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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 corservation which require some understanding of seed physiology, The handbook assumes
little previous knowledge of sced physiology, but aims to provide sufficient information on practical
procedures either to avoid or to overcome potential problems in the day-to-day operation of the seed store
~and sced testing laboratory within a genetic resources centre.  Most of the handbook deats with the assess-
ment of seed viability when the sced first arrives and in subsequent monitoring tests during storage.
Consequently a suitable sub-tit'e for this handbook would be: the germination of dormant and non-dorinant
sceds from accessions maintained in medium- or long-term seed stores for genetic resources conservation,
Advice on the preparation of sceds for storage (drying, cleaning, moisture content determination and
packaging) is also included because it is important that these procedures do not cause additional problems

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

Although many of the problems are similar to those in other branches of seed technology, some gain
added importance and some new  problems are encountered when  dealing with seeds  for  long-term
conservation.  For example in gene banks it is particularly important to ensure that initial processing docs
not unnecessarily reduce the quality of the seed since this affects potential longevity.  Then again problems
of sced dormancy interfering with viability testing are likely to be more severe in seed banks for several
reasons: for example. in order to ensure maximum seed quality cefforts will be made to store sceds as soon
as possible after harvest and this is when dormancy is most pronounced, some accessions will represent
wild progenitors of crops or primitive landraces and these are usually more dormant than modern cultivars;
and the low temnperatures used to preserve viability also tend to maintain seeds in a dormant condition,
Finaily the seeds in gene banks are precious and testing procedures are required which minimise the
number of sceds destroyed.  Decause of these differences, the sced technology appropriate for commercial

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

To avoid any misunderstandings in the chapters which follow there are certain terms which must be
defined and understood from the outset,  As already stated, this handbook provides advice on the assessment

of the viability of seeds from accessions of orthogox species in long-term _storage; in rmost  cases

viability tests will be germination tests performed under conditions intended to overcome dormancy and
thus result in the germination of all viable sceds; after an initial germination test subsequent tests will be

carried out after each monitoring interval in order to determine whether the viability has fallen to the

regeneration standard,  When  this happens arrangements will be made to regenerate the accession to
produce a fresh stock of seeds or alternatively a sample of the samie genetical constitution will be

obtained  from  another  source, The underlined  terns are defined  and  explained  below,

Accession. A sample of seeds representing a cultivar, a breeding line, or a collected ficld sample which
is held in storage for conservation, It needs to contain suflicient seeds to represent the genetic variation
of the population from which it was derived, to provide material for germination tests to monitor viability,
and provide sceds for distribution and regeneration,  Ideally IBPGR has recommended that an accession
should consist of #0000 sceds for genctically  homogeneous accessions and 12,000 seeds  for genetically

heterogencous accessions,
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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 ncrmally considered to be suitable for germination, viz. adequate moisture, a
suitable temperature and adequate aeration. Unless appropriate techniques are adopted, a dormant sced

may be assumed (wrongly) to be dead in 4 germination test.

Germination.  Ultimately the production 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 unbibition.

Germination test. A laboratory test to 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 hetween 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 sceds. 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 sceds 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 renetic conservation and should be replaced by regencra-
tion or obtaining similar seeds from another sourc.. Loss of viability during storage results in genetic
changes through assuciated mutation and, in the case of genetically heterogencous accessions, through
genetic erosion because of genctic selection against genotypes of shorter longevity, Accordingly the IBPGR
Seed Storage Committee has recommended the regencration 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 seced will germinate (for example, if the seed is dormant),

Within an accession, percentuge viability is the sproportion 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 sceds 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 arc 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 volume provides a general introduction to the
management of seced accessions within gene banks, seed physiology and seed testing with particular
reference to the specific problems for gene banks operating long-term sced stores (though the majority of
this handbook is also relevant to the operation of mediurn-term seced 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. it 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 sceds for long-term conservation is relatively new. Morcover, in rany
species we have inadequate knowledge or cxperience. We have provided direct instructions for procedures
to be followed where this is possible, but in many cases insufficient inforrnation is available at present for
unequivocal advice to be given, Consequently thishandbook is also intended to provide a guide to gene bank
staff to help them find their own solutions. Many of the suggestions are tentative and 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 tc cope with these problems. Indeed it is hoped that this handbook will stirnulate gene bank
staff, and seed physiologists elsewhere, to solve rnany of the difficulties which are highlighted here.
Accordingly we would be grateful for any suggestions which could help in the revision of future cditions;

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

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

Facilities for Genetic_Conservation (full reference provided in Chapter 1). To avoid duplication that report

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

in Rome,

* Handbook of Seed Technology tor Genebanks Volume Il Compendium of Specific Germination Information
and Test Recommendations, IBPGR, Rome, 1985 (/\'GPG: IBPGR 85/85).
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CHAPTER 1. MANAGING A LONG-1ERM SEED STORE FOR GENETIC RESOURCES
CONSERVATION: GETTING THE SEEDS INTO STORE

In essence the operation of a long-terin seed store for the genetic (cesources 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 operation of, say, a warchouse containing manufactured goods is false,  Whereas the latter are
inanimate, sced accessions are or should be living material; if they are not then the accession serves no
piurpose,  Many of the preblems which have arisen in the maintenance of seed collections in gene vanks
have resulted from a failure to recognise fully that seeds are living material in a quicscent state.
lor this reason we begin this volume with some observations on the management of long-term sced stores

with the aim of maintaining accessions containing a high proportion of live seeds.
RECOGNITION AND CLASSIFICATION OF SEED STORAGE CHARACTERISTICS

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 cxample, sceds 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 hardscededness is induced on drying so that scarification is needed; and sometimes
dormancy is induced which requires additional treatments. In other cases, after drying, the r.ch)'rlration
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 the importance ot understanding the problems

if expensive mistakes are to be avoided.

Although 1t 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, c.g. regularly
replanted orchards.  Nevertheless seed technology is often an important part of the conservation process
since germplasm is otien collected and transported as seeds, and seeds are germinated in the course of
regeneration and evaluation.  Although the main emphasis in this manual is on orthodox sceds, it will be
found that much of the information or germination and estimation of viability is also applicable to
recalcitrant seeds. Furthermore becau ¢ of the need for specific advice on the germination of recalcitrant

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



TABLE 1.1

Gene bank Decision-making Management Table

QUESTION

DECISION

RBG Wakehurst Place

Other possibilities

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?

Accept if (a) seed of wiid material, (b) does not
duplicate existing collection. (c) seed number
acceptable, (d) germination above regeneration
standard, and (e) the species shows orthodox seed
storage characteristics.

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

1,000

No, use standard drying times instead if species
handled extensively before.

Yes, use standard ISTA procedures, but with
standard seed number (instead of standard weight).

Sub-divide.

Glass bottles with rubber seals.

Refer to algorithm (see Volume II).

e.g. is the material within the mandate of the seed
bank? Does it unintentionally duplicate an existing
collection? Even if the number of seeds is smaller
than the standard accession size or below the
regeneration standard it still may be decided to
retain the accession if it is deemed important
material.

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 heterogencous accessions,
but practical considerations may demand some
flexibility.

Mgisture contents determined on some accessions
only in order to <monitor drying procedures.

Yes, use ISTA procedures, but using less weight of
seed and more accurate weighing procedures.

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

Laminated foil packets.
Metal cans.

Some health testing f{easible, but comprehensive
health testing impossible.

Refer to prescriptions in the second volume. If no
suitable prescriptions available, refer to Chapter 5
and the second volume.



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

How rnany seeds per test?

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

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

What is to be done if proportion of cmpty
sceds is greater than this?

What is the regeneration  standard?

Should accessions which fail this standard
be regenerated?

How frequently should accession germina-
tion be monitored?

Which categories of correspondent should
be .upplied with sceds on request?

How many seeds should be supplied 1o
users of genectic resources?

What supporting information should be

supplied?

Shouid 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. [f 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 gertnination. .

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.c. germination resulting in
morphologically normal scedling). Exceptionally a
tetrazolium test when pronounced dormancy cannot
be overcome.

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

Do not reclean but take number of empty seeds into
account when assessing true sced viability.

85% germination is rnore 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 seceds 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 avatilable.

At any time if bank is satisfied with need.




Table 1.2 An outline of the sequence of operations required to incorporate an accession into the

collection maintained by a gene bank.

ACTION

RECEIPT"
I
)
’
[

VERIFICATION

* DRYING

r
|

|

[}

|

]

1 THRESHING
t

'

'

1

-

= ESTIMATE MOISTURE
CONTENT

CLEANING

mm————=

= PURITY
PACKAGING
STORAGE

ESTIMATE ACCESSION
VIABILITY

ADD TO SEED LIST

(DESPATCH SAMPLE FOR
DUPLICATION)

grass species received as panicles,

INFORMATION

Allocate serjal number,
Date of receipt,

Despatch all relevant coltection information
together with herbarium specimens to
taxonomist,

Location in drying room.

Cancel location in drying rooty, add date of
threshing,

Record moisture content.

Provide estimate of number of seeds within
accession,

Provide estimate of empty seed fraction,
reduce estimate of total seed number,

No. of containers, type of container,
batch no. of containers.

Date of storage, location in store of all
containers,

Record all details of the test(s),

Reduce estimate of total seed number by
number of seeds removed to estimate
viabdlity.

Estimate regeneration interva., decide date of
first monitoring test.

Allocate accession number, indicate
distribution policy, no, of seeds available
for distribution and rnonitoring and minimum
na. of seeds required for regeneration,

Record nstitute at which accession duplicated,
despatch ali information with duplicate sample,

This example is for sceds of a

PRECAUTIONS

Insect intestation? Seed treated
chemically? Do seeds and documenta-
tion match?

Open container to allow seeds to dry, but
prevent mixing of separate accessions,

Keep discarded material tor seed health
analyses,

It seeds too moist for long-term storage
then return to drying room for further
drying.

Keep discarded material for seed health
analyses,

If too many empty seeds then return for
further cleaning.

Sample seeds at random, overcoine seed
dormancy in germination tests.

Do not add to seed list il insufficient
seeds, nsulficient viability, veritication
of species not available, duplicates
existing accession or outside remit of
the collection,



MANAGEMENT AND OPERATION SEQUENCE OF LONG-TERM SEED STORES FOR ORTHODOX SPECIES

Management, whether of a genetic resources centre or any other organisation, cntails decision rmaking.
Three facets of management decision making are worth noting. First, the need for a decision should be
identified; ~therwise wrong decisions will often be tade 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 from the outsct for managing a long-terin seed storage facility.
Of course as experience is gained the framework can be modified and developed. It will cnable gene bank
staff to be aware of potential problems (at least those anticipated by the tanager) and to be clear on how

to achieve their objectives.

The sced 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 Wakchurst Place gene bank (Table 1.1) may help others in arriving at decisions appropriate to their
own rnaterial and objectives, However the list of questions and solutions will often differ between

gene banks,
Sequence of banking operatinns

In addition to anticipating matters on which decisions will be required, it is important to decide the
sequence of operations each accession will experience froin receipt at the gene bank onwards. Table 1.2
provides an example of operational sequences to incorporate an accession of a grass received in the forin
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 alse the vitally important information flow into, within and
without the gene bank. Managemnent 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, common name and details of origin; characterization data - botanical and other casily
observed heritable attributes: evaluation data - facts gathered by plant breeders or others during screening
of the accession to deterrnine its breeding potential; and accession management data. Accession
manageimnent data includes: date of receipt; date of entry into the long-term store: store location; size of
accession {(weight or, preferably, the estimmated nuinber of sceds - ideally this also includes 1000 seced
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 sced moisture content, the proportion of dormant sceds, the
estimated storage life of the accession in the long-term store, cbservations on sced purity and sced health,
a list of where, when and hew many seeds fromn the accession have been distributed, and how many seeds
remain in store. The management of the information required to conserve sced accessions within gene
banks is not considered further here since this topic is covered by another IBPGR report cited at the end

of this chapter,

From Table 1.2 we can see that the basic order of operations for an accession 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 a'teration for other species.  For example, an



accession received as fleshy fruits must have the seeds extracted before drying, but threshing will not be

necessary.

Certamn aspects of the order of operations shown tor a grass in Table 1.2 need further explanation,
Threshing occurs after preliminary drying.  Thus sced heads will often be dried first as a whole unit,
When dried the sced heads are easier to thresh,  However, very dry seeds can be quite prone to
mechanical damage (see later section on threshing) and threshing can involve a good deal of mechanical
treatment of the seed.  Consequently  final drying down to between & and 6% maisture content for long-

teem storage v subsequent to threshing: hence the dotted hine in Table 1.2,

Cleatung and purity analysts are each considered to be parts of the same operation since the result of
the purity analysis may adentity the need for further cleaning to reduce the cnipty seed tractions again, as
shown by the dotted line in Table 1.2, Gernnnation testing is considered as the last operation within the
sequence.  There are a number of reasons for this. First there is Httle point in testing accessions with a
high proportion of cmpty seeds for gernunction,  Thus germination testing s subsequent to cleanimg and
purity analysis,  Secondly the receipt of decessions at g gene bank will tend to be seasonal rather than
regutar throughout the year, It will be wise 1o concentrate the effort during these periods of peak input
to enable the accessions to be placed in good storage conditions as soot as possible in order to avord loss
of quality. In which case germination testing can be carnied out when time allows alter the aceession has
been dried and placed m storage so that deterioration is arrested. Ot course on occasion when this policy
v adopted 1t may be found that some accessions with pourer germination than the regencration standard
are placed in storage.  But this is of no consequence.  Such accessions can remain i good storage
conditions untul it is known whether the accession can be replaced by another collection or. until facilities
are avallable for the regeneration of the accession - in which case a sample of the accession should

feman.anostore. anywdy - asa precaution  in case  of - crop failure  during  regeneration,

The exanple given above shows the advantage of adopting a tlexible approach to organising the work
ot u gene bank. It can be extended further by suggesting that, it the number ot statt is limited, the seed
testing operations could be minitmised or even suspended during the peak input season. Another possibility
15 to organise the work of the sced testing laboratory seasonally with regard to the species being tested,
For example, a bigher throughput may be possible if only one species is tested in one part ot the year: in
the northern henusphere autumn sown cereals might be tested i May/June so that facilities could be made
avidable for sowing n the autunm 1t regeneration of chy accessions s necessary; whereas spring sown
cereats could be tested i October/November so that facilities could be made available for sowing in the
spring af regeneration of any accessions is necessary,  Organsation of monitoring  tests in this way may

increase  throughput  compared o testing accessions of any species  throughout  the  year,

The mam purpose of this manual 15 ta provide advice, concerning methods of germinatiag sceds from
accessions in store and, in particular, suggestions as te how to promote the germination ot dormant sceds
in order to provide for the germnation of all viable  sceds, Subsequent  chapters provide  detailed
information on these aspects of the work of Jong-term seed stores for genetic resources conservation,  The
remainder of this chapter 1s mainly concerned with various aspects ot the operation of gene banks which

can atfect the quality of seed accessions banked in the seed store,
EXTRACTING SEEDS FROM FRUIT.,

In very many species gene banks will in fact be storing seeds within dry fruits and other structures

(e @ caryopsis within its attached lemma and palea, as in many grasses - see Chapter 3}, Problems can



arise because in certain cases these treits, though known agronomically as seeds, will not contain true
seeds in which case they are known as ‘empty seeds', In other cases problems tnay arise because the dried
fruit structure may contain more than one seed.  Both types of problem are considered in g tater section
of this chapter; here we concentrate on the extraction of sceds from moist or fleshy fruits.  In these

cases the seeds must be removed from the fruits before long-term seed storage.

A general word of warning concerning exttaction procedures incurrent usage 1s necessary by way ol
introduction.  Many of the procedures widely used to extract sceds trom fleshy truits have been developed
for the convenience of breeders who have often been more concerned with ecase ol extraction than with
obtaining a high proportion of surviving seeds, [t cannot be assumed that an extraction procedure

described as satisfactory by a breeder does not damage the seeds and/or reduce subsequent storage lite,

In a few species a small proportion of seeds may show a tendency to begin to germinate within the
frint as a result of insufficient dormancy,  1f this is likely then the seeds should be extracted from the
truits and dried as soon as possible.  For the majority of species, however, dormancy is sufficient 1o
prevent germunation within the frui,  In dehydrated {or air-dry') seeds the higher the seed mwisture
content, the faster the foss in viability, but fully hydrated sceds are able to survive for quite long periods
provided that they are prevented from  germinating by dormancy,  Thus hydrated, dormant seeds within
fleshy fruits are not dansged by short periods of storage i the truit, For example, i many orthodox
species ne damage appears o result from siv weeks storage inomoist fraits. Since oxygen s required for
hydrated seeds to mamtain vability at s essentialb that air should be able to circulate freely between the
moist fruits anc that the frutts be held in containers which provide no barrier to air.  In general if fruits
are to be stored for the sbort-term until sced extraction is possible it would seemn preferable for the
temperature of storage to be about 6% to 5°C and that the hutmdity should be sutficiently high to prevent
excessive drying out of the fruits,  This avends both induction of sccondary dormancy (see Chapter 5),
which can occur at laboratory temperatures and above, and also decomposition of the trts, Recalcitrant
seeds of many tropical fruits may be kitled by chilling injury - L. temperatures below 10° to 15°C - but
such  seeds cannot be dried and  theretore will not be held in conventional long-term sced  stores.,

Obviously, though, seed extraction should be undertaken  as  soon  as  possible  after  fruit  harvest,
The following notes are provided for specific categories of fruits,

Pomes e, apple and pears (Malus and Pyrus spp.). The fruits are casily bisected by kntte and the seeds

remnoved  from the  core . by forceps. This is  easier to accomphlish  with  firm  fruit,

Stonefruits g, Prunus spp. Maceration of the flesh by machine is olten practised, but removal ot the
flesh with a sharp knife by hand is convenient tor stall guantities of sced. Tmediately after extraction
the stones should be washed coprousiy in water to remove all pulp and pce,  The surface of the stones
should then be blotted dry. 1 1t 1s wished 1o extract seeds fromm stones then this s best accomplished
after preliminary (one day) drying o the drying room.  Sphit the stony endocarp of the dry sceed with a
vice or pliers by applying steadily increasimg pressure ot the broadest point of the longitudingl axis ot the
stone  until  the  endocarp  splits, Alternatinely insert g strong blade nto the  crevice and - twist,
Citrus frints,  Fruits can be bisected by kmife and the seeds teased out with toreeps or by squeeszmg the

half  fruit  on a  fruit  juice  squeezer, Seeds  should  be rinsed  thoroughly  in disutled  water,



True berries e.g. Solanaceae, Vitis spp., Ribes spp. Certain fruits within the Solanaceae contain poisonous
alkaloids (e.g. solanin in the potato) which can severely irritate the skin if the fruits are handled a lot,

Light polyethylene gloves prevent this whilst not reducing dexterity.

The contents of the fruits are best removed cither by cutting the fruit in half or 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 sceds. The excised contents of fruits consist of sceds 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% weight/volume) is added to the gelatinous slurry in

the ratio of 140, stirred for one hour and the sceds washed out using tap water,

3. Acid fermentation where | 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 the seeds washed out using tap water.

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

tap water.

5. Sodium carbonate digestion where a 10% sodium carbonate solution and the gelatinous slurry are mixed

in the ratio  I:, left  for  18-24 hours, and the seeds washed out using  tap  water,

6.  Washing secds 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 sced,
Similarly acid digestion with | N hydrochloric acid can damage sceds - although it may only become
obvious if germination is tested after a period of storage; treatinent 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 therefore pointless - unless combined with a pectinase treatment,  The sodium carbonate method also
fails to break down large picces of fruit tlesh or fibre. Moreover since washing is successful in the
majority of specios we see no reason to use methods 1-5 inclusive.  Washing should be done with the
gelatinous  slurry  in sieves  to prevent the seeds being washed away; a high flow rate of water is

advantageous,

Cucurbits.  In most cucurbits it is comparatively casy to cut open the fruit and then scrape out the seeds

from  the  centres  of  the  fruits, Wash  the  seeds  in running  water  before drying.

Fleshy_hips  c.g. Rowa spp. A portion of the hip is cut away and the sceds gently squeezed or teased

out,



Drupelets e.g. Raspberrics. 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

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

After sceds extracted from fruits have been washed they should be blotted to remove excess moisture
from the sceds. This is particularly important with very small seeds, otherwise on drying the sceds tend
to cake together resulting in a very wet patch of seeds in the centre of the cake.  After the removal of
surface moisture the seed should be dried in the drying room {sec next section) m very thin layers -
preferably only one sced thick. The small amount of gelatinous material that may remain after washing is

casily removed once the seeds are dried.

Fibrous drupes e.g. the palin fruits. 1h> exocarp and mesocarp of the fruit enclose the endocarp - which
is a hard thick shell. After the fruits have been harvested the tibrous mesocarp can be removed with a

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

Capsules e.g. Brazil nut (Bertholletia excelsa Humb. & Bunpl.) 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 rnatured, there is a natural cuap-like opening through which the dry seeds will fall out, The

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

Cocoa pods. Cocoa is believed to be recalcitrant.  The fruits are large, hard, woody pods ‘consisting of a
few compartments within which the seeds are emnbedded.  The pods can be cracked open with a wooden
mallet and the seeds extracted.  The extracted sceds are covered in inucilage which is normally removed

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

Pine _cones. The ripe cones vary greatly in size and form between the various Pinus 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 drying the cones open up, and the seeds can be distodged from the base of the
scales by shaking. Ensure that the cones are harvested before the seeds have already been dispersed! it

may be necessary to remove the wings from the seeds in order to reduce the seed bulk,

In the normal practice of sced production some fleshy fruits are picked and dried and only then are
the seeds extracted, c.g. chillis, okra, gourds, tropical pummpkins and - sometimes - epgplant.  Whilst this
can be more convenient than extracting seeds whilst the fruits are mwist it is inevitable that the seeds
within the fruits will dry more slowly than they would it extracted from the noist fruits and dried
separately.  Seed quality is expected to be superior n the latter case and it is suggested that this
procedure may be preferable to extracting sceds fromn 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 removed from fruits that they be dried quickly, not slowly, through the intermediate moisture
contents (where loss in viability is most rapid) to the low moisture contents necessary for long-terin
storage. A long period of expusure to intermediate moisture contents will result in loss in viability, If
there is likely to be a delay in drying the seeds then they should be maintained temporarily in the fruit,
if this is not possible then the feasibility of temporarily muaintaining the seeds unbibed with access to
oxygen could be investigated.



T

DRYING SEEDS

The 1982 report recommends seeds are best dried in a drying room maintained at about 15°C and
10 to 15% relative humidity with good air recirculation,  This requires the use of an air-dehumidificr
(sorption type) with refrigeration to lower the temperature and remove the heat generated by the air
uehumidifier.  Large seeds require a substantial titne to dry down to between 4 and 6% moisture content
especially if the seeds are not force-ventilated.  An alternative for large seeds (e.g. maize and beans) is
to adopt a two-stage drying procedure,  In the tirst stage a drying room is maintained at about 17°C with
40 to 45% relative humidity, In the second stage the seeds are placed in 3 self-contained drier with good
air recirculation - again using sorption-type equipmient - but with no refrigeration to provide an cenviron-

ment of atout 30°C with 10 to 15% relative humidity.

The factors which are positively related to the rate of drymg are terperature, vapour pressure
differential (difference between vapour pressure of  cnvironment  in equilibrium with seed at current
moisture content and vapour pressure of drying environment), oil content, 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 sced coat can atfect the rate of drying - particularly the testa in legume
sceds.  The 1982 report considers the relationships between these factors in considerable detail,  Here we

consider a few practical details of the operation and performance of drying rooms in gene banks.
Drying room precautions
1. Clearly label each accession (or part of accession} being dried,

2. Although insects are generally reported to be inactive below about 30% relative humidity, there have
been some reports that insects have reproduced and multiplied within seed drying rooms.  Staff should
inspect for such activity daily, and ensure that insects do not pass into the drying room from outside via
the air-lock or via the dehumidifier. In addition obvious contatninants (e.g. larvac and galls) should be
removed from accessions before drying - see the later section on cleaning, If insect activity is noted then
clean and disinfect the drying room, and then check that the notional operating environment s

being achicved.

3. Whilst seeds will dry much more quickly when exposed to the drying room environment in thin layers,
it may be considered that the risk of mixing accessions (that is, contamination) is too great to allow this,
in which case it would be preferable for the accessions to remain within bags.  The exception to this is
for very wet sceds (e.g. those extracted from fleshy fruits) which must be allowed to dry in very thin
layers to avoid the seeds caking together.  If sceds are dried within bags then the smaller the bag the
better.  For example, a large accession can be sub-divided into a nutnber of smaller bags for drying rather
than being left in a single large bag. The bags must, of course, allow air and moisture to pass through:
cotton and hessian bags are recommended tor sinall and large seeds respectively, witt, mesh sizes as large

as can be tolerated for the seed in question,
4. Bags should not be piled upon and against cach other, since this too will reduce the seed drying rate,
5. Finally bags should not be placed on the floor, or against the walls of the drying room, since - in

addition to obstructing air-flow and thereby reducing the sced drying rate - the bags will act as a

component of the drying room insulation, and sced temperature will be affected, (A tetperature gradient



will operate from the side of the bag exposed to the room through the sced, 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 sced would rise and the

seed might not dry in an extreme case.)

Several drying rooms have now been operated at the recommended conditions for many years.  Not
only have they proved simple, etfective and safe to use, but - particularly when combined with a sensible
rollection policy where seeds are despatched to the gene bank as quickly as possible - they have also
resulted in the banking of very high quality seeds.  In contrast heated-air sced driers have several limita-
tions which make them less appropriate for use in gene banks.  These have been described in the 1982
report.  Most of the probleins reported when drying sceds stem either from the rapid rates at which
damage can accumulate in seed at high moisture contents and high temperatures or from  structural

problems within the sced due to rapid changes in moisture content.  The latter are described below,
Reduction of seed volume on drying

When seeds dry there is a decrease in both weight and volume. If large seeds dry too rapidly the
outside of the seed will lose moisture more rapidly than the inside of the seed and will also reduce in
volume more quickly,  This can lead to cracking of the seed coat.  Alternatively sced coats can fail to
shrink sufficiently upon drying to continue to make contact with the cmbryo.  Thoese strained sections are
brittle and can be ecasily broken when handled.  Intern-i drying stresses also may increase susceptibility to
mechanical injuries such as fractures to the radicle and within cotyledon attachment regions in legumes.
In general these forins of damage are most noticeable when 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

slowly in drying rooms operating at the recornmended conditions.
Cleavage damage

However, considerable difficultics are encountered when soyabean (Glycine max) seeds are dried to
very low levels - even when they are dried slowly in a gene bank drying room. When dried below about
8% moisture content soyabeans show what is known as cleavage damage. Here the sced coat cracks and
the cotyledons may separate, particularly if the sceds are handled.  To avoid this form of damage,
soyabeans shouvld either be dried in a drying roomn as specified above but removed when their moisture
content has been reduced to 8% or be dried to equilibrium in environments with a relative humidity of not

less than 40%,
THRESHING

In some gene banks seeds will normally be received after threshing has been carried out,  But in some
cases it may be better to receive sced heads (inflorescences), unless this creates difficulty with quarantine
services,  The receipt of seed heads can aid taxonomic classitication where this is in doubt, In addition
the number of sceds 1ecovered may be greater due to better technique,  and 1t should be possible to
identify and remove weed plants,  Further, it should be possible te reduce the amount of mechanical

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

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

this are:  first, sceds within this range are casier to thresh than wetter seeds:  the wetter the seed the



more likely will associated vegetation tend to block up any equipment; and, more importantly, the easier it
becomes to detach seeds trom sced heads as the attachment becomes more brittle as seeds are dried.

Secondly, within this range mechanical damage to seeds is minimised,

Mechanical damage

Mechanical damage is the term used to describe those physical injuries to sceds which result from
collision.  The collision may cither be between seeds or between a seed and other objects - such as the
surfaces of sced-processing machinery. Obviously sced velocity at impact affects the extent andfor
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 the likelihood of mechanical injury is the
plasticity or elasticity of the surface which seeds hit. For example, a rubber surface deforms on impact
and thus cushions the effect of the collision for the sceds. Thus it is a good idea for metal surfaces in

dividers etc. to be coated with rubber.

The suggested range 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 mechanical damnage is increased. In moist sceds
bruises result from impacts. The greater the impact the deeper the bruise.  Bruising of the radicle is the
most likely to prevent normal germination (sce Chapters 4 and 10). Bruising of other arcas can make the
seed more prone to disease and/or imbibition injury (see Chapters 4 and 7). Bruising damage is the result
o1 cells rupturing on impact and releasing destructive hydrolytic enzymes, e.g. on the surface of cotyledons
in legumes.  Apart from any effect on germination if tested inunediately after impact, there is some
cvidence that bruised sceds lose viability more rapidly in storage - particularly when the seeds are stored

very moist.

