.01. Now the 
above is an average result, and we can a:tach a further probability to it. That is the probability of 
achieving this result is approximately 0.5. Suppose that the gene bank managemcnt decision procedure 
specified that it was desirable for accessions to be regenerated after a 4% loss in viability with an error 
probability of 0.0. and with a probability of 0.95 of achieving this desired result. How many seeds would 

we need to sample for each test of accession viability? 

Number of seeds required to detect a significant loss in viability 

This can be determined ising the following formula 

2
 2
n = (Za + Zb) .[Pl(100 - pl) + P2 (100 - p2 )]/ (P2 - P1 ) (12.6) 

where n is the number of seeds required for each germination test, Za is the normal deviate 

corresponding to the two-tailed significance required (a - 0.05 in this case) and is zhe two-tailedZb 

probabilit) of obtaining the desired result (if the desired probability of achieving this result is 0.95 then 
the error probability is 1-0.95, and b = 2(-0.95) = 0.10). If pl 95% then, for a 4% loss1 in viability, 

P2 is 91%. 
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)2
Now Z 1.96 and Zb = 1.645. Thus (Z ' Zb = 13.0a a 


2
and n 13(95 x 5 + 91 x 9) /(4) = 1051.4 seeds. 

This example calculation emphasises that very large sample sizes are required to detect reliably a 

small loss in viability! Moreover, in addition to the requirement for large sample sizes, other considera­

tions also suggest that tich a two-tailed test is undesirablu in gene banks. During the long period 

between accession viability monitoring tests there is the possibility of turnover in gene bank staff, 

equipment and even, perhaps, viability test procedures. Comequently the comparison of two test results 

on an accession in a two-tailed test may be subject to greater errors than would be predicted on the 

basis of random sampling error alone. 

COMPARISON OF TEST RESULTS WITH A FIXED VALUE (e.g. THE REGENERATION STANDARD): 

THE ONE-TAILED TEST 

What would happen if the gene bank compared the result of a viability test of seeds sampled from 

the accession after a period of storage with some fixed value (rather than with a previous test result)? 

We can call this fixed value the regeneration standard, this being the value of true accession viability 

at which we would like to ensure that regeneration is instituted: only if the test result i5 substantially 
higher than this value will we be reasonably confident that the true ambility of the accession is above 

the regeneration standard. See both Chapters 14 and 15 for a further discussion of the regeneration 

standard and the probability of regeneration. 

Number of seeds required for comparison with fixed value 

ior a one-tailed test the number of seeds required, n, is calculated from the following equation: 

n r [(Za'/{PI(l00_P)) 4 Zbl/{P 2 (l00-P 2)))/(p 2-P)]2 (12.7) 

where p, is the regeneration standard and Za the value of the normal deviate for the one-tailed 

significance level a where a is the probability of rejecting the null hypothesis when the true accession 

viability is equal to the regeneration standard, P2 is a higher value at which we require a high 

probability of rejecting the null hypothesis, that is a low probability (b) of accepting the null hypothesis 

and ZI1 is the value of the normal deviate for this error probability. Figure 12.2 provides further 

illustration of the meaning of these values. 

If we return to the values used in our example of the two-tailed test we can demonstrate a 

considerable saving in the number of seeds required for each viability test if a one-tailed decision making 

procedure is applied. 

Let p, z 91% (the regeneration standard) with the probability, a, of rejecting the null hypothesis 

set at 0.05, and let p2 95%, the higher value at which the probability, b, of accepting the null 

hypothesis has also (though it need riot) been set at 0.05. 



- 146 -

Figure 12.2 Relationship between tihe probability of regeneration and true accession vizhility for 
fixed sample size germination tests of 430 seeds. The three closed circles on this curve show 
where the probability of regeneration is 0.95, 0.5 and 0.05. rhe probabilities a arid b and the 
viabilities p and are components of equation 12.7 and their values in this figure are theP2 

same as those in the example in the text below. 

Ia 

- 0.50 
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Thus, fretrr equation 12.7, the number of seeds required in germination tests i5 given by 

n = [(1.645 /(91 x 9) + 1.645 1/(95 x 51)I(95 - 91)] 
2 

= 429.8 

i.e.a saving of almost 600 seeds.
 

Thus an earlier, provisional, recommendation of the IB1PGR which suggested the regeneration of 
accessions after a significant loss of viability of approximately 5% had occurred implied two-tailed tests 
which require very large numbers of seeds for each viability test. The acceptance of a single regeneration 

standard for all accessions of a species (which is now recommended) erables a one-tailed test to be used 
which, as we have shown here, results in a considerable saving of seed. 

FIXED SAMPLE SIZE TESTS 

This tern. means simply that each time a test of viability is performed the same number of seeds 

are always sampled from each accession. For example, in seed testing stations 400 seeds are sampled 
from seed lots for germination tests (with the exception of certain tree species where the number of 
seeds tested is based on weight). iince this is a large number of seeds they cannot all be tested easily 
as one group, neither is it desirable to do so; instead they ure divided into -eplicates of either 100, 50 or 

25 seeds each. Now an interesting problem can arise when several replicates are used. We have already 
noted that the germination environment car be less than adequate. Suppose that in a fixed sample size 

test of 400 seeds one replicate suffered from arn oxygen shortage. If we were to include the result from 
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this replicate in our estimate of percentage germination then we would expect this result to b.- less than 

the best estimate should be. If we were certain beyond reasonable doubt that this particular replicate had 

not been tested under the appropriate conditions (for example, if it had ohviouslv dried out) then we 

could exclude the result of this replicate from our calculation of our esitimate of accessiu germination. 

Now such a decision would, to a certain extent, be subjective. Ii applied regularly it would he of 

doubtful validity becauise we might exclude replicates with lower percentage germination results when this 

was not justified and thus bias upwards estimates of accession germination. Consequently an objective 

method is required for deciding whether to include or e,,-'ude the results of a replicate giving lower 

percentage germination from the calculation of the estimate of accession germination. 

Use of replicate results from a fixed sample size test 

Such an objective method is provided by the use of tolerance tables. We have already discussed the 

binomial distribution oi error. This distribution enables us to calculate, for a given probability, the 

expected variation between the resuits of replicates which is caused by random variation alone: if the 

result of one replicate is outside the range expected then we car, objectively now, assume that this is 

because of some factor other than random variation - that is an environmental factor - and exclude this 

result ftom our estimate of accession germination. Chapter 14 provides a wide range of tolerance tables 

which have been especially calculated fot gene bank use, together with an explanation of :heir application. 

Tolerance tables can, of course, be applied to the replicate results of any other test of seeds sampled 

from an accession; e.g. the tetrazolium test for viability (Chapter II), or a test of seed purity 

(Chapter 8). 

THE SEQUENTIAL PROBABILITY RATIO TEST 

The major drawback with fixed sample size tests is that sample size is dependent upon the worst 

possible situation in which a decision has to be made. Figure 12.1 demonstrated that a 100 seed test of 

an accession of 95% viability has approximately the same average standard deviation as a 200 seed test 

of an accession of 90% and that both valucs iare similar to that for a 400 seed test of an accession of 

80% viability. That is these three tests are approximately equally accurate: the higher perceitage 

viability (between 5096 and 100%) the fewer the number of seeds required to obtain the same degree of 

accuracy. Moreover there is a second factor to consider if the same regeneration standard is to he 

applied for all accessions of the same species regardless of initial viability. This second factor is the 

difference between true accession viability and the regeneration standard, the denominiatorin equation 12.7. 

Consider a regeneration standard of 85% with a probability of rejecting the null hypothesis (i.e. 

deciding not to regenerate) of 0.05, Now if we wish there to be a 0.05 probability of accepting the null 

hypothesis (accession viability is less than or equal to the regeneration standard) when true accession 

viability is in fact 90% we will need to sample the following nunlber of seeds for each test - calculated 

using equation 12.7 since it is a one-tailed test, 

2(1.645 /[85 x 15} . 1.645 V(90 x 10))/(90-85) = 467 seeds 

Let this be our worst case. If a fixed sample size of 1167 seeds is used for esery test of viability 

on each accession then we can work out values of the probability of regenerating in error, b, at higher 

levels of accession viability. For example, substituting in equation 12.7 for a true accession viability 
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of 93% gives: 

[(1.645 /(85 x 15) . ZbV(93 x 7))/(93-85) ]2 467 

where Zb has the value 4.47 and thus b, the probability of deciding to regenerate an accession in 
error, is less than 0.00003. 

This means' that if 1;67 seeds of each of 100,000 accessions, each with a true viability of 93%, were 
tested for viability then decisions to regenerate (in error) would only have been made for three of the 
accessions. For argument's sake let us just consider how many seeds would be necessary for the 
probability of regeneration to be 0.5 at 939% (ol course this would be undesirable, but the reason for doing 
this should become clear later). It the probability of deciding to regenerate is 0.5 then the appropriate 
value of Zb is 0, which makes the calculation much simpler. 

In this case n - [(I.S45 v/(85 x 131)/(93-85))
2 

53.9, or 54sseeds. Table 12.2 shows how the value 
of n is affected by substituting for various values of b, the probability of regeneration, in 
equation 12.7 where has theP2 value 93%, and also where P2 has the value 90%. 

Table12.2. The relationship between the probability of regeneration, b, and the number 
of seeds tested, n, determined from equation 12.7 where p1 85%, a 0.05 
for values of P2 of ')00 or 93%. 

Probability of regeneration 

0.05 0. I 0.2 01.3 0.4 0.5 0.,6 (1.7 0.8 0.9 

P2 Number of seeds, n 

90 467 377 282 175
221 13A 105 74 45 17
 

93 f58 130 100 81 66 54 3243 22 I1 

Now it can be explained why the requirement for 467 seeds when true accession viability is 90% 
and the desired probability of regeneration (in error) is 0.05 represents the worst possible case in the 
previous example. Let us describe Table 12.2 a little differently. If we had carried out ten tests of 
viability with only 17 seeds per test on an accession of 90% true viability then in 9 of the tests we 
would have decided to regenerate the accession (in error). B~ut on one occasion we would have decided 
to maintain the accession in store. Consequently for this one test if we had sampled 467 seeds (as 
required by our fixed sample size test) we would have wasted 450 seeds. As ,. further example, if true 
viabiity were 93% then in only 5% of tests would it have been ntecessary to use more thi.n 158 seeds, 
b:at with the fixed sample size test 167 seeds must always be samIpled amid tested. Thus to cater for our 
worst case when p. - 9096 and b 0.05 entails using considlrably imore seeds than is necessary for 
the majority of decisicois. What we need is an alternative to the fixed samnple size procedure which uses 
only as many seerls as are necessary or each test to ensure that true accession viability is greater than 
the regeneration standard with an acceptab!y smoall probability of error. 
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Samp!e size not pre-determined 

Sequential analysis is the name given to just such a procedure. Its essential feature is that the 

number of individual seeds required by the procedure iq riot pre-detetmined (that is, the sample ,ize is not 

fixed) but depenus on the results of all previous observations. Consequently, on average, a sequential 

test will require substantially fewer seeds than equally reliable fixed s,,iple size tests. In the simplest 

form of sequential analysis a single se,d would be 5ampled from an accession and tesltd for viability. 

The result will be either pasitive (the s -ed is viable) or nega tive (fO Ce(li , on-sjable). )eoending upon 

the result one of three decisions is made; to terminate the test and keep t it a ession in tore Until 

the next monitoring test is due; to terminate the test and regenerate the dCcessio,, as soon as possible; 

or to continue the test by sampling a further eed from the accession and carrying out a !urther test. 

In the latter case the combined results of all tests are used in the subsequent de-ision making procedures. 

The grouped sequential iLst procedure 

In the majority of cases where germination tests are used to estinate viahility this simple torim of 

sequential analysis would be impossible because of the length of time between sampling an individual seed 

and obtaining the result from the germination test. However, a very worthwhile compromise can be 

achieved by adopting a grouped sequen:ial test procedure. In this procedure a group of seeds (for 

example, 40 seeds) are sampled from the accession at a timme. Depending upon the results from the first 

group of seeds it might be possible to reach a decision but, if net, a second group of, say 40, seeds may 

b( tested. And so on. The grouped procedure does not save as many seeds as Table 12.2 itight 

indicate, but the savings are still, nevettheless, quite substantial compared to equivdlent,'equally reliable, 

fixed-sample size procedures (Figure 12.1). 

Number of seeds saved dependent on true accession viability 

Figure 12.3 shows that tite number of seeds saved by the grouped sequential test procedure depends 

on the true sdltieof accession viaoility. In this example the savings resulting from the adoption of the 

sequential test procedure 'ompared to the equivalent fixed sample size test are greatest at very high 

viability and decline until at 87.645% viability the saving is comparatively small. Below 87.645% the 

savings of the sequential procedure again increase. Why are the savings least at 87.6456? Substituting 

the value 87.645 for and 467 for n in equation 12.7 gives:P 2 

467 = [(1.645 /{S5 x 15) . Zb v/(87.645 x 12.355))/ (87.645-85) ]2 

and thus Zb = -0.0176
 

and consequently b = 0.52 

In other words there is, on average, no potential for saving seed when the viability of accessions is 

approximately midway between p, and because this is the point where it is the most difficult toP2 


make a decision either way. This can be seen more clearly by comparing the relationship between the 

probability of regeneration ard true accession viability artd the average number of seeds tested and 

true accession viability (Figure 12.3). The sequential test procedure requires most seeds when the 

probability of regeneration is 0.5. It might be thought that at this value the average number of seeds 

tested for the sequential procedure would equal the value (467) of the equivalent fixed-sample size test. 

However this is not so because the distribution of the nomber of seeds required for individual sequential 
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Figure 12.3 Thtyoperating characteristic (A) and ec.xiomy(B) of a sequential Germination tnst proccdure. The example shown 
is for 40 seed grnups using the sequent'al ge:mlnation tmst pla-ishown in table 15.5 (Chpter 15). The snlid curves ar" 
the theoretical values, the solid circles the results of in experlie':t to test the validity of the theuiy. The broktn 
horizontal line in 8 indicates 'he nurber of seeds required (4v7) for a fixed samplc size test of equal reliabillty. (From 
Ellis, R.H. and Wetzel, H. (1983). Recent c.velorerts on arpiylng sequential analysis to gene bank seed viability
 
monitoring tests. PlantCe,.etlcResources Nexslettei,55, 2-15.)
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test procedures is not distributed uniformly. This is demonstrated for tnatw different lovels of accessiun 

viability in Figure 12.4. When true accession viability is high, and thus the probabihliy Af regenerat!oh I% 

very low, the average number or seeds tested is low' and the distribution for many uCce:,sions at this 

level of viability is narrow. In contrast when the probability of regeneration is ,dose to 0.5 the average 

number of seeds tested is much higher and the distribution mulich Lroarier. In fact the distribution. shown 

can be open-ended - particularly whet is close to the value where b 0.5 (Figure 12A.). In z fewp2 

tests it ray be impossible to conclude the sequential test procedure ,vithin a reasonable nuniber of groups 

of seeds. Nevertheless this is not quite such a great problem as it may seem imtially. If an excessive 

number of groups of seeds have been tested without a decision being realied then we taat assume that 

is clone to tire value where b 0.5. Since b 0.5 by definitutin we do tiot itind whetner this 

accession is regenerated or not but since seed tiumbers have beem depleieo by the tmonitoring test for 

viability we iney as well regenerate and nut test further groups Of seeds. Chapter 15 gives further advice 

on truncating sequential tests before a decision u, reacned. 

P2 

Much work has been done developing sequential test procedures that can be used with confideice if) 

gene banks. Chapter 15 provides a number of sequential test plans for various regeneration standards 

(i.e. different values of p,) and different tirmbers of seeds per test together with a clear explanatioi of 

how to apply scquenuial test procedures. It is recommended, for example b tihe If, 'GR Seed Storage 

Conmittee, that gene banks adopt these procedures for routine tonitoring of accession viability during 

leng-term storage. 