In dry sceds the usual form of damage is caused by fracturing since such seeds can be extremely
brittle.  Again the most prevalent area for injuries to orcur is in the region of the radicle. In addition
cracks in the sced coat can result, and these can increase the likelihood of damage to the sced 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 te occur on impact, can be considered to be at an optimum level of moisture
for handling and threshing. Legume sceds are probably amongst the more prone to mechanical damage.
The range of 12 to 16% moisture content is thought to be the optimum moisture content for handling and
threshing sceds of legume species.  For many other species the optimuin range is wider than this. Never-
theless, for convenience, but alse because not all species have been investigated in as great detail as the

legume  sceds, we  suggest  this range is  adhered to, where possible, for all species,

Seed anatomy is also important.  First, small sceds are far less prone to mechanical damage than
large seeds - mainly because the former are more protected against impacts at harvest and threshing by
the mass and nature of vegetation harvested with the seed.  Secondly seed shape is important. Spherical
seeds such as those of Brassica spp. are less prone to mechanical damage than flat sceds such as sesame
(Sesamum indicuin) or angular seeds such as onion (Allium cepa).  Thirdly, the location of the cimbryo
within the sced has an effect.  In rye (Secale cereale), for example, the tip of the radicle protrudes
somewhat froni the fine of the endosperm whereas in barley (Hordeum vulgare) the root tip is less exposed
and protected by the seed covering structures; thus rye is far more prone to mechanical damage than
barley.  Finally, variation in sced coat characteristics influence susceptibility to mechanical damage -
particularly in the Leguininosae - and this can be particularly noticeab'e within a species, Hard sceds (sce

Chapters 4 and 7) tend to have comparatively thick impermeable seed coats which give some protection



against impacts. Thus varieties with thinner seed coats may be more prone to mechanical damage. In
addition the more tightly seed coats adhere to embryos the more resistant the seeds are to mechanical
damage. There can be substantial varictal differences in the adherence of the seed coat to the embryo

(e.g. in Phascolus vulgaris) and consequently in susceptibility to mechanical damage.
Use of threshers

Sceds can either be threshed by hand or threshed mechanicatly,  There are a number of points to
consider if mechanical threshers are used.  The threshing machine must be clean.  This is essential to
avoid seeds from one accession being contaminated with sceds of accessions previously threshed and to
avoid discases or insect pests being passed from one accession to another. Certain threshers do not
require cleaning.  However, others rnay need to be dismantled and 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 100% eftective in removing and separating seeds from seedheads and
the associated vegetation.  Frequently those seeds most firmly attached to the seed heads (e.g. in cereals
those at the base of ecars) are not dislodged during mechanical threshing, Also some seeds which are
detached are caught in the associated vegetation.  Thus a number of relatively precious seeds may be lost
from the accesston. In extreme cases there can be so much accompanying vegetation that seed heads are

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

Finally even sceds within the range of 12 to 16% moisture content are nevertheless brittle, and
mechanical threshing can result in broken seeds. 1t other cousiderations demand the use of threshers, steps

should be taken to ensure that the process s closely controlled and damage minimised,
PURITY

In an accession in which all seeds are meant to be the same the definition of purity is simple. Every
sced would be genctically identical, whole, undamaged and the accession should be free from pests, discases
and debris.  We car consider this aim to be absolute purity. In other cases it will be intended that the
accession is genetically heterogencous but the other factors will still be relevant. However, cach criterion

is an ideal rather than a necessity.
Dispersal units

One point of difficulty concerns what exactly constitutes a seed? Botanically the seed is the ripened
ovule containing the cmbryo, whilst the fruit is the fertilized and matured ovary of a flower (sce
Chapter 3). However, agriculturally the seed is described as the unit of dispersal or propagation. This can
cause problems for in some species - particularly the grasses - it can be difficult to determine whether a
seed (agricultural definition) does in fact contain a seed (botanical definition)] Hence the terms empty and

full seeds.

Other difficultics may arise when the dispersal unit being stored consists of dried fruits which contain
more than one sced. For example this is the case in Beta spp. where the diied fruit is called a cluster,
The cluster is the unit of propagation: in multigerin lines cach cluster may contain as many as four or

five seeds; in monogerm lines cach cluster normally contains only one or two seeds. In agronomic practice



clusters of multigerm 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.  The reason for this is 10 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 problem in storing dried clusters of Beta spp. and thus no immediate
reason for gene banks to attempt cither to reduce the number of seeds within clusters or to extract seeds
from clusters.  Morcover the process of 'rubbing' is 10 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 circumstances in which gene banks may wish to extract seeds from fruits containing more than
one sced, tor example when regenerating or multiplying an accession if the number of fruits is limited, or
if a topographical tetrazolium test for viabtlity is required. In the example of Beta spp. extraction is
quite casy. Each seced 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 sced allowed to

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

Debris and other sceds

Debris can consist of a wide range of plant and soil-derived matter which has failed to be separated
from seeds during harvesting and threshing,  Examples of soil-derived debris include soil, sand and stones.
Examples of plant-derived debris include chaff, stems, leaves, flowers, nematode galls, fungus bodies and
seedlike structures where the embryo (and endosperm if originally present) have been replaced by insect
tarvae.  Indeed seed-borne insect pests can be a serious potential problem and it is a useful precaution to
open containers contrining seed materials sent to gene banks in laminar-flow cabinets with the air direction
reversed. (That is air from the laboratory is drawn into the cabinet and filtered before being exhausted.)
This avoids insects being introduced into the gene bank and possibly escaping.  In the carlier section on
drying 1t was advised that, to avoid this, accessions should be opened and given a preliminary cleaning at
receipt,  The most problematic form of plant debris are broken seeds, picces of seed covering structure
and empty seeds. In general - in line with ISTA rules - where half or more of the true, botanical, seed 1s
present it is considered to be a seed, not a piece of debris since the part of the seed present may be

capable of producing a plant.  Seeds of weeds and other crop species can usually be detected by cve.
Seed cleaning

In most gene banks it will be necessary to improve the purity of some accessions by cleaning.
Commercially the cleaning of large bulks of sceds is usually achieved by mechanised means - passing the
seeds  through rotating  drums or across vibrating screens ol various apertures.  This often has  the
(commercial) advantage of producing a uniformly sized seed lot - very small and very large seeds being
excluded from the seed lot.  Clearly this would not be helpful v gene banks for such a policy could Jead
to selection within genetically heterogencous accessions.  Morcover, the equipment ttself requires rigorous
cleaning and often careful adjustment between accessions,  Consequently gene banks are strongly advised to
clean accessions by hand.  Hand sieves with graded mesh sizes can be used 1o retmove large and  fine
debris provided, particularly when the accesston is meant to be genetically heterogencous, care is taken to

return small, shrivelled and immature seeds to the accession bulk.

Small accessions can also be fairly casily e'vned by hand - particularly 1if this 15 done on an opaque
glass sheet illuminated from below.  Finally in ~« « species the seed can be blown in a ventilated air
column - this enables lower density materials - leave., awns, cte. - to be separated,  In most gene banks

a combination of blowing, sieving and visual inspection will provide the most suitable cleaning procedures,



It should be noted that thuse concerned with seed health testing have urged that material discarded in the
cleaning process could be used for prefiminary 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 deinands of seed

health testers for sceds 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 sced numbers involved, it should be porsible 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 some of the
pure seeds remaining are empty; that is the seed-like structure lacks an cmbryo.  The unrecognised
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 nitial cost of the equipment, Methods of
determining the empty seed fraction are discussed in Chapter 8. To avoid confusion - particularly for
those to whom samples of accessions are distributed - it is recomnmended that a target is set for the
proportion of full seeds in accessions, e.g. 95%, and that accessions failing to meet this target be
re-cleaned as many mes as is necessary to reach this standard. However, in some gtass species, for
example, there are no satisfactory methods for removing empty sceds 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 sced-like structures which contain a true sced is known, it is
then necessary to determine the number of seeds present within the accession. This is required in order
to determine whether there are sufficient sceds available for conservation and, if so, the number of sceds
available for distribution, ecvaluation, viability monitoring and regeneration.  Moreover, when sceds are
removed from the accession for any of the above purposes it is vital to ensure that the record of secd
number is reduced accordingly; otherwise the accession may be lost through seed depletion without

sufficient seeds for regeneration.

Seed number can be determined directly (the whole accession being counted) or estimated indirectly
(the whole accession is weighed, a sub-sample from the accession counted and weighed, and sced number
estimated by dividing the total weight of the accession by the estitmated mean seed weight.  Further
details and various alternative procedures for determining/estimating the sced 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 problemn
which arises from this is that quarantine services can delay and even destroy seed material before receipt
or after despatch from gene banks, Another cornmon problem is the tnisuse of discase-eradicants which

are toxic to seeds (see also Chapter 9).  Since there is evidence that some chemicals used to treat secds



can reduce longevity under some storage conaitions, an” because the long-term effects of the majority are
unknown, the IBPGR Sced Storage Commitice has recommended that chemical 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 introduction of a new seed-borne pathogen, or a new race of a sced-borne

pathogen, into regions. To avoid this occurring UNFAO recommendations are that
. All germplasm should be introduced through quarantine services.
2. Regional and national laboratories should be established for sced health testing to enable this to occur.

If the bank itselfl undertakes seed health examination, work could be minimised if this is undertaken
the first time a samiple from an accession is withdrawn for distribution, rather than delaying its acceptance
into sterage at receipt.  However, to save sceds it has been suggested that debris removed from accessions
during sced cleaning should be used for an initial investigation of sced health, As already mentioned it is
best to avoid any treatment to the seeds (for exaniple, heat or chemical treatments) before storage
because these may affect rates of deterioration during long-term storage, or affect the results of
subsequent monitoring tests, Where a seed health treatment is deemned essential it is suggested that,
where the rules allow, it should be carried out immediately before sowing or distribution, rather than
before storage.  Morcover, 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 bealth pronlems, testing can be carried out on a sample of seeds drawn from the
accession.  This can be done when a sample is witndrawn from an accession for distribution for the first
tiene, and will enable assumptions to be drawn concerning the health of the remaining sceds in the
accession.  There are, however, two drawbacks to this policy.  First, such a procedure would inevitably
result in some delay in responding to requests.  Secondlv, certain seed-borne pathogens can be actively
spread fromn 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 cach 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 sufficicnt resources to be able to undertake seed health testing. In these cases
suitable arrangements should be made for other existing institutions to assume this responsibility, The
most satisfactory solution is where the gene bank : ad quarantine station are situated nearby cach other
within the same institution, Nevertheless, even if 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 environment are controlled - moisture content and temperature.
Both need monitoring,  Measurement of temperature s relatively simple. A wide range of different types
of instrument is available to give instant, remote measurement of store terperature.  However, it is not

5o simple to mcasure 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 seced bulk and measures electrical
conductivity; the recorded value needs correction according to sced temperature. However, clectrical
inethods of determining seed moisture content are both insufficiently accurate and - because of inherent
limitations in the method - are unable to measure very low seed moisture contents such as are appropriate
for genc bank storage. They are nevertheless useful for checking the moisture content of incoming

batches of sceds to decide whether drying is urgently necded,
Gravimetric methods

Consequently it is necessary for gene banks to use the more time-consuming, destructive, but accurate
gravimetric methods of determining seed moisture content. These are destructive determinations because
sceds - 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 sced (dry-

weight basis or dry basis).

There a problert 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
failing 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 minimise the above problem, agreed
standard procedures are used to determine sced moisture content.  Seed analysts follow the rules of the
International Seed Testing Association (reproeduced in part in Chapter 2). According to these rules moisture
content is recorded as a percentage of the sced including the water (wet basis). Engincers follow the rules
of the International Standards Organisations. They usually express moisture content as a percentage of the
dry weight of the sced (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:
(1) the high consiant temperature oven method - for non-oily seeds; (2) the low constant temperature oven
method - for oily seeds. Two lists of specics are provided in Chapter 2 - one of species with non-oily
seeds ar ¢« the other of species with oily seeds.  Oil content of seeds in the first category are generally
less than 5% db (dry basis, otherwisc 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

N . ) N . . .
inadequate resources and the problems of incorporating large numbers of accessions into store as quickly as



possible, how necessary is it for the moisture content of each and every accession 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 instcad on a pre-determined fixed time within the drying room. For sceds
of a given species with the same chemical composition (oil content) and the same size in @ given drying
environment the rate of loss of moisture is dependent upon the difference between the actual seed
moisture content and the moisture content at which the seed would be in equilibrium with the drying
environment.  As the diffcrence between theae two values declines during drying so the rate o) loss in
moisture weclines - and dramatically so.  Consequently in a gene bank drying room operated at realistic
conditions the difference between the tume taken for seeds to dry to between & and 6% moisture content
from various diffceent levels of initial mosture will be imperceptible in practical terms.  Within each
species the mo<t important factor affecting these times will be secd size,  Particularly in large secded

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

The 1982 report provides equations and nomograms 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 the drying room commissioning period be devoted to providing this information.
When using pre-determined  fixed drying times particular attention should be paid to airflow patterns
throughout the drying room. It would also be advisable subsequently to sample accessions occasionally

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

Having considered how to detertnine moisture content, or ensure it is within the p.refcrrcd range of
between 4 and 6%, we can now consider how seed moisture content should then be controlled during
storage.  There are two alternatives: cither the accessions are stored in open containers and the relative
humidity of the whole cold store is controlled; or the accessions are stored scaled in hermetic containers
with no control of cold store humidity, In long-term stores the latter is preferable on grounds of cost,
technical considerations and safety (sce the 1982 report),  Consequently it is necessary to consider the

packaging of accessions to achicve hermetic environtnents,
PACKAGING

Any material which is impermeable to water vapour is theoretically suitable as a packaging medium,
In practice three types of naterial are used: glass, metal and aluminium-plastic foil laminates.  The
advantages, disadvantages, potential faults, their detection and testing have been considered in the 1982
report.  Here we cmphasise two aspects of packaging:  whether containers should be re-usable, and the

importance of acting upon any observed packaging deficiency.
Re-usable or non-re-usable containers

I accessions are to be retrieved from storage frequently and sub-sampled, then re-usable containers
(particularly screw-capped or similar jars or tins) are an advantage 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 material in store entails a replacement cost for the container each
time, Morcover in the latter case the need to repackage may increase the period the accession remains
out of the store. This may not cause a significant loss in viability but it will increase handling time, On
*he other bhand there is potentially more chance ot leaks occurring with re-usable  as opposed to single-use

containers,  Sorne compromise between the twe types of containers may be useful it a sequential 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 rc-usable containers which are easy to open and rescal during the period of the
sequential test when o 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 moni.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 sarne batch. Once
a genc 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 scaled 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 the defect. This
might be a specific operator error, a specific error in adjustment to a seculing 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.

1. 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 and 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 sceds were required;

(iv)  the inflorescences should be dried (but do not use heated air-driers) to around 10-12% moisture
content and then hermetically sealed;

(v) a similar duplicate, well-documented, collection must be provided to the national gene bank;
(vi)  before beginning to collect it must be confirmed that the cxporting 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 characterization data must accompany cach collection;



- 20 -

(viii) the material should be despatched as soon as it is packaged at regular intervals, preferably of a.
week or less, and a telex contaming details of each consignment should be sent to the gene bank
immediciely,

3.  Having received a telex that another consignment was en route the gene bank was able to ensure that
the courier provided the rapid service contracted.

4. When received by the gene bank the material was immediately placed in the temporary store
maintained at 17°C with 40% relative hurmdity, whilst the accompanying documents were passed to the
fene bank man;;gcr.

5. After chezking that the documentation matched the packages received, the manager made arrange-
ments for the accompanying passport and characterization data to be entered into the gene bank's files,
whilst at the same time providing accession numbers and opening o management information file for cach
package, and informing the collector that the consignment had been received.

6. The manager then ade arrangements for the package to be removed from the temporary store and
for the banking procedure to begin,

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

8, No obvious pest or discase 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 inflorescences tobe sufficiently dry to thresh and did this by gently pulling
each inflorescence between the gloved thumb and index finger of one hand.

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

1. This rmaterial was then cleaned in an air-blower - adjusted so 1 1 only dust and other light materijal
lifted off, whilst the seeds and sced-like marerials remained.

12, Then, on the bench top, ma:i--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 from the inflorescences - straw, dust, broken seeds, etc. - were then placed in
a separate, scaled container for health testing, and labelled appropriately.

14, Using the riffle divider a samnple of 100 sced-like structures was obtained, and X-rayed in real time
{that is the image was observed on a video monitor).

15, Since this test indicated that about 20% ot the seed-like structures were cmpty {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 from the seed bulk were then cut open with a scalpel;
this test confirmed that only empty seeds, not full seeds, were being removed by the cleaner.,

17, Again 100 sced-like structures were sampled from the accession by using the riffle divider, and then
X-rayed in real time,

18. This  test indicated  that  more  than 95%  of the seed-like  struc.wures contained a  seed.
19. The result of this last X-ray test was recorded on the managemert file, together with the total
weight of the accession remaining after cleaning, the accession placed in a cotton bag and taken to the
drying room maintained at 15°C with 10-15% relative humidity,

20, The cmpty seeds removed in the second cleaning operation were added to the bag oontaining all the
discarded components of the inflorescences, the bag re-scaled and sent to the secd health laboratory for a
preliminary investigation of the seed health hazards associated with the accession; but if this had not been
possible the discarded materials would have been incmerated,

21, From the texture and brittleness of the inflorescences at  threshing the operator estimated seed

!
maisture content to be between about 12 and 14%, and from previous 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 found that the total weight
had dechined to 90% of 1ts 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 mechanically-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, two large sub-samples of seed were obtained from the accession and -
in a dry room - 1000 sceds counted at random from each, weighed and all these sceds then returned to
the accession,

25. The accession was then re-weighed; calculations by the operator (based on total sced weight and 1000
seed weight) showed the number of seeds present to be in excess of 4000, and thus suftficient to comprise
an accession.

26. The accession was then removed from the drying room, hermetically secaled in a laminated 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.

27, The seed nmoisture content, estimate of total seed number, total accession weight, 1000 sced 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 tne seed testing laboratory informed 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 accessinn 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 small accession of true
potato seed received from a breeder is multiplied within the gene bank because the accession is considered
valuable but contains too few seeds.

I. 1000 of the 2000 sceds 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 many descriptors as
possible noted down, and transferred to characterization and evaluation data forms,

3. The sced health laboratory staff were invited to inspect, and take samples from, the growing crop.
4, As no other potato crops were being grown in the vicinity no special isolation measures were taken.
5. Flowering dates were noted, and the fruits picked about six weeks later whilst still green - and
certainly before the haultm began to senesce - an accession number allocated, and a management file
opened.

6. The collected fruits were  stored  overnight  in a  cold room maintained at 3° to 5°C.
7.  The next day the operator, wearing gloves, cut around the outside of each fruit with a scalpel and
squeezed the fruit contents into o large bowl,

8. Slight pressure between gloved hands was exerted on the friit contents within the bow! as a
prelirninary stage in separating the seed from the gel,

9. Small {100-200 ) sub-samples of the gel were removed from the bowl and placed in a strainer with
| i square mesh,

10. A strearn of water from a moderately high pressure tap wis then directed at the contents of the
strainer and the gel and sced separated with the assistance ot gloved fingers,

11, When the majority of the gel had been remaved, the seeds were thinly spread on top of blotting
paper and placed in the temporary storage room maintained at 17°C with 40% relative humidity overnight,
12, The next day any remaining gelatinous covering was removed using foreeps, the dried sceds brushed

)
from the blotting paper into a cotton bag and transferred to the drying room maintained 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.

4. A 1 gramme sub-sample of the sceds was obtained using the riffle divider and further divided into
two, weighed, dried in a mechanically-ventilated oven for 1 hour at 130° to 133°C, cooled, re-weipghed, and
accession moisture content calculated as 4%,

15. Again using the ritfle divider, two large sub-samples of seed were obtained from the accession and -
in a dry room+- 1000 seeds counted at random from cach, weighed and all these seeds returned to the

accession,

16. The entire accession was then re-weighed ana calculaticns miade wiich Jdeierinined that the number of
sceds  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 scaled in a laminated aluminium
foil packet, and then placed in the long-term sced 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 sced weight,

and store location of the accession together with the date were then recorded on the management
information file, a cross-reference to the accession number and location of the parent seed naterial
provided, and the sced testing laboratory informed that the accession was now in store and awaiting a
gerninstion test to assess viability,

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

in the base collection,

These two exarnples illustrate how easy it is to incorporate good quality sced 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 inforination 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. IBPGR/Eucarpia, Birmingham,
Smith, R.D. (1985). Collecting Seed (in preparation). IBPGR, Rome,

Seed drying and storage

Cromarty, AS., Ellis, R.H. and Roberts, E.H. (1982).  The Design of Seed Storage Facilites for Genetic

Conservation, 96pp. IRPGR, Rome. (Reprinted in 1985 as No. | in the series Handbooks for Genebanks.)

Seed health

Neergaard, P, (1979). Sced Pathology, 1187pp. Macmiflan, London,
Various authors (1983). Proceedings of the [nternational 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, MW, 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, 1.B., Linington, S. and Williams, 1.T. (eds) (1984).  Seed Management Techniques for Genebanks,
294pp. IBPGR, Rome,

Konopka, J. and Hanson, J. (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 gravimetric methods:
a forced-draught oven, drying containers, a grinder and sieves, an analytical balance, a desiccator and a

thermormeter,

The forced-draught oven shoutd be ventilated by 3 powerful fan, clectrically heated with thermostatic
control, well insulated and capable of providing a uniform teivperature throughout the cabinet.  The heating
capacity must be capable of enabling the oven to regain e operating temperature within 15 minutes of
the oven door being opened at that temperature, loaded with the material to be dried and then closed.
Removable perforated or wire shelves should be fitted, A thermometer, accurate to 0.5°C, should be
fitted so that it is in the vicinity of the samples whilst 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 mm thick.
The bottom of cach 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 sample to be dried can be
distributed to give not more than 0.3 g/cm?.  Since the maximum sample size will be no more than 5 g,

circular dishes of 2.5 cm diameter (internal) [5/( 12.5%) - 0.25 g/cm?] are sufficient,

Grinding is not necessary for small-seeded species but tor gene banks dealing with larger-seeded
species (a list of species where the seeds must be ground is provided iater 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 mm are required to enable the mill to be tested ofter
adjustinents have heen made.  The grinding plates should not get hot when used (otherwise moisture would
be inst from the seeds before the determination). It should be constructed from non-absorbent material

and protected from ambient air {particularly draughts) during grinding (thut 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 0.06) 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 retal plate to enable the containers to cool
rapidly when removed from 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 summarised below. The full
P

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,

].  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
sceds used to determine moisture content should not be left for long periods exposed to the laboratory

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

2. Determinations are made in duplicate on two independently drawn samples - see Chapter 13 for
details of appropriate sampling procedures, The size of sample required for the determination of moisture
content is likely to be a problem in gene banks - see the later note on sample size - since the method is
destructive. The ISTA procedures prescribe 4 to 5 g for cach of the duplicate samples with two
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 (scc below) then at least 25 g of 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 determince the moisture content of very wet seeds on receipt before they
are dried.) lf 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
13% 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 f_or 2 hours. To
determine the loss in moisture during pre-drying, the samples - at least 25 g - arc 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 first stage of a two-stage moisture content determination,

4, Large sceds are then ground - unless they have a very high oil content which makes them difficult to
grind - (see list of species which require grinding below), For cereals and cotton fine grinding is
necessary: the ISTA prescribe that at least 50% of the ground material should pass through a sieve with
0.5 mm mesh 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 mm mesh size. The settings of the grinding mill necessary to satisfy
these requirements should be inscribed on or close to the grinding mill so that all staff in the gene bank

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

Arachis hypogaea Gossypium spp. Quercus spp.
Avena  spp. Hordeum vulgare Ricinus communis
Cicer arietinum Lathyrus spp. Secale cereale
Citrullus lanatus (C. vulgaris) Lupinus spp. Sorghum spp.
Fagopyrum esculentum Oryza sativa Triticurn spp.
Fagus spp. Phascolus 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 in an oven at
130°C (approxitnately) 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 important in humid regions.



6. Each dish and lid is then weighed.

then placed in the container, the lid is replaced and the dish, hd and seeds are weighed.
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The sample (whether previously pre-dried and ground or not) is

All weighings

are normally to 3 decimal places (that is to 0.001 g), but sce below for circumstances when greater

accuracy is needed.

7. Dishes containing non-oily seeds are then placed in an oven maintained at ]30° to 133°C, the lids

removed and the samples dried for 4 hours (maize), 2 hours (other cereals) or one hour (all othe

with non-oily sceds).

after the samples have been put into the oven and the oven door closed.

r species

This drying period commences when oven terperature has regained 130° to 133°C

(This period shwuld be no longer

than 15 minutes.) At the end of the appropriate drying period ecach id is placed back on the dish [rom

which it was removed and the containers allowed 1o cool in a desiccator for about 45 minutes,
the containers and {dry) contents are weighed.

moisture content should be determined using this method - the high constant temperature oven

Agrostis spp.

Alopecurus pratensis

Anethum graveolens

Anthoxanthum odoratum

Anthriscus spp.
Apium graveolens
Arrhenatherum spp.

Asparagus officinalis

Avena spp.
Beta vulgaris
Bromus spp.
Cannabis sativa
Carum carvi
Chloris gayana
Cicer arietinum
Cichorium spp.
Citrullus lanatus
Cucumus spp.
Cucurbita spp.
Cuminum cyminum

Cynodon dactylon

Cynosurus cristatus
Dactylis glomerata

Daucus carota

Deschampsia spp.

Fagopyrum esculentum

Festuca spp.
Holcus lanatus
Hordeum vulgare
Lactuca sativa
Lathyrus spp.
Lepidium sativum
Lolium spp.
Lotus spp.

Lupinus spp.

Lycopersicon esculentum

Medicago spp.
Melilotus spp.

Nicotiana tabacum
Onobrychis viciifolia

Ornithopus sativus

Oryza sativa

When cool

The ISTA provide the following list of species where seed

method,

Panicum spp.
Papaver somniferum
Paspalum dilatatum
Pastinaca sativa

Petroselinum crispum

Phalaris spp.
Phascolus spp.
Phleum spp.

Pisum sativum

Poa spp.

Scorzonera hispanica

Sorghurmn spp,
Spinacia oleracea
Trifolium spp.
Trisctum flavescens
Triticum spp.
Valerianella locusta
Vicia spp.

£ca mays

Note that the above list contains a few species whose seeds have a fairly high oil content, c.g.

Lactuca sativa.

8. The low constant temperature oven method for oily seeds is carried out in exactly
the above inethod except that the oven is maintained at 103° + 2°C for 17 4 |
procedurc is usually carried out overnight.)  The ISTA provide the following list «f species w

whose moisture content should be determined using this method - the low constant

method,

hours.

the same way as
(Consequently this
ith oily seeds

temperature oven



Figure 2.1
a, b and c.

(6.0%).
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Allium spp. Glycine max
Gossypium spp.

Linum usitatissimuin

Arachis hypogaea

Ricinus comimunis
Brassica spp.

Sesamum indicum
Sinapis spp.
Carmelina sativa Raphanus sativus Solanum melongena

Capsicurn 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 1STA rules (Seed Science
and Tochnology. 1976, Volune 4, pages 40 to 43 and 160 to 163), however, prescribed that the moisture

content of seeds of Abies, Cedrus, Fagus, Picea, Pinus and Tsuga spp. should be determined by the

(toluene) distitlation 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 recommended) 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 ml, 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 deterimnine
seed moisture content because it is extremely time-consuming.

Seed moisture content nomograph., Use a straight rule to connect appropriate points on scales
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 on scale b (original sample weight) gives the
moisture content on scale ¢ which can be expressed on cither the dry basis (6.4%) or on the wet basis

Thus scale c also serves to convert between moisture

content values calculated on cither basis.

Loss in weight on drying (g)
1 —t

t I n 1 I + " l : — + " 1 1 " + ]
} } - p——t——} + + } } A t——t—t—4 t t !
2 i 0.5 '~_ 0.2 0.1 0.05 q 0.02
\
Original sample weight (g)  HH+H-+HA——————+——+—]~—+—+———] b
10 5I 2 ! 0.4
\

. ' C
2 Moisture content (%, db) 5 f 10 15 20 25
L— — M e S S S S S P SN S s S S SV
2 Moisture content (%, wb) 5 10 15 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 o percentage oi
the original weight of sceds. This is known as wet basis (wb) or fresh-weight basis. The ISTA iules
prescribe calculation to one decimal place.  Algebraically, if MI is the weight of the container (with

cover), M, the weight of container and contents before drying, and l\13 the weight of container and

2
contents after drying then

percentage moisture content (wb) = 100 x (M2 - M})/(M2 - Ml)
This method of expressing seed moisture content is also recommended for use in gene bankz,

In some laboratories (particularly botany and biochemistry faboratorics) 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 sarne notation as above,
percentage moisture content (db) = 100 x (Nl2 - )\13)/(1\43 - Ml)

The seed roisture 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 cach stage can be determined as above on the
wet basis. If S| and S2 are the percentage loss of rmoisture (wb) in the first ard second stages

respectively, then the
Original percentage moisture content (wb) - (SI + 52) - (SI X 52)/100

To dectermine 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 ¢ in

Figure 2.1,

According to the ISTA rules the difference: between the two determinations of moisture content
(remember the samples were duplicated) should be no¢ greater than 0.2%. If it is greater the determination

should be repeated.
Weight of sceds required for moisture content determinations

If moisture content is to be meaningful - that is, estitnates are relickle, reproducecable and
standardised (sce Chapter 1) - 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 time-consuming),
One area where the rules can, however, be altered slightly to the benefit of gene banks cor.cerns the

armount of sced used for each determination,

For accessions with very small Sceds the ISTA requirement of at feast 8 to 10 g of seeds for the
destructive determination of roisture content is undesirable for gene banks, if not impossible, One simple

approach for very small sceds, which has beensufficiently 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 & 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 sceds
required for the gravimetric determination of accession moisture content can be reduced greatly below that
prescribed by the ISTA. They have found that only when sainple 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 sceds for r~genecration, The only way to determine seed number accurately is to count all the

sceds within the accession,

Seeds can be counted manually using a spatula on a surface which provides a contrasting background
to the secds, but this requires considerable effort. As an alternative the use of automatic seed counters
can be considered. These are accurate to within about +5% of the true seed number when used correctly,
They work best when the accession 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 ¢5%.

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 sceds in accession = total weight of accession/mean seed weight.

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

samnpled for distribution) can, of course, be determined by the following formula:
weight of sceds = mean seed weight x number of seeds required.

The inean seed weight is an estimate since it is determined from a sample of seeds drawn at random
tron. the accession as a whole. (It is important to sample seeds from the accession at randorn; see
Chapter 13} The seed number derived from the above calculation is alsc, therefore, an estimatc. Both
are subject to error.  The size of the error nceds to be considered for, if the number of sceds 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 1t is regenerated. A number of alternative methods for

dealing with this problemn are considered below.
Estimation of mean sced weight by ISTA procedures

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

the number of seeds within an accession) is' counted in an automatic counter and then weighed; or
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replicatec samples are drawn, counted and weighed. [n the latter case eight replicates of 100 seeds cach
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 cach 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 100 seed weight between the eight replicates must then be calculated

according to the following formulaes

Standard deviation (s) = Y/[{n(Ex*) - (Zx)?}/ n(n-1))

Coefficient of variation = (s /X) 100
where X = weight of cach replicate
X = mean weight of all replicates
n = number of replicates
L = sum of

According to the ISTA rules if the cozfficient of variation does not exceed 6.0 for chaffy grass sceds,
or 4.0 for uther seeds, then the thousand sced weight is calculated as ten times X. The mean seed weight
is given by X/100. H, however, these values for the coefficient of variation are exceceded then a further
eight 100 seed replicates must be sampled 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 thousand seed weight
is then calculated as ten times this value, but to calculate mean seed weight divide the mean value by 100.

Estimatisn 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
counted 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 sceds (to determine thousand seed weight), it is only necessary in gene
banks to count and weigh a single group of 200 sceds, 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 sirnple thousand seed
procedure (1 x 1000 seeds), or the Wakchurst Place procedure (1 x 200 seeds) it is likely that half of the
estimates will underestimate mean seed weight and consequently overestimate the number of seceds present
within the accession.  This is a serious potential problem which gene bank staff must seck to avoid.
Linington et al suggest that gene banks using their procedure should assume (urbitrarily) that they have

sampled a group of seeds which is lighter thar the true mecan for the accession and which is in fact the
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fifth percentile <ample in terms of seed weight (that is it is assumned that 95% 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 (1.96) standard deviations to the original estimate,

However, since only onc 200 seed group has been counted and weighed no estimate of the standard
deviation is available. To overcome this problem Linington ct al suggest that the relationship between the
standard deviation and mean seed weight determined from their study could be applied, but with the
further secuvcity of using the upper 95% confidence limit of their estirmates. 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 seed weight by

this procedure is given in the caption to this figure.

Of course if the ISTA procedure is used then an ecstimate of the standard deviation will be available
and can be applied directly: a security factor of twice this standard deviation of 100 sced 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 number ‘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 sceds 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 welght/numbacr nomograph. Scales e-g can be usod tc determlno sccd numbor If the mean secd welight (e) and
total seed welght (f) are known. The two dotted llnes show exawple calculations where the mean soed weight is 0.6 g
Straight lines perpendicular to the axes of scales a-e enablo mean seed weight (a) to be ostimated from the 200 (s-¢) or
1000 seed teight (d). Conversion of 200 seed weight to mean seed welght from scale ¢ to e provides for division by 200;
conversion from scale b to e aleo incorporated the correction factor of 2 standard deviatlons (see taxt); conversion from
scale a to e also incorporates the correction factor of the 95% confidence limit of 2 standard deviations (sce text). The
horizontal broken line between scales a and e provides an example of tho latter correction factor: the wolght of a
200-seed  sample was 10 g, providing a mean gecd weight estimate of 0.5 g (draw a horizontal line botwoen scale ¢ at this
value and scale e). Inputting the valuo 10 g on scale a, however, corrects the mean soed weight estimate to 0.6 g {scale
e}, thervby ceducing the estimate of accession seed number. (The relationship between scaies a, b and ¢ was detarmined
from equations generously provided hy Linington et al.).
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problem to gene banks: in particular the seeds in an accession may fall below the threshold number

required for regeneration before the records indicate this danger,

To avoid this it is important that the number of sceds n 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 discase) enough seed should be left for a second
attemnpt it the first should fail.  Allowing for other errors, it is therefore suggested that the aim should be
to regenerate when the number of seeds in the accession has tallen to three times the number required for
regeneration.  The number of seeds required tor regeneration depends maimly on the number of sceds
required to replace the accession (ideally, according to IBNPGR, 4300 sceds for a genetically hamogeneous
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 sceds (this should be the regeneration standard or higher, typically 85% viability or
0.85 it 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 duc to variations in weather and seedbed conditions, I
there is considerable genotypic variation in multiplication factor within the species then it may be wise to
quadruple the calculated number of sceds. 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 miost practical purposes this may be taken to be between
about 50 to 100 plants (for a discussion of this problem, sce Chapter 13 and the reference to Singh and

Williams at the end of this chapter).

So, for cxample, for 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 tactor of 0.6, the number of sceds required for regeneration could be calculated as follows:
[12000/(150 x .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 accession and, thercfore, can be accepted. Regeneration should be carried out
when the number of sceds in the accession falls to three times this number, i.c. 1881 sceds. For

convenience this would be rounded up to 1900 sceds.

Thus it would be prudent to re-calculate the number of sceds in the accession when it is thought that
the number remaining approaches this vialue,  How should this be done? Two approaches have been

suggested,

The most straightforward would be to weigh the seed container before it is titled, then re-weigh it
cach time a sample of sceds has been withdrawn from it (this assumes the container is re-usable, see
Chapter 1), From this the weight of sceds remaining is obtained by subtraction and the number of seeds
remaining can be calculated by dividing by the mean sced weight of the accession.  In this way the
estimate of the number of seeds remaining in the accession could be kept up-to-date and recorded in the

accession filc,
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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 withdrawals when rernoving a notional sced number (for example, for distribution), If:

the original estimate of accession seed number = e
the number of seeds required for regeneration = f;
the number of seeds intended for distribution to each customer = g;

the actual nuriber of sceds distributed to each customer = h;
then the notional recount number = e - [(e - f)/h] x g.

In other words the maximum nuraber of samples which can be distributed is given by (e - f)/h.
However, according to the records the nurnber of seeds distributed will be [(e - f)/h] x g and not (e - {).

Thus when the records show that only e - {(e - f)/h] x g seeds remain the accession should be recounted.
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CHAPTER 3, SEED MORPHOLOGY

There are several reasons why it is necessary for anyone handling sceds in gene banks 1o have some
knowledge of the structure of sceds and fruits.  For example, many of the problems of poor  seed
germination arise from or dgre associated with different types of seed or fruit morphology (Chapters 4, 5
and 7), many of the difficulties in identifying empty sceds result from seed morphology (Chapter 8), and
alternative techniques to germination tests for estimating viability require an ability to recognise various
seed structures (Chapter 11).  The main purpose of this chapter is to outline briefly the major features of
fruit and seed morphology and how they develop from the flower, and to provide an explanation and

glossary (Table 3.1) of the terms 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, Gymnospermae and Angiosperinae,

The basic difference between the seeds of the gymnosperms and those of the angiosperms is that the
seeds of angiosperms are the product of a double fertilization within the ovary, whereas the seeds of
Bymnosperms are the product ol a single fertilization and there is no ovary. Because there is no ovary,
the seeds of gymnosperms are naked; in fact the terin gymnosperim literally means naked seed.  In

angiosperms, the ovules are protected by the ovary which, after fertilization develops into the fruit,
The ovule
The young ovule in gymnosperms contains a central body, called the nucellus. which is surrounded by

between one and three envelopes, the integuments (one integument in cycads, Ginkgn, conifers and taxads,

two in Ephedra and Welwitschia, and three in Gnetum). In angiosperms the nucellus is surrounded by

cither one or two integuments: the S:mpetelae (where the petals are united, at least gt their base)
generally have one, and the Polypetalae (where the petals are separate) and monocotyledonous  plants
generally have two. In both gymnosperms 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 mother cell (in gymnosperms) or embryo sac mother
cell (in angiosperms) which then undergoes o meitotic cell division so that the normal diploid ounber of
chromosomes of the parent plant is halved. One ot the lour hapluid cells resulting {rom meiosis develops
into the female gametophyte - the minute female haploid plant which is entirely dependent on and nurtured
by the mother diploid plant.  In angiosperms the female gametophyte is extremely reduced and consists
initially of a single cell, the embryo sac, whose nucleus normally undergoes three consccutive mitotic
divisions to forin ecight (but somectimes less) haplod nuclei. The eight nuclei become orgamised into two
quartets at opposite ends ot the embryo sac. Those at the end near the micropyle form the egg apparatus
consisting of two synergid nuclei, an egg cell, and a polar nucleus; the four at the other end give rise to
another polar nucleus and three antipodal nuclei. At least this is the case in the majority of angiosperms

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

after politnation, a polten tube geows out from the pollen grain down the stigma to the ovule, and
two sperm nucler are discharged to the embryo sac,  In some way, not entirely understood, the synergid
nuclei seem to play seme active roele in stumuiating the proper discharge of the contents of the pollen
tube.,  One sperm nucleus fuses with the egg cell to form the dipleid zygote which then undergoes cell
division and develops into the embryo.  The other sperm nucleus fuses with the two polar nuclei thus
forming the start of a cell line which develops inty a triploid food-storage tissue known as the endosperm,
At least this the normal pattern but in some cases the endosperm may show larger chromosome numbers.
For example in Lilium species one of the polar nuclei is already triploid befere fusion so that after

combmning with the other haploid nucleus and the haploid sperm, the resulting endosperm is pentaploid,

Meanwhile the antipodal nuclei undergo several divisions and form antipodal tissue which develops large
nuclei containing polytene chromosomes.  This antipodal tissue seems 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 may be constrained.  The antipodal tissue is short-lived,
however, and disappears as the embryo and endospermn develop.  Eventually the nucellar tissue may also

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

In gymnosperms the haploid cell destined to become the female gametophyte also starts its development
with free nuclear division, but eventually a cellular structure develops as cell walls are laid down.  The
fernale gametophyte is structurally mere substantial than in the angiosperms since the gametophyte 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 cgg cell

or nucleus.

Pollination takes place in gymnosperms when a pollen grain lands directly on the nucellus.  The polien
tube grows towards the egg cell in an archegonium; eventually the contents of the tube, which includes two
male gametes, are released. In soine species however, pollination occurs before the archegonia are formed,
and the arrival of the pollen stimulates their development,  One peculiarity of the gymnosperms is that
there is usually a long delay between pollination and fertilization, often up to one year (except in Ephedra
where the delay is no more than a few hours), as compared with a few inutes or hours in the
angiosperms.  Fertilization oceurs when one of the male gametes fuses with the egg nucleus thus forming a
diploid zygote which develops into an embryo. Unlike the case of the angiosperms, the second male
gamete appears to have no lunction except, possibly, in Ephedra, where it fuses with the ventral canal

nucleus which may undergo a few irregular divisions,
Apomixis

Although the production of a seed is normally initiated by a sexual process - the fertilization of the
cgg cell - in some anglosperins a non-sexual process, called apomixis is responsible.  In this case the egg
cell is formed from one of the diploid cells ot the nucellus. A comtnon case is in Citrus where several
apornictic -mbryor can develop alongside a normal sexually produced embryo in the same seed, thus leading
to polyembryony - several embryos within the same seed. Apomuctic seed development s also common in
many of the Poa grasses including Poa _annua (annual meadow grass) and Poa pratensis (Kentucky blue

grass), and the common dandelion, Taraxacum officinale.  Although polyembryony is often associated with

apomixis, this is not always the case.  Polyembryony can also arise by division of the zygotic embryo:
.
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this type of polyembryony is quite common in the orchids, for example,
Embryo growth and development

In all sced 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 from the parent plant. It is now an independent organism which usually continues in its
dormant state for 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 from 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 fromn the parent plant varies enormously
trom 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 cpicotyl (embryonic shoot), and a hypocotyl which connects the radicle with the plumule. Usually there
is an cnbryonic leaf or leaves of special form called cotyledons. In angiosperms one cotyledon is typical
of rmonocotyledons, and two of dicotyledons (hence the names).  Gymnosperms 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 sced 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,
cither because they quickly become parasitic plants and depend on their host for a supply of organic

materials (e.g. in Striga and Orobanche) or, like the epiphytic orchids, they form a symbiotic association

with fungal mycorrhiza which aid nutrition during germination,
Food storage tissucs

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 the angiosperms it is gencrally more usual for cither the endospernin (e.g. in Allium, Figure 3.1, or the
grasses) or swollen cotyledons (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 Reta vulgaris (Figure 3.2)
where there is both a well-developed endosperm and perisperm,  The three most commonly used storage
tissues have quite different genetic constitutions:  the perisperm s diploid maternal tissue; the endosperm
is generally a triploid tissue in which two-thirds of the genctic material is contributed from the maternal
parent and one-third from the paternal parent; and the cotyledons are a diploid tissue in which the genetic

material is derived cqually from the maternal and paternal parent,
Endospermic and non-endospermic sceds
There is therefore considerable variation in true seed anatomy, marphology and composition, A

consideration of these differences is necessary since they nay affect decisions on dormancy-breaking,
L]

cmbryo-excision, and tetrazolium staining pre-edures.  We can identify at least nine basic forms of seed



- 37 -

Figures 3.1 - 3.13 Seed structure in diverse species.
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Flgure 3,1 Allium spp. Figure 3.7  lIpomoea purpurea Flgure 3,120  Zea mays
Figure 3.2 Beta vulgaris Figure 2.8 lberls amara Flgure 3.12b Oryza sativa
Figure 3.3 Anemone corcnaria Fiqure 3.9  Verbena x hybrida Flgure 3,13 Phaseolus vulgaris
Figure 3.4 Cyclamen persicom Figure 3.10 Oimorphotheca sinuata
Figure 3.5 Hemesia strumosa Figure 3,11 Strigy spp. Figures 3.3 - 3,10 are based on the work of

Figure 3.6 Portulaca grandiflora B.R, Atwater {see Chapter 17, volume 11).



- 38 -

structure, The first anatomical distinction concerns the presence or absence of an endosperm,
L]

Endosperrmic secds store the food inaterial for the developing plant within the endosperm, which s
separate from the embryo. In these sceds 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, Some
embryos of endospermic seeds may not be differentiated into visible plant organs; whilst in others the
organs may be only partly developed; whilst in the Gramineae, for example, the embryos ay be highly

develeped and eontain several embryonic leaf initials.

In contrast, non-endospermic seeds either have no endosperm or only a vestigial endosperm. In these
sceds the embryo is mature (since it is ready to germinate) and is said to be dominant 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 lincar 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 depending upon the characteristics of the
seed coat for those sceds 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 semi-permeable
layer, Figure 3.9; fibrous sced coats with a separate semi-permeable membranous coat, Figure 3.10; or
non-cotyledonous, Figure 3.11.  The majority of these categories are derived from B.R." Atwater's work;
the possible utilisation of this classificatton of seed morphology to select suitable dormancy-breaking

procedures is discussed in Chapter 17, Volume II.
ASSOCIATION OF FRUIT STRUCTURES WITH SEEDS

In very many species it is not just the true sced which is maintained in the sced store, but intact
dispersal units or fruits containing the true sceds. 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 [ruit or dispersal unit may be called the sced when it
is dry, indehiscent and (usually) onc-seeded. For example, the following fruits are nornally called seeds:
the caryopsis (the fruit of the Gramineae) (Figure 3.12); the achene (characteristic of the Ranunculaceae,
Compositac and Polygonaceae) which differs from the caryopsis in that the pericarp can be removed from
the mature sced; the schizocarp (characteristic of the Umbelliferae and Geraniaceae) which is composed of
two or more carpels which separate at maturity to fruits resembling achenes; and the nut (characteristic
ol the Fagaceac) which also resembles the achene except that the pericarp is thick and hard. The carpel
(Malvaceae), Iloret (Gramincac), endocarp (Palmac), loment segment (Leguminosac) (Figure 3.13), samara
(Ulmaceae) and utricle {Chenopodiaceae) are also often classed as seeds under this wider definition, Note
that in the case of the floret. for examnple, the dispersal unit includes several structures from the flower
in addition to the fruit including, possibly, 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 the sced-like structures present within an
accession a small sub-sample of the seceds can be subjected to an exploratory test. First this test will

identify whether the accession consists of true seeds or not. If not the dissection can determine whether
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TABLE 3.1

Achene A dry, Indehiscent one-seeded fruit.

Adventitious root A root arising from any structure other
than a root (e.qg. a stem-borne root},

Aggremate frult A type of fruit formed from several pistiis
that were distinct in the fiower.

Antlpodal nuclel Three of the eight nuclel which result
from mitotic divisions of the megaspore.

nooslxls Seed development from female ganetophyte without
fertilization.

Archegonjun  In gymnosperms the organ correspanding to the
plistll of angiosperms,

Archesporlal cell The celi of the nucellus which
differentiates Into cells which ultimately undergo meiosis
and produce the megaspore.

Arll A lcose, papery or pulpy appendage growing out from
the hllum or funlculus of the seed.

Awn A bristle-like seed appendage often describeg as a
beard.

Axlllary bud A bud in the axil of a leaf,

Axillary shoot A shoot deveioping from an axlllary bud.
Axis Depending on context elther the main stem of the
embryo or the main stem of the flower.

Beard An awn or bristle-like hair,

Berry A pulpy, Indehiscent few- or many-sceded fruit
resuiting from a single pistll.

Bitegmic testa A testa derived from two layers of
Integuments.

Pract Small or scale-iike leaves In, or assoclated with,
the flower.

Bractlet Bract borne on the pedicel.

Cailus In this context a hard prominence or protuberance at
the base of certain grass florets.

Calyx The circle of sepais around the fiower which may form
part of the covering structures of the seed.

Capsule A dry, dehiscent frult of more than one carpel with
a dry pericarp.

Carpel The basic female reproductive unit: a compound
plstil or ovary may contain many carpels, but a simple
pistll has one carpel.

Caruncle A fragile appendage uf the outer Integument _f the
seed in some species.

Caryopsls A dry, Indehiscent ong-seeded fruit shere the
pericarp and integuments are tightly fused ta the seed.
Chaff Smail, thin, dry, membranous scales or bracts
associated with the mature infiorescence.

Chalaza The basal part of an owuie where it Is attached to
the funiculus and where the Integuments originate: in
legunes this reglon can sometimes be distinguished on the
outside of the seed near the hilum,

Cob The rachis of a maize Inflorescence.

Coleoptlle The membrane which protects the developing
piunule of Gramineac during emergence through the sojl.
Coleorhiza The mesiiane in some species which protects the
radicle as it emerges through the seed covering structures.
Corolla The circle of petais around the Flower mhich may
form part of the seed covering structures.

Cotyledon Seed leaf or leaves of the embryo anich functlon
as either a storage oran or as an absorptive orqgar - also
see scutelium.

Cremocarp The dry, dehiwcent two-seeded fruit of
unbejlifers which comprises of two mericarps: synunym of
schizocarp.

Cupule Cup-ilke structure at the base of some frujts.
Degiume Term used to describe the removal of the giumes
from cereal caryopses.

Dehlscent Opens at maturity to shed the seeds.

Detwll  Term used to agescribe removal of the buii from the
seed or caryopsis: the actual covering structures remuved

Glossary of Sced Development and Fruit and Sced Structure

depend upen species.

Drupe The stonc fruit: a fleshy, single-seeued, Indehiscent
fruit where the seed is enclosed within a stony endocarp.
Drupeiet A single drupe within a fruit comprised of
aggregated drupes.

Ear The inflorescence of cereals.

Embryo The part of the seed normally formed by
fertillzation of the egg cell by the sperm cell which
develops into the young plant at germination.

Embryo sac  The female gametophyte.

Fmpty seed A sced-like structure which may comprise ot
bracts, Integument(s) a~..or pericarp but lacks an enbryo.
Fndocarp The inner layer of the pericarp.

Endosperm The starch- and oll-containing tlssue within many
seeds which s outsioe the embryo and provides nutrition to
the developing embryo.

Epicarp The outer layer of the pericaip: synuonym of
exocarp.

Eplcotyl The part cof the embryo or seedling bietween the
cotyledons and the flrst true leaf; it elongates during
hypogeal germination.

Exocarp The outer layer of the pericarp.

Floret The smallest unit of a fiower: in the grasses after
fertillzation It consists of a caryopsis enclosed within the
lemma and palea and in agronomic terms s often Incorrectly
described as the seed.

Fiower The organ bearing one or more pistils, or one or
more stamens, or both.

Follicle A dry, dehiscent fruit resuitifg from a singie
pistll which splits along only one groove at maturity.
Frult The mature (ripe) ovary tog ther with associated
structures: that is the seed-bearing organ,

Funiculus  The stalk attaching the ovuje to the wall of the
ovary.

Gometophyte  The part of a flawer which produces either male
or female sex ceifs.

Gametophyte tissue The nutritive (haplold) tissue occurring
within conifer seeds which exists before tertilisation
occurs.

Germ The embrya of a seed.

Glume A small chaff-like bract: commonly the jemma and
palea at the base of a grass splkelet which may, or may not,
completely enclose the caryopsis.

Grain A cereal caryopsis, either naked or enclosed between
a iemma and a palea.

Hiium The scar or mark on the testa at the point of
attachment to the funjcujus,

Huiil The tiobtly adhering outer covering of the seed or
caryopsis; the pericarp in some specles, und jemma and paica
in others.

Huiiing Sce dehuif.

Iuck  The leaf sheath enclosing the ear of matze, but ajso
used to descrite the lemma and palea of other cereals,
ttypocotyl The axis of the embryo below the cotyledons and
above the radicie which elongates during epigeal

germir. * 1on,

Indehlscent Does not split open at maturity,

Infiorescence In this context the flowering structure of
the plant,

Intequment The outer envelope ot an ovule, usuaily
consisting of an inner and an outer layer which comprise the
seed coat, or testa, of the mature ovuie - ser bitegmic and
unitegmic testa.

Involucre One or rore whorls of small leaves ur bracts
surrounding an inflorescence or fiower.

Kernej The caryopsis of a cereal, particularly maize or
harley,

tateral root A root arlsing from another root.
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TABLE 3.1 (continued)

Stigma The part of the pistil which receives pollen. Umbel A type of inflorescence where the flowers form flat
Style Elongated part of the pistil between the ovary and or umbrella-shaped heads in whlch the pedicels and rays
the stigma. arise from a common point as in the Umbelliferae.
Synergid nuclel Two of the eight nucief derlvcd from the Unitegmic testa A testa made up of only one integument.
megaspore within the female gametophyte. Utricie A bladdery, slngle-seeded, usually lndehiscent
Terminal bud The shoot apex enveloped by several more or fruit In which the seed is only loosely attached to the
fess differentiated leaves. perlcarp.

Testa The outer coat of a seed derived from the
Integuments, that is the seedcoat: It can comprise more than
one layer - see bitegmic and unitegnic testa.

Thresh To separate the seeds from the stems and other piant
material: the resuitant material may, however, conslst of
more than Jjust the seeds and/or contaln seed-like structures
lacklng a seed.

the seed-like structures contain cither no seed (sce Chapter 8) or several seeds. Secondly the dissection
can enable seed morphology to be classified into one of the nine categories outlined in Figures 3.3-3.11,
which may be of potential importance in selecting suitable germination test and dormancy-breaking
procedures (see Chapter 17). Thirdly the information obtained can be helpful (particularly if combined with
the results of an X-ray analysis - sce Chapter 8) in determining the .naturity of embryc s, particularly the
variation in embryo maturity within the accession, which also may influence the selection of germination
test procedures. Fourthly this exploratory dissection will indicate the degree of infestation with insect

larvae and, particularly, bruchids.
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CHAPTER 4, THE GERMINATION OF NON-DORMANT SEEDS

It is essential that plants capable of growing to mmaturity can ke produced from cach seed accession
maintained in a gene bank. That is the sceds must be alive (viable) and capable of germination when
regenerated or when sown by users of the material.  Consequently tests for germination are carried out in
the laboratory on accessions in storage fram time to time to check that percentage viability is above the
regeneration standard.  These germination tests are thus tests of percentage viability {(alternative tests of
viability are described in Chapter 11), but only if the major factors which may prevent the germination of
viable seeds are avoided. One of the major factors which may prevent seed germination is seed dormancy,
This is such an important problem that a considerable proportion of this book is devoted to itz Chapter 5
deals with the principles of sced dormancy and main features of interest to gene banks; Chapter 7 includes
guidance on techniques for removing covering  structures which are sometimes cmployed  for removing
dormancy; Chapter 6 provides gutdance on appropriate light regimes for sceds whose dormancy is affected

by light; and Volume 1l 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 sceds of orthodox species in long-term storage} tetabolism is almost imperceptible. Consequently for
germination to occur the sced must take up water, that is. imbibe. The uptake of water is normally
sufficient to trigger germination (providing the seed is held at an adequate temperature and supplied with

oxygen, and providing it is not dormant).

However, although it is reasonably clear when germination begins there are considerable differences in
opinion as to at what point a seed can be said to have gerinated,  These differences conceen the relative

titning of the cessation of germination and the onset of seedling growth,
Radicle emergence

The first visible sign of embryo growth is the protrusion of some part of the embryo, usually the
radicle, through the seed coat,  Thus this stage of germination is otften referred to as radicle emergence,
It is a clear, objective, eriterion of germination,  Radicle cmergence is often qualified by describing a
dimension to the minimum extent of radicle protrusion: for example, by 2 nun, It is an adequate criterion

for determining that a given proportion of sceds within a sample from an accession is alive, i.e. viable.
Seedling cvaluation

However, a seed capable of achieving radicle emergence may not necessarily be able to produce a
scedling capable of independent growth (independent that is of stored food reserves within the seed) such
that a plant can can be produced, Consequently seed analysts in seed testing stations delay their decision
on whether or not a seed has germinated to a point beyond the radicle emergence stage. 1o a seed
analyst, germination in a laboratory test is the emergence and development trom the seed embryo of those

essential structures which, for the species being tested, indicates the ability 1o develop into a normal plant
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under favourable conditions in soil, Two classes of scedlings are therefore created by this definitions
normal seecdlings, 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 scedlings,
those which are not considered capable of continued development because of damage, deformation or
decay. Percentage normal germination 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 subjective
requiring a certain degree of training. A further problem is that scedling development is quite sensitive to
the cenvironment of the germination test and a deficiency in the 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 morc suitable for adoption by gene banks.

This, however, may not be so. In many species a considerable proportion of abnormal seedlings can
be produced at jermination. For cexample, in a soyabean accession showing 90% radicle cmergence it is
pessible that as many as 60% of the total number of sceds tested will produce abnormal seedlings whilet
only 30% will produce normal seedlings, Morcover those few scedlings capable of continued growth and
development would have poor field emergence ability if sown out for regeneration or multiplication, and
poor scedling growth rates. Thus for many specics it may be better to use normal germination as the
criterion of germination. In addition for those species where the maximum proportion of abnormal
scedlings is low the adoption of the normal germination criterion would enable seéd analysts, plant
breeders, and gene bank personnel to use the same - albeit subjective - criterion of germination and reduce
the scope for misunderstandings. Accordingly Chapter 10 considers seedling evaluation and the differences

between the structure of normal and abnormal seedlings.
THE GERMINATION TEST ENVIRONMENT

The purpuse 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 scecondary requirement for practical

purposes is for germination to be achieved within a reasonable period.