The major advantage of the sequential test approach to monitoring accession viability in loig-term 

seed storage is that it rmininises the waste of limited and valuable seed resources for tnonitoring tests 

early ori in storage (that is when true accession viability is consideraoly greater than the regeneration 

Figure 12.4 Frenuenry distributions the of Jrouis boere nrxxm ge-rrlrat tonot oumber 'o seed tested -onc-ioing ren~matiu, 
tests at eac of the 19 levels of percentage viasility sh rv. Olin jrd cies;.! histograims Indicate tests in wnich the 
declsvon was made to regenerate and not to r-qenenate thew "ccesslr, r',spectiv-ly. The histogiams with vrticul lrIes at 
certao. levels of vlaollity indicate the nt,nber of let 'e querce which were riot concluded afte. 15 9rf)'jps of 40 seeds 
had Lemn tested. (Source as for Figr:e 12.3.) 
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st-ndaid) ind yet at the sawLl time is as reliable as nore wasteful fixed sanle tsts to intinise tile 
possibility of tinstakenly regenerating the accc,;sion long before 't is necessary. The aCual saving on 
seed throughout the storage life of an accession which is obtained by using the sequential test approach 
is difficult to quanitfy. It will be very dependent upon the level of initial viabillty at the beginning of 
storage. The higher this is the greater the saving. An attempt has been made to estinate the saving in 
a pactical experiment siniulating long-terin storage with a gradual dec'line in sceod viability with period 
of storage. In this simulation - admittedly viil a high viability accession - the saving of seeds was 
substantial - the sequential !est only requiring one timd the numiber of seeds as the equivalent fixed­
sample size procedure. In practice then, it should be possible to achieve a saving of rouglly 50% over 
equally reliable fixed sample size tests. 

THE CUMULATIVE PROBABILITY OF DECIDING TO REGENERATE 

It should be rioted that, whether a sequential or fixed samlple-size procedure is adopted, the 
probabilities oi making each decision (keep in store or regenerate) apply to a single rnonioring test alone. 
In practi'-e it is lil.;ely that accessions will be monitored on a number of occasions before the decision is 
taken to regenerate. We should therefore consider the cuniulative probability of regeneration throughout 
accessions' storage lives. It can be deinon trated ver, e.aDily that this will Oe higher than the 
prohabilities given so far. 

For the sake of argument, assume that 100 accessions each hav a true viability of 95% when placed 
in store and thIt we are usir,,,*a test with the operating characteristic shown in Figure 12.3. (This could 
h'e either a sequential test or a fixed sample size test.) Further assune that each is monitored for 
viability on 4 occasions when true accession has fallen to 92.3%, 90%, 87.5ke and 85. Now from 
Figure 12.3 the probability of regeneration at 92.5% is only 0.001 and we can assule that all 100 
accessions are kept in store until the next monitoring test. At 90% germination the probability of 
regeneration is now 0.05. This fire of our accessions will b- regenerated (prematurely) and only 95 be 
kept in store until tile lext tmoni toriig te;t. At 87.-% the probability of regeneration is approximately 
0.5. Thus half of the 95 accessions (say 48) are r,-generated (-,lightly preimaturely) and only 47 rernain in 
store. At 85% the probability of regeneration is 0.95. Thus 45 of the 47 accessions are regenerated 
and only 2 remain in store. Thus the cumulative probabilities ol regenration since accession receipt 
at the subsequent mtioniitoring tests would be 0.00, 0.05, 0.33, 0.98; riot the values 0.P, 0.05, 0.50 and 
ri.95 which correspond to the piooabilities for a single monitoring test. 

The effect of frequent nonitoring on the cumulative probability of regeneration 

The diIlerenres between lhe two for gene banks which monitor acce.sion viability intfrequently (s~iy 
on four occasions throughout acce;ssion storage life) are only slight and need nut bn of conicern. Brut note 
that the frequent monitoring of accession viability would result in a (onsiderable increase in the 
cumulative probability of regeneration and would, thus, tieed to be taken into account. 
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CHAPTER 13, PRACTICAL ASPECTS OF SAMPLING SEEDS FROM ACCESSIONS
 

In normal seed testing practice the term sampling describes procedurcs whereby a small sample of 

seec's is removed from a large seed lot. The various tests then perforned ii seed testing statio;is are 

carriec out on working samples derived from the submitted sample by sub-sampting. Thus the sampling 

of seeds from accessions in gene bnks for whatever purpose (laboratory tests of viability, germination, 

mean seed weight, purity, health, or moisture, or for regeneration, multiplication, evaluation or 

distribution) corresponds to sub-sampfing in seed-testing stations. 

The reascns why randem sampling -within gone banks is essential every time seeds are removed from 

an accession in store iiave been provi6ed in Chapter 12: any test oil an, unrepresentative sample of seeds 

fron an accession may be misleading; and on all occasiuns when seeds are removed from the accession 

those removed should be samp!ed randomly. The first part of this chapter provides information on the 

different methods which can be used to sample seed accessions randomly. 

To sample seeds from an accession in storage will require the temporary retnosal of that accession 

froni the coldroom. To avoid moisture from tile laboratory atmosphere condensing ol the very cold seeds 
.t h&s been recotmmended that the opening of the container in which the accession is located be oelayed 

until the seeds have %armed up - see the 1982 Report. Moreover, to a%oid any increase in tile moisture 

content of seeGs in tile accession which are returned to the coldruomn after the sample hah been removed, 

the 1982 Report recommends that the opening of and sampling from each container take place in a low 

temperature, low humidifty environment similar io that maintained in the drying room. The second part 

of this chapter considers the s3mple si;::-s required for the regeneration, multiplication, evaluation or 

distribution of seeds frote genetically heterogeneous accessions. The final part of this chapter considers 

tile practice of storing a single accession in more than one container. 

RANDOM SAMPLING PROCEDURES 

Apart fromn the differences between individual seeds in viability (Chapter i), dormatincy (Chapter 5) 

and, in genetically heteregei-ous accessions, genotype, seeds within accessions also differ in size and 

density. Further, broken or empty seeds (Chapter 8) and other plant or soil debris (Chapter I) miay be 

present. If any seed container is shaken, or repeatedly ntoved, then separation of tile contents will occur: 

the denser material moving towards the bottot; the lighter imaterial moving towards tile Iop. 

Consequently within any container in) store, or in the drying rootm, the seed bulk may not be homogeneous. 

Mixing 

There are two simple stages in randomn samtpling fron seed accessions. First, because the 

distribution of seeds wit;hin the container muJy not be hotogetteous, the accession is thoroughly mixed. 

Then the required sample from the accession is obtained; either by repeated halving of the accession; 

or by abstracting iany small portions of seeds frott the accession at randomn atid subsequently combining 

them. 
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Figure 13.1 Illustration (if sirnple sanipling tl:hniques. 

14 ta 

Ai-4'LI 	 03 iij~3 	 4 

Nj*' 

(i) Method of pouring seeds -it on working (ii) Using a ruler to halve a sample poured out 
surface (arrows indicate pouring 'nos'ernts). (as (M) onto a workhng surface. 

CA+6 oi)..J,

(iii) 	 Use of a grid to halve a sample. (iv) Seeds retmlainirIg in cells with a bottori are 

removed to obtain the sample. 

e' .	 ­- ____ 

(Xir
 

?I0 0 ­

','- "o
 

(v) Detmiunstration of pie method of sampling (vi) FDeHmioi',t ation o randon cups InOthod of 
showing two slices being removed from the pie. sampling. I)iNstrblt iOn Oflseds shOW to (I1itlll 11­

strate iwethod of puiring 
practice se,_d distribution 

out sC ds (as (M)). 
w,,ill be ut lifomili. 

In 



- 155 -

Mixing of the accession is best achieved by using one of the halving proceduies described below, but 

after halving both halves are then blended together, then halved again and, finally, the two halves 

blended together again. Occasionally a third halving/blending cycle may be required. Blending is achieved 

by slowly pouring the two halves together at the same time and with the same flow rate through a 

hcpper or funnel into another container. 

Number or weight of seeds sampled 

To obtain sufficient seeds in the sub-sample the operator must first determine, or estimate, the 

appropriate number or weight of seeds required. (If the requirement is for a given number of seeds the 

mean seed weight can be used to calculate the required weight of seeds - see Chapter 2.) The ooeratur 

should then aim to obtain a sample which is marginally heavier than the required weight - in oider to 

ensure that sufficient seeds are present within the sample. However, it is important that the actual 

number (or weight) of seeds removed is recorded on tle accession management file; otherwise the 

accession may become unwittingly depleted (see Chapter 2). 

Repeated halving 

To obtain a sample froin the previously mixed accession by repeated halving entails dividing, without 

bias, the accession into two equal parts, and then repeatedly further dividing one part each time until 

the sub-sample has been reduced to the required size. Thus to obtain a sub-sample one-eighth the size 

of the accession requires three hlmvings (21 - 8) but to obtain a sub-sample only 1/256th of the accession 

(for example, to obtain a 40 seed sample from an accession containing slghtly more than 10,000 seeds) 

requires eight halvings (28 = 256). 

Halving 

If no equipment is available, then the simplest inethod of halving is to pour - move from side-to-side 

and back-to-front, etc. as shown in Figure 13.1 - the mixed accession out onto a clean, flat, tray (with 

lips to prevent seeds falling off the tray) and tten, with a ruler or other straight edge placed across the 

middle of the bulk, divide tile bull< to the left and right. A similar procedure, but one which requires 

apparatus, is to fit upon tile tray a grid of equal-sized cubical cells which are open at the top but where 

each alternate cell is closed at the bottom. An example of this apparatus is shown in Figure 13.1. Then 

pour the, previously mixed, accession uniformly over all the cells by moving from side-to-side and then 

front-to-back, etc. When the grid is lifted from the tray approximately fall the sample remains on the 

tray - provided the total area of the grid is sufficient for the depth of the cubical cells to contain the 

accession. 

Riffle divider 

Probably the most suitable device for the repeated halving of seed accessions in gene banks is the 

riffle divider (also know as a soil divider or multiple slot divider). This consists of a hopper wi;h 

attached channels or ducts supported ott a frame, below which two receiving pans arp positioned, ind a 

pouring pan. The ducts alternate in the direction of seed flow, so that half tile seed goes to the 

receiving pan on one side and half goes to the other receiving patt. A riffle divider is shown in 

Figure 13.2. We use a riffle divider with receiving pans each 280 mm long x 130 mi deep x 140 mi 

wide, a V-shaped hopper 110 min wide (at the ;op) x 260 mm long supported on a frame such that the 
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top of the hopper is some 380 mm above the bench, '.'ith 20 ducts each 13 mm wide (20 x 13 260 rmii, 
the letngth of the hopper) x 45 mm long (the V of the hepper being truncated at the bottom). When 
pouring the previously mixed accession into the hopper it is important to pour slowly, whilst moving fromn 
side-to -ide across the top of the hopper. In other words use all of the hopper, not just the central part, 
and do not block the ducts below the hopper by pouring the seeds into the hopper too quickly. 

Conical divider 

The conical divider, also known as the Boerner divider, consists of an inverted metal cone below the 
spout from a hopper - see Figure 13.2. A valve below the hopper controls seed flow. The seeds fal! 
over the cone: to achieve a uniform distribution of seeds over the cone it is important that the hopper 
outflow is positioned centrally above the ape): of the cone. At the circumference of the metal cone is a 
series of baffles of equal wvdth which - like the riffle divider - direct seeds into two outlets alternately, 
below which receiving pans are placed. For large seeds the appropriate conical divider contains 
38 channels (19 to each spout) each 25.4 mm wide. For small seeds the appropriate conical divider has 
44 channels (22 to each spout) each 7.9 mm wide. Cone diameters are 368 mm and 152 mn respectively. 

Centrifugal divider 

The centrifugal divider, also known as a (;amet Precision divider, requires electrical power to rotate 
(rapidly) a shallow rubber cup or spinner - see Figure The seeds fall into13.2. this, directed from a 
hopper above, but a~e immediately thrown cut again by centrifugal force and fall downwards. The area 
where the seeds fall is divided equally into two parts by a baffle and the seeds directed to two -pouts. 

- o ' 

Figure 13.2a Explanaory sketch of a riffle divider. 
The arrows indicate the repeated back and forth pouring motion across the hopper. 
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The pie method of sampling 

The simplest method of providing a sample of seeds frem an accession by the abstraction of many 
small portions of seeds at random and then combining them is to use the pie method - see Figure 13.1. 
Spread the, mixed, accessicn on a clean, flat tray (with lips, to avoid loss of seeds by pouring from 
side-to-side and front-to-back, etc. Then divide the sample, using a ruler or other straight edge, into 
several narrow sections - as if cutting a pie. Select several, but not less than five, sections at random, 
remove these from the pie and combine to obtain the sub-sample. 

The spoon method of sampling 

A similar procedure, the spoon method, requires a spatula and a straight-edged spoon in addition to 
a tray. Instead of dividing the accession into portions as in a pie (above) small portions of seed are 
removed from not less than five random places on the tray by using the spoon in one hand and the 
spatula in the other and gripping the seeds between the two. 

Tnip random cups method of sampling 

The final sampling procedure is known as the random cups method. Again a clean, flat tray with 
lips is required to form the working surface. Six to eight small cups or thimbles are placed on the tray 
at random positions within a square, marked, area of the tray ­ see Figure 13.1. The mixed accession 
is then slowly poured onto the area of the square within the tray in a uniform manner, again move from 
side-to-side and back-to-front alternately, but do not attempt to deliberately fill the cups/thimbles; instead 
aim to cover the square to a uniform depth. The sub-sample is theni obtained by combining the seeds 
within the -ups/thimbles. Obviously the size of the cups/thimbles and the area ot the marked square 
will depend upon the total size of the accession, seed size, and the number of seeds required for the 
sample. The gene bank can easily determine these empirically, but the normal range of cup/thimble sizes 
is 5-20 mm for small seeded species within working squares of 100 x 100 mm to 150 x 150 mm. To 
avoid the cups/thimbles falling over they should be reasonably derse, e.g. made from brass, and no more 
than 20)6 taller than the diameter of their base. 

Choice o! sampling procedure and seed shape/size 

To a certain extent the choice of sampling procedure and equipment will depend upon the nature of 
the ac-ession being sampled. "rhe riffle divider is suitable for most types and sizes of seeds provided 
the widti. of the ducts is suitable: if too narrow then large seeds - such as the grain legumes . may 
block the duct; if too wide then the sampling of small accessions of very small seed size may be unequal. 
It is suggested that two riffle dividers, one with narrow ducts for small seeds and one with wider ducts 
for large seeds, would be a sensible provision for a gene bank dealing with different species of contrasting 
seed sizes. Spherical-seeded species which tend to bounce or roll easily (for example, Brassica spp.) 
should not be sampled using those procedures which require the seed to be poured evenly over a working 
surface: if sampled in a riffle divider it may be necessary to use deeper receiving pans and/or add 
temporary lids to the receiving pans to avoid the seeds bouncing out after division. The spoon method 
can only be used for small-seeded specie,. Ext mely chaffy seeds cannot be sampled using mechanical 
dividers or by the random cups method. Indeed with species such as cotton or sugar cane where lint or 
fuzz respectively prevent seed separation it is difficult to sample randomly. For such species it is 
necessary to divide by hand (large seeds) or by forceps (small seeda) to obtain a sample. This can be 
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extremely time-consuming, but it is important to be as cautious as possible and to make a conscious 

effort to avoid drawing a biased sample. 

Constant halving method of sampling for cluiffy seeds 

Chaffy seeds (see Chapter 3) which do not flow easily (such as the pasture species within the 

Chloris, Cenchrus and Stylosanthes genera) can be sampled using a modified constant halving mettiod 

where the sample is halved (e.g. with a ruler, Figure 13.1) three times into eight sub-samples but these 

eight sub-samples are then combined into either of two samples. Thus seven divisions are required to 

achieve each halving af sample size: Figure 13.3 provides a stylised explanation of this procedure. 

Cleaning 

When usigg any equipment to sample seeds it is vital that, for each accession, the equipment be 

cleaned before use. The cleaning of sampling equipment is essential since seeds will easily lodge in 

crevices, and on ledges, etc. The most effective method of removing seeds lodgcd in dividers is to 
dismantle the divider, sweep lodged seeds out with a :;oft brush, and then rebuild the divider. Some riffle 

dividers are designed to be easily dismantled, cleaned, and rr,"onstructed. In addition to the cleaning of 

equipment being necessary to avoid a few seeds from one accession being mixed with those from another 

accession, it is important that no debris from one accession contaminates another accession; this might 

result in serious beed health problems. Thus dust, soil particles, etc, as well as lodged seed.; must be 

removed. Disinfection L( the equipment, followen by drying, may be required in certain cases. 