There are tnhree basic problems,  First dormancy may prevent seeds from germinating:  seeds may be
dormant before the germination test; or seeds may become dormant during the germination test (as
mentioned in the introduction to this chapter, these problems 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 may die before germination can occur in certain,
stressful, environments; that is they may die during the germination test.  Thirdly, the range of environ-
mental conditions over which germination can occur may be to some extent under genetic control.  Now
inter-specific variation can he taken into account where necessary by specifying cnvironments for cach
specicos, But intra-specific variation is more difficult to deal with, Although there is evidence that
genetically controlled intra-specific variation does exist, many differences observed between accessions may
also be duc to differences in maternal, or post-harvest environment.  Lither wey it is essential that gene
banks arc able to provide germination test enviromments that are neither genotype nor accession specific.

In other words the requirement is for test conditions suitable for all accessions of 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 sced 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 rnaterials
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 or on paper can result in abnormal germination (stunted growth is a particularly common symptom).
In this case it may be necessary to test on compost where such effects are minimised. A standard

seedling conipost 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 it the form of pleated
(many folded) sheets. Usually the papers are white but they are sometimes coloured (with a dye which
should be non-taxic 1~ germinating seedlings) to enable the germination of small seeds to be scen more
casily. The 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, not 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 sced 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 mathods of ensuring that the germination test

substrates maintain sufficient supply of moisture to the sceds.
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 zerminate. Reduced oxygen availability can also increase
microfloral competition for oxygen. The latter phenomenon can be particularly pronounced in some
accessions of barley (Hordeum 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 rnoisten the germination test medium without excess
water being present, or removing the seed covering structures (lemma and palea), or treating the seeds

with a combined bactericide and fungicide. The first method is the casiest and tnost 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, wnbibition injury, and chilling injury. Here we will use
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the term imbibition injury.

Dry sceds placed in a moist environment absorb water in three phases: an initial phase ot extremcely
rapid water uptake; a sccond 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 sceds 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
water the only limitation to the diffusion of water into the seed is provided by the sced covering

structures.

For the time being we shall consider sceds of species within the Leguminosae, since in this family
imbibition injury is particularly pronounced and well documented. In the Leguminosae the seed covering
structure is the testa. The testa can be a very effective regulator of water uptake; indeed often it can
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 is known as hardseededness and is discussed in the next section. Soaking
dry seeds which have had their testac removed in water results in the death of cells on the surface of the
cotyledons (this is observed by tetrazolium staining techniques - see Chapter 11). 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, sceds ‘with undamaged,
intact, testac do not show this damage when soaked in water. Secondly, seeds without testae imbibed in
media of low osmotic potential - where water uptake is very slow - generally do not show this damage.
Thirdly, seeds from which the testac 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 testac secem 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 comimon 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 cye or by microscopic investigation. These cracks may be present in the dry seeds
{resulting from cither the drying process or mechanical treatinent 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 mwoisture. In addition these movements of the testa relative to the embryo

can, by abrasion, also causc cell death on the outside of the cotyledons.

The cell death on the outside of the cotyledons that occurs when the testac are cither damaged or
removed and the sceds soaked in water can be sufficient to reduce germination. The effect is twofold:
first death of these cells can rescit directly in abnormal geemination or failure to germinate at all;
secondly, solutes are leached from these cells and these solutes can stimulate and increasc the activity of
the seed microflora which cither 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 erpression of imbibition injury - the temperature at which imbibition
occurs and the dryness of the sceds. Chiiling injury was the termi used to describe the observation that
dry seeds of lima bean (Phascolus lunatus) were injured (cither the seceds failed to germinate or the

resultant seedlings showed a reduced subsequent growth rate) if they were imbibed at low temperatures
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(5°-15°C) compared to a slightly higher temperature (20°C)., 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 moisture is in excess, and this sensitivity is increased by a lowering of the

ternperature of imbibition.

The dryness of the seeds is also critical to the occurrence of imbibition injury., ¥ seed moisture
content is Figh (18% +) then imbibition injury is usuallh avoided. In some experimental observations there
appears to be a critical moisture content - below which a constant proportion of seeds fail to germinate
as a result of imbibition injury. In other observations 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 barks, 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 sceds 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 mediuin is of low osmotic
potential,  Further, although most experimental work has been concerned with imbibition injury in large-
seeded legumes fbecause it is particularly pronounced in these species), it is now clear that the problem

can occur in other species. For example, similar problems have been encountered with forage legumes,

cotton (Gossypium spp.) and sorghum {Sorghur:- vulgare).

Since gene banks will be handling very dry sceds, imbibition injury is potentially a substantial problem.,
How can damage to seeds from imbibition injury be avoided or minimised in gene bank tnonitoring tests or

regeneration operations?

First there should not be any excess moisture in the germination test, Al 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 minimise imbibition injury, but satisfactory

results can be obtained with paper, which is the medium 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 humidification (see Chapter 11) prior to imbibition - either before a germination test
or before sowing in the field or glasshouse for regeneration or multiplication, Instead of humidification an
osmoticum 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 germination or  lor breaking
dormancy, the first few hours of imbibition can be carried out at around 20°C - to avoid the greater

sensitivity of the seeds to imbibition injury at low temperatures.
Hardseededness

As with mbibition injury, hardseededness can be a particularly difficult problem for accessions of
species in the Leguaminosae, but can also be a problem in other families; for example, Rosaccae and
Malvaceae. In some senses it can be regarded as the opposite problem to imbibition injury:  hard sceds

pussess impermeable seed coats, therefore candot imbibe water and as a consequence cannot germinate,
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Although the phenomena of hardseededness and imbibition injury are so opposed, it should be noted that
both result from the properties oi 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 testac in some
species, if intact and undamaged, become imnpermeable 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 anbient relative 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
sceds) soften if exposed to high relative humidity for a long time by the uptake of moisture over the
whole seed coat. Reversible hardscededness 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 testac 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 hardscededness appear to be quite distinct. Techniques wirich rermove reversible
hardscededness may not overcome irreversible hardseededness and vice-versa. As seeds are dried they tend
to become first reversibly hardseeded (around IO-IZ%11 moisture content) and then irrcvcr'sibly hardsceded
{a-ound 5-7%" moisturc content). Thus irreversible hardseededness is likely to he 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 rernove 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 sceds will 'ping' whilst dormant or dead sceds will give a 'thud'. It is probably better to remove
hardseededness from those sceds 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 hardscededness may
damage permeable seeds which do not require any treatment. Secondly this would save effort on the part
of those testing the seeds. [t is important that those to whom the sceds are distributed are informed that

a proportion of seeds are hard and are advised on & procedure tc overcome this,
Germination test temperature

The temperature of the germination test affects both the total proportion of seceds which will
germinate and the time token by those sceds 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-samnples of the sced lot at a number of different constant
temperatures, check each test daily and record the number of seceds germinating on each day, and plot the

results for cumwlative percentage germination (ordinate axis) against the germination test temperature

T These values are only approximate and are provided as a rough guide.
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(abscissa) for cach 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 the range of optimum temperatures
(in terms of cumulative percentage germination), However the optimumn temperature should really be the
ternperature 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, How can we descrite 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 casier to work out) has been
plotted against temperature. Note that at extremes of temperature the time taken to gefminate increases
previding characteristic U-shaped curves, When different cultivars and/or sced lots are compared we can
sce that although the U-shaped curves are not identical there is a cornmon temperature range that exists
over which all the cultivars and/or sced lots germinate most rapidly. In Figure 4.4 the reciprocal of the
time taken to gerininate is plotted against temperature: this rnakes it easier to identify the temperature

at which the sceds germinate most rapidly.

So far we have considered non-dormant, good quality seed lots. Now we must consider non-dormant
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 <eceds 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 the 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 nccessarily the same 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 commercial,

high-viability seed lots in sced testing stations may necessarily be ideal for potential use in gene banks.

The temperature regime also influences the cxpression of seed dormancy: this is considered in
Chapter 5.  Of course the final choice of germination test temperature(s) will require evaluation of the
cffect of temperature on the germination of both dormant and non-dorinant sceds: subsequent chapters on
individual families in Volume 11 of this book attempt 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 care 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 ecxternally applied nutrients since the
process of germination involves the mobilisation of food reserves witnin the seed (but certain additives
may be uscful in removing dormancy - sce Chapter 5). There are three situations, however, in which

nutrient additives to the gerrnination medium are required.

I.  There are a very few parasitic flowering plant species where the germination process does require the
application of exogenous nutrients, Striga is one such genus. It is unlikely, however, that such species

would be deliberately maintained in a genetic resources centre,

2. Orchid sceds 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 11). In a few
cases nutrients may be required. If further growth is required then a nutrient supply is essential. 1f this
technique is used as a method of propagation it is sometimes considered to be a type of tissue culture
(sce Withers, L.A.C., (1980). Tissue Culturc Storage for Genetic Conservation, 91pp. IBPGR, Rome),

Germination test period

As can be scen from a germination progress curve (Figure 4.2) individual sceds vary in the time taken
to germinate; sorne sceds 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 sceds incrcases, Consequently the time taken by the last viable seed in the
population to :jerminate 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 sceds -

sec Chapter 5 - is likely to extend beyond this period),

Germination tests should be examined at regular intervals, At these intermediate cxaminations 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 the germination meditm
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 rernoved at the intermediate counts

L
to provide other seedlings with sufficient time to develop normal seedling structures. However, decaying



seeds (caused by ecither 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 sceds
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 scedling 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 circumstance are provided in Chapter 11,
EQUIPMENT FOR GERMINATION TESTS

The main cquipment required in the seced 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 ventitation. 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 potental pre ~f contamination and drying out. Furthermore, variations in the
iaboratory environment on dif.er . 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. Sceds 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 fromn underncath 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 sced - to prevent sceds or
scedlings drying out - is rnaintained cither by covering the entire tank with a transparent lid or by
covering individual filter papers with bell jars (cach 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
sceds by altering the water-supply arrangements to the tank so that two water baths, controlled at

different ternperatures, provide water in the tank for different periods in cach 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 temp-rature incubators arc flexible, readily available and comparatively cheap. For most
applications cooled incubators (i.e. incubators with both heating and refrigeration systems) with forced air
virculation are required.  The norma! operating regime of such incubators is approximately -10°C to
+35° or 40°C. The biggest problem with this design of cquipment 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
recommended.  Adequate cooled incubators can be provided by converting refrigerators,  Since the latter
are nass-produced, these may prove cheaper to acquire than purpose-built incubators - but any cost
cornparison should take into account the useable volume and the conversion time, Again it is important to

minimise 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

ternperatures it may be better to use cooled incubators designed for the purpose,

Alternating-temperature incubators (sometimes described as incubators with temperature 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 rinutes (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 cquipment turned off - provided this
temperature is more than 5°C above the laboratory temperature.  llumination as uniform. as possible, with
fluorescent tubes should be provided. 1f seeds are to be germinated in open containers then air humidity
should be controlled to between 90 and 100%, but condensation should be avoided. A cheaper alternative
is to control the humidity of cach germination test - for example by placing the paper towels inside a
loosely-wrapped polyethylene bag - thereby avoiding the need and expense of humidity control - see

Chapter 9.

Several cooled incubators, cach with the facility for temperature cycling and control of light, probably
represent the most sensible form of germination cquipment for gene banks dealing with a large number of
different species. It should be remermbered that cooled incubators dissipate heat: in an air-conditioned
laberatory the additional heat load imposed by cooled incubators must be allowed for; and 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 temperaturcs. 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),
Humination

As already noted in this chapter, light is necessary for normal secdling 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 somne may fail to do so because they are dormant, This
problem neceds 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 sceds which emerge when sown out for regeneration, multiplication or other
purposes.  Consequently when sceds 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 genctic erosion of

genetically heterogencous accessions,

As mentiored bricfly in the Preface, seed dormancy is a greater problem in gene banks than in
ordinary agricultural or seed-testing practice, There are four recasons for this. (1) In order to maximise
seed quality and therefore seed longevity, attempts 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 maximise sced quality the 1982 Report recommends that seed drying in gene banks is carried out at a
lower temperature than is common in commercial practice.  Low-temperature drying will also minimise
loss of dormancy.  (3) The sub-zero temperatures used in long-term sced 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 greiter dormancy than modern

cultivars.

Seed dormancy, then, is a major problem in gene bank operations and accordingly needs to be given
considerable attention. This chapter discusses the principle features of seed dormancy of relevance to gene
banks, and the main ways in which it may be minimised. 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-breaking procedures - is given in Chapter 7, Chapter 11 provides
guidance on  alternative criteria of viability other than germination when dormancy is an insuperable
probleni, and provides f{urther advice on viability testing in these circumstances,  Finally the entire
emphasis of Volume 1l is on practical methods of overcoming seed dormancy: Chapter 16 introduces
alternative approaches to the sroblem where specific advice for an accession is not available; the
subsequent chapters give specific . avice, organized taxanomically family by family on individual crops and,

where available, general methods for species within each family,
THE DEFINITION AND ROLE OF SEED DORMANCY
Dormancy is an imprecise term which has many different meanings, In its broadest (and most

imprecise) sense it can be applied to describe the period from when the seed embryo discontinues growth

on the mother plant to when it begins to germinate (ecological dormancy),  In this sense one could
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Figure 5.1 Schematic representation of the different categories of dormancy,
together with associated problems
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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 conditiuns,
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consider all  sced in long-term  seed stores for genetic  conservation  to  be  dormant.

However, to sced technologists - and in particular those who test sceds for germination - sced
dormancy has a narrower meaning which is more useful:  sced dormancy is the condition in a viable seed
which prevents it from germinating when supplied with those factors normally considered adequate for
germination, i.e. when it is at a suitable temperature in a mediumn providing adequate water and access to
d gascous environment approxunating to air. It is this definition which we find most satisfactory,  The
accompanying  diagram (Figure 5.1) attempts to clarify the divisions between those phenomena which
collectively comprise dormancy in its broadest sense (innate dormancy, enforced dormancy, induced
dormancy, hardseededness) together with those phenomena which may mistakenly result in a sced being
classificd as dormant (water sensitivity, imbibition injury, non-viability), For more information on
hardscededness, water sensitivity, and imbibition injury see Chapters & and 73 the testing of seed for

viability at the end of germination tests by pressure or by cutting is considered in Chapter 11,

Dormancy is often divided into several categerizs,  Most physiologists would now agree that there are
three main types, although some confusion has arisen because different words have soretimes been used to

describe the same phenomenon,
Innate dormancy

Innate  dormancy (also known as primary dormancy, natural dormancy, inherent dormancy and
endogenous dormancy) describes the dormancy which s present immediately the new cmbryo ceases to grow
when it is still at ched to the parent plant: such dormancy prevents the seed from  germinating
viviparously (i.e. on the mother plant) and also usually for some time after the ripe seced is shed or
harvested.  Seed accessions in gene banks are likely to exhubit considerable innate dormancy (for reasons

already explained) and, thus, innate dormancy may represent a formidable problem to gene bank staff.

Innate dormancy is divided into two categories by sotne workers; seed coat dormancy, and embryo
dormancy. If a vichle seed imbibes water but fails to germinate until the seed co: s removed or the
embryo excised, then dormancy 1s said to be imposed by the seed coat; that is it is the seed coat which
is preventing germination.  Note the difference between the definitions of seed  coat dorinancy  and
hardseededness:  both phenomena result in the failure of viable sceds to germinate, but with seed-coat
imposed dormancy the seed has imbibed moisture, whereas with hardseededness the seed is unable to
imbibe, [mbryo dormancy is said to occur when a viable seed from which the seed coat has been removed
fails to germinate: it is also described sometimes as physiological dormancy.  We believe that there are
at least four reasons why gere banks need not be particularly concerned about the division of innate

dormancy inte two categories:

(1) The embryo fails to germinate whether it is embryo dormancy or seed coat dormancy which s
imposed,

(2)  Sced coat removal often cenables the treatment level or concentration of another dormancy-breaking
agent with which 1t is combined 1o be reduced as compared with that necessary for the treatment of the
intact sced.

(3) Different  seeds  within an  accession may exhibit  sced  coat dormancy  and  embryo dormancy.
(5)  An individual seed can exhibit both seed coat dormaney and embryo dormancy to a degree:  seed coat
removal is unable to result in germination; but, equally, a treatment which overcomes the etfect of cmbryo

dormancy is unable to result in germination; whereas combining sced coat removal with a treatment which
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overcomes the effect of embryo dormancy enables germination to occur,

Some authors refer to the last condition cs double dorinancy; 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 sced coat dormancy whilst some others exhibit embryo dormancy.

Enforced dormancy

Enforced dormancy (also known as environmental dormancy) describes the condition when viable sceds
do not germinate because of surne limitation in the environment, The term has often been applied to
describe the condition of natural populations of seeds which rerain dormant while buried bencath the soil
but gerrninate 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 sced 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 sceds being supplied with
water but exposed to an environment where some other particular factor is unfavourabllc for germination
(c.g. high temperature, low oxygen); the sceds tail to germinate in this environment, and also subsequently
fail to germinate when tiinsferred to an environment which is favourable 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
enforced dormancy.  Induction of dormancy within sceds of accessions miaintained 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 under 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 4elay mechanism which
enables dispersal from the maternal parent before germination occurs. Morcover, dormancy can also enable
the sced to germinate at more opportunc timnes or positions - since the dormant state is often removed by
those conditions of the environment which are ascociated with the ecological niche of the particular
species.  The majority of sced dormancy rescarch and literature has been concerned with investigating its
ccological importance and physiological basis. No attempt is made here to discuss these issues. Instead
dormancy is discussed solely in relation to the practical ubjective of gene banks; to identify dormant sceds

and provide procedures which remove dormancy froin all seeds without damage to non-dormant seceds,
DISTRIBUTION OF NORMANCY 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 may be described® as dormant, this does not necessarily mean that cach and
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every seed within this accession is dormant or, indecd, equatly 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 sceds be dormant or non-dormant? To which
question some would answer partially dormant!  (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 relativelv few environments which may involve special pre-treatments.  These could
be considered to be deeply dormant.  Since even deeply dormant sceds 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 the relative tenacity with which the state of dormancy is maintained by an
individual seed. These two aspects are demonstrated in Figure 5.2 where germination is plotted against
timz in storage. Imitially %57 of the population were dormant and only 5% non-do:mant, Thus in the

control population dormancy is not exhibited by all members of the population.  Storage of the seed

Figure 5.2 Germination of rice seeds (Oryza glaberrima Steud.)} withdrawn from storage at 30°C with 11,7% moisture content
(wb) after va.jous periods (@) which demonstrate the phenomenon of after-ripening. Seeds wore tested for germinatlon at
20°/30°C (16h/8h) for 14d. Note the variatlon in perfod required to remove dormancy from Indivldual seeds In the popula-
tion: {.e. there is a steady increase in the proportion f seeds able to germinate with increasing storage period. (From
Ellfs, R.H., Hong, T.D. and Roberts, E.H. (1983). Procedures for the safe removal of dormancy from rice seed. Seed Sclence
ang_Technrlogy, 11, 77-112.)
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resulted in loss in dormancy such that after 100 days storage 100% of the seed population was non-
dormant. However, note that some sceds required only a short period of storage to break dormancy,
whilst others required considerably more.  Thus the tenacity with which the individual sceds retained

dormancy differcd.

At this point it is worth noting that this difference in the tenacity with which individual sceds retain
dormancy can also be reflected in the time taken by the seed to germinate 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 germirated 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 which the sceds have becen exposed. Consequently the progeny of a single stock
can 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 treatinent which
successfully removes dormancy in one accession will be as successful with another accession. This is why
onc must be very careful to avoid generalisations when discussing dormancy-breaking methods, Neverthe-
less, a wide range of diverse dormancy-breaking agents do have qualitatively similar eﬁécts not only for
different seed lots within a species but also for sced lots of very many different species. The following

section attempts to catalogue many of the trecatments 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
sceds arc stored after harvest in the air-dry state. In commercial seed practice it is extremely common
for dormancy to be removed in this way. As with other factors which lead to loss in dormancy, there is
variation between individual sceds 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 environinent,  In general the higher cither 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 terperature 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 on a complete accession, for this could result in loss in viability, genetic
integrity, and a substantiai reduction in potential storage life. Under some circumstances, however, after-
ripening could be used on samples withdrawn for germination tests, providing the combination of conditions

used is not sufficient to affect vianvility detectably,

Pre-drying trecatments are similar to after-ripening treatments.  They consist of a period of exposure
to a drying regime during which seed moisture content is lost. It is often suggested that such treatments

be appliea after pre-soak or pre-wash treatments - see  a later  part  of this chapter,
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The effect of removal or puncture of structures covering the sced

In addition to preventing imbibition (hardsecdedness), 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 cnable imbibed, dormant
sceds 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 sceded
species where dormancy can often be quite pronounced.  Moreover, seeds can be darmnaged 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 dormmant seeds to germinate, but subsequent scedling
growth may be restricted (dwarfism) unless embryo dormancy is alsu removed - sce the information on
Prunus and Pyrus in Volume Il. It should also be remembered that removal of the sced 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 noted 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
dorrnancy compared to testing the seed in an atmosphere containing 21% oxygen (i.c. in air). However, in
other cases increasing oxygen partial pressure above 219% increases the proportion of dormant sceds
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.

Flgure 5.3 Influence of temperature on the germination of a barley seed lot at harvest (M) and after 10 days treatment at
40°C with 15% moisture content (@), The depression of germination of the freshly harvested seeds at 17.5°C and above ls
an expression of dormancy (relative or conditional dormancy). The after-ripened seeds are able to germinate fully over a
wider range of 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 (3-5%) 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, 2thy! ether) can 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 sceds of some species may not germinate at any constant temperature (in the absence of specitic
dormancy-breaking treatments) sceds of inany crop species tend to show some germination over a very
narrow band of constant temperaturcs. 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 sceds which germinated over the narrow band of constant temperatures before storage were not
dormant to begin with or whether dormancy was broken during the briri cxposure to ternperatures within
this range. One guide can be to examine the time taken to germinate, Cuten if dormancy is first broken
by sorne other means (in this example by dry storage) the subsequent germination at these tetnperatures

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 not the case however, Species vary quite considerably in their response to

constant  temperatures, as an  ecxamination of  Volume Il of this manual will indicate.

A period of pre-treatment of imbibed sceds at a different constant temperature to that applied in
the subsequent germination test can be an extremely cffective dormancy-breaking treatment.  Pre-
treatment at a low, but not freezing, temperature is a particularly important dormancy-breaking treatment
which is widely applied in prectice. For example, in the temperate cereals cxposure of imbibed seeds to
ternperatures below 7°C for up to seven days before transfer to a higher temperature for the subsequent
gerrnination test is the normal method of breaking dormancy in sced testing stations. In other species
much greater periods of exposure are used; for exarnple, see the information provided in Volume II for
sceds of the rosaccous fruits. It should also be pointed out that in many of the species where pre-chilling
sceds is beneficial, the subsequent transfer to a higher temperature is not necessarily essential for
germination; often the sceds will germinate if they remain at the pre-chill temperature but, of course,
germination will occur more slowly than at higher temperatures. Normally seeds are pre-chilled on, or in,
the same mediurn as used for the germination test. A few workers, however, pre-chill sceds by
subrnerging in water,  Whilst this can be beneficial to sceds that are slow to wiibe, in view of the
problems that can arise when very dry secds imbibe moisture tou rapidly - see information on imbibition
damage, Chapter 4 - it is recommended here that seeds should not be pre-chilled by submi:rging in water:
if the seeds are 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 fromn temperate regions; the germination
of dyrmant seeds ol manv species from semi-tropical and tropical regions can alsu 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 imhibed, 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 tern warm stratification to
describe such treatments. In some accessions alternating warm stratification and pre-chill treatments can
be particulariy promutory. The information provided in Volume Il for sceds of Prunus species gives
examples where warm stratification, or alternating exposure 1o warm stratification and pre-chill

treatrnents promote the germination of dormant seeds.

However, a further complicating factor when examining the influence of teinperature on germination
is the induction of dormancy. Often if sceds are exposed to temnperatures outside the narrow band of
temperatures at which they can germinate and then transferred to a temperature within this range they
tail to germinate: that is dormancy is induced. In the majority of cases such induced durmancy 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 rcal practical problem for
growers: if sceds are sown when sail temperatures are at or above about 20°C sceds that have not been
after-ripened will normally fail to germinate and emerge even though the soil temperature subsequently
becornes 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-treatinents of imbibed sceds needs some
explanation. Prunus provides good examples of species where dormancy can be both broken and 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, dorinancy 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 the 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 warin stratification

treatinent 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 and in the surface layers there is a very
distinct diurnal alternation. Alternating-termnperatures can be extremely effective in breaking dormancy,
and are widely used. For example, various alternating-temperature regimes are prescribed in the rules of

Al
the International Seed Testing Association; details of these regimes are provided in Volume II,  However,



.63 -

Lt Toded deqmrateon o af chator It s o alirtialiog fngnsstures
_— N e
0w
— ——
. [T Torvw tahow Tine dminee Mutnirann Mavurmon Hate ot Rate ut
—T, - [ Tompre.at av Tenymcatier
oy gt (1) vt (1 ) ) warmuog (M) Comlug 1A78)
'llul - LU LT

e X
Cear e

A

[ —]

SOy

S d
A

0 Tna (1) * Thetnal wm Mean o |

Figure 5.4 Characteristics of alternating temperature regimes and thelr interdependence. Constant temperature reglmes can
be described by the above three tertlary characteristics whereas alternating temperature regimes have many mnore characterfs-
tics, as shown above. The seven primary characteristics can be controlled esperimentally. They are independent of each
other, but affect the six tecondary and tertlary characteristics, All characteristics affect dose. An accesslion'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 treatment {genotype, maturation environment, after-ripening) and develop after imbibition
(Interacting factors - e.qg. nitrate, iight-ontogenetic change in recentivity). (Classification based on unpublished work of
A.J. Murdoch and E.H. Roberts.)

Flgure 5.5 Response of Rumex obtusifolius to alternating
temperature. The solid and broken lines represent 50% and 9C%
germination respectively. Stilppilng Indicates those areas where
the temperature 1s always below 15°C or always above 25°C -where
1ittle germinatlon occurs. (From Totterdell, S. and Roberts,
E.H, (1980). Characteristics of altetnatlng temperatures which
stimijate loss of dormancy in seeds of Rumex obtuslfollus L. and
Rumex crispus L. Plant, Cell and Environment, 3, 3-12.
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it should be noted from 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 minimum and
maximum temperatures; the range between the minimum and maximum temperature; the cumulative effect
of the number of cycles; the efficacy of cycles with respect to time from the onset of imbibition; the
rate of heating or cooling from one temperature to another; and the mean temperature,  Moreover it is
not possible to alter one attribute without confounding it with a change in at Icast 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. @ 24 hour cycle) and limit the
attributes of interest to: the minimum and maximum temperatures, the period spent at each temperature,
the temperature range and the mean ternperature.  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 remnoval of dormancy from a population of sceds 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 dormancy in
many species (although the detection of its influence may be dependent on the presence of other
dormancy-breaking agents - sec a later part of this Chapter). Earlier reviews tended to divide light-
sensitive species into two categories depending on whether germination was promoted or inhibited by light
(ofte"  described as puositively or negatively photoblastic species respectively).  To some extent these
responses could be related to the ecology of the species.  Generally speaking it could be scen 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 germination 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
some larger seeds of more arid climates it thay 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 sceds into those which show a posttive response to light and those which
show a negative response to light is now known to be an over-simplification.  First, light quality is
important.  Secondly, many seceds 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 sceds to light and provides suggestions for optimal
practical sced 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 sceds 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 Sced
Testing Association recommended that dormancy in rice (Oryza sativa) seeds be removed by soaking the
seeds in water at 40°C for one to two days (but see the information on the genus Oryza in Volume 1l 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 gerinination 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 sced germination in subsequent germination tests include Vitis spp. and
Beta wvulgaris. In addition to removing germination inhibitors, pre-wash treatments may soften the sced

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 sceds may be damaged when they are
transferred to the germination test regime; morcover, very often it is recomnmended 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 humiditication 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 secds. The nortnal method
of applying such compounds to seeds is in solution in water, although other solverts 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 treatinent 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 ir.
water - is applied to the sced in the germination environment - that is the germination-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 from 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 optitnum concentrations imay vary quite considerably
between accessions. With the pre-applied nethod higher concentrations are generally necessary to promote
the germination of dormnant sceds compared to the co-applied method. Further factors requiring definition

with the pre-applied method is the duration and temperature of the treatment,
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The following chemical agents are among those most commonly applicd to seeds which have been
reported to promote the germination of dormant sceds in one or more species: hydrogen peroxide,
ethyl alcohol, sodium hypochlorite, thiourea, mercaptocthanol, nitrates, nitrites, hydrogen ions (i.c. 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 de:ailed comments on the application of these and other chemicals to

different species sec the chapters on the various plant families in Volume Il

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 noted under the section on the effect of temperature on dormancy, where at
high temperatures (close to 30°C) 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 cach potential dormancy-breaking agent and the interactions between
these effects requires the testing of different sub-samples of the accession under all possible cornbinations

of these agents. In this case, where there are three potential dormancy-breaking agents, eight (i.e, 2%)

different trecatment combinations are required. The treatments and results are given below.
Treatment Germination Environinent Percentage Germination

| 25°C, dark, water

0
2 25°C, light, water 0
3 25°C, light, 1072 M KNO, 0
4 25°C, dark, 1072 M KNO, 0
5 25°/1.5°C*, dark, water 1
6 25°/1.5°C», light, water 68
7 25°/1.5°Cx, dark, 1072 M KNO, 4
8 25°/1.5°C*, light, 1072 M KNO, 100

* diurnal alternating temperature regime 25°C for 8 hours, then 1.5°C for 16 hours.

Treatrnent | is the control germination test: that is the test was conducted in the absence of all
three potential dormancy-breaking agents; in this investigation, no sceds germinated under these conditions.
How is germination affected by treatment with cach dormancy-breaking agent on its own? At a constant
temperature in the absence of nitrate light has no effect on germination (result of treatment 2 minus
result of treatment 1), At a constant tempegature in the dark, nitrate has no effect on germination

{result of treatment 4 minus result of treatment 1. In the dark in the absence of nitrate, alternating
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temperature has only a marginal ecffect, viz. 1% germination (result of treatment 5 minus result of

treatment 1). 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 1),
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 cornbined 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 (trecatment 6) 63% germination is recorded. There is, thus, a powerful positive first order
interaction between the actions of light and alternating temperature {0 + 1| 68), the effect of this
interaction being a 67% increase in germination compared to the total effects of light (treatment 2) and
alternating temnerature ({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 - (1 + 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 1 + 0 + 0%) and the first order interactions ({giving 0 + 67 + 3%) since
(1 + 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 cffect seen, Doth light and alternating temperatures show this feature quite
clearly (examine the results of treatments 1, 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 sced germination, but it should be noted that there are more complicated definitions
and ecxplanations 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 dormancy-breaking agents is worthwhile, even if no inter-
action is observed. Much use is made of the potential benefits to be obtained by combining different
dormancy -breaking agents to promote the germination of dormant sceds in the suggestions made for sceds

of particular crops in Volume Il; 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 combined 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 stalf need to decide what light environment should be provided to promote the maximum
germination of seeds.  Critical information for individual species is seldom available but this chapter

attempts to provide general guidance on suitable light regimes 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-simplification.  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 can be a  thousand-fold
variation between individual sceds in the minimum amount of light needed to stimulate germination,  And
any response to light is usually critically dependent upon the status of other aspects of the germination
test environment, such as temperature.  In order to understand these various responses and arrive at an
optimal practical seed dormancy-breaking regime for use in germination tests designed to assess viability,
it 15 useful to understand what is meant by the term light and to consider the wain characteristics and

mode of action of the photoreceptor pigment (phytochrame) involved in light reactions,
LIGHT QUALITY

Light is both a physiological and a physical term. In physiological terms light is usually described as
the cnergy detected by the average human eye. In physical terms 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 description of light are explained below.

Since light travels in the form of a wave it can be described by any of the three following
paramneters:  wavelength - the distance between two consecutive wave crests; frequency - the number of
wave crests passing a stationary point in one second; or wavenumber - the number of wave crests present
in a one centimetre length of the wave.  These parameters are inter-related.,  1f wavelength is measured
in centimetres then the wavenumber is the reciprocal of the wavelength, whilst the (requency is simply
the wavenumber multiplicd by the speed of light - a constant,  For seed physiology tight quality is most
uscfully deseribed by the wavelength,  Wavelengths of visible hight are generally given in nanometres
(10-9111. symbolically nm), :\ngstr(hn units (IO-IOm. symbohcally /n\) were  commonly  used until  the
introduction of S.I. units.  In Figure 6.1 the clectromagnetic spectrum of solar radiation is described
according to the wavelength of its constitv = ts,  Note that visible light is but a small partof the

spectrum,
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Figure 6.1 The compoenents of solar radiation by wavelength (in, left)
and the spectrumn of visible light {nm, 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 vielet light.  White light is perceived when the eye
receives light cnergy across the continuum of #00-700 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 cnergy packet is described as a quantum; if this is

within the visible spectrumn (or slightly outside) then it may be more specifically referred te as a photon.

The use of th2 termn photon {or quanturn® relates to the action of light energy. ECinstein's law of
photochemical equivaience states that in the primary photochemical reaction one gquantum of light energy
must be absorbed for every atom or molecule reacting,  Thus the amount of light reaching a given arca
per unit time in a germination test - irradiance - can be quantified in terms of the number of quanta
received in a given arca per unit time. [Similarly the amount of light given out by an artificial light
source per unit time - emittance - can be described in terms of the number of quanta radiated per unit
solid angle per unit time., (The solid angle - steradian - is the surface arca on a sphere which s
cquivalent to the square of the radius)] However, one problem that arises when quantifying irradiance
and emittance is that other quite different systems of measurement are also used.  The units used and

terminology of the three distinct systems will sbe discussed later in this chapter,
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The energy contained within a quantum depends upon the wavelength of the radiatin. The shorter
the wavelength the more energy per quantum. Thus from Figure 6.1 cach quantum at X-ray wavelengths
contains considerably more energy than cach 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 molecule, 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 increwse in temperature). Photochemical reactions are those 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 cnergy. These are caused by radiation between about
290 nm (the mid-ultraviolet) and about {00 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 rmolecule resulting in the photoche ‘cal activation of that molecule and a subsequent

reaction in which the activated molecule takes part.

The 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 photorcceptor is described as
the action spectrum. The main wavelengths which can influence sced germination are 600-680 nm (red
light, generally promotory) and 700-760 nim (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) pigmcn.t involved in these

germination responses is known as phytochrome.
PHYTOCHROME

Phytochrome is a protein of molecular weight 120,000 with a tetrapyrole chromaphore attached.
Phytochrome 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 dynamic 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 the ratio of Pfr to total phytochrome [Pfr/(Pfr + Pr)) is 0.75, under 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 germination 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 germinating in the dark. This
Is because their ability to germinate in the dark may have depended on a sufficient quantity of

pre-existing Pfr,

The continuous interconversion between the two forms of phytochrome is also affected by other
factors. A simplified diagramn of the transformations undergone by phytochrome is given in Figure 6.2

and outlined below.

1. 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,
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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 enzyrnes.

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 ali pathways between Pr and Pir

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. [t is thought to be due to the
high rate of interchange (rate of 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.Z An outline of the transformations undergone by phytochrome.
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LIGHT ENERGY

Consequently in addition to the quality of light we must, if we wish to promote sced 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. photomnetric, radiometric and

quanturn,
Quantum units

For our purposes - where we are interested in the photochemical reaction of Pr to Pir - quantum
units are the most appropriate. As described already, the smallest unit is the single photon or nacket 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 grams of a substance numerically equal to its molecular weight,
The number of molecules in a mole is - constant for all substances and is called Avogadro’s number, Its

3 23

value is approximately 6.02 x IO2 . Similarly, 6.02 x 10°” 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
as mol m'z. It is described as photon fluence. The photon '{lux' is described as photon fluence rate
(mol m'2 s"). Photon fluence rate has also been described as photon flux density or quanturn flux density

and measured as Einsteins m™ s-!.  To convert between the two is easy: | mol m 2 5!

2 - . Lo
mo s I. The term Einstein is now used only rarely,

= | Einstein

Radioinetric units

Radiometric units are most suited to studies of power balances. The energy cmitted from a light
source or received by, for example, a seed is described as radiant energy if radiometric units are used,
and is measured in joules (J). The other unit which may be encountered is the erg; the joule = | x |07
ergs.  Radiant flux is the rate of flow of energy (i.e. power) irom a source of radiation and is measured
as joules per second (1 s l) or watts (W), (1] s'I = 1 W). Energy fluence (which corresponds to photon
density in quantum units) i+ expressed as joules per square metre (J m'z) and energy fluence rate as

1 -2 . . .
m “} or - since onc watt is one joule per second - watts per

joules per second per square metre (1 s~
square metre (W m'z). 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, spccified, wavelength ranges - generally the visible range {400-700 nm),
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 un the visual appearance of light given out by a
standard source and relies on the judgement of a hypothetical observer {described as the Standard
Photometric Observer) about the refative brightness of different light sources. Photometric units therefore
nat only take into account the nergy fluence rate of the visible spectrum, but also the fact that the
humnan retina is more sensitive to wavelengths in the mid-range of this (yellow-green light) than at the
extremes.  Tor these reasons photometric units are of no direct mterest to 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 the 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 huran eye (this weighting
being a major problem in making sensible use of such information), radiated or received for a period of
time. The unit of measurement is the lumen-second (Im.s).  Luminous en~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 lumens (lin). Iluminance (or illumination) is the term ost often
encountered in descriptions of light environments, It is the luminous flux density incident on a surface.
It is measured in Jumens per square metre (lm m'z). It is also described in Jux (Ix), where | hin m'2 =
I fux. Unfortunately several other units are also used to quantify illuminance 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 (Jm crn'z). Thus 10,000 phot = ! lux. Sometimes illuminance is

2). This unit is also

measured in British rather than metric units - that is lumens per square ft (Im f°
described as the foot-candle (fc). Itluminance in foot-candles can be converted to illuminance in lux by
usiny, the following conversion factor; | foot-candle = 10.76 lux., The lux has also been described as the

metre-candle or candls reter.

A PROPOSED LIGHT REGIME FOR GERMINATION TESTS WHICH IS EXPECTED TO PROMOTE
SEED GERMINATION

It would be convenient if a common light regime could be adopted by a gene bank for dealing with
all light-sensitive species.  The rnain 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 time 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 (ofien 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 comnmon light regime which is
probably suitable for a large nuinber 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 interinittently rather than continuously.  For this
purpose conventional domestic fluorescent ‘daylight' or ‘'warm white ' lighting is suitable - any of the
several lamps with peak emission at about 580 mn will do. (Thesc have the additional advantage that
they emit relatively little heat.) Incandescent lamps 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 casy to control.

As a general-purpose regime it is provisionally recommended that a pulse of white f{luorescent light
equivalent to about 200 J ln_2 should be applied every four hours, The irradiance should be relatively low
and so, for example, this pulse could be | W ln-2 for 200 second or 5 W m'2 for 40 scconds. H it is
inconvenient to apply intermittent pulses of light, an acceptable alternative would be to apply the light
fcr, say, 8 to 12 hours per day at about | W m'2 (86,400 ] m‘z). In the more detailed recomimendations

and suggestions for specified genera in Volume 1l it will be noted that sometimes a suggestion is made
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that the timing of the application of a light treatment fromn 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 11 for specified genera it will be
scen 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 (c.g. 660 ¢+ 5 nm) -
it is possible to convert betweer; the three types of units fairly easily. This can be done by using light
meters which measure in the three different units, det.. mining the illuminance (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 sourccs which emit over a wide range of wavelengths - since,
depending on the source, the relative emissions in different wavebands can differ quite rarkedly. For
exarnple, the spectral energy distribution of sunlight peaks at 480 nm whereas the 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 encrgy
distribution of ‘white' or 'warm white’ fluorescent tubes results in a Pir/P ratio of about 0.6 which is
promotory, To convert from illuminance (lux)to irradiance (W m'z) 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 irradiance is (500 x 0.0027 =) 1.35 W m~2. (Incidentallv 500 lux or
135 W m2 are convenient values to remember as these are typical for illuminance or irradiance within

an incubator equipped with fluorescent tubes,)
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Figure 6.4 Scale to convert between photometric (illuminance: foot-candles or lux}, radiometric
(irradiance: W m’z. between 400 and 700 nm) and quantum (photon fluence rate: u ol ni* s™') 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 vy
demonstrates that an illuminance of 40 foot-candles or 430 lJux is equivalent to an irradiance of about
147 w m™2 and a photon fluence rate of about 5.7 p mol m-2 57! for 'warm-white' fluorescent light

sources.
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for 'warm-white' fluorescent light sources.



For many species sufficient stimu'ation 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

-2 ux') s appropriate.  If, however,

conversion factor for illuminance to irradiance of 0.0043 (W m
fluorescent tubes are used to provide laboratory light then the conversion factor of G.0027 (W m'2 lux")
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 (radiometric 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' fluorescent tubes from a comparison of the spectral energy distribution
and the spectral photon distribution. The method of calcuiation thougiv approximate does provide a means
of conversion, We estimate the conversion factor from irradiance to photon fluence rate to be

1 W m™2 = 0.0000049 mol m™2 57! for ‘warm-white' fluorescent tubes. It is probably casier to think of

this conversion factor as 4.9 icro moi m2 s per W m? - where 1 micro mol m™2 5! - 10 -6 mol

m~2 s,

It is rather casy to make mistakes (for example, by an order of magnitude) when using conversion
factors. Consequently a conversion scale (Figure 6.4) has been providc-d to cnable the reader to convert
easily betwecn illuminance (lux or foot-candles), irradiance (W m"~ ) and photon fluence rate (micro

~2

mol m ¢ s” ) 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 in Chapter 3, in the strict botanical sense the covering structure of the sced is the
testa. However in some 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 gencral termn seed-covering structures is used

here to indicate all those structures attac.ed to and surrounding the seed which may affect germination,
INHIBITORY EFFECTS OF SEED-COYERING STRUCTURES

There are six potential ways in which the seed-covering structures rmay prevent or delay the
germination of viable sceds: (1) 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:zlity;

and (6) as a source of microorganisms, especially fungi.
Barrier to water uptake

Where the sced 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 germination is

assumed (wrongly) to be the result of dormancy.

In cases where the testa is impermeable and acts as a complete barrier to moisture, thereby
preventing imbibition, the seed is said to be hard (Chepter 4). This is an important topic deserving a
separate section, and the morphology of hardseededness and methods of overcoming testa impermeability
(that is, scarification) will be discussed at the end of this chapter. However, cven when a seed is not

hard, the rate of 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 roblem where large seeds are tested on
top of paper; it can also be a problemi sometitnes when the flower structures enclose the sced, 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
imbibition in dry sceds. Exarnples of this problem are provided with the advice for germinating seeds of

Citrus and Prunus accessions in Volume 1.

The simplest method of overcoming teduced germination as a result of severe delays to imbibiticn is
to increase the total germination test period.  Admittedly this acknowledges rather than overromes 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-coverisg structures are not
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the cause of slow imbibition; tissues within the seeds such as the endosperm can also act as temporary

barriers.

Where sced 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 inist over the

seeds to enable them to absorb moisture from the atmosphere as well as from the substraturn.

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 ethylenediamiretetraacetic acid (EDTA) which are said to increase cell-wall permeability

by scquestering calcium ions; huwever the evidence concerning chelating agents is somewhat contradictory.
Barrier to oxygen uptake

The sezed covering structures may also act as a partial barrier to oxygen. The sced 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 imnbibition,

The problem is increased where excess moisture surrounds the sced, or part of the seced.

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 aie a minority of cases, however, where some reduction in oxygen partial

pressurc (c.g. Typha latifolia and Cynodon dactylon) or increase in carbon dioxide partial pressure (e.g.

Trifolium subterrancum} may be promotory, Carbon dioxide treatinents to overcome hardscededness 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 examnple, 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 seeds is

continued for a sufficiently long period.

The germination of aged seeds may be affected by the seed covering structures because the vigour
(literully, 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 coleoptiles are
unable - break through the lemma and palea: instead growth occurs underneath the lemma and palea
until ev. .ually an arch of the coleoptile {and mot the tip) breaks through, but the resulting seedling is
abnormal. However, in general the seed covering structures (once moist) do not form an absolute barrier

t
to radiclc 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 Alisina, Amaranthus,

Rubus and Prunus.
Source or barrier to diffusion of inhibitors

Endogenous germination inhibitors are claimed to Le 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 unable 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 compcte 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-washing treatiments (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 by the presence of the sced
covering structures.  (But rapid moisture uptake may also cause problems, see methodology below.)
Pre-washing, particularly, and to a lesser extent pre-soaking treatiments 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 sceus 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 hardscededness is not a problem is not recommended here; but in advice
given on some genera in later chapters (Volume 11} 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 sceds, and

not used as a blanket approach in testing all accessions of these genera.
Surgical treatments to the seed cuvering 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 sceds and is rarely necessary to achieve proinotion of germination,  Instead selective
surgical treatments, which include piercing, puncturing or chipping a part of the sced covering structures,
are suggested. Piercing or puncturing of seeds can be achieved with a sharp ncedle; in endospermic sceds
it is generally done in the region of the endosperm close to the cmbryo; embryos may also be pierced or
punctured, but whether this is damaging or promotory 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 st uctures gencrally at the end oppositc to the embryo: the terms file or rub are used to

describe a sunilar action,

Complete removal of the seed covering structures, or at least down to naked caryopses in  the
Gramincae for example, is inferred by the use of the term dehull, dehusk, deglume, or hulling, These
terms are explained in Chapter 3. The complete removal of sced covering structures, particularly where
these adhere tightly to the seed or fruit, can, however, be damaging to underlying tissues - particularly
when the seeds are very dry - as well as tirne-consuming.  Consequently such treatments should not be
regarded as a panacea for all problems ol 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 - sce below,
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As a gencral 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 cvidence that their removal will not damage the sceds. 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 sced covering structures may
be unavoidable then do not do this immediately; use the first period in the germination test to cnable
both the non-dormant sceds and those dorinant seeds which have been sufficiently promoted 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 sced 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 Leguminosac and is considered in the later part of this chapter together with
scarification procedures, However similar damage, particularly where the sceds are very dry, is
sometimes observed in other species. The problem can be aggravated by ecither partial or complete
removal of the seed covering structures, Consequently, + rure the removal of seed covering structures is
practised on all seeds sub-sampled from an accession f{or testing germination, conditioning or humidification
treatments may be necessary before placing the seeds on the germination test substrate, as discusse | in

detail at the end of this chapter,
TREATMENTS TO OVERCOME HARDSEEDEDNESS

Hardscededness is particularly prevalent in the Leguminosae, but may also be observed in seeds of
sorne  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 sced physiologists would not
consider hardseededness to be a forin of dormancy, but it should be noted that the presence of hardsecded-
ness docs not preclude the presence of embryo dormancy. That is, as with the influence of the seed

covering structures where hardscededness is not a problem, a sced may show double dormancy.

It is worth emphasising that hardscededness is more likely io be a problem in gene banks than, for
example, in commercial seed trade, First because the sceds will be considerably drier than is typical for
commercial practice. Consequently absolute or irreversible Fardseededness is likely to be more prevalent
in gene banks than the more casily overcome reversible hardseededness which is experienced at slightly
higher moisture contents. (Sce 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 nmore severe hardscededness) - 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 which 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 rnost 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 clatius by E. Werker: In The Germination of -Seeds
(A.M. Mayer and A. Poljakoff-Mavyber). 211 pp. Pergamon Press, Oxford, 1982.)
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The outer layers of the testac of papilionate legumes are composed of a thin waxy cuticle overlying
a palisade layer of elongated macrosclerid cells (Figure 7.1).  The tips (towards the outside of the testas)
of these cells have thickened pectic 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 the
combination of the waxy cuticle and the suberin layer over the pectic caps of the macrosclerid cells is
implicated, whilst the presence of dehydrated pectin and quinones towards the base of the macrosclerid

cells may also contribute to impermeability,

The onset of irnm~rmeability appears to be roughly as follows, As the sceds dry moisture is at first
lost through the whole surface of the seed. However, once a critical value - about 25% moisture content,
say - is reached the testas bLegin to become somewhat less permeable: below this value the relative loss
of moisture through the testas declines, whereas the relative loss through the hilum and chalaza increases.
With further drying, to about 12 to 14% moisture content, the testas become impermeable and moisture is
subsequently lost through the hilum and chalaza only. (These moisture contents are provided only as an
approximatc guide: n reality the values vary between individuals within a population, and particularly
between accessions where testa characteristics - especially thickness - can vary considerably.) At this
point the hardscededness of the testas tends to be reversible (see Chapter 4): if the impermeable seeds
are exposed to a high humidity, the testas eventually absorb moisture over the whole area and the

resultant expansion renders them permeable,

Further drying (which occurs only through the hilum) causes the testas to become absolutely hard
where they are r> longer able to absorb moisture from the atmosphere. This occurs at between about

5 and 10% moisture content.  During this drying the hilum 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 hilumn and chalaza is a region of the testa where the macrosclerid 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 of the macrosclerid cells in this region results in a small
protuberance of the general outline of the testa, It is through this region of the testac of papilionate
Jegumes that moisture is able to re-enter hard seeds. The longer, wider macrosclerid cells can be split
apart by percussion (e.g. resulting from shaking the sceds):  siresses applied te other regions of the .sta
cause the macrosclerid cells in the strophiolar region to split.  The split region is described as the
strophiolar cleft. I the relative humidity is high moisture enters the sceds via these splits and the sceds
tegin to imbibe. If, however, relative humidity is reduced then the splits shrink and the sceds 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 hardseecdedness

In dry regions the hardseededness character enables seeds ta 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 hardscededness character from small proportions of
the seeds in the soil; in the event of rains germination can then occur for this small proportion of sceds.
The hardseededness character also aids dispersal, Hard seeds ingested by animals and birds are not
damaged by digestive juices and after dispersal and excretion some 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 sced testing. In order to
estimate the proportion of viable seeds in hardseeded accessions, ways of overcoming the character must

be found and applied.
Hardscededness and germination progress curves

Hard sceds mwst be identified by gene bank statf so that the problem can be recognised in
germination tests, In a germination test the hard seeds fail to swell, With large sceds this is sufficient
to cnable recognition, but with small sceds failure to enlarge is less obvious but hardseededness can be
confirmed by dropping each seed on to a china plate; a hard seed will cause the plate to 'ping'. This
cnables 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
(sce Chapter 10), the reversible hard seeds have only just begun to germinate; also the texture of the
testae tends to differ,  When germination progress curves (see Chapter #4) are examined the delayed

germination of the reversible hard seeds resujts 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 on 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 1000 revolutions per minute.  Mechanical scarification by hand can be
achieved by rubbing the testa on emery 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 cmery paper or file be securely fixed and that
cach seed be rubbed across or along it once towards the operator.  Chipping away a small part of the
testa by squeezing between ferceps is convenient for the (large-seeded) grain legumes, since each seed can

be held casily,

Acid scarification is one of the more widely used treatments to remove hardseededness, Concentra-
ted sulphuric acid is the ost frequently applied acid, although other acids and lower concentrations, i.c.
more 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 1 and
20 minutes.  Treatment in concentrated acid is obviously a severe treatment. 1f 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.  Consequently acid scarification, though convenient and casy, is not recommended
here as a general treatn . to remove hardscededness, since it is not possible to speaity o single effective
treatment combination which will not damage some seeds, However, for some genera in Volume 1 details
of acid scarification treatments have beer suggested at treatment combinations where the rish to sceds is
low, but in these cases there still remains a risk that some seeds will be damaged. Morcover, in these
cases the acid scarification treatment alone is often unlikely to be completely effective i remaving

hardseededness,

Several organic solvents have been used as scarification treatments.  One example is ethy! alcohol
which is though: to dissolve part of the waxy cuticle (see Figure 7.1).  Treatment periods ranging from
several minutes 1o several days have been used, but the efficacy of such treatments differs considerably
between species and cannot be generally recommended:  see the Leguminosae chapter in Volume 11 for

examples of species where scarification in absolute alcohol may be beneficial,

The second most widely applied method of removing hardseededness is by impaction.  lmpaction (or
percussion) treatments are  applied by shaking the sceds (vigorously) within a container: a typical
treatment would be to shake 3 times per second for 10 to 20 minutes. Standard conical flasks (with
stoppers) and mechanical shakers can be used for these treatments, It should be clear from the previous
section that such treatinents are most effective for hard seeds which possess a strophiole,  Others are
less affected, but the efficacy of impaction 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
problem that gene banks may have in applying irpaction {or combined impaction/scarification) treatments

. M . " . . i N . .
is that very dry seeds may be prone to mechanical damage.  To limit 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 hardscededness is to subject the sceds to
extremes of temperature (either in aic or in water) ani also, thereby, to rapid temperature changes.
Temperatures of 50° or 60°C are often used, but are better avoided since such treatments can also be
considered as ageing treatments. Very low temperitures are also used, generally by plunging drv seeds in
liquid nitrogen (-196°C) or, less frequently, liquid air (-190°C). The effectiveness of such treatments
appears to depend upon seed morphology.  Again, those speries whose seeds possess a strophiole are the
most responsive, [t appears that it is the change in temperatuie which is the important factor since
several dips of 30 seconds or so in liquid nitrogen with 1 minute betwedn them tend to remove
hardseededness from greater proportions of sced populations than a single, longer (5 minutes or so)
immersion in liquid nitrogen. However, a word of warning is necessary concerning liquid nitrogen
imimersion :reatrnents to hard sceds. We have found such treatments to be very effective in enabling the
seers to imbibe, but they often also cause loss in viability., Consequently we are reluctant to advise the

general use or liquid nitrogen immersion treatments.

Rapid temperature changes also occur when sceds are subjected to alternating-temperature regimes
in germination tests,  Consequently some irreversiole hard sceds become permeable under such treatments.
However the regimes best suited to increasing testa permeability are of such a wide amplitude, c.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 hardscededness from some hard seeds.

One method of cxposing sceds to an extreme of temperature which has sometimes been used to
remove hardscededness is to soak the sceds in boiling water,  Thii method is not recommended for use in
gene banks, however, since there is a considerable risk of .mbibition injury to the sceds which are not
hard as well as some risk of loss in viability, depending upon the period of exposure, due to the high

1nperature.

AVOIDANCE OF IMBIBITION INJURY AFTER REMOVAL OF HARDSEEDEDNESS

The problem of imbib:tion injury was introduced in Chapter 4. It should be clear from that chapter
that control of imbibition hy the testa, although sometimes causing the problem of hardseededness, is also
beneficial 12 that it limits the damage to dry sceds which can occur when the testa is not present to
prevent excessively rapid water uptake.  Whilst impac‘ion treatments on papilionate legumes tend to
miric the mechanisin of naturally 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. Consequently in these cases the testa is unable
to regufate the water uptake over these arcas and imbibition injury may occur. Consequently hard seeds
which have been scarified will also require humidification (conditioning) treatments to increase seed
moisture content to avoid contact of the very dry sceds with water in the liquid phase, just as sceds with

cracked testas require these treatinents, to avoid imbibition injury.

The aim of humidification treatments should be to increase seed moisture contents slowly to between
16 and 18% moisture content by absorption of water vapour instcad of rapid imbibition of liquid water.

Placing the scarified sceds on etal gauze in a scaled 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, Tke 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 sced testing it is often the case that treatments to remove hardscededness are not
applied. Instead at the end of the gerinination test the (irreversible) 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 the proportions of germinai.d seeds and hard sceds.

There are thus three alternative ways of approaching, and solving, the problem of hardscedednoss.
The first solution is to treat all sceds 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. be discounted for the purposes of gene bank management. First it is essential
that gene banks arc able to promote the germination of all seeds within populations. Secondly it cannot

be assumr~d that a seed is viable simply because it has been identified as hard.

It is suggested, however, that the decision whether to trcat 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 cich accession. Where the majority of seceds 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 hardsceded
then it is a waste of effort to treat all seeds: it is more efficient to treat only those seeds identified
as hard during the itial 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 1nore

cfficient,
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.

1. Impact (shake) the seeds in a conical flask f{or between 20 and &5 minutes.
2. Humidify the seeds for 24 hours.

3. Carry out the geriination test for 2 to 3 weeks.

4, Identify, count and remove the hard seeds.

iR Rub cach 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 of 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 sceds.