Figure 13.3 Outline of the constant halving method to divide a sample of chaffy seeds. 

Original seed bulk 1 

Halve seed bulk 

1 2 

Halve both samples 

Halve the four samples 

Combine the ringed samples 

Return to seed bulk 
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Seed counters and sampling 

Finally, it should be noted that equipment used to save time when setting up germination tests is 
not adequate to derive samples from the accession for germination tests, or any other purpose. Several 

types of equipment can be used to connt or count and position seeds for germination tests, viz. automatic 
seed counters, vacuum counting heads, counting boards - see Chapter 9 for more information. All can 
result in biased samples if used to derive a sample of seeds from the total accession. Equipment such 
as vacuum counting heads and counting boards should only be used to position a known number of seeds 
from the sample of the acces~iun (previously obtained by one of the methods described in this chapter) 

on to the germination test substrate. 

SIZE OF SAMPLES REQUIRED FOR THE EVALUATION, REGENERATION, MUI.TIPLICATION, OR 
DISTRIBUTION OF GENETICALLY HETEROGENEOUS ACCESSIONS 

Since plants produced by seeds sampled from genetically homogeneous accessions can be considered ­
by definition - to have identical genotypes (unless mutation has occurred), very few plants are required 
for use in each breeding programme, regeniration, multiplication cycle, or evaluation procedure. In this 
situation the number of seeds required to be sown is likely to be highest in the regeneration or multiplica­
tion cycle and will depend upon the number of seeds the gene bank wishes to produce for continued 
storage and/or distribution, the proportion of plart otablished to seeds sown and the seed multiplication 
factor for the crop (i.e. the number of seeds produced as a proportion of the number of plants prown). 
See Chapter 2 tor a discussion ot the number of seeds required for regeneration and the number of seeds 
at which regeneration is called for. 

In a genetically heterogeneous accession, however, we are dealing with a population of genotypes, 
where certain genes may be present at low frequencies in the population. The question that arises is how 
many seeds must be sampled, randomly, from the accession in the long-term store to be reasonably 
confident t t at least one of the plants grown from the sampie sown out will contain a particular gene 
of low frequency in the accession as a whole? Figure 13.4 provides a nomograph showing the relationship 
between the number of s.eds in the sample, the frequency of the gene in the accession as a whole, and 
the probability of this gene being present within at least one individual in the sample. An explanation of 
the relationship between these factors has been provided in Chapter 12. Figure 13.4 can be used to 
determi, e the value of any one of these factors from the values of the two remaining factors. It is 
suggested that the rost useful calculation is that of the nmber of seeds required to satisfy a certain 
probability of at least one individual in the sample containing a gene of an assumed low frequency. 

Field emergence and plant establishment 

Before using Figure 13.4, however, the reader is asked to consider, and take into account, the 
following points. The assumed frequency ol the gene in question is expressed as a proportion of the 
number of plants in the population which contain it. Not at seeds - or seed-like structures - sown out in 
the field or glasshouse will, however, produce a seedling. Moreover, some seedlings may not reach 
maturity. These losses must be taken into account when calculating the numbers of seeds required in 
samples. 

What are the components of these losses? The first component is the proportion of empty seeds in 
the accession; the second the proportion of non-viable seeds; the third is the proportion of viable but 
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dormant seeds where germiration cannot be easily prnomoted; the fourth is the proportion of viable, 

non-d-rmant seeds which, though they will germinate in a laboratory test under optimal environments, laji 

to germinate and emerge through the soil sirlace in field, nursery bed, or glasshouse sowings; and the 
final component is the proportion nf emerged seedlings which fail to establish plants. The gene bank 

ought to be able to obtain reliab!e estimates of the proportions of seeds within each accession likely to 
be affected by the first three factors from the results of the tests carried out at accession receipt or 

soon after (see Chapter I). The effect of the remaining two factors will normally have !o be estimated 
from previolts observations on relative field emergence and establishnent (proportion of viable seeds 
which emerge and establish in the field) in the environment in which each sample, is to be sown for other 

accessions of the same species. 

To combine the relative frequency of the gene in the (piant) population and the proportion of needs 
which are likely to emerge at a sowing in order to determine the appropriate value of the relative 

frequency of the gene in the accession to be used in Figure 13.4 is easy; the tvo are multiplied 

together. Thus if Lhe relative frequency 'n the plant population Is 0.05 (or 596) and the expected field 

emergence of ail seed sown is 0.6 (60%) then the appropriate value for use in Figure 13.4 is 0.03 

(0.05 x 0.6). This change greatly increases the number of seeds required for the -,,mple: the number of 

seeds required in the sample to achieve a irohabilit, of 0.95 that the sample when grown out will contain 
at least one individual of the gone in question, for example, is increased from 59 (Figure 13.4) if the 
relative frequency is 0.05 and all seeds sown arc expected to produce plants, to 99 (Figure 13.4) if the 
relative frequency is 0.05 but only 6096 of seeds sown are expected to produce plants and thus the value 

0.03 applied as being appropri.te for the relative frequency of the gene in the accession. Of course 

these calculations assume that the seeds possessing the gen,: in question will show the same proportional 

emergence in the field as the accession as a whole. In reality the performance of this sector of the 
population may be either better or worse than th, accession as a whole. Either way this suggests that it 

is important for seeds from genetically heterogeneous accessions to be sown and grown out in the most 
suitable environments available in order to avoid selection of genotypes during seedling emergence. The 

other way to calculate the number of seeds required in the sample for the above example is to use the 

relative frequency of 0.05 in Figure 13.4, bit to describe the result, 59, as the number of seeds likely to 

produce plants. NoA, if we expeci 60% field emergence of the seeds sown then we need to sample 

59 x 100/60, that is roughly 100, seeds. 

Field emergence arid the regeneration standard of genetically heterogeneous accessions 

Note, in passing, that the calculations of the type provided in Figure 13.4 have an important role to 

play in decisions concerning appropriate regeneration standards; particularly since the relative field 
emergence of low viability accessions ,in be extreniely poor. For example, from our work typical results 

for field emergence in good conditions for a cereal might be 60% field emergence for an accession 90% 
viable but only 15% for an accession only 50% viable. If the relative frequency is 0.05 and the desired 

probability 0.95 that the sample when groan out will contain at least one individual of the genotype in 

question, then 99 :,ecds need to be sampled and sown out for the high viability accession, but 398 seeds 
for the low viability accession. The sirmplest way of calculating the latter value is to say that the 

proportion of seeds establishiig plants in the latter case is only one quarter that in the lormer case; 

therefore 4 tines as many seeds are required (4 x 99 equals 396). Tite other method is to derive the 
relative freouency of plants containing th gene in question expressed as the proportions of seeds or seed­

3 9 8 like structures in the samples, 0.0075 (0.05 x 0.15). Then (1-0.0075 gives the cumulative probability 
of 0.05 of not a single plant exhibiting the genotype in question, that is a probability of 0.95 that at 

http:appropri.te
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least one plant does. Of course, in addition to this great increase in the number of seeds required fur 

each sample, such a low regeneration standard makes it likely that short-lived genotypes in the accession 

would be lost completely. 

Probability of a given number of genes being present in a sample from a genetically heterogeneous 

accession 

So far we rave only considered the probability of a single gene from the genetically heterogeneous 

accession being present within a sample: perhaps more important is the probability that e,. h of a given 

number of different genes are all present within the sample. This probability is obtained by multiplying 

together the probabilities that each gene alone is present - assuming that the characters are net linked. 

Thus, if, for example, we consider the case of a gene with a relative frequency of 0.02, a 150-seed 

sample provides a probability of 0.9)2 (Figure 13.4) that at least one individu3l c'ntains the gene; in the 

same sample another gene with a relative freuLlency of 0.05 has a probability of 0.99954 of being present 

in a 150-seed ample (Figure 13.4). The probability of both genes being present in a 150-seed sample is 

thus 0.952 x 0.99954 = 0.951, presumably an acceptable value for rmost gene banks. 

An extreme case would be to consider 20 diflerent and indeperdent genes within a genetically 

heterogeneous accession, each with a relative frequency of 0.05. The probability of all 20 genes being 

present is the product of all the probabilities of each gene being present. Thus, if we wish to ensure 

that our sample has a probability of 0.95 of containing all 20 genes, we need to find the probability, p, 

of an individual gene being present when p20 = 0.95, i.e. when p 201/ 0.95 the value of which is 

0.9974. 

The next stage is to consult Figure 13.4 in order to find the number of seeds required in the sample 

to ensure, at a probability of 0.9974, that it contains a gene which is present in the population at a 

frequency of 0.05. Inspection shows that 117 seeds are reuired. 

However in practice, more than 117 seeds will be required since not all the seeds that are sown will 

be likely to emerge. If the gene bank is using a relatively high regeneration standard, as reconrnended by 

IBPGR, the seed should be of good qu-lity, and it would be reasonab' to expect that 75% of the seeds 

that are sown will ornerge and produce plants. In whirh case 1V seeds should be distributed. (In 

practice, say 160.) This would ensure, at a probability of 0.95, thai all 20 genes would be present in 

the progeny.
 

THE STORAGE OF EA.CH ACCESSION WITHIN MORE THAN ONE CONTAINER 

Some gone banks store each accession in several containers, rather than within a single container. 

Their purpose in so doing is to avoid - once the accession has been pla(ed in the long term store ­

repeatedly imoving the whole accession from store, sampling the required number of seeds from this 

accession and then returning the remainder of the acce:,slon to the store whenever a sample is required. 

Instead a single container is removed Iroim storage and not returned. 

Two observations on this practice are relevant here. First it should be apparent .hat it is essential 

for the accession to be divieed randomly, without bias, before sealing in time various containers. Secondly 

the subsequent rermoval of any one container from the coldroom alter a period of storage for any test of 

accession quality which may have altered during slt igv (germination, viability, dornancy, seed health) 



- 164 ­

will not, strictly speaking, provide any estimate (of whichever attribute has been measured) for those 
samples of the accession wnlich have been stored in different containers and remain in storage. The use 
of such values to estimate accession quafity after a period of storage will require the assumption that the 
sub-populations of seeds in each container remaining in storage have experienced exactiy the same 
enviroeiment as those in the sampled container, and responded eqjally to it. In well-managed gene banks 
operating at the preferred conditions (hermetic Ntorage at -20"C with 5 t 1% moisture content) wiih 
reliable hermetic containers this assumption is no" unreasonable, but it remains an assumptio1 nonetheless. 
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CHAPTER 14, OPERATING CHARACTERISTICS AND TOLERANCE TABLES FOR
 

FIXED SAMPLE SIZE VIABRILITY TESTS
 

A fixed sample size germination, or viability, test, is orie in which a standard (pre-deterired) 

number of seeds aro sampled randomly irotr a Need population (accession) and subjected to a germination 

or viability test. Fixed sampie size tests arce widely applied in eed testin. work. Fer example, int most 

tests of germination according to the ISTA or AOSA rules the nInIrber of ,eeds sarpled and tested is 400. 

The advantages and disadvantages of fixed sample size tests hase b. err cirdered elsewhere (Chapter 12). 

The purpose of this chapter i to provide Tolerance tables for var ius fixed sarmplh test si/es wliich ti as 

b,, used in gene banks, together with inforrmation or the issociated operating (hiracteristics. Tire 

infoi iration on operating characteristi s should be ('onsulted before e iding upon the particular fixid 

sample size test to be used, sirice the ope rating chara'terstic descrit :- the reliability of the procedure 

to be used. In contrast the tolerance tables should be colrsurted when the germirralon (or viability) test 

results are known; ,dnce this will ndicate shether the ,riation ibserfi Inr rosilts hret (.erL replicates 

within a single test is no greater than e xpected and, thus, whether thi',ir %altahcoh tirw results of aI! 

replicates can be accepted. 

OPERATING CHARACTERISTICS 

Since germination, or viability, tosts are carried out on a sample of seedus drawr from a larger bulk 
(the accession as adwhole) tire result obtained is rot the germinration, o7 viability. ti the occession as a 

whole, but only an estimate of tl,. This estimate may be above, below or identical to the (unknown) 

true value for the accession as a whole. Since this e'timate is used to decide wrether regeneration is 

required (yes if the estimate is below the regeneration standard, no uthersise) it is possible for errors to 

Table 14.1 Accuracy of estimates ot viability and errirs in tire decision-making procedure 

trhe 	 true viability of accession 

est. 	 estimate of accessiun via bility derived from 
test on random sample of seeds 

reg. -	 regenerat ion staindardi for tire species 

Accuracy of estinnate ecision Error? 
of %iabrlity 

true) est.) reg. underestimate keep in store 1no 

est. ) true ) reg. over c'strhate keep i st ore ni 

est. reg. true overestimate kee l ) in store yes 

tre) reg. ) est. kinderextini te regenerate yes 

reg. ) est. > true ouvrestimate regenerate no 

reg. true) est. underi ratnatr regenerate no 
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Figure 14.1 Operating characteristics of 100, 200, 400 and 106O seed fixed sample size
 
germination tests where the decision boundary is 65% 'i.e. if the test result ;s
 

below 65% the decision is made to regenerate the accession).
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Figure 14.2 Operating characteristics of 100, 200, 400 and 100O seed fixed sample size
 
germination tests where the decision boundary is 70% (i.e. if the test result is
 

below 70% the decision is made to regenerate the accession).
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Figure 14.3 Operating characterstics of 100, 200, 400 and 1000 seed fixed sample size
 
germination tests where the decision boundary is.715%(i.e. if the tes, result is
 

below 75% the decision is riade to regenerate the accession).
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Figure 14.4 Operating characteristics of 100, 200, 400 and 1000 seed fixed sample size
 
germination tests where the decision boundary is 80% (i.e. if the test result is
 

below 80% the decision is made to regenerate the accession).
 

- -I000 l . 

- 400 
200 

!00 

0.5
 
0
 

60 70 80 90 

True accession viability (%) 



- 168 -

Figure 14.5 Operating characteristics of 100, 200, iO0 and 1000 seed fixed sample size 
germination tests where the decision boundar. is 85% (i.e. it the test result is 

below 85% the decision is made to regenerate the accession). 
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Figure 14.6 Operating characteristics of 100, 200, 400 and 1000 seed fixed sample size
 
germination tests where the decision boundary is 90% (i.e. if the test result is
 

below 90%6 the decision is made to regenerate the accession).
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be made in this decision-making procedure. See Table 14.1 for a surnmary of the circumstances where 

the inability to determine accession viability as a whole affect this decision making pr)c,.-dure. Notc that 
an inaccurate estimte of accession viability does not necessarily cause an error in the decision making 

procedure (Table 14.1). 

Operating characteristics (the relationship between the probability of regeneration and true accession 
vi2tility) are provided for fixed sample size tests of 100, 200, 400 and 1000 seeds with tiledecision point 
set at 65, 70, 75, 80, 85 and 90%. viability (Figures 14.1 to 14.6 respectively). For a fixed sample size 
test it seems sensible to deime the regeneration standard as the decision point of the test: if the test 
result is above this value then the acces ion is maintained in store intiltie next monitoring test is due; 
if the test result is below thisvalue then the accession is regenerated as oon as possible. In this case, 
then, the regeneraticn standard is the level of true accession viability where the probability of 
regeneration is 0.5. The probability of caking a decision in error is thus 0.5 if true accession viability 
equals the regeneration standard in theM,. examples. Where true accession viability is greater than the 
regeneration standard then the probabilit) of making a decision in error is the probability of regeneration 
shown in Figures 14.1 to 14.6. Where true accession viability is lower than the regeneration standard then 
the probability of naking a decision in error is I mmus the probability of regeneration slown in 
Figures 14.1 to 14.6. Although errors in the decision making p;-ocedure are less likely the larger tile size 
of the fixed sample, where true accession viability is considerably above or below the regeneration
 
standard the sample size is of little importance (Figures Ii.1 to 14.6).
 

Although at first sight it seems logiral to define the iegeneration standard to the same Value as the 
decision point of a fixed sample size monitoring test, this des infer that ve are prepared for hall of tile 
accessions to be regenerated after their viability has fallen be!ow ths standard. In some cases true 
accession viability may be substantially below the regeneration standard if ii is defined in this way: for 
example, where the decision point of the fixed sample size test is set at 656 sorne accesiens would not 
be regenerated until true accession viability had fallen below 50% (Figure 14.0. lIn other words in this 
situation the regeneration standard is not a minimui standard of accession quality. See Chapter 15 for a 
further discussion of this point and a preferred alternative definition of tileregeneration standard where 

the regeneration standard is described as a mriniinutn standard of accession quality. 