In general it is not suggested that the seeds should be treated for hardseededness and humiditied
before distribution. This is because the humidified seceds 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.
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CHAPTER 8, THE DETERMINATION OF THE EMPTY SEED FRACTION

It has already been noted in Chapter | that a seed-like structure may in fact lack a seed. In man
species the seed covering structures may be firm and plump providing an impiession - for example, to th
farmer - that a seed is present whereas in reality it is not.  This can be the case, for example, 1n man
pasture specics and many umbellifers,  Seed-like structures, then, can be divived into four classes: thos
containing viable non-dormant seeds which will geririnate und:r a wide range of conditions; thos
containing viable but dormant seeds which will only germinate if certain environmental stimuli have beel
provided in the germination regime; those containing non-viable seeds which are incapable of germinatiol
in any environment; and those seed-like structures containing no seed.  Where no dormancy-breaking
trecatment 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 secont
category may germinate. But in both cases the division of seed-like structures which have not germinates
into the latter three categories cannot be achieved. Gene bank stafi mmust be able to estimate thest
proportions for each accession to ensure that the viability of maintained wcessions is not inferior to the
regeneration standard for the specier.  Dormancy, non-viability and empty seeds are frequently confound-c
by collectors and breeders: on a numher of occasions we have received accessions with a high proportior
of n.n-germinating seeds where low germination has been ascribed to dormancy, whereas subsequent test:

have shown the non-germinating fraction to be empty.
METHODS TO IDENTIFY EMPTY SEEDS

The determination of the empty seed fraction needs to be done fairly early in the banking of an
accession since it determines the effectiveness of the cleaning operation(s): depending upon the result of
the determination further cleaning may be required (Chapter 1).  Whichever test procedure is used the
seeds should be selected by a random sampiing procedure (Chapter 13),  This is because the result
obtained from a test to determine the empty seed fraction is an estimate obtained from a seed  sample
of the accession, Since empty seeds tend to be lighter it is very easy for the empty sced fraction to
vary within the seed bulk, there being a greater propor.ion of empty seeds at the top of the accession
than at the bottori, It is thus vital to mix the accession before sampling - randomly - those seeds to be
tested to determine the empty seed fraction. The accuracy of the estimate of the empty sced fraction
will depend on sample site.  To avoid wasting seeds it s suggested that the sample removed for the
initial - germination test also be used to estimate  the empty seed  fraction (preferably by using

X-radiography): seeds identified as full can be located and subsequently  tested  for  germination,
Irish method of determining the empty seed fraction

Where the species seeds are contaired  within chatfy florets, that is in many grass species, the
presence of a sced can be rapidly indicated by a superticial inspection of the shape and size of the {loret,
The seed-like structures can be examined by feeling with the finger tip and with a spatula or by illumina-
tion from below (place the sceds on a sheet of ground glass with o light below; the tull seeds are

distinguished by the dark shape of the sced within 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 method by dissecting the
florets evaluated by the Irish method according to the International method (described below),  Although

the lIrish method is comparatively rapid it lacks the precision of the International method and is not

recommended.
International method of determining the empty sced {raction

The International method requires the dissection of the seed-like structure to contirm the presence
or absence of the seed (botanical definition) on a sarple drawn from the 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 sced fraction when an accession is banked, dissection may also be necessary
before 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 11,
X-ray methods of determining the empty seed fraction

The use of X-radiography to determine the empty seed fraction within accessions maintained in gene
banks i35 recommended. The initial high cost of the equipment is justifiable since the method is accurate
and casy and quick to perform. An X-radiograph is an itnage of the sced-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 casily penctrated 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 casily penetrated and are thus dark; the seeds within the seed-like structures, it present, are more

Figure 8.1 X-ray photographs (i.c. positives, see text) of three scedlots of Brachiaria hunudicola showing
full (black) and empty (opaque) seeds. (From Goedert, C.O. (1984). Sced 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
secd-like structures can be cetermined from an X-radiograph - provided the quality is adequate. The
radiograph image can be obtained on X-ray film (1.cgative) or on photographic paper (positive) if a
permanent record is required (see Figure §.1), 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 methuds require some instruction
before they can be used accurately and safely, It is recommended that, if possible, purchasers of X-ray
equipment receive instructions from the supplier 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 radivgraphs with sufficicat contrast to indicate the presence of sceds
within seed-like structures. To assist gene bank staff 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 seced and :ced covering structures; densitv - the darkness 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 simple terins, 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 OQutline 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 elections strike is called the target and is composed 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 focal 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 the object under investigation and the
X-ray film to the tube the greater the energy received per unit area of filmi.  The distance between tube
and film is the third operating parameter and is called the focus-film distance; the fourth operating
parameter is the distance between objcoct and film.  As in light photography the density of the image on
the film 1s affected by the period of exposure to radiation (the fifth operating parameter). Finally, the
speed of the X-ray film is the sixth operating parameter. The effects of adjustments to these six

operating parameters are discussed below,

I, A current is applied to heat the cathode filament and is usually measured in milliAmps (mA).
Increasing the heating current increases the number of electrons emitted 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 (ky). The greater
the potential difference across the tube the greater the speed of electrons between the cathode and the
anode and thus the greater the impact velocity of electrons on the 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 more 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 and are
described as soft X-rays. The type of X-rays gencrated atfects the contrast of the image: soft X-rays

generated by lower voltages improve contrast,

3. Since the X-rays are emitted as a cone of radiation increasing the focus-filin distance decreases the
intensity and density of the radiation. [ addition, of course, it also increases the total area of object
radiographed,  The definition of the image 1s improved by increasing the focus-film distance and also
enables larger film to be used. To avoid reduction in density when increasing the focus-film distance the

heating current andfor the exposure period should be increased.

4, For most purposes the seeds can be placed directly on the surface of the film and the distance
between the object and the tilrn is then very small. The closer the contact between the seed and the
film the beuter the 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 mneasured in seconds. The greater the exposure time
the greater the density of the image. Both the cathode filainent heating current and the exposure time
affect density, Consequently their product, milliAmp-seconds (inAs), must be kept constant to obtain the

same image density if cither operating parameter is altered.

6.  The faster the filin the shorter the exposure period and X-ray dosage required, but the poorer the

contrast and definition of the image. Where deeds are to be tested for germination after X-radiography
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1t may be necessary to minimise X-ray dosage by using a fast film. i the sceds are to be discarded
after X-radiography then a low speed film zan be used for very high definition of the image, but a

medium speed film is acceptable for most purposes.

Once the equipment is in day-to-day use the only changes in the operating parameters which will
normally be required will be when different speed filins or ditferent seeds are used. As an example with
mediumn speed film the average exposure conditions required for Pinus sylvestris sceds are 15 kV, 15 mAs
with a focus-film distance of 30 cm. At the Wakehurst Place Gene Bank normal exposure conditions for

most grass species are 11 kV, 3mA applied for 180s with a focus-film distance of 40 cm.

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 sceds 1o determine the
proportion of these which germinate in a subsequent germination test. In the latter case the X-ray dosage
should be minimised to avoid damaging full seeds. In the first case the status (full or empty) of the
individual seed is unimportant; we are concerned only with providing an estimate of the proportion of
empty seeds in the accession, In the second case, however, it is useful to identify cach individual seed so
that at the end of the germination test the full but non-germinated seeds can be subjected to turther
tests (see Chapter ). It is suggested that a matrix of cells be prepared from card or plastic such that,
for small-seeded species, 100 seeds (or whatever number is required) can be radiographed at once and cach
individual located.  Ideally this frame should double as a counting board for the germination test (see
Chapter 9) so that the radiograph image corresponds to a plan of cach germination test.  Remember to
mark one corner of this frame and the germination test so that the radiograph and germination test tally.
When constructing the frame check that the card or plastic cun be penetrated hy soft X-ravs and that the
image 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 former reducing contrast and the latter causing
blurring; secondly the object to film distance is increased which may cause loss of definition. It such
frames are unavailable or are unsatisfactory then use double-sided adhesive tape to fix a line of seeds to
the envelope containing the X-ray filin - again after checking that the adhesive tape is penetrable by

soft X-rays.

Although much of the above refers to the use of X-ray film, which must be developed, the radio-
graphic image can also be projected onto o fluorescent screen. For small-seeded  species some
magnification of the image is necessary to avoid operator latigue and to improve the accuracy of
estimating the empty seed fraction.  Developed X-ray films can be enlarged onto a screen or examined
with a lens in a high-intensity illuminator. A wide varicty of such equipment s available from medical

radiography supply companies,

Thus far the practice of direct radiography has been described.  For certain rescarch purposes gene
banks may wish to use contrast radiography in which either aqueous contrast agents or vapourous contrast
agents are applied to the seeds before radiography.  These techniques can be used to obtain greater
contrast between the various tissues within full seeds, but are unnecessary tor the detection of enipty
seeds in accessions and are consequently not discussed here.  In addition to detecting the presence and
location of empty sceds direct radiography can also locate the presence (and frequency) of insect infested

seeds and nechanically damaged sceds, as well as immature secds with undeveloped 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, if available, by governtnent 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 film badge (or similar) at all times to detect

involuntary exposure to radiation,

It is recommended that advice be obtaincd from other operators of X-ray machines before purchasing
one, lIdeally this would be from a seed testing station or gene bank dealing with those species of concern,
If no such direct independent advice is available then it is suggested that entomologists 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 contemplated, it s suggested that neighbouring entomologists be
approached to see whether they have a machine that could be used on a part-time basis or at least to

assist in the training of staff, c.g. by calibrating the Irish method apgainst the X-ray method.
Uniform blower method to determine the empty seed fraction

The uniform blower method is used in sced testing stations for determining purity in several small
secded grass species.  The secedblowers used are standardised and calibrated,  The samples are blown for
3 mirutes with the airflow set to a given calibration point, In this procedure the lighter seeds are blown
off and lost, but the heavier seeds remain.  Consequently this procedure is not useful in determining the

empty sced fraction in gene banks. Air blowing is, however, a useful sced cleaning procedure (Chapter 1),
THE EMPTY SEED FRACTION

It is recommended that the empty seed fraction be reduced by cleaning when accessions are received
so that 95% or more of the sced-like structures within cach accession are full (i.c. true) seeds. The size
of the cmpty seed fraction should be recorded and those receiving seeds distributed from the accession
should be infermed of the estimated empty seed fraction.  Where nsect damage s detected hy
X-radiography the proportion of infested sceds should alsv be communicated. 1t is also recommended that
the viability or germination of accessions be reported as percentage of full sceds, To make these
estimates as accurate as possible it is also recommended that empty seeds be identified, counted and
removed from cach germination test intended to estimate accession viability, rather than using the initial
estimate of the empty seed fraction derived when the accession was banked to "correct” ihe germination
test result,  This is because the actual empty seed fraction in any uvne sample dertved from the accession

may not be equal to the initial estimate derived from a previous sample.
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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 sceds to jmbibe 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 requirernents can (and should) be
tested within tle 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 scime as previous 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, cr 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 paper 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 du not provide excess water which would need to be poured
off since this might remove some toxic substances. Then test sceds of one of the following species for
germination on the moistened paper under test: timothy (Phleum ratense), redtop (Agrostis_gigantea),
chewings fescue (Festuca rubra var commutata), Bermuda grass (Cynodon daciylon), weeping lovegrass
(Eragrostis _curvula), celery or celeriac (Apium__graveolens), garden cress (Lepidium sativum),  chicory

(Cichorium _intybus), or dandelion (Taraxacum officinale). These species are suggested because their ruot

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 mure
pronounced initially; later secondary root growth may mask these symptoms.  The classic symptoms of
toxic substances are shortened and discoloured root tips,  Additionally the root hairs may be bunched and
the roois raised above the paper. Tu ensure that these symptoms can be detected it is necessary to carry
out a control test at the sarne titme with paper that is considered reliable, During this test one can also
check that the texture of the paper enables the roots to grow on the surface and not into the papers,
Another potential problern which can be checked during this test is the cleanliness of the paper. If fungi
or bacteria develop from the paper (not from the sceds 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 the
layers of paper must be at least 2 mm thick and strong cnough 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 min wide and hold vertically with about 20 min 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 miniinum standard is a 30 mm rise within 2 minutes.

Although most paper used for germination tests is white, some thought should be given to colour,
One problem is that with very small sceds radicle growth can be difficult 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 arc 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). That is it will be necessary to check
(with a light-sensitive sced 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 mra.
Whilst the blotters raay be of a similar quality to filter papers, paper towels are those used in wash-
rooms, ctc. 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 filin of water is not

formed around the finger.

In the rolled towel test 3 towels are laid on top of one another. The sceds - normally 25 - are
then placed on top of the uppermost sheet in a fairly regular pattern so that they are approximately
cquidistant - 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 not within about 50 mm of
one of the longer edges of the towel, A fourth towel is then placed on top of the seeds and the basal
20-30 mm 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 diemeter. The 4
towels should be strong enough when rolled to stand upright without collapsing. It is vital that the towels
arc 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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sceds falling to the bottom of the rolled towels when these are stood upright.  Keep practising until the
tightness of the roll s just sufficient to prevent this happening.  The commonest error is to roll the
towels too tightly. It is o good idea when learnming to use this technique to defiberately roll a germination
test too ughtly in order to observe the eftect that this has on seed germination.  Sometimes metal, glass
or plastic trames are placed between the sheet on which the seeds are placed and the top sheet o ensure
ventilation, but this is not necessary in normal practice.  Qnce the towels have been rolled, the tests can
be placed in a germmator. Where the germinator maintains a high relative humidity the rolled towels can
be held with a rubber band (not too tight) and stood upright in cages (constructed from metal mesh)
within the germmator, If the germination test is to be conducted in incubators where relative humidity is
not controlled then the rolled towels can be placed in polyethylene bags and the top loosely folded over:
spray water over the towels every 2 or 3 days in thus case,  To identify cach germination test requires an
internal label between the paper towels, and an external label, ecither 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 laver 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 and flat tests in polyethylene boxes is that they are quite
bulky and great care must be taken to ensure thot 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 on 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. Because of the smaller size of working arca the sinall-sceded
species are usually tested for germination using these procedures, e.g. the sinall-sceded vegetanles.  Filter
papers can be rnoistened 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 an automatic syringe.  The former can be more time-consuming and requires a clean atmosphere 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 and thus differ in their moisture holding capacity,  As with
paper towels and blotters, the filter papers should not be so wet that when pressed a filin of water forms

around the finger,

l.se the smailer of the two halves of the petri dish as the base, place the filter paper in and firm
down in the dish when moist using an upside-down 9 e funnel.  Normally 2 filter papers are required for
each dish. If the larger half of the petri dish were to be used as the base then two problems would
arise:  first the filter paper would dry out more quickly since there would be a gap between the smaller
lid and the base, second the mowsture an the paper would form a seal with the lid preventing fresh air
reaching the sceds.  In fact some petrr dish designs now include a ventilation gap in the (larger half) lid,
After distributing the seeds on top of the filter paper the gernunation test identification can be written
on the petri dish lid.  Where hutmdity 15 not controlied the petrr dishes should be loosely wrapped in a
polyethylene bag to prevent the filter papers drying out before the first check, Figure 9.2 shows the

. ) . .
stages involved 1n the preparation of germination tests using filter papers in petrr dishes,
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Figure 9.2 The preparation of a sced gerinination 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 1is also needed), wax crayon,
forceps, spatula, polyethylene bags, funnel (optional),
vacuum counter head (optional).

(i1) The filter pagers (2 t+1 2ied in tnis case) are (i11) The filter papers can be mage to lay flat in the
stened with the required dish by pusning them doan with a funnel,

placed in the petri-gictw; it g
amount of water.

(iv) The seeds can be 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.

(vi) wWhichever methoa is used the et should be spaced (vii) where a high humidity i< not maintained during the
In such a way that the distw .t between seeds Is test (i.e. where only temperature is controlied) the
The 1id of the dish ¢ iould be identlfled with petri-uishes should be placed in polyethylene bags which

maximlsed.
should be loosely foldad at the open end, but not seaied.

detalls of the test,
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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 plcated 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 ideniified from one intermediate count of germination to another and
where it may be necessary to keep seeds isolated. In commercial sced testing they are normally used for
sugar beet and for pelieted seeds. A typical pleated paper is 2000 mm long and 110 mm wide but alrcady
folded to provide 50 pleats - cach 18 mm high within a reduced length of 165 mm into which seeds can
be placed - see Figure 9.3, Each pleated paper is used in conjunction with a wrapping strip 580 x 110 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.
Information 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 Zcaland 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 dishies 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 sceds 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 20°C the agar should stay moist for about a month, whilst in a germination test
at 30°C the agar should stay rnoist for 2 wecks 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.



Figure 9.3 The preparation of a sced germination test between pleated paper.

(1) Requirements (clockwise frow top left): wrapping
strlp, polyethylene box with lig, form for recording test
detalls ang results, pen, wax crayon, forceps, spatula,
pleated paper.

(11) The pleateg papers ate moistened by soaking In

water and then squeezing almost dry by a concertina-like
acticn by the thumbs and forefingers.

(111) The wrapping strip is placed across the base of the
box and moistened with a spray of water.

(v) The seecs (sugar beet clusters in this case) are
then posltleoned, two to each §leat. A clight zig-zag
between ecach pleat can be heipful with large seeds/
clusters.

5
i

!i ol
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(vil) €ach end of the wrapping strlp is then laid along
the top of the pleated paper In turn,

(iv) The pleated paper is placed cn top of the wrapping
otrip ang the upright, free-edges positiored to adnere to
the wrapping-strip “wall".
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(vl) when full tre pleated paper will contain 100 seeds.
The pleats should not stick together at the top otherwlse
the plear may become sealed,

(vili) Finallv the lid, labelled with test detafls, s
placed on the box and the box placed in the correct
tenperature reglme.
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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 1% agar solution as it cools but before it becomes a stiff 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 uniferm particles and have a pH of between 6.0 and 7.5. Using
sieves grade the sand and only use those particles which wii! pass through a sieve with 0.8 mm diameter
holes but which are retained by a sieve with 0.05 mm 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 ail sceds 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 scedlings 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 reliable
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 the characteristics of the sand. The first thing to do is to calculate the
water-holding capacity of the batch of sand: this is the 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 no more run off is
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 inade up to 50% before the seeds are placed in the sand, with the final 10% being
sprinkled on subsequently, Calculate the volume of water required to provide these moisture contents and

always measure accurately.

Aluminiurn dishes of 150 mm diameter at the top, 125 mm dicmeter base and 40 mm deep can be
used for the germination tests, The sceds should be sown on top of the sand and then covered with
10-20 mm of loose sand, although in a few species (sialler-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 marker 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 sceds.
Compost

The use of compost for laboratory germination tests should only be considered when abnormal
germination is observed from seced accessions which have been chemically treated - for example, with
fungicides or insecticides. (Ser the final scciion of this chapter for a warning of health hazards fromn

handling trcated sceds.)



- 103 -

A proprietary seedling compost should be obtained consisting of a graded peat, adjusted for pH with
sand and nutrients added. The moisture content of the compost will be extremnely variable, For
germination tests add sufficient water until a handful of the mixed compost just produces drops of water
when gently squeezed and check that the ball of compost still readily breaks up when pressed with the
thumb. Use standard sced trays for the germination test and sow the sceds sufficiently below the
compost suriace. 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 from one another
within the limitations of the germination test container. The reasons for this are three-fold: lirst to
reduce the charmce of contamination of viable seeds from microorganism growth from adjacent decaying
seeds; second to avoid leachate from one sced inhibiting the germination ol 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 redium there is also the task of counting the sceds 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 eclectronic 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 pluce them on the germination test medium. Second the mechanical
means employed to arrange the sceds in a single-file results in the selection of sceds 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 seced because two pass by at once. In our experience the accuracy of such machines

is about :5% and is inadequate for the preparation of sced germination tests,
Vacuum counters

Vacuum counters are widely-used in seed laboratories to count and place sceds on top of filter
papers either for tests in petri dishes or on Copenhagen tanks. Figure 9.4 illustrates the general features
of a vacuum counter head. The niost common arrangement is of 100 holes within a round 9 cm face, but
fewer holes and different shape {square) and size faces are also used. The distance betwean holes should

be roughly 3 to 5 timnes the sced diameter.

The use of vacuurn counters will require a vacuum system including pipes to the benches where
germination tests are prepared. It is preferable for the vacuum pump to be some distance from the
operator and insulated to avoid operator fatigue from the high level of noise, To be elfective the pump
must be quite powerful:  the systern needs to b$ able to support between 500 and 700 mun of mercury at

the laboratory benches where the counting heads are to be used and displace 0.6-0.75 m' ol air per
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Figure 9.6 General teatures of a vacuum counter: detachable counting heads (a);

plan view of a counting head (b} plunger (¢) and handle (d).
(Figure 9.2 provides illustrations of a vacuum counter in use,)

minute,  The pipe run from the pump to the bench should be as short as possible (subject to the
consideration of working noise levels above), with no constriction in the hose.  The line and connections
should be less than 10 mm wide, and there should be as few right angle joints as possible to reduce loss
of vacuum down the line.  Where more than one vacuum counting head is to be used at a time a large
vacuurn tank will be required to prevent the use of one head reducing the vacuum at another head: that

is the systern must be capable of supporting both heads at once.

Vacuum counters are most useful for species which have regularly shaped, smooth sceds: Brassica
species are particularly easy to handle with vactium counters; other crops which can be counted with this
equipment include the cereals, clovers and some small-sceded vegetable species,  Great care is required
when using vacuum counters to avoid biased selection of seeds.  The following details of equipment and

operation are provided with a view to avoiding this,

The heads should be marginally smaller than the germination test substratr the sceds are to be
placed on, and the face requires an edge to prevent seeds rolling off. The seeds should be poured evenly
on to the counting head (face up) with the vacuum off.  The vacuum should not be applied wiilst the
seeds are being poured over the face hecause this - and the alternative of plunging the head face down
into the seed bulk with the vacuumn on - will result in the selection of lighter seeds trom the accession,
The vacuum s then applied - normally by releasing the valve at the rear of the counting  face, sce
Figure 9.6 - surplus seeds (those not held to a hole) are removed by gently tipping them back into the
seed bulk and the fuce checked to ensure that cach and every hole s filled with a single sced.  The head
is then turned over on to the germination substrate (prepared previously) and the vacuum released.  The

seeds should fall into place on the germination test substrate as a mirror Image 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 relcased. It is
important to check ‘he 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 inay 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 difficuities 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, Figurz 9.5 shows the essential features of counting boards together with
an examnple of suitable dimensions: this information is sufficient to enable a board to be constructed
easily and cheaply. Counting boards are marginally smaller than the arca 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 distanc- 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.)

=} 3ow\ H~ [k LT u IMM

IR S

I.‘:OO(")('J 0000-
o000
00 o0op
o0 000 00 oo
‘Loooo}DOOooo




- 106 -

the board, Each hole should be marginally larger than the largest seed 10 be tested. The counting board
is constructed so that in use the two layers are initially staggered so that cach hole on the top board
forms a ledge. The seeds are scattered over the board, preferably in & manner similar to that explained
in Chapter 13 for the random cups sampling method.  Seeds which are not caught in a ledge are removed
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 sced 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 the two layers line up and the seeds drop through on to the germination

test substrate below,
Seed shape

Both vacuum counters and counting boards work best when used for accessions with spherical smooth
seeds of uniform size.  The more angular the seeds and the Inore variable the seed size within an
accession the less satisfactory are vacuum counters and counting boards. Thus gene banks are likely to
find this equipment presents more problems in operation than is the case in seed testing stations, for
example.  Nevertheless the use of this equipment is recommended for non-angular smooth seeded species,
It may also prove advisable to use equiprient similar to the top layer of a counting board for seed

rerinination tests of chaffy species after X-radiography to detect the empty seed fraction - see Chapter 8,
THE PROVISION OF WATER IN SEED GERMINATION TESTS

The water used to moisten the germination test media must be clean: it should be free from
organic and inorganic impurities and have a pH of between 6.0 and 7.5, Tap water can be satisfactory in
some locations, but problems may arise from variations in jts quality over time.  Consequently  the
cleanliness and pH of tap water should be checked frequently,  Distilled water is normally preferable to
tap water, but 1t may require aeration to increase dissolved oxygen levels,  Moreover problems of low pH
can arise due to high concentrations of dissolved carbon dioxide forming carbonic acid. De-ionised water

may be preferable to ecither tap or distilled water, but the pH must be checked regutarly,

Whatever the source of water for germination tests it is necessary to verify its suitability for seed
germination tests by testing a sensitive species in the manner previously described to test for paper
toxicity,  One final paint relating to the provision of water to seeds in germination tests concerns the
avoidance of mbibition injury - see Chapter 4. In a4 number of species it will be necessary to humidify
the very dry sceds betore setting thern w germinate on the moist substrate.  Details of humidification

procedures are provided i Chapter 7.
FUNGAL GROWTH DURING SEED GERMINATION TESTS

In some germnation tests probletns may arise duce to fungal growth from discased or decayed seeds
covering and overwheliming other seeds which thay then be prevented from germinating normally.  There is
no easy way ot avouding thee problem completely but 1t can be minimised by the tollowing laboratory

practices,

(1) Proper spacing of seeds (see earhier sections):if severe problems are experienced with a particular
accession then ancrease the distance between seeds and use o preater number of rephicates,  1f problems

remain then use pleated papers for the Berimmation test,
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(2) Optimum =nvironment for germination: the more rapidly the seeds germinate the shorter the time
available for the fungi to take hold. Thus make sure the temperature regimue is suitable, and the test
environment is well acrated and that there is no excess moisture,

(3)  Cleanliness ot germination test media and containers; make sure that these are not a sourge of
fungal infection,

(4)  Uunbibition environment: where seeds are damaged 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 humiditica-
tion of the sceds,

(5)  Prompt removal of decaying seeds: sceds which begin to decay in gerinination tests should be
reinoved immediately they are identified to prevent the spread of fung) to neighbouring seeds.

(6) Seed covering structures: where seed covering structures are the source of infection it may be
worthwhile to remove these fror 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. Idcally where they can be identified in
the accession at receipt they should be removed at that time. [f 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 rmust be made,

A range ol different types of treatments have been applied to seeds with a view to avoiding sced-
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 sceds then three types of treatment
are sometimes employed in an attempt to kill the pathogen, but not the seed. These are moist heat, dry
heat and chemical treatments. In moist heat treatments the sceds 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
treatments the seeds are first dried to a low muisture content and then exposed to very high tempera-
tures, say 807 to 100°C, for several hours, In 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 pene banks, but statf should be aware that accessions received from some sources may have been

subjected to such severe treatments,

In some laboratories seed sterilisation treatinents are applied to seeds before germination tests as a
routine procedure,  This 15 not advised here since such treatments can be injurious and the presence of
heavy  metal salts (if used) can result in seedling  abnormalities, Nevertheless, since for certain
problematic accessions gene banks may wish to Investigate whether there would be an advantage from so.d
sterilization for a particular accession, the following summary of chemical treatients which have heen
used is provided,  Where a range of treatment periods 15 suggested the shorter time should be used for
small - seeded  species  and  the  fonger  time  for  large-seeded  species: #-10%  calcium hypochlorite,
4-45 munutes (an alkaline solution, pH 12, reduces the risk of injury to seeds); 0.1-4% mercuric chloride,
0.5-15 munutes; 0.4% silver nitrate, 15 minutes; 3% hydrogen  peroxide, 20 minutes-16 hours; 0.2-19%
mercury  chlorophenol, 1-2 hours; 6.5-5%  sodiutn hypochlorite,  2-10 minutes, I all these cases a1t s
necessary to ninse the seeds several times with sterile water before testing for germination,  Other pre-
treatments which have been uselul include 50 ppm amphoteriem B, o fungicide, or  combining  an

antibacterial with an antifungal agent - 500 pprmi nystatin plus 500 ppm streptomycin,

Unul recently the rules of the International Seed Testing  Association have not  allowed  seed
disinfection treatients prior to germination tests,  In the case of Beta vulgaris clusters, however, the

ISTA rules have now been altered to allow treatment of the clusters with a fungicide,  The purpose of



- 108 -

this treatment is to reduce secondary infection of otherwise healthy clusters from infected clusters. The
treatment with thiram (tetramethylthioperoxydicarbonic diamide or TMTD) is applied to dry clusters (unless
they have already been so treated) at the rate of 3 grammes of thiram per kilogramme of dry Beta

clusters,
HANDLING CHEMICALLY TREATED SEED ACCESSIONS

It is not recornmended 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 secd testing laboratory (and also other areas) of the
gene bank: the risk posed to staff health from handling chemically treated seeds. 1t 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 secdlings in germination tests and can be counter-
productive, reducing subsequent sced 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 sceds 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 chemicals will accumulate in the bodies of staff working in areas
where treated seeds are handled are by: absorption through the skin from direct contact with treated
seeds or containers; inhalation of dust from air contaminated bv the treatment; inhalation of vapours from
the seeds; absorption through the mucous membranes 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 scaled 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 systerr. which does not recirculate
the air.  Some care will be needed with the exhausted air: it inust not be directed towards other
workers and may require a filter. Within the ventilated area the greatest air velocity is required at the
point where containers arc opened and the treated seeds handled. The operator should wear protecuve
gloves and & laboratory coat which should be regularly cleaned separately from other clothing. The f{loor
and bench should be frequently cleaned with a damp mop to reduce the risk of toxic dust spreading.
After handling treated seeds the operator should wash hands and forearins thoroughly. No food or drink
should be consumed in the arca,  Smoking must also be banned. Pregnant women should not be allowed to

handle treated sceds.

The greatest huzard to health documented so far in the handling of treated seeds has vccurred with
the use of mercury containing treatments,  Whilst their use has been largely phased out, some countries
may still be using such treatments and accessions treated with mercaric compounds may be received by
gene banks.  Perhaps the most important advice is that information on whether seeds have been treated
and if so the chemical(s) and treatment concentration(s) be consulted 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 estitnate the proportion of seeds
within accessions that are viable, considerably more information than this should be recorded during
germination tests, [t is particularly important that full details of the way in which the germination test
1s conducted and the full results of the germination test are recorded. Only if this is done is it possible
to gauge the accuracy of the estitnate of viability obtained and to compare 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 regime for
breaking sced dormancy, or the results fromm 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 provides advice on

how 1o 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 cach replicate is
labelled accordingly.  These points may seem obvious, but in some laboratories the number of seeds is not
recorced before the germination test.  Instead the number of sceds tested is derived at the end of the
test by adding together the number of seedlings removed during the test and the number of sceds
remaining ungermunated at the end of the test.  This practice is not advised in gene banks: counting the
sceds 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 developiment and may remain in the test when the
seedling has been removed; these may be difficult to distinguish from ungerminated 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 germination test was evaluated on 15 occasions over a Y8-day test period.  The results give
some adea of the trend of germination in titne. It is important that germination tests be evaluated
regularly whilst 1n progress.  First because the scedlings must not be allowed to overwhelm the test by
growing too large before they are removed, and secondly because the progress of germination provides
additional information on various attributes of both the seed accession and the germination  test

environment.  That is since dormancy can affect the rate of germination (see Chapter 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 Specles Sub-species Test date Accession
12.24.3 Oryza glaberrima - 16/02/82 OR7G

1st treatment HNO3, pre-applied, 24 hours, 0.1 Normal n

2nd treatment H202, pre-applied, 24 hours, 0.25 Molar n

3rd treatment Mercaptoethanol, co-applied, 0.01 Molar nB

ath treatment Nil BZ[]E]
Substratum Top of filter papers (2) n

Temperature regime  Alternatlng, 34°/11°C, 16 hours/8 hours

Llght reglme No special treatment, diffuse llght
Replicate NORE Tal Ts] Tel Lzl el Lol ilalal s |7 12] ] wotar.
No. of seeds 3[(313]3 AU 33351333133 4{3]4l3]3 3%
Date/Days N d .. i _
2{2]012 el |1 20 1= s el o122 ot N 2 |v
iSielal b g2l ol dof Jrdel jzp fxo el tel Te) fe] Tel | s
uft]]3 gt 3 3 Ll 121 (3 HARANDNEL 5 i ls 1130
MK 1| o 20 1 5 o] 13 { 2 3 1R t BEN!
et RrARIE B 2 U 2 O € O 20 O 7 O 3 O 0 1 i | O 2 O 7 I 2 P B
Llsjel3 2| Stz ¥ S| s It 5 4l 15] |¢ ! s |o
2150¢03 3lc S [l dal (3] s U s Lol 1310 3L 15t [32]%
it{eluw Li2 2 | \ ! [ 2 \ - 2 - [ - 33|y
ulsloly 4 14 ! - -l |- { 2 - ! ! - - t 3Ll
S]efn sle = L=l = - T s e
220 13 i - - t - - T T1-1 1= - - _ ANB
Llhe]s e ==t L= - = - - L3 sz
Lle[v]S 7|3 -1 11 - IR -1 -] [B)sls
1 3v(s $ ey - - - 2 | - - it I s - NENEREN L
AEIRE 41¢ walEEEE NN REaaE
Abnarmal i = = - ! - by - e - b
Fresh Il 2 M 3 2 2 3 | 3 2l
Mouldy - S BB === Lo
Hard - - i I - -] 0 5 B B - - -
3y

:IE iy % 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 regimes tnay 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.]. It can be scen from Figure 10.1 that the majority of sceds
germinated within the first 50 days or so in test and that the germination progress curve over this period
shows the sort of curve expected for a uniform sced population. One criterion often used to decid~ when
a germination test should be terminated is to conciude the test when no more seeds have germinated over
a period of 7 days. According to this criterivn 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 Gerrination 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 the firm 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,] - they
would have all germinated in this environment. It was therefore considered vatid to include the number of
firm ungerminated seeds at the end of the test with the number of sceds which had germinated normally

(sec below) to calculate the percentage of viable seeds.
SEEDLING EVALUATION

The scedlings removed during the progress of the germination test were those classified as normal
scedlings (sce also Chapter 4) by scedling 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 scedlings) and those secedlings which are thought to be incapable of further development
(abnormal scedlings).  In essence normal seedlings possess adequate root and shoot structures, whilst

abnormal seedlings suffer deficiency, decay or wealiiess in either {or both) their root and shoot systems.

Clearly it is inportant that seeds distributed from gene banks are capable of producing plants.
Consequently it is necessary for gene bank staff to be able to evaluate scedlings when testing accessions.
The International Seed Testing Association has produced a Handbook for Scedling Evaluation, 129 pp., ISTA,
Zurich, 1979. Copies ol this detailed publication can be obtained from the ISTA Seccretariat, P.O. Box 412,
8046 Zurich, Switzerland. The Handbook is divided into two parts. The first describes sced and seedling
morphology and seediing development during the germination test.  Tihe second part deals with prartical
seedling evaluation and includes many photographs and drawings of normal and abnormal secdlings of many
genera.  This Handbook is recommended to those carrying out germination tests in gene banks, and no
atternpt is made here to duplicate it. Instead we describe here only the basic forins of germination,
clementary seedling morphology, a basic explanation of types of abnormalitics and some precautionary notes

on the influence of the germination test environment on the production of abnormal scedlings.
Seed germination and scedling 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 scedling. Although in essence these
are simply a functional root and shoot system, differences of detail occur between genora depending upon
the form of germination and whether the genus is menocotyledonous (the embryo normally has one
cotyledon) or dicotyledonous (the embryo normally has two cotyledons). As a background to this section

it may be helpful to reter first to Chapter 3 which deals with seed morphology.

The usual first visible sign of germination is the piercing of the seed coat by the pritnary root,
This subsequently eclongates 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, whercas in genera with hypogeal germination the cotyledons remain within the seed coat (and

thus below the soil surface.

The sequence of epigeal germinatioa is as follows. After the primary root has emerged through the
szed coat the hypocotyl elongates and forms an arch.  Eventually this arching pulls the cotyledons and
.

young shoot above the soil surface leaving the remainder of the sced below the surface (although parts of
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the secd coat may initially remain adhering to the cotyledons). The coty!ndons turn green, expand and
form the first photosynthetic organs of the scedling. The epicotyl and terminal bud develop subsequently,
Allium is an example o. a monocotyledon with epigeal germination (Figure 1C.2). Phaseolus is an example

of a dicotyledon with epigeal germination (Figure 10.3).

The sequence of hypogecal pgermination 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 fror
secondary roots - there is little clongation of the hypocotyl and the cotyledons remain within the seed
coat, In dicotyledons and ome monocotylrdons (e.g. Asparagus) the epicotyl elongates, usuaily forming an
arch, and pulls the young first shoot above the soil surface. In other monocotyledons (e.g. Graminecae)
there is no obvious epicotyl elungation. In hypogeal germination 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 scedlings of inonocotyledons and

dicotyledons with epigeal and hypogeal germination,
Characteristics of abnormal seedlings

Essentially abnormal scedlings 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 scedlings 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 seceds which under more suitable procedures would have

produced normal seedlings.  Six major extrinsic factors which can have this effect are listed below,

(1) 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
cvaluation 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 question and the
scedlings 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 gerrination test may result in the production of abnormal seedlings.

(2)  The duration of the germination test.  Seedlings where cvaluation s doubtful should be given further

ume for development,  Only well developed normal seedlings should be removed from unconcluded tests
(for example, as was the case in Table 10.1), cizept in the cases of badly decayed scedlings or mouldy
seeds which must be retnoved to minimise cross-infection.  But, if the test duration is particularly long,
abnormal secdlings should also be removed since their continued growth and development would interfere

with the germination and developmient of sceds which germinate later.
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TABLE 10.2 Glossary of

Adventitious root 13, Lateral root
Axillary bud 14, Lemma
Axillary shoot 15. Meristem
Caryopsis 16. Mesocotyl
Coleoptile 17, Nucellus
Coleorhiza 18. Ovary
Cotyledon 19. Qvule
Embryo 20, Palea
Endosperin 21. Pericarp
Epicotyl 22, Perisperm
Gametophyte tissue 23, Petiole
Hypocotyl 24, Plumule

Se -dlir; Structures

25,
26.
27.
28.
29,
30.
3.
32.
33,
34,
35,

(Key to Figures 10.2 - 10.5)

Primary leal
Primary root
Radicle

Root hairs
Scale-leaf
Scutellum
Secondary root
Seminal roots
Shoot apex
Terminal bud
Testa

o/

Figure 1.2 Normal scedling structlire in onion (Allium cepa L., a tmonocotyledon
See Table 10.2 for the key to the seedling structures.

with epigeal germination,

7 //////77//’///%
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26

Figurc 10.3 Normal seedling structure in (from left to right) sunflower (Helianthus annuus L.),
cucumber (Cucumis sativus L.), kidney bean (Phaseolus vulgaris L.) and castor bean
(Ricinus communis L.), Wicotyledons with epigeal germination.

See Table 10.2 for the key to the scedling structures.
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26 ——- !

Figure 10.4 Normal seedling structure in {from leit to right) maize (2Zea mays L.), ryegrass
(Lolium perenne L.) and wheat (Tritigumn aestivumn L.), nonocotyledons with kypogeal
germination. See Table 10.2 for the key to the seedling structures,
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Figure 10.5 Normal seedling structure in pea (Pisum sativum 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

1 1he primacy reot: vV The terminal bud (and surrounding tissues) (4):

1. stunted 1, deformed
. stubby 2. damaged
3. retarded 3. missing
4, missing 4, decayed ¢ue to primary infectfon {1)
5. broken
6. split from the tip
7. conctrictéa VI The cnleoptile and first leaf (leaves)
8, spinaly the coieoptile:
9, trapped fn th2 seeq coat 1. geformeo
10. with negative geoiropism 2. damaned
t1. glassy 3, miusing
12. decaye2 due to primary infection (1) 4, with the tip damaged or missing
5. strongly bent over
the scmiral roots (2): 6. forming a foop or spiral
13. less than two semlnal rocts 7. tightly twisted
8, split for more than 1/3 of length from the tip (7}
9. split at the base
11 The hypocotyl, the epicotyl, ‘he mesocotyl: 10, spindly
1. shart ang tnlek (3) 11. decayed due to primary infection (1)
2. ceeply crackert or proken the leaf (leaves):
3. spllt rlgnt tnrough 12, extending less than half-way up the coleoptile
4. misslrg 13, missing
5. constricted 14, shredded or otherwise deformed (7)
6. tightly teisted
7. vent aver
8. formlng a loop or spiral VIl The seedling:
9, spindly 1. dcformed
10. glassy 2, fractured
11. decayea due to prlmary infection {1) 5. cotyledons emerging before the root
+, two fused together
5. persisting endosperm collar
I1[. The cotyledons: apply v 50X rule (4,5) 6. yeliow 01 white
1. swollen and curled 7. spindlv
2. deformeg 8. glassy
3. troken or otherw{se damaged 9. decayed cue to primary infectlon (1)
4, separate or misslng
. 4dlscoloured
6, necrotic
7. glassy
8. decayed due to prlmary infection (1)

Special oefects of cotyiedons of dicntyiedonous specles
with epigeal germinatlon (e.g. Peta, Brasslra, Dautus,
Dianthus, Heljarthus, Lactuza, Trifalium, Zinnja)

9. short ardd thick

13. constricted

11, hent over

12, formlng a loop or splral
13. «lthout a deflnite "knee"
14, splndly

primary leaves: apply the 5% rule (4)

deformed

. aamaged

. missing

. disenloureq

. necrotic

decayed fue to primary Infectlon (1)

. normal shape but less than 1/4 of the average leaf
slze of the nurmal seedlings in the test

]

NS WN -
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Although seeds for fong-term storage should not be treared with chemicals, suine seeds received by
the gene banks may have been dressed with iungicides or insecticides which vesatt an stubby, stunted or
retarded roots when the secds are tested on paper. Sinular phenomena can also somietitnes cesult trom the
exudation of natural substances from the seed.  Soil, however, tends 1o absorh those phytotoxic substances,
Consequently if these abnormalities are observed a further sample of sceds from the accession should be

retested in soil. - For more detals on handling and tesung treated seeds see Chapter 9,
OBSERVATIONS OR UNGERMINATED SEEDS

In addition to evaluating the gernunated sceds into the normal and abnormal categories bv seedling
evatuation at the conclusion of the germination test, some evaluation of the non-germinated sceds is also
required.  The example provided of a germination test form (Table 10.1) shows tnree categorics of non-

germunated seeds at the conclusion of the test:  fresh (firm); mouldy; and hard.

The classification between imbibed, ungerminated seeds into the f{resh and mouldy categories is dealt
with i Chapter 11, The fum seeds identified at the end of the germination test may be subjected to
further tests; e g continuation of the germination test, but in another environment or after a further

dormancy-breaking treatment, or a rapid viability test such as a tetrazolium staining test - see Chapter 11,

Hard sceds are those which have tailed to imbibe during the germination test {Chupter 4).  Methods
are available which can be applied in order to enable such seeds to nnbibe (Chapter 7), and it is suggested
here that these wceds be so treated and then returned to the germination test environment,  Rather than
wait until the end of the germination test to identify and scarify the hard seeds, it s suggested that this

might be done somewhat carlier (see Chapter 7).

The onty other category of ungerminated seeds which may be observed at the end of a germination
test but which s not shown in Table 10,1 is that of empty secds.  Methods of deternmuning whether a seed
15 cmpty or not are provided in Chapter 8. Empty seeds can either be identified betore the germination
test is begun or after the germination test is concluded.  Where the cmpty seeds are identified before the
perrmnation test they can be removed frem the sample of sced-like structures and excluded from the
germination testy conscquently there is no need to check for empiy seeds at the end of the germination
test. (Hence an Table 1€ no row was provided for this category of ungerminated seeds at the end of the
test.)  Whether the proportion of eipty s2eds is determined before the gerination test is begun or at
the conclusion of the germination test, it 1s suggested here that germination and viability (which may

include both the germunable seed and fresh seed categories) are reported as percentages of the full seeds.
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CHAPTER 11, TESTS FOR VIABILITY WHEN THE GERMINATION RESULTS
WOULD BE MISLEADING

A germination test is usually the best method of estinating seed viability,  However a number of
difficuluies can arise in deciding why o particular sced has not germinated when a test is concluded, viz:
dormant seceds (Chapter 5); hard seeds (Chapter 4) emptv seeds (Chapter 8); und slow-germinating sceds
(Chapter 10).  The purpose of this chapter is to discuss the procedures which can be employed to
deterinine sved viability when dormancy is suspected of conlounding the results of germination tests

intendcd to estimate viability,

Occasions may well arise when the results of germination tests could be misleading because the
dormancy-breaking treatments applied were ineffective or only partially effective, In such cases it is
necessary to carry out o viability test on the seeds which remain ungerminated at the end of the test.
Alernatively a fresh sammple of seeds may be sampled from the accession in stere and subjected to a test
of viability other than germination,  The purpose of either test will be to estimmate the percentage of
viable seeds in the accessivn {in order to determine whether the accession is acceptable as it is for
consirned storage or needs regenerating) and also to decide whether it is worthwhile to apply further
doriancy-hreaking treatraents to the seeds in future germination tests - since the difference in results
between the viability and germination tests will indicate the proportion of sceds in the accession which

remain dormant despite the use of specified dormancy-breaking treatments,

It should be pointed out that one viability test which the ungerminated sceds may be subjected to is
simmply a continuation of the germination test - possibly in the same envirominient, or after the application
of a further stimufus intended to break dorrnancy, or in another environment. For example, in Table 10.1
and Figure 10.1 (Chapter 10) it was shown that considerable extension cf the germination test period
might enable the most dormant seeds in some accessions to germinate eventually,  This chapter, however,

is concerned with procedures which provide estimates of viability by other methods,

It is 0 be hoped that such alternative viability tests will not need to be used trequently since they
are considerably more  labour-intensive  than  germination tests and require considerably more expertise.
{This is one reason why considerable emphasis is placed in this report on testing secds in environments
where full germination s likely o be promoted.)  Information is provided in this chapter on tour different
viability tests which may be useful i gene banks as an adjunct to gernpnation tests, The first two rely
on the ditferent physical properties of vicble and non-viable embryos after ambibition and incubation, while
the other two utidise stains to distinguish between hive and dead areas of cembryonic tissues within the
seeds,  Of the four, staining tests based on the use of tetrazolion, satt are the most widely applied in
seed testing.  Further comments are provided on a few additional rapid viability tests, but these are brief

since they arc of limited value in gene banks.,
THE EXAMINATION OF UNGERMINATED SEEDS AT THE END OF THE GERMINATION TEST

This 15 the simplest viability test which shadd be applied at the end of every germination test,

Seeds which {ail to germinate are divided into tour categories:  those which failed to imbibe at all;
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those which imbihed and are firm and feee : om primary fungal infection; those whith are wmouldy and
which may, when gently squeezed, exude liquidi and those which are empty.  The first category are the

hard seeds (sce Chapters & and 7).

Seeds which fall nto the second category are referred tu as fresh seeds, It is generally assumed
that these seeds are viable but dormant,  This assumption, however, may well be wrong in some cases
since the seed may be empty afthough the seed covering structures may be firm to the touch. iIn the
tropical pasture species, for example, it is comparatively common for empiy seeds tc be classificd as firm
seeds and mistaken for dormant seeds at the end of germinaticn tests, One way to avoid this particular
reistake 15 to elaborate the test of firmness at the conclusion of germination tests by dissecting the seeds
for seed-like strustures) which remain ungerminated.  This is often referred to as a cutting test.  Even so,
the combined procedure including the cutting test will only determine accurately the proportions uf empty,
mouldy, insect camaged or seversly discoloured seeds. The proportion of viable but dormant,or dead seeds

remains ditficult to derect,

The third category of seeds are mouldy. It s generally assumed that these seceds are dead. This is
certainly the case f hquid is released when the seed is squeezed since this is the result of the catabolisin
of the embrye (and eadousperm if present) by hydrolytic enzymes, However, iv is by no means certain that
all or any of these sceds were dead at the beginning of the germination test.  Morcover, there are a
number of examples where the assumption that mouldy seeds are dead was made erroncously, and the
error has since been repeated consistently.  Again, this limits one's confidence in conclusions based on this

criterion,

The fourth and final category used to classify the seeds remaining ungerminated at the conclusion of
perminduon tests 1s that of empty sceds.  Whilst those seeds identified by inspection as being empty are
tkely 1o be s, In sore species without a dissection test (see above) it is possible that other empty seceds
ray not e identified.  Corsequently although it is reasonable to assume that if fresh seeds are present at
the end of the germination the proportion of viable seeds is likely to be greater thun the proportion of
seeds which gerrinated during the test, it is not necessarily the case that the propertion of viable seeds

is the surm of the proportions of hard sceds, firm seeds and germinated seeds.

Despite these critcisms the examination of ungerminated seeds is an essential adjunct to germination
tests, It s especialy helptful i ininally detecting  the presence of severe dormancy in high quality
accessions where the proportion of empty sceds is low.  The procedure can be made more useful by
dissecting sorme ot the remaining seed-hke structures and subjecting these to a tetrazoliumn test (see later
section), - Where empty sceds are common it s strongly advised that X-ray exanination is used as part of

the routine procedure (see Chapter 8),
THE EXCISED EMBRYO TEST

The excision and subsequent incubation of einbryos from the seed andfor fruit covering structures is
another method of estimating the viability of seeds.  Whilst it is not as rapid as the staining techniques
described subseguently, for slew genninating species - such as certain tree species - it is considerably
more rapid than germination tests,  Typically an estimate of viability can be obtained within 7 to 14 days,
whereas germmation tests on many tree seeds, for example, may require as many as 2 to 6 months -
especially it pre-chilling s requircd, Essentially  excised cmbryo  tests overcome the criticisin that

germination tests are tests of the condition of' the seed covering structures (sthee  these may  prevent



germination) rather than the embryo. Considerable skill is required to carry out excised ewbryo tests, not

so much in evaluation but in the preparation of the seeds and the excision of the embryos,

The excised embrys test has been applied to a diverse range of species in which seed size and
morphology vary considerably: for example, sceds of flowers, vegetables, shrubs, vines. fruit trees,
contferous and broad-lecaved trees. A summary of excised embrvo test procecures is provided below, but

for more detailed descriptions the reader should consult Heit (1955) and the references provided therein.

Moistening the secds

A fresh sample of seeds is required for this test, i.e. ungerminated seeds 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 structures easily and without damage. The following alternative
procedures have been used.

(a) Soak the seeds in slow!v running water.

(b) Soak the seeds either in standing water below 15°C or at room temperature with \wo 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 cr compost,

Seed moistening periods vary from one to seven 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 knives. Hard sceds, however, may need to te scarif:ed or impacted (see Chapter 7).
In the case of the stone fruits the endocarp wiil need to be removed before soaking, This can be done by

inserting a strong, sharp blade in the suture of the endocarp and levering 1t apart.

Note, however, that for very dry seeds soaking treatments similar to those described above are likely
to result ir. imbibition damage (see Chapter 4) - particularly if the seed covering struciures are disrupted
in some way before the soaking treztrnent, Consequently it is essential that very dry seeds are subjected

to the hurnidification treatments described in Chapter 7 before soaking the seeds.
Excising the embryo

Embryos are excised using sharp instruments such as scalpels ana razor blades. It is important to
avoid touching embryos as far 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 used. A laminar flow cabinet would be ideal, but
otherwise a clean, draught-proof room can be used and excisicn carried out below a fixed sheet of glass.
The instruments and the working surfuce should be sterilized with a 50% ethanol solution in water and
instruments should be cleaned and sterilized before every excison. If, despite the above, mould infections
develop, sceds or fruits can be sterilized either by shaking for three minutes in a 1% solution of mercuric
chioride or by shaking for 15 minutes in a 1% sodium hypochlorite solution, After cither treatment the

seeds should be washed well before excision.
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Incubating and evaluating embryos

The excised embryos are incubated or top of filter paper in petri dishes under nornat conditions of
light and moisture at 26"C for up to 14 days. The principle of the test on which evaluation is based is
that viable embryos will remain healthy and may also begin to grow and turn green during the test whilst
non-viable embryos will decay during the incubation period. (Note the similarity between the above and
the physical test of viability which is carried out at the end of germination tests by pressure or cutting

described carlier.)

Thus at the end of the incubation period the following categories of embryos are considered viable:
fa)  Embryos which have begun to germinate
(b)  Embryos with one or more cotyledons growing or greening
(c)  Embryos which remain firin (apply pressure with a spatufa 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 mould, deteriorate and decay
(b} Degenerated ernbiryos
(c) Discoioured embryos
(d) Embryoless sceds or sceds with deformed cmbryos detected at excision (remember to record these

when the test is set up),

Some embryos may be damaged by excision.  This is likely to be a considerable problem until
cxpertise has developed.  The embryos damaged during excision can be distinguished from non-viable
embryos by the localised discolouration (e.g. siraight lines of necrosis) of tissue after 24 hours incubation,
If these embryos snow no otner signs of damage (as listed above for non-viable embryos they should be
classified as viable, However, if a subswantial proportion of embryos shows excision damage then the

method of seed preparation and embryo excision should be improved before retesting the accession,

Becawie scme cmbryos wrn green and may also begin to germinate duning the test, iheir classifica-
tior is much easier than in staining tests. Distinguishing the remaining excised embryos as viable and
non-viable is more difficult, but these remaining viable embryos provide an estimate of the proportion of
scecs showing embryo dormancy (as opposed to that imposed by the seed covering structures or, where
present, the endesperin) and their recognition may help to explain earlier inadequatc gerrnination test

results,
VITAL STAINS TO ESTIMATE VIARILITY

A word of warning concerning viabljty testing using staining techniques is necessary by way of
introduction.  Staining techniques rely on constderable practical expertise,  This can only be gained from
repeated use of the tests, preferably under expert guidance,  Moreover, for many species no established or

well described techniques are available,

The evajuation of topographical patterns of live and dead arcas within the embryo (ircluding the shade
of red - olouration obscerved in tetrazoliun: stains) is difficult and subjective, Consequently a good deal of
training wrid practice are required before competence can be achieved. It would be naive to suggost that

all gene banks could apply staiming  tests edsily as routine procedures - not least because they are
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extreirely time consuming (cven though the results are obtained more rapidly than in a germination test).
Nevertheless staining tesis should be regarded as an essential back-up procedure 1o germination tests in
gene banks. It is probably worthwhile for gene bank staff to receive specialised teaining in tetrazolium
ctaining techniques and evatuation,  Training with expert guidance is provided by occasional courses run by

the Internatioral Seed Testing Asscciation.

This chapter concentiates on the provision oi practical information for the application of these tests
in gene banks bhut does nor attempt to provide the sort of detailed information (such as tetrazolium
staining patterns .peits by species) which is described elsewhere.  The references provided ot the end of
this chapter should be consulted for examples of staining patterns,  Qnly a very basic outline of staining

proredures and possible problems is provided hire.
THE TOPOGRAPHICAL TETRAZOLIUM TEST FOR VIABILITY

The salt 2,3,5-triphenyltetrazolium chicride (tetrazolium) is colourless and water-soluble.  As such it
1s able to penetrate imbibed sced embryos.  Tctrazolium is an oxidation-reduction indicator whick is
reduced to a red, insoluble formazan by dchydrogenases which are active within viable tissues, but not
dead tissues. Since formazan is insoluble it becomes trapped within these viable cells and since it is red
tissues containing viable cells can be identified. Loss of activity of the dehydrogenases tends to parallel

loss in sced viability, Consequently the tetrazolium test can be used to estimate seed viability.

The tetrazolium test can cither be applied to a fresh samiple of seeds or 1o the {firm sceds which
have failed to germinate ai the end of a germination test. However, in the latter case it will not be
known whether the dead seeds identified by the tetrazoliun test were dead before the germination test
began or whether they died during the course of the germination test.  Tetrazolium tests on both a fresh
sample of seeds and those remaining ungerminated at the end of a germination test allow an estimate to
be made of the proportion of seeds winch died during a given germmination test procedure,  This
information can be useful in vestigating which of several environments is the most suitable for

germination tests,

In expert hands the tetrazolium test cn a fresh sample of sceds can have several advantages over
germination tests, Obviously the problem of dorrnancy is avoided, and the result is obtained comparatively
rapidly. In addition, however, some workers are able to evaluate the staining patterns and stain intensity
to indicate forins of damage to sceds other thun loss in viability resulting from ageing: for example,
mechanical damage, rapid drying damage, and imbibition injury and freezing injury. See Moore (1973) for

a discussion of these applications.
Stability of tetrazolium salt and solutions

The reaction rate for the reduction of 2,3,5-triphenyltetrazolium chloride to formazan i the presence
of dehydrogenases is affected by pH, ternperature, avmospheric presswe and the concentration of the
tetrazoiium salt in solution, Tetrazoliumn salt is a white, or light yellow, powder with a finite shelf life,
The powder should be stored in a deep freeze at -i8°C or less. In solution ultra-vislet hight stimulates a
slow reduction of the salt, This results in the colourless solution turning red,  Such tainted solutions must
be discarded,  To avoid reduction by light, teirazolium solutions should be stored in o cool (3°-5°C) dark
place. A further precaution is to cover the vessel in which the solution is siored with aluninium foil,

Under these conditions tetrazolium soludons are very stable,  However, the bulk may be contaminated
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when sarcples of the solution are withdrawn, Because of this sufficient solutton is usual'y made up for

about two weeks' work,
Concentration of tetrazolium solutions

Different concentrations of tetrazolium solutions are used, normally 0.1, 0.5 or 1.0 per cent
lepending on specics. it is normal practice to ake up a single concentration stock solution (19) and to
dilute this if necessary. Solution concentrations are expressed on the weight-volume basis,  Thus a 1%
tetrazoliumn solution is one gramine of tetrazoliun salt dissolved in distilled water made up to 100 ml, To
achieve the best results the pH value of the tetrazoium sojution should be between pH 6 and pH 8. Tte
higher concentrations of tetrazchium in solution can be slightly more acidic than this,  To avoid this
butfered terrazoliun solutions are prepared.  One lhitre of a buffered 1% tetrazolium solution can be
prepared in the following way.

1. Dissolve 3.631 g KHZPOI‘ in 400 ml of distilled water.
2. Dissolve 7.126 ¢ NJZHPO‘I’ZHZO in 600 ml of distilled water.
3. Mix the two solutions,

4, Dissolve 10 g of 2,3,5-triphenyl tetrazolium chloride in the 1000 ml of the buffer solutron,

To dilute a 1% tetrazoliuin buffered stock solution in order to produce a 0.5% tetrazilum solution
mix one part of the stock solutien with one part of distilled water. To dilute a 1% tetrazolium bulfered
stock solution to produce z 0.1% tetrazolium solution mix one part of the stock solution with nine parts

of distilled water,
QUTLINE OF TETRAZOLIUM TEST PROCEDURES

There are five stages to the tetrazolium test: pre-conditioning of the sceds; preparation of the seedss
staining the seeds; washing; and the evaluation of the staining pattern within the sceds,  Table 1.1
sumimarises, according to family, recommended pre-conditiening and staining treatments, together with an
indication as to whether any treatment to the seeds is required prior 1o pre-conditioning, staining and
evaluation.  The sources of this information are provided in the references at the end of this chapter.
This table 1s provided to assist those with experience of tetrazolium staining procedures n applying the

test to other species.  An outline of cach stage of the tetrazoiium staining procedur - is provided below,
Pre-conditioning of the seeds

The dry seeds must [irst be moistened in order that they can be casily bisected, or punctured ctc,
and to allow the tetrazeliuin solurion to diffuse throughout the cmbryo ard provide a clean, clear stain,
In seed testing work in general this has been achieved by first soakig the seeds in water or by placing
the seeds in o moist medinm (similar to the germination test taedivm). To moisten seeds quickly, pre-
conditioning is often carried out at 36°C.  Longer periods at lower temperatures or shorter periods at
higher temperatures, however, tiay be cqually satisfactory,  Pro-conditioning, particularly where very dry
seeds are scaked, may result in imbibition mjury.  Aiso in some grain legumes very dry seeds may crack
when soaked.  Consequently it s suggested here that a humidification treattent (Chapter 7)) may be

required prior to pre-conditioning,

In somc species an additional treatment tnay be required before pre-conditioning - for exampl |,

scarification or the puncture or removal of the seed covering structures - to facilitate imbibition,  The
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requirement for such treatments is indicated in column 2 cf Table 11.1. Note that no pre-conditioning
treatrnent is necessary where the seeds to be tested are the ungerminated, imbibed sceds remaining at the
end of a germination test. During pre-conditioning various leachates (sec e later section or rapid
viability tests) may form a 'mucus' around the seeds. This can 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 sceds. 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 recomniend humidification treatmonts tc avoid imbibition
injury when the seeds are svaked in the tetrazolium solution, and we also recommend scarificarion if the

seeds arc hard, The requirement {or preparation before staining is indicated in column 4 of Table 11.1.