TOLERANCE TABLES 

Fixed sample size germination tests are normally replicated, that is seeds sampled for the 
germination test are divided into stnaller groups of seeds arid tested for germination in these smaller 
groups. The major reason for doing this is to prevent overcrowding of germination tests ishich might 

result, for exatimple, in serious cross infection fron decayed secd:ito other, otherwise healthy, seeds. 
Replication also rnititrises the chance of an incorrect result being recorded because of exceptional 
circumstarces which ight occur by accident in a single dish or towel, or because of other errors. The 
result of the germination test is obtained by averaging tileresults of the replicates. hPowever, the results 
fromn the individual replicates will dilfer. The cause of this variation may be one or more of the 

following. 

(I) Randorn samupling variation. 

(2) Non-random distribution of seeds between replicates. 

(3) Poor equipment (for example, variation of enkironment within the germinator/incubator). 
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(4) Poor method (for example, the test environment is not optimal - in which case even millor 
differences in environment can have large effects on gertiniation). 
(5) Poor technique (for example, inadequate regulation of substrate moisture content). 
(6) Errors in counting seeds, inconsistency when classifying seedlings and remaining seeds, or errors when 

recording the results. 

(7) Contamination ol a replicate by bacteria, fungi, or chemicals (for example by failing to clean 

germination test containers). 

(8) Replicates failing to represent the same seed lot (lor example, one of the replicates may have b en 
incorrectly labelled). 

The purpose of providing tolerance tables here is to enable gene bank stalf to detect variation 
between replicates of fixed sample size tests which is outside the range likely to result from random 
sampling error alone. If the variation between the replicates is outside the tolerated range then the 
estimate provided by the germination test will be unreliable. 

It is important to examine germination test replicates critically in all cases, but particularly when 
the tolerated range is exceeded. Often the tolerated range w1ll be exceeded because of a specific 
deliciency of the test environment in one replicate (or possibly more) which will result in a lower 
proportion of seeds germinating. Where a deficiency of test environment is detected remedial action 
should be taken to prevent this deficiency recurring. This may require changes in the way germination 
tests are set up. Note that such factors may be reducing germination in other germination tests, but will 
not be detected from the use of the tolerance tables if all replicates are affected equally. 

In a seed testing laboratory germination tests are repeated if the replicate variation is greater than 
the tolerated range. Strictly speaking it could be argued that gene bank staff should also repeat the test. 
However, the circumstances are different in gene banks since the seed is precious and, if it appears 
obvious that the excessive replicate variation is caused by an identified deficiency in the test environment 
for one replicate, then the resolt of this replicate could be ignored. Provided the variatior between the 
remaining replicates is within the tolerated range for this (reduced) number of replicates the estimate for 
the accession could be determined as the mean result of the remaining replicates. An example of how to 
use the tables in this way is provided below (Example 2). 

How to use the twerance tables 

At first sight Tables 14.2-14.6 may present a bewildering display of information. The reason for 
presenting so much is to enable as many gene banks as possible to use tolerance tables, irrespective of 
the details of the procedures adopted. Consequently tolerance ranges are provided for between two and 
up to ten replicates for between 20 arid 100 seeds per replicate and with probabilities of 0.001-0.05 for 
the tolerated ranges being exceeded as a result of random sampling error alone. 

1he choice of which table to use depends on the number of seeds in each replicate: for 100 seed 
replicates use Table 14.2; for 50 seed replicates use Table 14.3; for 4r, seed replicates use Table 14.4; 
for 25 seed replicates use Table 14.5; and for 20 seed replicates use Table 14,6. 

Tie choice of which column to use depends upon the number of replicates of the germination test 
and the probability the user wishes to define for the rare' chance that the tolerated range will be 
ex,:eeded by random sampling error alone. Unless a gene bank has some special reason for adopting a 

http:0.001-0.05
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TABLE 14.2 Maximum to.erated difference between tte numbers of seeds within
 

any category which is rarely exceeded by chance alone (probabilities of 5%,
 
2.5%g, 1%, or 0.1%) for four, three, or two 100-seed replicates of a germination
 

test
 

Number of replicates
 

Average
 

germination 4 3 2
 
(%) of all
 

replicates
 

Probability (W)
 

5 2.5 1 0.1 5 2.5 1 0.1 5 2.5 1 0.1
 

99 2 4 5 5 6 4 4 5 6 3 4 4 5
 
98 3 5 6 7 8 5 5 6 8 4 5 5 7
 
97 4 6 7 8 9 6 6 7 9 5 6 6 8
 

96 5 7 8 9 11 7 7 8 10 5 6 7 9
 

95 6 8 9 10 12 7 8 9 11 6 7 8 10
 
94 7 9 10 11 13 8 9 13 12 7 8 9 11
 

93 8 9 10 11 14 8 9 11 13 7 8 9 12
 
92 9 10 11 12 15 9 Ic 11 14 7 9 10 13
 

91 10 10 11 13 15 9 11 12 15 8 9 10 13
 

90 11 11 12 13 16 10 11 12 15 8 9 11 14
 
89 12 11 12 14 17 10 11 13 16 9 10 11 15
 
88 13 12 13 14 17 11 12 13 16 9 10 12 15
 
87 14 12 1; 15 18 11 12 14 17 9 11 12 16
 
86 15 13 14 15 18 11 13 14 18 9 11 13 16
 

85 16 13 14 16 19 12 13 15 18 10 11 13 17
 

84 17 13 15 16 19 12 13 15 19 10 11 13 17
 

83 18 14 15 16 20 12 14 15 19 10 12 14 17
 
82 19 14 15 17 20 13 14 16 19 10 12 14 18
 

81 20 14 16 17 21 13 14 16 20 11 12 14 18
 
80 21 14 16 18 21 13 15 13 20 11 13 14 19
 

79 22 15 16 18 22 13 15 17 21 11 13 15 19
 
78 23 15 16 18 22 14 15 17 21 11 13 15 19
 

77 24 15 17 18 22 14 15 17 21 11 13 15 19
 
76 25 15 17 19 23 14 16 17 22 12 13 15 20
 

75 26 16 17 19 23 14 16 18 22 12 14 16 20
 
74 27 16 17 19 23 14 i6 18 22 12 14 16 20
 

73 28 16 18 19 23 15 16 18 22 12 14 16 21
 
72 29 16 18 20 24 15 16 18 23 12 14 16 21
 
71 30 16 18 20 24 15 17 19 23 12 14 16 21
 

70 31 16 18 20 24 15 17 19 23 12 14 17 21
 
69 32 17 18 20 24 15 17 19 23 13 14 17 21
 

68 33 17 18 20 25 15 17 19 23 13 15 17 22
 

67 34 17 19 21 25 15 17 19 24 13 15 17 22
 
66 35 17 19 21 25 15 17 19 24 13 15 17 22
 
65 36 17 19 21 25 16 17 19 24 13 15 17 22
 
64 37 17 19 21 25 16 17 20 24 13 15 17 22
 
63 38 17 19 21 25 16 18 20 24 13 15 17 22
 
62 39 17 19 21 26 16 1 23 2. 13 15 17 22
 

61 40 18 19 21 26 16 18 20 25 13 15 18 23
 
60 41 18 19 21 26 .6 18 20 25 13 15 )8 23
 
59 42 18 19 21 26 16 18 20 5 13 15 18 23
 
58 43 18 19 22 26 16 18 20 25 13 15 18 23
 

57 44 18 20 22 26 16 18 20 25 13 15 18 23
 

56 45 18 20 22 26 16 18 20 25 14 16 18 23
 
55 46 18 20 22 26 16 18 20 25 14 16 18 23
 
54 47 18 20 22 26 16 18 20 25 14 16 18 23
 
53 48 18 20 22 26 16 18 20 25 14 16 18 23
 

52 49 18 20 22 26 16 18 20 25 14 16 18 23
 

51 50 18 20 /2 26 16 18 20 25 14 16 18 23
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95 6 1 7 9 1 1 6 9 1 1 9 6 , 8 7 9 6 7 1 9 6 6 7 5 6 6 6 4 5 6 7 
60 17 7 6 6 0 1 6 . 10 7 1 6 9 7 7 6 9 6 7 6 9 6 7 1 9 6 6 1 9 5 6 7 8 4 5 6 1
 
e3 I6 8 B 10 7 0 6 10 7 a 10 7 7 6 9 7 7 a 9 6 7 a 9 6 6 7 9 5 6 7 6 4 66 
02 19 7 9 9 1010 7 6 10 7 a a 10 ; 7 6 9 6 7 6 9 6 7 7 9 5 6 7 9 5 6 6 
67 2 8 9 10 9 9 9 10 6 9 7 10 7 7 6 9 6 7 6 9 6 7 9 5 9 6 6 

21 6 86 9 1 9 9 10 7 8 3 10 1 6 9 10 7 8 8 10 7 1 6 10 6 6 ' 6 6 7 9 5 66
 
19 221 9 ) 9 11 6 6 9 10 
 7 0 9 10 7 6 6 10 7 7 8 10 6 7 8 9 6 7 9 5 6 6 a 
76231 9 9 ii 6 9 9 11 9f 6 9 II 6 6 9 10 1 6 9 10 6 6 10 6 7 8 10 6 7 9 5 6 7
7 23 6 9 10 11 9 1 3 9 11 8 8 9 11 7 9 10 1 6 6 10 3 7 6 10 7 8 9 5 6 976 2 9 10 I 7 9 9 1 6 9 9 11 6 9 9 11 6 9 I 6 9 10 7 6 10 6 7 9 5 6 9 

75 26 6 9 10 Ii 0 98 90 
i 6 9 7i7 6 10 7 7 6 10 6 7 10 5 6 
7. 27 9 0 12 6 9 10 11 6 9 10 11 6 9 9 11 6 6 9 I1 6 9 11 7 6 6 10 7 a 10 5 6 6 
73 28 9 10 12 8 9 IC 12 8 9 10 11 6 9 9 i9 2 6 9 11 7 9 11 6 9 10 6 697 0 5 6 9 
72 29 12 9 9919 0 289 1 11 6 9 10 11 6 98 9 11 7 9 10 6 7 6 10 5 6

71 36 9 5 0 12 9 10o
70 99 10 10 122 

12 6 9 16 12 99 10 Ii 9 t11 9 7 8 9 1 6 7 6 10 5 6
2 9 9 10 
 12 2 89 
 1 6 9 11 7 6 9 I 7 6 0 5 6 7 9 
69 32 9 1 10 12 9 9 10 12 9 9 10 12 6 9 10 12 6 9 10 11 6 9 1 . I 7 10 5 6 9 
66 33 9 1 ii 12 9 10 10 12 9 9 0 2 9 10 1 9 10 1 9 9 7 9 111 7 7 IO1 6 6 7 9 
67 3 9 10 11 12 9 10 10 12 9 9 O 12 9 9 10 12 6 9 10 12 9 9 1 73 6 9 1 1 7 6 10 6 6 10 
66 35 9 19 12 9 12 9 9 10 12 6 9 10 12 68 9 11I , 6 6 10 6 10 
63 36 10 l~t 9 10 Ii 12 9 10 10 12 9 9 10 12 6 9 10 12 9 10 11 7 6 9 11 6 99 13 

65 37 9 10 11 13 9 10 0 120 9 9 10 12 6 9 10 12 9 10 12 8 9 


i1 6 7 10
11 8 9 1 6 7 10 

63 36 10 13 10 1 13 9 10 11 1 P 129 10 1991210 6 6 9 11 7 9 I19 II 9 to I1 6 7 6 0 
62 39 7 0 9 10 11 13 9 10 10 12 9 90 10 12 9 9 10 12 9 10 12 6 6 9 11 7 9 I1 6 7 10 
61 0 10 10 11 13 9 10 II 13 9 110 10 12 9 10 12 9 10 12 6 6 9 I1 7 9 ii 6 6 10 
60 41 10 10 11 13 9 10 9 10 11 9 10 10 12 9 9 1013 13 126 9 10 12 6 6 9 7 9 11 6 7 10 
56 9I 101 I 10 11 11313 99 100 11 13 9 10 1 12 99 1212 99 1010 '2 99 II 99 66 7759 23I 1010 13 9 01 12 I1 9 1010 6 .2 66 99 I1 77 1111 1010 

57 44 10 10 II 13 3. 10 11 13 3 10 I1 0 9 10 01 12 9 9 10 12 6 9 10 1 6 9 9 12 7 6 9 11 6 ; 6 o 
5 5 2 10 11 3 9 0 13 9 10 11 II 9 10 II 12 9 9 10 12 8 9 10 11 7 9 II 6 7 10 
5 6 10 10 I 1 10 10 1 3 3 10 11 13 9 10 II 1 9 9 10 12 6 9 10 12 6 9 10 12 7 9 II 6 7 10 
5 10 10 13 10 1111 13 91 10 11 1 10 12 912 2 9 10 12 9 10 12 7 9 6 7 10 

57 10 I1 13 10 0 11 13 9 ,10 11 13 9 10 11 13 9 9 1Q 12 6 9 10 12 6 9 10 12 7 9 11 6 7 10 
52 &9 10 10 11 10 10 I1 13 9 10 11 13 9 10 11 13 9 9 10 12 6 9 10 12 6 9 10 12 7 9 11 6 7 10 

51 50 10 10 11 3 0 10 .1 13 19 10 1 13 9 10 11 13 9 9 10 1216 9 10 12 6 9 10 12 7 8 9 II 6 7 a 10 



- 176 ­

higher or lower probability we suggest that a probability of 0.025 Is a suitable compromise (arid conlorrs 
with that adopted by ISTA and AOSA). Ior- example, if tilegernimration test comprises four 100 seed 
replicates and we wish to determine the maximurn tolerated range for a probability of 0.025 then we 
would use the fourth colunir of Table 14.2. 

The choice of row is dependent upon the mean result of the germination test. Values for 51% 
mean germination percentage or more are given III the first colunin. Values for 500 or less are given in 
the second colurn. Note that the riaxiniuri tolerated ranges for 99% to 51% are the same as those for 
2% to 50% respectively. Tire mean result obtained from all the replicates shijuld be corrected to tile 
nearest one percent. Where tire fraction is exactly 0.5 the result should be corrected to the next larger 
whole number. For if mean result of fourexample, the replicates of 100 seeds were 95.5% then the 

fourth row (96%) of Table 14.2 should be used. 

Example I. Elih'.-nine, 95, 90 and 87 seeds germinated in tWe four 100-seed replicates of a gerrnination 
test. The meani !:'rcertage germination is thus ((89,95+90-87)/4z)90.25 which is rounded down to 90%. 
From Table 14.2 the maxmurl tolerated range for four 100 seed replicates at a probability If 0.025 is 
8 at 9696. The actual range of replicate resuhts is 95-87, which is also 8. Since the appropriate value in 
Table 14.2 has not been exceeded We conclude that the replicate variation is no greater than would be 
expected by random sampling error, and tite viability estimate of 90% can be accepted. 

Example 2. Thirty-seven, 39, 38, 36 artd 25 seeds germiniated in the five 40-seed replicates of a 
germination test. The rnean percentage germination is ((37.39.38 36+25)/2) 87.5 which is rounded up to 
88%. Frorn Table 14.4 the maxinium tolerated range for five 40 seed replicates at a probability of 
0.025 is 9 at 88%. The actual range between the number ot seeds germinating is 39-25; that is 14. 
Now this is greater than the maxitrurni tolerated range. Titus we conclude that tire variation observed 
between replicates is likely to be greater than that due to random sampling error alone. Consequently we 
should ignore thistes: and repeat the germination test on a further sample of seeds fronm the accession. 
However, suppose that the constraints of tite 0: tire niriber of seeds within thisaccession rmake a 
further test undesirable. In addition further suppose that we have obsersed a deficiency (e.g. excess 
mnoisture) in the test ersironment for the replicate v.hiclrgave the lowest response. If we ignore the 
result for this replicate the mean percentage germination of the remaining four replicates is
 
((37.39.3,36)x5/8)93.75 which isrounded From
up t( 940%. Table 14.4 the iraxinium tolerated range for 
four (remiember this has been reduced) 411 seed replicates at a probability of 0.025 is 6 at 94%. The 
actual range between the numbers of seeds germinating is 39-36, that is 3, which is less than the 
maximur tolerated range. Ctun'-cluently we could accept 94I% as the best estimate of accession 
germnation we can obtain given litited resources I.irich make it difficult to repeat germination tests. 

Probability 

The probabilities given in Tables I4.2 to I14.6 are ite relative frequencies 'If tile nraxiiLIrni tolerated 
range being exceeded clue to chanr:e alone. Returning to Example I the niaxiiUrn tolerated range for 
four 100 seed replicates at a probability of 0.025 is 8 at What this96%. ineans is that if we carried out 
200 gerrninatiorn tests in which the nearn ret'alt was 96% aind illall 200 tests tire range between replicates 
is 9 theirin slightly less than 5 of these tests (5/200 0.025), thisrange betweern replicates would have 
been caused by randorm sampling error (item ,d Iun the previous list), but i1tslightly inure than 195 of tite 
tests the cause would have been somethirng els- (intenis 2 to 8 ii the lprevious list). 

http:37.39.3,36)x5/8)93.75
http:37.39.38
http:89,95+90-87)/4z)90.25
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Note that in practice whichever probability is used fewer than this proportion of decisions to reject 
the test result are actually wrong. In many cases the replicate range will be considerably greater than 

the values provided in the appropriate table. 

The 1976 ISTA rules used a probability of 0.025 in their tolerance tet fur germination. In fact 
those ISTA values are the same as those in Table :4.2 for four !00 seed replicates and a probability of 
0.025. Tolerances are provided for four of in tohere le%-.Is probability order enable users to apply the 
levels considered most suitable for their requirements. 

When deciding on a probability level it should be remembered that there is at unstated negative 
argument. If the level of probability used is reduced, then as well as reducing the probability that we 
would decide that the variation is not to error in fact randomdue random sa,..pling when it is due to 

sampling error, we would at the same time be increasing the unstated probability that the variation is due 
to one or more factors other than random sampling error whilst we decide that the variation results from 

randori sampling error alone. What does this mean in practice? 

Well suppose we wanted to use the tolerance tables when commissioning a tew gcrminator. One 
common problem with such equipment is that the vdriation of temperature within the room or cabinet can 
be considerable once the volume is occupied by germination tests. We might test the seeds at a 
temperature where germination was known to be very sensitive to sirall differences in temierature and 
place the replicatev as far apart from one another within the gertninator. When it caite to using 
Tables 14.2 to 14.6 we might use the values at 506 rather than lower values because we would wish to 
maximise the probability of detecting variation between one replicate and another. In contrast under 
normal use we would wish to mininmise the probability of deciding that sone factor other than random 
sampling error is causing variation when in fact only randorn sampling error is responsible for the observed 
variation. In this case we would use the probabilities lower than 5% for which tolerances are provided in 
Tables 14.2 to 14.6. For most purposes, unless there are other special reasons, it is suggested that a 

probability of 0.025 is adopted as standard. 

Classification of response 

In the examples provided the variation of the numbers of seeds germinating between replicates was 
the resrase s4,ich was compared to the maximicm tolerated ranges in Tables 14.2 to 14.6. However, the 
tables can be used for any category of seed response in the germination test, or any combination of 
categories. These categories include normal seedlings, abnormal seedlings, fresh seeds, dead seeds, hard 
seeds and of course any viability test results, although it will usually be the variation in the number (if 
seeds producing normal seedlings which will be compared with the tolerance tahles. F inally it should be 
noted that tire use of these tables need not be limited to results fron gerination tests. Results froi 
all viability tests (e.g. totrazoliur tests), or seed health or purity tests can be used with these tables if 

the tests are replicated. 

Calculation of the tolerance tables 

The 
 tfouIr; ir ! t I I v -, f) re-.otci her' as5sume rarmlim varIat Ion o Ily ar cnriln q to the bItnumlIaI
 
distr lbut [fir) whPre the , tanid rd deviat Ini - V/(p.q/n) where p Is the ercentaqe o seeds respondIng,
 
q I, the perrenitae orf seed; lot rsirn 
 ll ti. . Io-p) rin n tie riummhit of perte i I seeds 
reol lcate.
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For values of p above 50% the standard deviation was calculated after first subtracting
 
0.5 from p. For values below 50% the standard deviation was calculated after adding 0.5 to p.
 
This was done because in practice mean germination percent is rounded to the ncerest whole 

per cent. Thus the value calculated for the standard deviation was the highest possible within 
the range of results that would give the value given for p In Tables 14.2 to 14.6. The signifi­

cant range was calculated by multiplying the standard deviation by a factor obtained from a table 
showing "The percentage points of the distrihution of the rarge" (Parson. E.S. and Hartley, 4.0. 

(1966). Blometrika Tables for Statisticians, Volume 1 (rd ed.1 . 264 pp., Cambridge University 
Press). The value of this factor varies with the number of Tet being compared and probability. 

The maximum tolerated ranges in Tables 14.2 in 14.6 are 1(' than this sAInificant rangef an( 
are the whole number next smaller than the significant range with one exception. The Values, for 

the percentage points of the distribution of the range calculated by Pearson and Hartle5 assume a
 
normal distribution whereas of course the binomial distribution is niot normal (although the two
 

distributions are similar). Consequently the correction factor suggeste( by S.R. Miles (HandLook
 
of Tolerances and of Measures of Precision for Seed Testing. Proceedings of the, International
 
Seed Testing Association, 28 (1963), 525-686) was used. Namely, the tolerated range provided In
 
Tables 14.2 to 14.6 is the smaller whole number than the significant range except where the
 

fraction of the significant range Is 0.8 or above, in which case the maximum tolerated range
 

the larger whole number than the significant ranae.
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CHAPTER 15. SEQUENTIAL GERMINATION TEST PLANS AND SUMMARY OF
 

PREFERRED GERMINATION TEST PROCEDURES
 

Seed accessions are stored in gene barks under conditions oi low temperatutre at1d low inoisture ini 

order to maintain viability, and genetic integrity which is associated wiith high viability, fora substantial 

period. It is necessary to estimate viability when eaichaccessioni -. pla'ed ilistore ind to reassess 

viability at regular, though infrequent, nters.,, during storage. 1raditionall) this rionitoring of accession 

viability has been carried out using germiunation test,, ,! fixtisainiplh size (Nee (hapters 12 and !4). But 

IBPGR now recommends an alternative procedure ior monitoring %tabilit Ahich o.,de-ciribed in this 

chapter. It has the advantage of utiliwing, on average, Ics seeds than a fixed sample size test for a 

similar degree of accuracy. This procedure is not baFvd on a pre-deteriined samirple size which is the 

sarie for all tests: instead tre sample ,i e of each test depends; on the results obtained during its 

progress. The test used is known as ,e sequential piobability ratio test and it is described it detail in 

the references at the end of thiscliapter. \ simpler !,pe of %equentid test. iliwhl I the sample size 

can be either 200 or 400 seeds (,And in that sense is not fixed), is alsor described is this 1hapter. The 

chapter is concluded by a summary of preferred procedures for germination tests. 

THE SEQUENTIAL PROBABILITY RATIO TEST 

Monitoring tests carried out on samples withdrawn front accessions during storage are essentially 

decision making procedures. At the end of a test one of two decisions is possible: either naintain the 

accession iii store until the next monitoring test is due; or regenerate tile accession as soon as 

practicable. In fixed sample size tests the decision boundary is a single test result; the regeneration 

standard. If thisresult is obtained or exceeded then the accession is maintained in store. If tie result 

is less than this value then the accession is regenerated. 

The decision boundaries
 

In sequential analysis, however, each te.t proceeds in stages arid at the end (if each stage there are 

two decision boundaries between which there is an interimediate zone where no decision is possible and 

consequently tileiest unist be (ontinued to tihe next stage. (The test is continued by samipling and testing, 

another group of seeds.) In the sitiplest form of sequential analysis a single article (e.g. one seed) is 

sainpled from a batch (accessio) and rested (for viability in a germination test). The result will be either 

positiv,- (the seed is %iable) or negative (tileseed is non-viable). Depending upon the result a decision is 

nade to tceop t tilebatch (i tainiit store until tite next monitoring test); or to reject the batch 

(regenerate the aciession as soon as possiblen); or to (tintue the sequential test fsarinpe another seed 

froin the iccesion aid rest). In .ig ene binl it would not be feasible to sarnipl, seeds one at a tile 

because if tihe - -o delay between sarrilini aiid otbtainiig the result. To overcotue this dillficulty 

observations cain be grouufed, that is a (ertain numtber (if seeds cain be sampllled lroiii the accession at one 

iie and tested. 1Depending on the results obtained tlue sequential test can then either be concluded or a 

further group of seeds sampled and tested. 
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Figure 15.1 Diagram of sequentiAl analysis monitoring procedure showing the three regions delineated by 
the two decision boundaries lor the sequential germination test plan proided in 'able 15.5. The broken 
horizontal line corresponds to 85% germination. The asterisk shows the decisioin point of an equally 
reliable fixed sample size procedure (see text). Th- sequential test coitinue's until I- 34' l .05Smn.5.166 

or G rn -34rn < 1.058 rn-5.166 where in is the nunber of groups of seeds tested (40 seeds pr group), and 

Grn is the number of germinated seeds. The horizontalaine corresponds to S percent germ intation (i.e. 
when Gn/ 100 34/40 -85%). It tihis example seeds are te-ted in groups of 40. I, hen the response ol 

the first group has been determined, the ninmber of seeds gernIIIrated itli irs 40 s 0.85 (ctil be plotted 

against 40 seeds or I group on tire diagram. Alter III groups hase been tested, !fie' 141iiber of seeds 
germinated minus 40 N0. S5it is plotted against 40ti seeds or In groups. Ii the plotted poitnt lies on or 
above the upper bourrary then the accession will be retained in store tnd this monitoring test will be 
discontinued; after the next menitortig interval, a f urther test will be conduhcted. II the plotted point 
lies on or below the lower boundary then the accession will be regenerated. If the plotted point lies 

between the boundaries, then a further group of 40 seeds will be test, d. Examples of sequenlial test 
results are shown for three accessions (0, *, I). The reisults from which these plots are derived are 

shown itt Table 15.1. 
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F~gure 15.1 illustrates the twm dicision boundrlrir, bet% iOn %%ah lIeS theVIt errediatIvone whereir 

tests cannot be cencluded, for one setential prolbabiit ratio test. The zone above (arnd including) tlie 

upper boundary is that for the decision to maintain the accession i storage. The zone below (and 

including) the lower boundary is that for the decisiorn to regenerate tie accession. Ari example of the 

results obtained frorn testing successise groups of sWeds (each line representing the same accession after 

different periods of storage) are superirmposed ot these zones. 

The decision boundaries shown in Figure 15.1 are those ol a sequential test pla. which was designed 

(arid has been confirned) to be equally rehable as a hxied sample size test of 467 seeds. The decision 

point of this equiva l'nt fixed sample ,Ize test is shown as an asterisk iii Figure 15.1. The major 

advantage of sequential germinatton test plins sh.ould now be apparent. At any given level of accession 

viability the sequential g irroination test plai, on average. reqircs fewer seeds to make a decision thair 

equally reliable fixed sample size tests. The diIlerence is least when true accession viability is close to 

the decision point of the equlvalent fixed sample size test. At this level of viability the probability of 

regeneration is 0.5, that is the decision could go either way. Tile saving of seed increases as the 

difference between true accession', ability amid this point increase. This is particularly useful for gene 

banks since the saving in seed is consequently substantial at very high levels of viability where It would 

be particularly undesirable to hase to regenerate ain accession due to seed depletion occurring as resulta 


of iionitoring tests.
 

Figure 15.1 also illustrates a potential problem of sequential analysis. Since the decision boundaries 

are parallel the test is potentially open-ended, that is it is possible for tests riot to be concluded. 

Experience ha, shown, however, that this problvim only arises when the level of true accession viability is 

such that the probability of regeneration is close to 0.5. A solution t, this problem is discussed later in 

this chapter. 

A series of sequential germination test plans (Tables 5.3 to 15.27) have been calculated for this 

publication. Table 15.2 provides a sunimiary of these sequential test plans together with details of their 

operating ,,haracteristics, econorny and equivalent fixed sample size tests. These sequential test plans 

have a number of attributes which require expla: ation. 

The Operating Characteristic 

In ailv decision niaking procedure based on sampling there is a possibility of error. For our purposes 

there are two kinds of possible error. Either we imight decide to regenerate ain accession when its 

viability was above the regeneration standard, or we ight decide to retain it in storage when in fact its 

true viablity was below the regeneration standard. (The sarte probletII occurs with fixed sample size 

tests; see Table ]4.. Chapter 14). Such errors cannot be completely avoided; but they canr be 

quantileol. One way Of doing tfits is to plot the probability of deciding that regeneration is necessary 

zgainst true acc'ssioln 'iabilitv. This relationhip, kirwit as tit operttng (haricteristiu (or OC), is 

curefd (Fhigure 15.2). Three points (in tu OC nurse are hgilghted; tine probabilities (ii regeneration (if 

0.95, 0. 5 and 0.05, where trutj acrcsston %jability is %o,. 7f645",, ind 90", respctively . The ideal OC 

function would be tee"t,ingular in whilh the probiblhtv of regenemration is zero above the regeneration 

standlard and one (lI.e, a cirtaily) at, or below, the regeiration standatrd - as shown by the dotted line 

in Figure unc( is al though approached large15.2. S,:ih I i ltiton Iiipossible to achieve it tan be if very 

numbers of secds ire fto be tested. 1lh( chlm e Of the (t runction is thus a ioiinplrroisue between the 

level of artciracy required ind the nurvber of teds that can be sacri iced :;. i.niltoring test!, 



,gure- 15.2 :Corparikon of :Idealnd practical operating characterintics (relationship between probability 
and true.,accession, vilility). The Ideal operating charactertstic is shown by a roken linier 

in this e a ipi all acccvss'ors are reIge Inerated If true' accessi Ion viability is5below 85%, but maintain ed in~-­
tore, te wie thus85% is t regeneration, standard. A . practical operating characteristic (of the 

seqwntial, gtest plan showvn in' Table 15.5) is shown by the solid curve here accessions ar 
egenated at. different values of true accession viability; the majority are regenerated when true 

v is between 85 and 90% but a minority are regenerated above 9096 and a minority not 

regenerated below 85%. Three, points are marked on ihis solid curve; ",here the probability of 

, regeneration 415 0.05, 0.5 and 0.95. For this operatIng chiracteristic these are at true accession viabilities 
of 85, 876459 and 90% respectively. For other sequential germination test plans these three levels of 
true accessionviability are shown in columns 1, 2 and 3 of Table 15.2. For sequential germination tests 
e describe the regeneration standard as the level of true accession viability where the probability of 

regeneration is 0.95 (85% In this example) since only a minority of accessions will not be regenerated if 

theirviability is below the regeneration standard. (Note, in passing, that for practical reasons the 
regeneration standard of a fixed sample size test is described differently - See Chapter 14.) 
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The compromise we have chosen are OC functions similar to those for 400 ;eed fixed sample si;.e tests. 

For example, the OC function shown in Figure 15.2 is identical to that of a fixed sample size test of 

467 seeds where the decision point of the fixed sarnle size test is set at 37.645%. 

The Regeneration Standard 

If rectangular OC functions were possible then the regeneration standard would be well delined, being 

the value of true accession viability where the probability of regeneration changes from .!ero to one. In 

practice, however, the value of true accession viability below which regeneration is instituted varies 

between accessions (e.g. Figure 15.2). 

In Chapter 14 it was noted that where the regeneration standard is defined as the level of true 

accession viability at which the probability of regerierati, , is 0.5 then the regeneratioi, standard does not 

describe minimum accession quality. Consequently it is suggested here that the regeneration standard be 

described as a minimum level of accession quality and defined as the value of true accession viabilit) 

where the probability of regeneration is 0.95. In other s.ord where the probability of not regenerating 

the accession is only 0.05. The reason for this is to minimise, within reasonable hounds, the probability 

of an accession falling below the regeneration standard. The regeneration standard defined iti thisway is 

shown in columrin I of Table 15.2 for the various sequential germination test plans shown in Tables 15.3 to 

15.27. Note that the decision point of equally reliable fixed sarmple size germination test procedures 

(column 7, Table 15.2) is the viabifity level where the probability of regeneration is 0.5 (colini 2, 

Table 15.2). 

The value chosen for the regeneration standard is unlikely to be die same for all species since there 

will hc.ve to be a compromise between, on the one hand, the desire for accessions of high viability and 

a~sociated high genetic integrity and, on the other, the relative difficult in obtaining accessions of initial 

high viability. For example, for crops w!th uniform maturity da.es (such as the cereals., most gene banks 

will agree they should have a higher regeneration standard than for crops with non-uniform maturity 

characteris.ics (such as carrot). For these reasons sequential germination testplans are provided here for 

five regeneration standards, viz. 65%, 7C%, 75%, 8096 and 85% viability. 

Group size 

On average the smiaer the group size (the number of seeds sampled and tested at a tinic) the 

greater the saving of seed. To save seeds, then, one would ideally utilise a iinall group size. However, 

the smaller the group size the greater tle number of sampling and testing operations required to complete 

the sequential test. The proportion of seeds saved by using small group sizes when true a:cession viability 

is close to the regeneration standard is, however, sinall, whereas tire proportion saved at higher (or indeed 

lower) levels of viability is nuch greater. 

The most suitable group size is likely to be that rmost suited to the germination test. For example, 

if pleated papers are uts2d (see Chapter 9) then 50 seeds would be a convenient group size (since there are 

50 pleats in a strip). 

Since each monitoring test after different period. of stcrarewill be statistically independent there is 

no need for each monitoring test sequence to utilise the same number of seeds pr test or even the same 

method, provided they are equally accurate (i.e. have the same OC function). For example, the initial 
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test for accession viability at receipt is more suited to a fixed samople size test. First the result may be 
required reasonably quickly. Secondly an estimate o accession viability needs to be derived which will be 
used for purposes other than just deciding whether regeneration is inediately called for (e.g. the result 
may be used to determine the monitoring interval, i.e. the storage period between subsequent monitoring 
tests). This fixed sample size test should be as accurate as the sequential test plan which is to be used 
.ubsequently. (In practice 400 seeds rather than the exact equivadent size provided in Table 15.2 are 
likely to be used, but the d-Hference in accuracy will onl y be %ery slight and practicall y unimportant.) 

In subsequent, sequential, monitoring tests the group size may be, say, 40 or 50 seeds if viability is 
expected to be substantially higher that the regeneration standard, but, say, 100 seed., if viability is 
estimated (on the basis of previous uionitoring test results) to be approaching the value where the 
probability of regeneration is 0.5 (the s'ond column of Table 15.2). We suggest that gene banks use a 
sequential procedure with a group si:.e of 100 seeds if: 

the previous estimate of viability was 89% or lower where the OC function in Tables 15.3 to 15.7 is 

applied; 
t' e i-evious estimate of viability was M5% or lover if the OC function in Tables 15.8 to 15.12 is applied; 
the previous estimate of viability was 80% or lower if the OC function in Tables 15.13 to 15.17 is 

applied;
 

the previous estimate of viability was 75% or lower if the OC function in Tables.15.18 to 15.22 is
 

applied;
 

the previous estimate of viability was 70% or lower if the OC function in Tables 15.23 
 to 15.27 is 

applied. 

This would -rinimise the numrber of separate sampling and testing operations required without greatly 
increasing the average number of seeds tested. Another alternative is to use, say, the 40 seed sequential 
test plan but to sample and test more than one group of 40 seeds at a time and examine the results 

sequentially. 

Sequential germination test plans are provided for group sizes of 20, 25, 40, 50 or 100 seeds. This 
range should provide suf t icienit flexibility for most needs. Strictly speaking a group size of 100 seeds is 
rath.sr excessive. However, sequential germination test plans are provided for this group size to encourage 
maximal application of sequential test plans in gene banks where, for somtie reason, it is found inconvenient 
to use a smaller group size. In particular those gone banks currcrntly using fixed sample size tests of only 
100 seeds riirht wish to modify these to spquential te ts utilising groups of 100 seeds. 

How to use the sequential germination u,'st plans 

Just as a diagram of the sequential test boundaries shows threp zones (e.g. Figure 15.1) so the 
sequential germinatuoti test plans are divided into three columns. The left hand column gives the 
rel,2neration d .cisin bocrsdary. The right hand column gives the maintain in store decision boundary. If 
the cumulative group test result lies in either of these zotnes the monitoring test is concluded. The 
centre colurrn is the intermediate wherein tno decision is Itzune possible. the cumulative group test 
result lies in this central zone the monitoring test is cointirued: that is a further group of seeds is 

sampled and tested. 

Table 15.1 pros udis rxarples i results ibtained Ireor three. separate rriornitourirrg tests. The 
sequen tial gerriuiratitrn te lt used was that s:1owrr in Table 15.5 for groups of tO seeds arld aplan 

http:Tables.15.18


- 185 ­

regeneration standard (probability of regeneration - 0.95) of 85%. Alter the first group of 40 seeds had 

been tested in the first sequence shown no decision was possible since the result lay in the centre colurmn 

of Table 15.5. Consequently another group of 40 seeds were sampled frorm the accession arid tested for 

germination. The combined result when the result of this test on the second group of 40 seeds was added 

to the result of the test of the first group of 40 seeds lay in the right hand column of Table 15.5; that 

is the maintain in store decision boundary was crossed. Thus this sequential test was concluded alter only 

two groups of 40 seeds had been tested. The second monitoring test sieiquence was concludei after three 

groups of 40 seeds had been tested, the decision being rnade to maintain the accession in storage (Table 

15.1). In the third monitoring sequence, however, four groups of 40 seeds were tested before the 

sequential test was concluded - the decision being to regenerate the accession (Table 15.1). 

Table 15.1 Results (numbers of seeds germinated) of three different mo1nitoring test 
seqoences carried out on three different accessions according to the 
sequential germination test plan shown in Table 15.5. 

Number of Sequence 

groups of 1 2 3 
seeds 

a b a Ib a 1) 

1 39 39 37 37 35 35 

2 40 79 36 73 31 66
 

3 38 lIt 35 101
 

4 34 135 

Maintain Maintain Regenerate
Decision in store in store
 

a individual group test result on 40 seeds 

b cumulative result of group test results 

Truncating a sequential germination test plan 

It is remotely possible that a sequential germination test of an accession might be continued almost 

indefinitely, i.e. until no seeds remain in ste.'e. Clearly this would be a nonsense. Accordingly it is 

necessary to have a practical procedure for reaching an arbitrary decision if a decision has riot automati­

cally been reached after a reasonable number of groups of seeds have been tested. 

Two questions arise if a sequential test is to be truncated --.-bitrarily. First, how many seeds should 

be tested before abandoning a sequential test? Secondly, which decision should be rnade: regenerate or 

maintain in store until the date of the next monitoring test? 

The sequential germination test plans shown in Tables 15.3 to 15.27 show the decision boundaries 

until 600 seeds have been tested. Our experience suggests that Only very rarely will no decision have 

been reached once 600 seeds have been tested. Consequently we suggest that sequential germination tests 

be terminated after 600 seeds have been tested. The subsequent decision can be based upon the 

cumulative result from the truncated sequential, test plan: regenerate if the proportion of viable seeds 
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Table 15.2 Operating characteristics, econohoy and decision boundaries of various sequential 
tests with group sizes between 20 and 100 seeds and regeneration standards 
between 659% and 85% and sample sizes of equivalent fixed sample size tests. 
(The single decision boundary of the equivalent fixed sample size test is the 
value of percentage viability provided when the probability of regeneration 
is 0.5.) 

Decision boundaries
 

faole

True ccesslon viability, , 
(& average no. of seeds Numberor Regenerate if no. Do lot regenerate Sample size showing 

of seeds germina- if number of seeds of equivalent test 
tesdrenrai s erou ting Isequal to cermiiating is fisedsample plan 

or lef-Uhan equalto or 
 size test
 
0.95 0.5 0.05 greater than
 

85(221) 87.645(381) 00(248) 20 17.529n- 5.521 17.529m* 5.521 467 15.3 

85(222) 87.645(382) 90(250) 25 21.911m - 5.420 21.911m * 5.420 467 15.4 

85(226) 87.645(386) 90(254) 40 35.058m - 5.166 35.058m * 5.166 467 15.5 

851228) 87.645(388) 90(256) 50 43.823m - 5.023 43.823M * 5.023 467 15.6 

85(240) 87.645(4011 90(269) 100 87.645m - 4.461 87.645m * 4.461 467 15.7 

80(201) 83.142(343) 86(221) 20 16.629m - 5.901 16.629m+ 5.901 h19 15.8 

a01203) 83.142(3l.) 86(223) 25 20.786m - 5.786 20.786r.,* 5.786 ;'9 15.9 

80(206) 83.142(0.8j 86(227) 40 33.2570- 5.497 33.257m a 5.497 419 15.10 

U0(209) 83.142(350) 86(229) 50 41.572m - 5.334 41.572T, 5.334 419 15.11 

80(220) 83.142(3(3) 86(242) 100 83.144m - 4.695 83.144m + 4.695 419 15.12 

75(209) 78.372(352) 81.5(225) 20 15.673m - 6.599 15.675n 6.599 432 15.13 

75(21i) 78.372(354) 81.5(226) 25 19.592m - 6.472 19.5921T.6.472 432 15.14 

75(214) 78.372(357) 81.5(230) 40 31.347m - 6.154 31.347M 4 6.154 432 15.15 

75(217) 78.372(360) 81.5(233) 50 39.183m - 5.975 39.183 . 5.975 432 15.16 

75(229) 78.372(372) 81.5(246) 100 78.366m - 5.272 78.366m + 5.272 432 15.17 

70(209) 73.6(3481 77(221) 20 14.720m - 7.019 14.720m. 7.019 427 15.1C 

70(210) 73.6(350) 771222 25 18.400n- 6.83 18.4O0m+ 6.883 427 15.19 

70(214) 73.6(353) 7.1226) 40 29.440m - 6.543 29.440m . 6.543 427 15.20 

70(216) 73.6(356) 77(229) 50 36. 0m - 6.351 36.800m + 6.31 427 15.21 

70(228) 73.6(368) 77(242) 10DO 73.600n - 5.598 73.600m . 5.598 427 15.22 

65(202) 68.832(335) 72.5(211) 20 13.767m- 7.202 13.767m. 7.202 410 15.23 

C5(203) 68.832(336) 72.5(212) 25 17.208m- 7.060 17.208m* 7.0(0 410 15.24 

65(207) 68.832(340) 72.5(216) 40 27.534m - 6.702 27.534m . 6.702 410 15.25 

65(209) 68.832(342) 72.5(219) 50 34.417m - b.501 34.417m . 6.501 410 15.26 

65(222) 68.832(355) 72.5(232) 100 68.834m - 5.710 68.834m . 5.710 410 15.27 

m number of groups tested
 0 

http:83.142(0.8j
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TABLE 15.3 Sequential germination test plan for 85 percent regeneration
 
standard when testing seeds for germination in groups of :0
 

Number of Cumulative Regenerate if Retest a Maintain in
 
groups of number of the cumulative further group store if the
 
seeds tested seeds tested number of of 20 seeds cumulative
 

seeds if between: number of seeds
 
germinated is germinated is
 
less than or equal to or
 
equal to: greater than:
 

1 20 12 13 - 20 
2 40 29 30 - 40 
3 60 47 48 - 58 59 
4 80 64 65 - 75 76 
5 100 82 83 - 93 94 
6 120 99 100 - 110 III 
7 140 117 118 - 128 .129 
8 160 134 135 - 145 146 
9 180 152 153 - 163 164 
iO 200 169 170 - 180 181 
II 220 187 188 - 198 199 
12 240 204 205 - 215 216 
13 260 222 223 - 233 234 
14 280 239 240 - 250 251 
15 300 257 258 - 268 269 
16 320 274 275 - 285 286 
17 340 292 293 - 303 304 
18 360 310 311 - 321 322 
19 380 327 328 - 338 339 
20 400 345 346 - 336 357 
21 420 362 363 - 373 374 
22 440 380 381 - 391 392 
23 460 397 398 - 408 409 
24 480 415 416 - 426 427 
25 500 432 433 - 443 444 
26 520 450 451 - 461 462 
27 540 467 468 - 478 479 
28 560 485 486 - 496 497 
29 580 502 503 - 513 514 
30 600 520 521 - 531 532 
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TABLE 15.4 Sequ2ntial germination test plan for 85 percent regeneration 
standard when testing seeds foi germination in groups of 25 

Number of Cumulative Regenerate if Retest a Mlaintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 25 seeds cumulative 

seeds if between: number of seeds 
germinated is grminated is 
les:1 than or , juaI to or 
equal to: greatLr than: 

1 25 16 17 - 25
 
2 50 
 38 39 - 49 50 
3 75 60 61 - 71 72 
4 100 82 83 - 93 94 
5 125 104 105 - 114 115 
6 150 126 127 - 136 137 
7 175 147 148 - 158 159 
8 200 169 170 - 180 181
 
9 225 191 192 202 203
 
10 250 213 214 - 224 225 
II 275 235 236 - 246 247 
12 300 257 258 - 268 269 
13 325 2 9 280 - 290 291 
14 350 301 302 - 312 313 
15 375 323 324 - 334 335
 
16 
 400 345 346 - 356 357
 
17 425 367 368 - 377 378
 
l8 450 
 388 389 - 399 400 
19 475 410 411 - 421 422 
20 500 432 433 - 443 441 
21 525 434 455 - 465 466 
22 550 476 477 - 487 488 
23 575 498 499 - 509 510 
24 600 521 521 - 531 532 

TABLE 15.5 Sequential germination test plan for 85 percent regenerat ion
 
standard when testing seeds for germination in groups of 40
 

Number of Cumulat ive Regenerate if Retest a Maintain in 
groups of ;rrmber of the cumulative further group store if the 
seeds tested seeds tested 	 number of of 40 seeds cumulative
 

seeds if between: number of seeds
 
germinated is germinated is
 
less than or equal to or
 

equal to: greatei than:
 

I 40 29 31 - 40 
2 80 64 65 - 75 76 
3 120 100 I01 - 110 III 
4 160 135 136 - 145 146
 
5 200 170 171 - 180 II
 
6 240 205 206 - 215 216
 
7 280 240 241 - :So 251 
8 320 275 276 - 285 286 
9 360 310 311 - 320 321 

10 400 345 346 - 355 356 
II 440 380 381 - 390 391 
12 480 415 416 - 425 426 
13 520 450 451 - 460 461 
14 560 485 486 - 495 496 
15 600 520 521 - 531 532 
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TABLE 15.6 Seauential germination test plan for 85 percent regeneration
 
standard when testing seeds fur germination in groups of 50
 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 50 seeds cumulative 

seeds if between: number of seeds 
germinated is 
less than or 

germinated is 
equal to or 

eqjual to: greater than: 

I 50 38 39 - 48 49 
2 100 82 83 - 92 93 
3 150 126 127 - 136 137 
4 200 170 171 - 180 181 
5 250 214 215 - 224 225 
6 300 257 258 - 267 268 
7 350 301 302 - 311 312 
8 400 345 346 - 355 356 
9 450 389 390 - 399 400 
10 500 433 434 - 443 444
 
II 550 477 478 - 487 488
 
12 600 520 521 - 530 531
 

TABLE 15.7 Sequential germination test plan for 85 percent regeneration 
standard when testing seeds for germination in groups of 100 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 100 seeds cumulative 

seeds if between: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 100 83 84 - 92 93
 
2 200 170 171 - 179 180
 
3 300 258 259 - 267 268
 
4 400 346 347 - 355 356
 
5 500 433 434 - 442 443
 
6 600 521 522 - 530 531
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TAPLE 15.8 Sequential germination test plan for 80 percent regeneration
 
standard when testing seeds for germination in groups of 20
 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 20 seeds cumulative 

seeds if between: number of seeds 
germinated is germinated in 
less than or equal to or 
equal to: greater than: 

I 20 10 II - 20 
2 40 27 28 - 39 40 
3 60 43 44 - 55 56 
4 80 60 61 - 72 73 
5 100 77 78 - 89 90 
6 120 93 94 - 105 106 
7 140 I10 III - 122 123 
8 160 127 128 - 138 139 
9 180 143 144 - 155 156 
10 200 160 161 - 172 173 
II 220 177 178 - 188 189 
12 240 193 194 - 205 206 
13 260 210 211 - 222 223 
14 280 226 227 - 238 239 
15 300 243 244 - 255 256 
16 320 260 261 - 271 272 
17 340 276 277 - 288 289 
18 360 293 294 - 305 306 
19 380 310 311 - 321 322 
20 400 326 327 - 338 339 
21 420 343 344 - 355 356 
22 440 359 360 - 371 372 
23 460 376 377 - 388 389 
24 480 393 394 - 404 405 
25 500 409 410 - 421 4:2 
26 520 426 427 - 438 439 
27 540 443 444 - 45L. 455 
28 560 459 460 - 471 472 
29 580 476 477 - 488 489 
30 600 492 493 - 504 505 
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TABLE 15.9 Sequential germination test plan for 80 percent regeneration 
standard when testing seeds for germination in groups of 25 

Numbcr of Cumulative Regeneiate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 25 sevds cumulative 

seeds if between: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

I 25 14 15 - 25 
2 50 35 36 - 47 48 
3 75 56 57 - 68 69 
1 100 77 78 - 88 89 
5 125 98 99 - 109 110 
6 150 118 119 - 130 131 
7 175 139 140 - 151 152 
8 200 160 161 - 172 173 
9 225 181 182 - 192 193 
10 250 202 203 - 213 214 

II 275 222 223 - 234 235 
12 300 243 244 - 255 256 
13 325 264 265 - 276 277 
14 350 285 286 - 2q6 297 
15 375 306 307 - 317 318 
16 400 326 327 - 338 339 

17 425 347 148 - 359 360 
18 450 368 369 - 379 380 
19 475 389 390 - 400 401 
20 500 409 410 - 421 422 
21 525 430 431 - 412 443 
22 550 451 452 - 463 464 

23 575 472 473 - 483 484 
24 600 493 494 504 505 

TABLE 15.10 Sequential germination test plan for 80 percent regeneration
 
standard when testing seeds for germination in groups of 40 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 

seeds tested seeds tested number of of 40 seeds cumulative 
seeds if between: number of seeds 
germinated is germinated is 

less than or equal to or
 
equal to: greater than: 

1 40 27 28 - 38 39 

2 80 61 62 - 72 73 
3 120 94 95 - 105 106 
4 160 127 128 - 138 139 
5 200 160 161 - 171 172 

6 240 194 195 - 205 206 

7 280 227 228 - 238 239 
8 320 260 261 - 271 272 
9 360 293 294 - 304 305 
10 400 327 328 - 338 339 

II 440 360 361 - 371 372 
12 480 393 394 - 404 405 
13 520 426 427 - 437 438 
14 560 4t10 461 - 471 472 
15 600 493 494 - 504 505 
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TABLE 15. 11 Sequential germinatlion test plan for 80 percent regeneration 
standard when testing seeds for germination in groups of 50 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 50 seeds cumul ative 

seeds if between: number of seeds 
germinated is g( rminated is 
less than or equil to or 
equal to: greater than: 

I 50 36 37 - 46 47 
2 100 77 78 - 88 89 
3 150 119 120 - 130 131 
4 200 160 161 - 171 172 
5 250 202 203 - 213 214 
6 300 244 245 - 254 255 
7 350 285 286 - 296 297 
8 400 )4 328 - 337 338 
9 450 368 369 - 379 380 

10 500 410 411 - 421 422 
II 550 451 '52 - 462 463 
12 600 493 494 - 504 505 

TABLE 15.12 Sequ, ntial germination test plan for 80 percent regeneration 
standard when test ng seeds for germination in groups of 100 

Number of Cumulativ, Regenerate if Retest a Maintain in 
groups of number of the cumolat ive further group store if the 
seeds tested seeds tested number of of 1011seeds cumulative 

seeds if between: number of aeeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 100 78 79 - 87 88 
2 200 161 162 - 170 171 
3 300 244 245 - 254 255 
4 400 327 328 - 337 338
 
5 500 411 412 - 420 421
 
6 600 494 495 - 503 504 
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TABLE 15.13 Sequential germination teft plan for 75 percent regeneration
 
standard when testing seeds for germination in groups of 20
 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 20 seeds cumulative
 

seeds if between: ntimber of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 20 9 I0 - 20
 
2 
 40 24 25 - 37 38 
3 60 40 41 - 53 54 
4 80 56 57 - 69 70 
5 00 71 72 - 84 85 
6 120 87 88 - 100 101 
7 140 103 104 - 116 117 
8 160 118 119 - 131 132 
9 180 134 135 - 147 148 
10 200 150 151 - 163 164 
II 220 165 166 - 179 180 
12 240 181 182 - 194 195 
13 260 197 198 - 210 211 
14 280 212 213 - 226 227 
15 300 228 229 - 241 242 
16 
 320 244 245 - 257 258 
17 340 259 260 - 273 274 
18 360 275 276 288 289 
19 380 291 292 - 304 305 
20 
 400 306 307 - 320 321 
21 420 322 323 - 335 336 
22 440 338 339 - 351 352 
23 460 353 354 - 367 368 
24 480 369 370 - 382 383 
25 500 385 386 - 398 399 
26 520 400 - 414
401 415
 
27 540 416 417 - 429 430
 
28 560 432 433 - 445 446
 
29 580 447 - 461
448 462 
30 600 463 464 - 476 477 
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TABLE 15. 14 Sequential germination test plan for 75 percent regeneration 
standard when testing seeds for germination in groups of 25 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 25 seeds cumulative 

seeds if between: ntimber of seeds 
germinated is germinated is 
less than or eqttal to or 
e-qual to: greater than: 

I 25 13 14 - 25 
2 50 32 33 - 45 46 
3 75 52 53 - 65 66 
4 t00 71 72 - 84 85 
5 125 91 92 - 104 105 
6 150 III 112 - 124 125 
7 175 130 131 - 143 144 
8 200 150 151 - 163 164 
9 225 169 170 - 182 183 
10 250 189 190 - 202 203 
II 275 209 210 - 221 222 
12 300 228 229 - 241 242 
13 325 248 249 - 261 262 
14 350 267 268 - 280 281 
15 375 287 288 - 300 301 
16 400 306 307 - 319 320 
17 425 326 327 - 339 340 
18 450 346 347 - 359 360 
19 475 365 366 - 378 379 
20 500 385 386 - 398 399 
21 525 404 405 - 417 418 
22 550 424 425 - 437 438 
23 575 444 445 - 457 458 
24 600 463 464 - 476 477 

TABLE 15.15 Sequential germination test plan for 75 percent regeneration 
standard when testing seeds for germination in groups of 40 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 40 seeds cumulative 

seeds if between: number of seeds 
germinated is grminated is 
less than or equal to or 
equal to: greater than: 

I 40 25 26 - 37 38 
2 80 56 57 - 68 69 
3 120 17 88 - 100 101 
4 160 119 120 - 131 132 
5 200 150 51 - 162 163 
6 240 181 182 - 194 195 
7 280 213 214 - 225 226 
8 320 244 245 - 256 257 
9 360 275 276 - 288 289 

10 400 307 308 - 319 320 
11 440 338 339 - 350 351 
12 480 370 371 - 382 383
 
13 520 401 412 - 413 414 
14 560 432 433 - 445 446 
15 600 464 465 - 476 477 
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TABLE 15.16 Sequent ial geroinat ion test plan for 75 percent rgenerat ion 
standard when testing seeds for germination in groups of 50 

Number of Cumulative Rgenerate if Retest 1 Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 50 seeds cumulative 

seed.i if between: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 50 33 34 - 45 40 

2 I00 72 73 - 84 85 
3 150 IIi 112 - 123 124 
4 200 150 151 - 162 163 
5 250 189 190 - 201 2f02 
6 300 229 230 - 241 242 
7 350 268 269 - 280 281 
8 400 307 308 - 319 320 
9 450 346 347 - 358 359 
10 500 385 386 - 397 398 
11 550 425 42t - 436 437 
12 600 464 465 - 476 477 

TABLE 15. 17 S..iqfential germination test plan for 75 percent regeneration 
standard wher -a:fting seeds for germination in groups of 100 

Number of Cumulative Regenerate if Retet a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 100 seeds cumulative 

seeds if between: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 100 73 74 - 83 84 
2 200 151 52 - 162 163 
3 300 229 230 - 240 241 
4 400 308 309 - 318 319
 

500 386 387 - 397 398
 
6 600 464 465 - 475 476
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TABLE 15.18 Sequential germination test plan for 70 percent regeneration
 
staudard when testing seeds for germination in groups of 20
 

Number of Cumulative Regenerate if Retest a Maintain in
 
groups of number of the cumulative further group store if the
 
seeds tested seeds tested number of of 20 seeds cumulative
 

seeds if between: number of seeds
 
germinated is germinated is
 
less than or equal to or
 
equal to: greater than:
 

I 20 7 8 - 20 
2 40 22 23 - 36 37 
3 60 37 38 - 51 52 
4 80 51 52 - 65 66 
5 100 66 67 - 80 RI 
6 120 81 82 - 95 96 
7 140 96 97 - 110 III 
8 160 110 111 - 124 125 
9 180 125 126 - 139 140 

10 200 140 141 - 154 155 
II 220 154 155 - 168 169 
12 240 169 170 - 183 184 
13 260 184 185 - 198 199 
14 280 199 200 - 213 214 
15 300 213 214 - 227 228 
16 320 228 229 - 242 243 
17 340 243 244 - 257 258 
18 360 257 258 - 271 272 
19 380 272 273 - 286 287 
20 400 287 288 - 301 302 
21 420 302 303 - 316 317 
22 440 316 317 - 330 331 
23 460 331 332 - 345 346 
24 480 346 347 - 360 361 
25 500 360 361 - 375 376 
26 520 375 376 - 389 390 
27 540 390 391 - 404 405 
28 560 405 406 - 419 420 
29 580 419 420 - 433 434 
30 600 434 435 - 448 449 
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TABLE 15.21 Sequential germination test plan for 70 percent regeneration 
standard when testing seed. for germinatio:n in groups of 50 

Number of Cumulative Regenerate if Retesi a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 50 seds CuImulatiVe 

seeds if between: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

I so 30 31 - 43 44 
2 100 67 68 - 79 80 
3 150 04 1O5 - 116 117 
4 200 140 141 - 153 154 
5 250 177 178 - 190 191
 
6 
 300 214 215 - 227 228
 
7 350 251 252 - 263 264 
8 400 288 289 - 300 301 
9 450 324 325 - 337 338 

10 500 361 362 - 374 375 
II 550 398 399 - 411 412 
12 600 435 436 - 447 448
 

TABLE 15.22 Seqential geimination tit plan for 70 percent regeneration 
standard when testing seeds for germinatit, n in roupN of 100 

Number of Cumulative Regenerate if Retest a Maintain in 
groupi; of rumber of the cumul:itivo further group store if the 
seeds rested se'-ds tested numbte-r of of 100 seeds cumulative 

seeds i f between: number if seeds 
, erminated is germinated is 
Iass than or equal t) or 

equal to: gr-ate-r than: 

1 100 
 68 69 - 79 80 
2 200 141 142 - 152 153
 
3 300 215 216 - 226 227 
4 400 288 289 - 299 300 
5 500 362 363 - 373 374 
6 60) 436 437 - 447 448 
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TABLE 15.23 Sequential ge-rmination test plan for 65 percent rege'wraLion 
slandard when testing seeds for gernination in groups of 20 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 

seeds tested seeds tested number of of 20 seeds cumulative 
seeds if between: number of seeds 
germinated is garminatted is 
less than or ',!aI to or 
equal to: great,<r than: 

1 20 6 7 - 20 
2 40 20 21 - 34 35 
3 60 34 35 - 48 49 
4 80 47 48 - 62 63 
5 100 61 62 - 76 77 
6 120 75 76 - 89 90 
7 140 89 90 - 103 104 
8 160 I0" 103 - 117 ,118 
9 180 lit I! - 131 132 

10 200 130 M21- 144 145 
II 220 144 145 - 158 159 
12 240 157 158 - 172 173 
13 260 171 172 - 186 187 
14 280 185 186 - 199 200 
15 300 199 200 - 213 214 
16 320 213 214 - 227 228 
17 340 226 227 - 241 242 
18 360 240 241 - 255 256 
19 380 254 255 - 268 269 
20 400 268 269 - 282 283 
21 420 281 282 - 296 297 
22 440 295 296 - 310 311 
23 460 309 310 - 3"3 324 
24 480 323 324 - 337 338 
25 500 336 337 - 351 352 
26 520 350 351 - 365 366 

27 540 364 365 - 378 379 
28 560 37 379 - 392 393 
29 580 3q2 393 - 406 407 
30 600 405 406 - 420 421 
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"ABLE 15.24 Sequent iaI germinat ion test pL1ai for 65 percent rg,li at ion 
standard when testing seeds for grmination in proups of 25 

Number of Cusiulat ik, Rgenerlti it' Retest a Maintain in 
groups of number of the cumulati,.,e further group store if the 
seeds tested seeds tested number of of *), seds cumulative 

seeds if betwe.u: number of :seeds 
germinated is germinated is 
loss than or equal to or 

I'jlti): greater than: 

I 25 10 II - 24 25 
2 50 27 28 - 41 42 
3 , 75 44 45 - 58 59 
4 100 61 b2 - 75 76 
5 125 78 79 - 93 94 
6 150 96 97 - 110 III 
7 175 113 114 - 121 128 
8 200 130 131 - 144 145
 
9 225 147 148 - 161 162 
10 250 165 166 - 179 180
 
II 275 182 183 - 196 . 
12 300 199 200 - 213 214
 
13 325 216 217 - 230 231
 
14 350 233 234 - 247 248
 
15 375 251 252 - 265 266
 
16 400 268 269 - 282 283
 
17 425 285 286 - 299 300
 
18 450 302 303 - 316 317
 
19 475 319 320 - 334 335
 
20 500 
 337 338 - 351 352 
21 525 354 355 - 368 369 
22 550 371 372 - 385 386 
23 575 388 389 - 402 403
 
24 600 405 406 - 420 421
 

TABLE 15.25 Sequential germination test plan for 65 percent regeneration 
standard when test ing seeds for germination in groups of 40 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested needs tested number of of 4t0seeds cumulative 

seeds if between: number of seeds 
germinated is germinated is
 
less than or equal to or 
equal to: greater than: 

I 40 20 21 - 34 35 
2 80 48 49 - 61 62 
3 120 75 76 - 89 90 
4 160 103 104 - lb 117 
5 200 130 131- 144 145 
6 240 158 159 - 171 172 
7 280 186 187- 199 200 
8 320 213 214 - 226 227 
9 30 241 242 - 254 255 
10 
 400 268 269 - 282 283
 
II 440 296 297 - 309 310
 
12 480 123 324 - 337 338
 
13 
 520 351 352 - 364 365
 
14 560 378 379 - 392 393 
15 600 406 407 - 419 420
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TABLE 15.26 Sequential germination test plan for 65 percent regeneration 
P andard when testing seeds for germination in groups of 50 

Number of Cumulative Regenerate if Retest a Maintain in 
groups of number of the cumulative further group store if the 
seeds tested seeds tested number of of 50 seeds cumulative 

seeds if betweeo: number of seeds 
germinated is germinated is 
less than or equal to or 
equal to: greater than: 

1 50 27 28 - 40 41 
2 100 62 63 - 75 76 
3 150 96 97 - 109 110 
4 200 131 132 - 144 145 
5 250 165 166 - 178 179 
6 300 200 201 - 213 214 
7 350 234 235 - 247 248 
8 400 268 269 - 281 282 
9 450 303 304 - 316 317
 
10 500 337 338 - 350 351
 
11 550 372 373 - 385 386
 
12 600 406 407 - 419 420
 

TABLE 15.27 Sequential germination test plan for 65 percent regeneration
 
standard when testing seeds for germination in groups of 100
 

Number of CumL:ative Regenerate if Retest a Maintain in
 
groups of number of the cumulative further group store if the
 
seeds tested seeds tested number of of 100 seeds cumulative
 

seeds if between: number of seeds
 
germinated iu germinated is
 
less than or equal to or
 
equal to: greater than:
 

1 100 63 64 - 74 75 
2 200 131 132 - 143 144 

3 300 200 201 - 212 213 
4 400 269 270 - 281 282 
5 500 338 339 - 349 350 

6 600 407 408 - 418 419 
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is below the decision boundary of the equivalent fixed saniple size (tlirt provided thetest valut., in second 
column o flable 15.2h otherwise makintain the oc'ession in store until tie ni mnonitoring test is due. 
These suggestions ire arbittrary, the corqueice a imarginal change In t1e operating charac:teristic) i,not 
a serious practical problelm aird is prt-ferable to severe depletion ol the precious seeds. 

A SEQUENTIAL TEST PRO(EDURE BASED ON A MAXIMUM SEQUENCE OF ONLY TWO GROUPS 

OF SEEDS
 

reason or ofThe major o advocating the use eqi.l probability ratio test plans in gene banks, 
such as those shLwn in Tables 15.3 to 15.27, is to iVoid %asting precious seeds - particularly where 
accession viability is aiigh.Such tests are, however, more conplicated to carry out than the simpler fixed 

sample size tests. 

One coutprontise suggested by the I[MIGR Seed Storage Committee for gone banks who, for logistic 
reasons, feel unable to take full advantage of this procedure is to carry out a gertination test oi 
200 seeds sampled Irent the accession. It 180 or more seeds germinate then the test is terminated and 
the decision made to maintain the accession in store untilthe next monitoring test cate. If, howeer, 
fewer than 10 of the 200 seeds tested germinate then a further 200 seeds are sampled from the 
accession and tested for germination. At the end of this second test the results of the first and second 
tests are surned. II 340 or more of the 400 seeds tested gerinated then the iccession is maintained in 
store until tire next monitoring test date. If, however, fewer than 340 seeds germinated then the 
decision is made to regenerate the accession as soon as thisis practicable. 

The ecoinomy arid reliability of this two-test procedure are shown itr Figures 15.3 and 15.4 
respecti'ely. The rcgertlratien standard of thisprocedure (where tire probability of regeneration is 0.95) 
is SI.8% (Figure 15.4). It will be seen that tire operating characteristic of thispro,'edure differs only 
slightly fron hxd sample size test on 400 seeds wVhere tire decision boundary is set at 85% 
(Figure 15.1,. but oilers sorte saing in seeds where true accession viability is in excess of the 
regeneration standard Figore 15.3). However, tine saving in seedS is not as great as for sequential 
probability ratio tests with rmrlar operating characteristics Irable 15.2). 

A SUMMARY OF PREFERRLT PROCEDURES FOR GERMINATION TESTS 

This handbook has recognised tire need for flexibility in the practices adopted by different gene banks. 
So that practices can br idtptad to rreet local problum, and contraints, a number of alternative 
procedures have oten been suggested. Hlowever, some practices are preferred to others and this section 

surtnarises these. 

General guidance 

(I) The purpose of gerniation tests in gene banks is to estimate the seed viability of accessions frott 
ttne to tlittle itt order that steps may be taken to regenerate iccessions when viability has fallen to tire 
regeneration standard. ( Inless there are special cirrntstances the IlIGI, Seed Storage Committee has 

recorntinendcdd 85% viability as the norm.,u regenerltion stiniardi. 

(2) Itt order that th rctmilts of germination tests rellel'ttrue viabilit) steps must be taken to sample 
seeds correntlI ( hapters 12 and 13), to reiontim as mtih ol th crtpt% seed firactions possible where 
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Figure 15.3 Economy (relationship between Elie average number of seeds required to conclu'
. a monitcring 

test and trl accession for two procedure in text in which area iabilitv) the test described the 200 seeds 

first tested for germination with the decision boundary set at 180 seeds germinating; if fewer than 

180 seeds germinate then a further 200 %,es itetested for germination, the results of both tests added 

together, and the combined result tested aainst an S5% decision boundary. 

400­

300
 

0
~ 0 

10
75 80 85 90 95 


True accession viability, % 
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necessary and determine the empt. ,eed fraction remainirg so that viability is expressed as a proportion 
of true seeds (Chapter S),to provide optroiJl germinalt in test conditions (Chapter 4 and Volume II) to 
remove dorm ancy (Chapters 7 .11d LuI . ll)arnd hardseededness to evaluate 
of tests (Chapter 10) and, where nitcesSat%., to use additional methods for assessing the viability of 

ungerminated seeds (Chapter II). 

'),6, 11 (Chapter 7), the results 

(31 It is convenient to di 'ide gterli if:,iin tests used in gene banks in to two categories: (i)the initial 

germination test, which I, J signed t,,check that initial viability is above the r-geleratiol standard and 
also to estimate the initialptrcen ,ge viability of the accession; (ii) the lionitorg gerniination tests, 
which are carried out subSeilIcIlt I, from time to ime to check whether or riot the viability of tire 
accession is still above the regeneration standard. It will be seen that the objet tives of the two types of 
test are not identical: the main difference being that a special emphasis is placed oil estilnatig initial 
viability (not nierely thait the viability is above the regeneration standard). The reason for this is that 
initial percentage viability reflects the :eed quality of the accession and, wren sufficeient informatlon for 
a species is availabl:_, initial Viabilit) can be used as a guide to how long the first monitoring inte val 
should be (i.e. tiletllile betwveen tile initial germination test and the first monitoring test aftcr storage). 
Because of the different objectives, the preferred recommendations for initial germination tests and 

monitoring germination tests are also different. 

The initial germination test 

(4.) The Initial gerilnation te:,t should be either (i)a fixed sample size test carried out on 400 seeds 
using 4 or inore replicates or (ii) a sequential test on up to 2 groups of seed, each of 200 seeds, using 

4 or ruore replicates per group. In either method (i or ii) the results of individual replicates should be 
checked against the appropriate tolerance table in Chapter 14 at a probability of 0.025. The estimate of 
initial viability should be based on at least 200 seeds so that in the case of method (ii) if the value of 
one replicate in the first group falls outside the tolerated range, a further satmple of 200 seeds should be 
tested. In the case of method (i)shere the seeds are in short supply, it is suggested that if the results 
of one replicate falls outside the tolerated range, that replicate is ignored and the estimated initial 
viability is taken as the mean of the other replicates. If the seed supply is plentiful it is preferable to 

repeat the test. 

Monitoring germination tests 

(5) The IIWPGR Seed Storoge Coimittee recommends a sequential test procedure for germination tests 
designed to monito~r accession viability. Ideally a group size oh 40 or 50 seeds (the sequential germrination 
test plan shown in Table 15.5 or Table 15.6) shoulld be chosen, ,. is iost convelient, if viability is 
expected to be well above the ri"+cneratiol standrd oi 85%. This could be adopted as a standard 
procedure for , ci"- io1s i in 5111niall ai; v. lldresult il., saving of seeds. Ruit. if preferred, tie work 
load could be r(duced wit h l Ipialt iI sid wastage if group si/i f, soy, I00et y a (the sequential 
gerirination test plan shiowni Taible 15.7) is adopted when it i expeeted that the viability of the 
accession is aeproa'hing the rigei eratiln stardard - say 891 or belw. When sinallgroup siz,es(e.g. 

40 or 50 seeds) are used, replication is riot li es,ary. But if lairge grotip izes are used (e.g. I00 seeds) 
then ther', is sire adrsitj ge in iising repli l.tne, Alhiih cail Il, hetoked against the tolerance tables 
(Chapter 14) as a lhv(k olnsatisfactor tecnillque. Whitever the groIpI sit tnt lllUeunli a decision is 
reached according to Tables 15. 15.(, or I,.7, but if no decision has been autorilticall y reached after 
600 seeds haye been tested the decnisioen is their taken It)end the test ,o regenerate tie accessiorn 
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Figure 15.4 Operating characteri',tic of the two test procedure described in the text and in the caption 

to Figure 15.3 (solid curve). The broken (:iir .e, provide operating cliaracteristics for fixed sample size 

tests of 200 or 400 seeds where the decision boundary is 5 
o for comparison. Note that the upetatng 

characteristic of the two test procedure differs only marginally from that for the 400 seed fixed sample 

size test whilst requiring fewer seed. (Figure 15.3). 
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if 525 or fewer seeds germinated in the sequential procedure or maintain in store until the next
 

monitoring test if 526 or more seeds germruinatd.
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lertill:ation, 35 glossary
 
fixeo saple size lablIity of seed dnd fruit structures, 39-41
tests, 146-7 


ooera lng characterlstics of, 165-9 of seejlng structures,114-117
 

toleratce tables for, 169-75 gram-molecular weight,72
 
food storage tissue. of seeds, 36
 
fruit, hardseededness, 45-47,77
 

associated structures, 38 distribution of hard seeds fire: gjene banks, 87 
Cefinition,38-9 ecological significance, 83
 
extraction of seeds from, 6-9 effect on germination progress curves, 83-4
 
morphoi,'y, 3s-al effectof temperature on, 85
 

funga!grcwtni, methods of removing, 80-85
 
iurin.ggerminat len tests, 77, 106-8 suggested procedure for removing, 86
 
seed-borne Infectic:s,107 testa structure In,81-3
 
sterilization treatment,107-8 treatments to overcome, 81-5
 

when and whether to remove, 86
 
gelatinous seedcoating, hulling, 39, 80
 

removalat, 8 humidification treatment,85, 86
 
genotypes,
 

probability in accessions of rare, 139, 163-4 illuminanre, 73
 
germination, illumination,
 

(see also tjerimnatInn provision in germination tests, see light
tests) 

abnormal, imbibition injury, 44-6, 55, 81
 
(sec also abnormal seedlings) after removalof hardseededness, 85-6
 
possible causes of, 113, 118-20 effect of teemferatuie
on, 45-6
 

criteria of, 42-3 minimising of, A;
 
definition, x, impaction of seeds,
 
efferts of light on, 68-76 for removing hardseeredness, 84-5
 
epoigeal,112-5 incubators,
 

hypogeal,112-3,116-7 specifications of, 52
 
initial,204 indigocarmine test for viability, 134-5
 
of non dirmauntseeds,42-53 Insects,
 
progress, curves, 48, 109-11 precautlv.xs
against,10
 

effect of hardseededness on, 83-4, 109-11 insectosmage,
 
effect of seed dormancy on, 109-11 detelrinatJon ty x-reys, 93
 

rate of, 48-9, 109-11 proportion of infestedseeds, 93
 
test,xi Insectlarvae,
 
test period, 50-1, 111-2 Infestation in seeds, 41
 

germination media, interactinns between factors which affect dormancy, 66-7 
nutrient aoitives, 50 internatonal method, 

germination progress curves, see germination of determining empty seed fraction, 89 
germination tests, Irishmethod, 

abnoinal seedlings in, t12-20 of determining empty seed fraction, 88-9 
appraisal of, ;09-20 Irradiance, 69, 72 

conduct of, 94-108
 
counting board for, 96-7, 105-6 layerage, 62
 
criteria of germination, 42-3 (seealso pre-chillling)
 
definition, .1 light,
 

dormancy in, sea dormancy nf seeds conversion between different units of measurement, 74-6 
duration, 109-13 effects on germination, 68-76 
effect of sample size on accuracy of, 141-2 effects on seeddormancy, 64 
eguipment for, 51-3 Interaction with nitrate and alternating temperatures, 
fungalgrowth during, 79, 106-8 66-7 
initial, 204 monochromatic, 74 
inspection of, 51 photometric units, 72-4, 76 
lightIn, see light provision in germination tests,50, 53 
monitoring, 109-12,204-5 quality, 68-70
 
paper for, 94-100 effecton seed dormancy, 64, 66-7
 

toxicity testsof, 94 quantum units, 69, 70, 72, 74, 76
 
period, 50-1, 111-112 radiometric units, 73-4, 76
 
plans for sequential, 179-206 regines for promoting germination, 73-6
 
preferred proceo res seinary,202-6 spectrum, see electromagnetic spectrum
 
seedlin evaluation in, 112-20 units of measurement, 68-70, 72-3
 
seguential, 179-206 long-term seed stores, xil
 
substrates for, 44, 74-103 rminagement of, 1-6 
t-naperature effects on, T-ri,49, 53 luminous energy, 73
 
two-group sequential, 202, 204
 
water sensitivity In, 44 management ef gene hank,
 
voter,suitbility for, 106 data of accessions, 4-5 

germinatols, decision framework,2-5 
walk in tpe, 51, 53 long term seed stores, xil, 1-6 

http:precautlv.xs
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(management of gene bank, continued) cce-clliing, 61-2
 

(..,e also after-ripening)

nedia tern seed stens,stres,.llpre-conditioniogtemx sed treatneots in 'eiraTniivn test,medim 128-33 

treatment, 59
pre-odrying

sequence of operatins, 4-6, 19-22 


pre-soak treatment, 65, 80
 
mean seed eight, 


pre-wasstreatment, 65, 80
 estimation of, 

pre-treatment of seeds,62, 65
 by IS1Aprocedurcs, 29-51 


after-ripening, 59-60,62
 
by Wakehurst Place proce,ure;, 30-1 


ar-ripeing, 61- 6
 
correction of, 30-1 


pre-chiliing, 61-2
mechanical damage to seeds, 12-3 

redln-trm eedstoesxiipr--conditioning 
in tetrazolium tests, 128-33
 mediua-term seed stores, xi pe-dryin 1 treatments, 59 

dicropyle, pre-oak ra; zents, 65, 80 

definition, 40 pre-ain tre it ents, 65, 80 
oeiveopent of, 34 probability ifr rore qipnctypes in accessions, 139, 163-4 

moi3sture content,priyoses,1­
purity of seeds, 13-5
 

effects on hardseededness, 47 

definition, 13
 

moisture content detemninition, 16-8,24-9 


caiculation of, -­
effcato olof , 17 quantan units, 69-70, 72, 74, 76
efeectof oil contort,17 qaatn,1
 

quarantine, 16
 
equIpr.nt fcr,2. 

monitoring, radiometriC units, 72, 74, 76 

interval,definition, xi random cups, method of seed sampling, 158 

germinati:i tests, 109-12,204-5 sampling,randmrandm sampling,
 
,urber of s.edsin store,31-3 practical aspects, 153-164
 

monogerm seeds, 1I1 
 theoretical aspects, 140-2
 
morphology of fruitsand seeds,
 

tests for ,lablity, 136-7
 glossary,rapid 

conductivity, 136
seeds, 13
gotiqerm 

indlgo-carmine, 134-6
 

glutamic acid decartoxylase, 136
nitrate, 

Interaction with lightand alternating temperatures, tetrazollum, 125-34
 

recalcitrant seeds, 
I 

definition, xinon-endospermic seeds,36-8 

regeneration of accessions, 23
rusberof seeds, 

definitl o, .1 
1i accessions, x, 2, 15 


estimation of, 29-33 regeneration standard, 
definition, xi
moriltorino in store, 31-3 

required for regeneration, 32 probainlity of regeneration, 169, 181-3
 
statitical considerations, 145-7,152
 

one-tailed test and regeneration standard, 145-7 rehydration of seeds, 1 

(seealso imbibition Injury)cnerating characteristics, 


of fixedsample size viability tests, 165-9 
 riffle divider for seedsampling, 155-6
 

rolled towelgermination test,95-8
of sequential probahllity ratio tests, 181-4,186-7, 


202,204-5 sample size, 
orthodox seeds, accuracy of germination test,141-2 

definition, xi of seeds required for variouspurposes, 1601-3 

ovule, sampling sceds from accessions, 
definition, 40 theoretical and statistical aspects, 138-52 
structure of, 34 practical aspects, 153-64 

oxygen, sand, 
abnormalseedlings caused by deficiency of, 119 as a germination substrate, 102 

effects on dormancy, 60 scarification of seed;,60 

watersensitivity, 44 acid,80 
for removing hardsededness, 84 

packaging of seeds,1C-9 seed, 

paper forgermination tests,94-Its definition, 38, 40 

characteristics required, 44 usages of tern,38 

filter,98-100 seed clusters, 13-4 

pleated, 100-1 seed coat,37-8 
toxicitytestsfor,94 (see also seedcovering structures and testa) 

perisperm, 36 definition, 40 

definition, 40 seed collecting, 22 

photoblastic species, 64, 68 seed counters, 103-6 
(see also light, effect on seed dormancy) automatic, 103 

photoinhibition of germination, 68, 71 counting boards, 103 

photometric units, 12-74,76 vacunm, 103-5 
photoreceptor, 70 se,d covering structures, 

tvytochrome, transformations of, 70-2 as a barrier to piffuslon of Inhibitors, 79 
pie methed of sampling, 158 as a barrier to oxygen uptake, 77 

pollination, 35 as a barrier to radicle emergence, 78-9 

polyembryony, 35-6 
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