For detailed information on the prcparation required for cach species consult the appropriate
reference but the more common treatments, depending mainly on seed morphology (see Chapter 3) are as

follows.

(1)  Puncture. Small endospermic seeds (which cannot easily be bisected) are punctured in the endosperm
above the embryo with a sharp ncedle, e.g. small-seeded grasses. In other species the seed coat can be
pierced with a needle between the radicle and cotyleden, e.g. Be2ta spp.

(2) Bisect. Larger endospermic sceds and non-endospermic seeds with a linear embryo are bisected
longitudinally and medially through the embryo with a razor blade in a sawing motion, c.g. large-seeded
grasses and cercals, members of the Cornpositaec. One hall 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 se=2d to the embryo, e.g. sall-seeded grasses.

(4) Seed coat removal. In non-endospermic seeds it mav be necessary to reinove 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 4 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 applicd: longer periods at lower temperatures

~r shorter periods at higher temperatures may be fourd to be equally satisfactory or better.
Washing

After the s:aining treatment the szeds are washed several times in distiiled water, This is to
seirove any cxcess tetrazolium soiution, They can either be cvajuated immediately, or stored iminersed in
distilled water at 3°-5°C until required for evaluation. For some species it has been suggested that the
seeds be immersed in a clearing solutien of lactophenol for one (o twe hours after staining and washing

. . M . . . g
beiore evaluation. The purpose of this treatrent is tc make tie tissues transparent, thereby aiding the



TABLE 11.}

Key to the columns

Column 1:  species
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Column 2: need for treatmenv to seed prior to pre-conditioning

Column 3: pre-conditioning treaiment

Colurnn 4: need for treatment to seed prior to staining

Column

: staining treatment (concentration, time, temperature)

Recommended tetrazolium test procedures by family

5
Column 6: need for treatment to seed prior to evaluation of staining pattern

Acer campestre L.

Acer sinnala Maxim,
Acer palmatum Thurb. ex Murr,
Acer plataroldes L.

Acer pseudoplatanus L.

letragcnla tetragonictdes (Fall,) Kuntze

Berber!s spp.
Mahorla spp.

Lonicera spu.
Sambucus spp.
VIbuzaum spp,

Fuonytmus spp.

Beta vulaaris L.
Spinacia oleracea L.

Arctium fappa L.
Lalerdula officinalls L,

Lartharus oxyacantha Aled,
Carthamus tirctorlus L.

Cichorlum sgo,
Cnicus benedictus L.

Cynara scoiymus L,

Hellanthys anmuus L.

Iretda helerfum L,
Lactuca satliva L.
Matricaria chanom{lla L.
Scorzonera hispanica L.

Silybum mar{anun (L.) Gacrtn,
Tragopogon poriifolius L.

Cornus spo.

Carpinus spp.
Coryius sop.

ACCRACEAE
Impibe, sand, 3°-5°C, 10-14d
so0ak, 18h
wmbibe, sand, 3°.5°C, 10-14d
soak, 18h
saak, 18h

AIZOACERE
imbibe or soak, 18h

BERBERIDACEAL
soak, 18h
s0ak, 18h

CAPRIFOLIACEAE
soak, 18h
soak, 18h
soak, 1gh

CELASTEATEAR
soak, 10h

CHENOPOD IACEAF.
imbibe or soak, i6-18h
imbibe or soak, 18h

COPOSITAE
soak, Tu-68h, 20°C
soak, 20h, 20°C
so0ak, 20h
imbite or soak, 18h
imbibe or scak, 183
imbibe or soak, 6-18h
soak, 24k, 20°C
Imbibe or soak, 6-18h
imbibe or soaik, 18h
Imbibe or scak, 18h
soak, 16h, 20°C
‘mbibe or soak, 6-18h
soak, 16h, 2D°C
imbibe or soak, 5-18h
soak, 20k, 20°C
irbibe or soi«, 6-18h

CORNACEAE
soak, 4dh, or ail

CURYLACEAE
soak,' 18h
cuak, 18h

4

1%, 24h, 30°C
1%, 24-48h, 30°C
1%, 2s8h, 30°C
1%, 15-20h, 30°C
1%, 15-20h, 30°C

1%, 24h, 306C

1%, 16-24hi, 30°C
1%, 20-48h, 30°C

1%, 24-48n, 30°C
1%, 20-24h, 30°C
1%, 2u-48h, 3000

1%, 24h, 30°C

1%, 26-48h, 30°C
2.5-1%, 6-z4h, 30°C

1%, 6-0h, 30°C
1%, 4h, 30°C

1%, 26h, 30°C

0.5%, éh, 30°C

1%, 2ah, 30°C

1%, 6-2th, 30°C

1%, 7h, 30°C

1Y, 6-24h, 30°C
0.5-1%, 3-6h, 30°C
1%, 6-24h, 30°C

1%, 3h, 300C
0.5-1%, 6-24h, 30°C
0.5%, 3h, 33°0
0.5-1%, 6-26h, 30°C
1%, 6h, 3000
0,5-1%, 6-24h, 309C

1%, 48h, 30°C

1%, 20-24h, 30°C
1%, 16-24h, 30°C

ISTA
ISTA
ISTA
ISTA
ISTA

ISTA

ISTA
ISTA

ISTA
ISTA
ISTA

ISTA

ISTA
ISTA

Novotna
Novotna
4K
1STA
1STA
ISTA
Novotna
ISTA
ISTA
1517
Novotna
is1a
Navotna
ISTA
Novotna
ISTA

ISTA

1s1A
ISTA



Brassica spp.

Lepidium sativum L.
Raphanus satlivus L.

Sinapis alba L.

Citrullus lanatus (Thunb.) Mansfield
(Citrulius vulgarls Schrad.)

Cucumls spp,
Cucurbita spp.

Chamaecyparls_thyoides (L.) B%P
Juniperus spp.

L.ibncedrus spp.

Elaeagnus spp.

Hevea brasiiiensis Muell. Arg,
Phyllanthus emblica L.

Faqus spp.

Agropyron smithil Rydb.
Aqropyron upp.

Parostis spp.
Alopecurus spp.

Andropagon gayanus Kunth
Anthoxanthum odoratum L.

Arthenatherum elatlus (L.) Beauv.
Avena satlva L.

Avena spp.
Axoropus ~ffinis Lhase

Axunopus spp.

Reckmannia eruciformis (I..) Host

Brachiatia spp.
Bromus catharticus vahi,
Bromus spp.

Cerchrus ciliaris L.

Chloris gayana Kunth

Cynodcn dactylon (L.) Pers.

Cvnosurus cristatus L.

Dactylis glomerata L.
Deschamps.ia spp.
Echinochloa crus-gallf (L.) P. Beauv,

Eleusine coracana (L.) Gaertn.

Eragrostis curvula !Schrad.) Nees

Festuca arundinaceu Schreber
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CRUCIFERAE
Imtlbe or soak, 16..18h
imblbe or soak, 16-18h

imblbe, t6h, 25°C
imhjbe or soak, 18h
imbibe or soak, 18h
imbibe or soak, 18h
imbibe, f6n, 25°C
imbibe or soak, 18h

CUCLRBITACEAE

imblbe or
a0ak, sh,
soak, 1h,
Imbibe or
imoibe or

soak, 6-18h
307-35°C
300-35°C
soak, 6-18h
sok, 6-18h

CUPRESSACERE

soak, {8h
soak, 18h
spak, 18h

svak, 18h

ELAEAGNACCAE

EUPHORBIACEAE

soak, 16h
nil

soak, 18h

nil

FAGACEAE

GRAMINERE

imbibe, 6-18h
imbibe, 6-1Bh
irbihe, €-18h

imbibe, 6-

imbibe

16h

imbibe, 18h

imbjbe, 6-

16h

imbibe, 6-18h

imbibe or
{mbibe or

sazk, 6-18h
soak, 6-18h

Imbibe, 1£h, 30°C
imbibe, 16h, 30°C

imbibe ar
imbibe or

soak, 6-18n
soak, 6-18h

imbibe, 16h, 30°C

imbiba or

soak, 6-18h

imbibe, 16h, 25°C

imbibe or
imbibe or
irmblbe or
imbibe or
imbibe or
imbIbe or
imbibe or

so3k, 6-18nh
spak, 6-18h
soak, 6-16h
soak, 6-18h
soak, 18h

soak, 18h

soak, 6-18h

imbioe, 16h, 30°-35°C

1mbibe or
imbibe or
irbibe or
imbibe ar
imblbe or
imblbe or

soak, 18h,

imbibe or

soak, 6-18h
soak, 6-18h
soak, 6-18h
soak, 6-18h
soak, 6-18h
soak, 6-18h
5°C

s0ak, 6-18h

imbite, "téh, 25°C

D A L I TS Sy

- .

-

0.5-1%, 3-6h, 30°C
0.4-1%, 6-18h, 30°C
1%, 1-?h, 40°C
1%, 3-6h, 30°C
0.5-1%, 2-3h, 30°C
0.5-1%, 3-6h, 30°C
1%, 1-2h, 60°C
0.5-1%, 2-3h, 30°C

1%, 6-24h, 30°C
1%, 1-2h, 40°C
1%, 2-5h, 25°C
6-24h, 30°C
1%, 6-24h, 30°C

F

1%, 18-24h, 30°C
1%, 26h, 30°C
1%, 24-48h, 30°C

1%, 24, 4eh, 30°C

1%, 2h, 40°C
1%, 2-2.5h

X, 16-26h, 30°C

0.05%, 48h
0.5%, &-6h, 30°C
1%, 20-24h, 30°C
0.5-1%, 13-24h, 30°C
1%, 20-24h, 30°C
0.5%, 2h, 40°C

1%, 20-24h, 30°C
0.5%, 4-6h, 30°C
1%, 20-26h, 30%C
0.1-0.5%, 2k, 30°C
1%, 6-24h, 30°C
0.5%, 0.5-1h, 40°C
0.5-1%, B-10h, 25°C
1%, 26h, 30°C

1%, 2uh, 39°C

1%, th, 35C

% 24, 30°C

0.5%, 3-6h, 25°C
0.5%, 4-6h, 3090
1%, 20-24h, 30°C
0.5%, 4-6h, 30°C
1%, 2sh, 30°C

0.5%, 6h, °C

1%, 74h, 30°C

1%, 16-24h, 30°C
0.5-1%, 12+h, 25°C
0.5%, 6-24h, 30°C
1%, 16-24h, 30°C
1%, 16-24h, 30°C
1%, 16-26h, 30°C
0.9%, 6-26h, 30°C
1%, 18-24h, 30°C
0.5%, 3h, 30°C

1%, 18-24h, 30°C
0.5%, 3-6h, 25°C

ISTA
1s7a
DSRL
ISTA
IsTA
ISTA
DSRL
ISTA

ISTA
D3RL
DSRL
1STA
1STA

1s1A
1STA
1STA

ISTA

HCH
SAR

ISTA

Oass
ISTA
ISTA
1STA
1STA
Elra
1STA
ISTA
ISTA
1514
ISTA
DSRL
DSAL
ISTA
ISTA
Beavis
ISTA
DSRL
ISTA
ISTA
1STA
ISTA
1STA
1STA
ISTA
OSRL
ISTA
ISTA
1STA
ISTA
ISTA
ISTA
ASK
ISTA
DSRL



1

festuca spp.
Holcus lanatus L.

Hordeur vulgare L.

Hordeum spp,
Lolium spp,

Melinls minutiflora P, Beauv.
Oryza glaberrima Steud.

Oryza sativa L.

Oryzopsis hymenoides Risker
Oryzopsis filiacea Asch. & Schw.

Panicum maximum Jocq.
Panlcum ramosum L.
Panicum spp.

Paspalum dilitatum Polr.
Paspalum notatum Flunge

Paspalum spp.

Pennlsetun typhoides Stapf & Hubbard
Phalaris spp.

Pnicum pratense L.

Phleun spp.

Poa pratensis L.

Poa spp.

Secale cereale L.

Setaria spp.

Sorgtwm almum Parodl

Sarghum bicolor (L.) Moench
Sozghum halepense (L.) Pers.
Sorghun_suwdanense (Piper) Stapf
Surghum spp,

Stipa virldula Trin,

Trisetum flavescens (L.} P, Beauv,
Triticum spp.

Zea mays L.

Zizania aguatica L.
Zoysia japonica Steud.

Galeopsls ochrelcuca
Hyssopus officlnalis L,
Lavandula angustlfolia Mlil,

Leonurus cardiaca
Marrubjum vulgare L.
Melissa offlcinalis L.
“clmm basilicum L,

Salvia ovficinalis L.

Saturela hortensis L.
Thymis serpyllum L,
Thymus vulgaris L.

Arachis hypnaaea L.

Cicer arletinm L,
Galega officinalis L.
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a

imbibe o

-~

soak, 6-18h
imbibe or soak, 6-18h
imbibe or soak, 6-18h
imbibe or soak, 6-18h
imbibe or soak, 6-18h
imbibe, 16h, 30°C
imbibe or soak, 6-18h
imbibe, 16h, 25°C
imbibe or soak, 6-18h
soak, 16h, 30°C
imbite, 16h, 25°-30°C
imbibe or soak, 18b
imbibe, 16h, 257-30°C
imbibe, 1sh, 30°C
soak, 16h, 30°C
soak, 24h

imb{be or soak, 6-18h
soak, 16h

imbibe, 16h, 30°C
imbibe or soak, 6-18h
imbibe, 16h, 30°C
imbibe, 16h, 30°C
imbibe, 16h, 30°C
imbibe or soak, &-16h
Imhibe or soak, &-16h
imblbe or soak, 6-1Eh
imbibe, 16h, 29°.35°C
imbibe or soak, 6-18h
imbibe, 16h, 30°-35°C
imbibe or soak, 5-18h
imbibe oi' soak, 6-1Bh
imbibe, 16h, 30°C
imbibe or soak, 6-18h
soak, 4-6n, 30°C
irhibe, 16h, 30°C
imbibe, 16h, 30°C
s0ak, 4-6h, 30°C
imblbe or svak, 18h
imbibe, 15h

{mblbe or soak, 6-18k
imbibe or soak, 6-18h
imbibe or snak, 6-18h
imbibe, 16h, 30°C
imbibe or soak, 18h
tmoibe, 16h, 30°C

nil

imbibe or soak, 6-18h

"o

LABIATAE
soak, 16h, 20°C
soak, 16h, 20°C
soak, 1zh, 20°C
soak, 16h, 20°C
soak, 16h, 20°C
soak, 16h, 20°C
imoibe or soak,
soak, 20h, 20°C
soak, 20h, 20°C
soak, 20h, 20°C
soak, 16h, 20°C
imbibe or soak, 18h

gh

LEGUMINOSAE
imbibe or secak, 18h

imbibe, 18h, then soak, 2-3h

imhibe i soak, 18h
soak, 2an, 20°C

L O
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5

0.5%, 4-6h, 30°C
0.5%, 4-6h, 30°C

1%, 18-24h, 30°C
0.5%, 3h, 30°C

1%, 6h, 30°C

0.5%, 0.5-1h, 40°C
0.5, 3-6h, 30-C
0.5%, 3-6h, 25°C

1%, 6-24h, 30°C
0.5%, 2h, 40°C

0.5%, 3-6h, 25°C
0.5%, 3h, 30°C

0.5%, 3-6h, 25°C
0.%%, 3-6h, 25°C
0.5%, 2n, 40°C

1%, 4-8h, 35°C
0.5-1%, 6-24h, 30°C
0.5%, 4h, 4D°C

1X, 4-6h, 30°C
0,5-1%, 6-24h, 30°C
0.5-i%, 8-10h, 25°C
0.5-1%, 6-8h, 25°C
0.5-1%, 8-12+h, 25C
0.5-1%, 6-24h, 30°C
0.5-1%, 6-24h, 30°C
0.5-1%, 6-24h, 30°C
2,5-1%, 2h, 12+h
n.5-1%, 6-24h, 30°C
0.5-1%, 12+h, 25¢C
0.5-1%, 6-24h, 30°C
C.5%, 2-3h, 30°C
0.5%, 0.5-ik, 40cC
0.5-1%, 6-24h, 30°C
0.5%, 1-7h, 40°C
0.5%, 0.5-1h, 40°C
0.5%. 6-8h, 2C°-25°C
0.5%, 1-2h, 40°C
0.5-3%, 3-26h, 30°C
0.1%, 2h, 35°C
0.5-1%, 6-24h, 30°C
0.5%, 2-4h, 30°C

1%, 6-24h, 30°C
0.5%, 1-2h, 20°-25°C
0.5-1%, 2-6h, 3noC
n.5%, 53 mln, %5°C
0.75%, 12h

0.5-1%, 18-26h, 30°C

1%, 6-8h, 30°C
1X, 4h, 30°C
0.5%, &h, 30°C
0.5%, 6h, 30°C
1%, 3h, 30°C
0.5%, 6h, 30°C
1%, 16-26h, 30°C
0.5%, Sh, 30°C
1%, sh, 20°C
0.5%, &h, 30°C
0.5%, 4-’h, 30°C
0.5-1%, 6-24h, 30°C

0.5-1%, 20-24h, 30°C
1%, 24h, 4D°C

1%, #-24h, 30°C

1%, 3-4h, 30°C

+

+ +

1514
ISTA
ISTA
15TA
ISTA
0SAL
ISTA
0SRC
1STA
n
OSRL
ISTA
DSRL
DSAL
A
M&K
1STA
HHEA
Andersen
ISTA
DSRL
DSAL
DSRL
ISTA
ISTA
ISTA
D3RL
ISTA
DSRL
ISTA
ISTA
osnL
ISTA
OSRL
OSRL
OSRL
DSRL
ISTA
F&L
1STA
ISTA
ISTA
DSKL
ISTA
DSRL
Simpson
ISTA

Novotna
Navotna
Novotna
Novotna
Novotna
Novot.na
ISTA

Movotna
Novotna
Novotna
Novotna
ISTA

ISTA
ISTA
1514
tovotna



1

Givcine max (L.) Marr.

Lathyrus hirsutus L.

Lens cullraris Medic.
Lespecerza spp.

Lotus spp.
Luplous spr.
Medicugo sativa L.

Medicago spp.
Mallictus spp.

Mucuna deerinqlana (Bort) Merr.

Onobrychis viclaefolia Scop.
Oronis arvensis

Grnithoous sativus Brot.
Praseolus scp.

Pisum sativum L.
Pisun spp.

Pueraria lobata (wiiid.) Ohwi
Trifolium jncarnatum L.

Trifollum pratense L.
Trifolium repens L.
Trlfolium spp.

Trlgoneila foenum-graecun L.

Vicla faba L.
vicia spp.

Vigpa spp.

Afliun spo,
Asparagus offtcinalis L.

Linum usitatissimum L,
Lirfudendron spp,

Althea rosea Cav.

Gossypium spp.

Hibjscus cannabinus L.

talva sylvestris L,

Cannabls sativa L.
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imbibe, 18h, then soak, 2-3h
imbite, 160, 25°C

imbibe, 16h, 25°C

{rbibe, 18n, then svak, 2-3h
soak, 3-4h, 25°C

snak, 3-th, 25°C

imbibe, 18h, then soak, 2-2h
imbibe or socak, 18h

soak, 2h, 25°C

soak, 2h, 25°C

soak, 22h

soak, 27h

soak, 2h, 25°C

soak, 2h, 75°C

soak, 22h

snak, 22h

soak, 2h, 25°C

soak, 21, 259

soak, z2h

soak, 2zh

soak, 16h, 20°C

s6ak, 22h

imbibe, 18-24h, then soak, 2-3h
imbibe, 16h, 25°C

imbibe, 16h, 25°C

imbibe, 1B-25h, then soak, 2-3h
soak, 3-6h, 25°C

soak, 3-6h, 25°C

soak, 2zh

soak, 2h, 25°C

soik, 2h, 25°C

suak, 2h, 25°C

soak, 2h, 25°C

roak, 2-3h, 25°C

soak, 2-2h, 25°C

soak, 2Zh

soak, 16b, 20°C

soak, 22h

soak, 2Zh

s0ak, 3-4h, 25°C

soak, 3-4h, 25°C

soak, 22h

soak, 16h. 23°C

snak, 16h, 25°C

LILIACEAL
jmbibe or scak, 18h
imbite or soak, 18h

L INACEAE
irbibe or soak, 18h

MAGNOL [ACEAE
suak, 18h

MAI VACEAE
souk, 24h, 20°C
imbibe or soak, i8h
imbibe, 16h, 30°C
fmhibe, 16h, 30°C
nii
soak, 12h, 20°C

MORACCAE
imbibe or scak, 18h
imbibe or svak, 18h

1 .o

" o.

0.5-1%, 6-24h, 30°C
1%, 2-4n, 40°0

‘%, 3-7h, 25°C

1%, 6-24t, 30°C

1%, 2-3k, 0°C

1%, 5-7n, 159

1%, 6-24n, T9°C
0.5-1%, 3-6h, 30°C
1%, 3-Sh, 40°C

1%, 8h, 25°C
0.5-1%, 6-24h, 30°C
0.5-1%, s-24h, 30°C
1%, 3-4h, 40°L

1%, 7-8h, 25°L
C.5--1%, 6-24h, 30°C
0.5-1%, 6-24h, 30°C
1%, 4-5h, 40°C

1%, 8-10h, 25°C
0.5-1%, 6-24h, 30°C
0.5-1%, 4-24h, 30°C
1%, 3h, 20°C
0.5-1%, 4-24h, 30°0
0,5-1%, 6-24h, 30°C
1%, 2-3h, 4000

1%, &-8h, 25°C
0.5-1%, 6-24h, 30°C
1%, 2-3h, 40°C

1%, 6-gh, 25°C

0.5-1%, 6-24h, 30°C -

0.5-1%, 2-4h, 40°C
0.5-1%, 4-6h, 25°C
1%, 4-6h, 4D°C

1%, 6-10n, 25°C

1%, 4-6h, 40°C

1%, b-10h, 259C
0.5-1%, 4-24h, 30°C
1%, #-5h, 3G°C
0.5-1%, 16-24h, 30C
0.5-1%, 16-26h, 3G°C
1%, 2-3h, 40°C

1%, 5-7n, 259C
0.5-1%, 16-24h, 30°C
1%, 2-3h, 40°C

1%, a-6h, 25°C

1%, 24-28h, 20°C
0.5-1%, 20-24h, 30°C

0.5-1%, 6-z4h, 30°C

1%, 24-48h, 30°C

1%, 3h, >0°C

1%, 6-2uh, 30°C
0.5-1%, 1-2h, 40°C
0.5-1%, 2-4h, 25°C
1%, 4-6h, 40°C
0.5%, 4h, 30°C

0.5%, 4-6h, 30°C
0,5-1%, 20-24h, 30°C

ISTA
DSRL
0SAL
iSTA
DsAL.
DSRL
1STA
1STA
DSRL
DSAL
151A
1S4
DAL
DSRL
ISTR
157A
DSAL
DSRL
ISTA
1STA
tlovotna
ISTA
ISTA
osAL
DSAL
ISTA
DSAL
osRL
ISTA
DSRL
DSRL
OSRL
DSRL
DSAL
bSRL
1STA
Novotna
1818
1ST1A
DSRL
GSAL
ISTA
0SRL
DSRL

ISTA
ISTA

ISTA

1s1A

Novotna
ISfA
DSRL
DSRL
OSRL
Novotna

ISTA
IsTA



Psiolum guajava L.

Frayinus spp.
Ligustnm spo,

Eloels guineensis Jacq.
Orecdaxa_reyia HBK

Glaucium flavum Crantz
Papaver somniferum L,

Sesamum {ndicum L,

Ables spp,

Plnus cembra (.

Pinus ceulteri D. Don

Plnys koralensis Sieb. & Zuce,
Pinus spp.

Pseudutsuga spp.

Plantago ianceolata L.

Fagopyrum esculentum Moench
Rheun palmatum L.
Rheum rhapontfcum t.

Rumex_acetosa L.

Rhamrus spp,
Llzyphus mauritiana Lam,

Agrimonia eupatoria

Amelanchier spp.
Cotoneaster spp.
Crataequs spp.
Malus spp.
Pruns spp,

Pyrus sop.
Hosa spo.

Rubus spp.
Sorbus seu.

Coffea arableca L.
Coffea canepliora Flerre ex Froehner

Cltrus natsudaldal Hayats

Ruta graveolens L,

Olgltalls lan.ita Ehrh,
verbascum thupsiforme Schrad.

Atropa belludorva t,
Cspslcum spp.

tycopersicon lycupersicum Karst,
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MYRTACEAE
nii

OLEACEAE
soak, t6h
s0ak, 18h

PALMALEAE
soak, 1éh
nil

FAPAVERACE AL
soak, 16h, 20°C
imbibe or soak, 18h

PUDAL IACEAE
imbibe or soak, 18h

PINACEAE
soak, 18h
scak, 24h
soak, 24h
soak, 24h
soak, 1gh
soak, 18h

PLANTAGINACEAE

5cak, 24-30h, 20°C

POLYGONACEAE
imbibe or soak, igh
soak, 20h, z0°C
imblbe or soak, 18h
imbibe nr soak, 18h

RHAMNAZEAE
soak, 18h
nll

ROSACEAE
soak, 24h, 20°C
soak, 18h
soak, 18h
soak, 18h
soak, 1g8h
soak, 18h
sook, 18h
scak, 18h
soak, 18h
soait, 18n
soak, 18h

RUBIACEAE
soak, 41
soak, 44

PUTACERE
nil
soak, 16-20h, 20°C

SCROFHLL AR ACE AE

soak, Ch, 20°C
soak, 16h, 20°C

SOLANACEAF
soak, 16h, 20°C
Irtibe er soak, 18h
imblbe or snak, 185

+ e &

. o

1%, 12-14h

1%, 16-24h, 30°C
1%, i8-24h, 30°C

1%, izh, 28°C
1%, 24h, 30°C

0.5%, 6-8h, 30°C
0.5-1%, 2&4-48h, 30°C

0.5-1%, 6-24h, 30°C

1%, 18-24h, 30°C
1%, 26-36%, 30°C
1%, 24-36h, 30°C
1%, 24-36%, %°C
1%, 18-24h, 30°C
1%, 18-2th, 20°C

0.5%, 2h, 30°C

1%, 6-26h, 30°2
1%, Sh, 30°C

0.5-1%, 6-26h, 30°C
0.5-1%, 6-24h, 30°C

1%, 18-26h, 30°C
1%, 1.5h

1%, 6h, X0°C

1%, 16-24h, 30°C
1%, 16-26h, 30°C
1%, 16-24h, 30°C
1X, 16-24h, 30°C
1%, 4-81, 30°C
0.5%, 10-12h, 30°C
1%, 16-26h, 30°C
1%, 16-24h, 30°C
1%, 16-26h, 30°C
1%, 16-24h, 30°C

1%, &h, 350C
1%, ah, 359C

0.1%, 3h, aveC
1%, 6h, 30°C

0.5-2%, sh, 30°C
0.5%, 4-5h, 3p°

%, 10n, 30°C
1.5-1%, 24h, 30°C
G.5-1%, 6-26h, 30°C

ISTA
ISTA

Mok
Soetisna

Novotna
IstA

1s1A

1STA
IS1A
is1A
1STA
1STA
1STA

Novotna

ISTA
Novotna
1STA
1STA

1STA
S&R

Navotna
1STA
ISTA
1STA
1STA
15TA
1STA
ISTA
ISTA
ISTA
ISTh

o4y

HEAN
Novotna

Novotna
Novotra

Novotna
ISTA
ISTA



Nig: :iana cabacun L.,
Pagsalis indaseens L.
Sotamn a2 wgena L.

Taxus spp.
Jaxodiun disticum (L.) Rich,

Tilla spp.

Anethum graveolens L,
Apium gravenlens L.

Archangelica officinalis Haffm,
Carum carvi L.

Cunltam cymirum L,

Baucus carota L.

Levisticum officinalls koch
Pastinaca sativa L.
Patroselinom crispum Nym.

valeriana officfnalils L.
valerfancila locusta (L.) Laterr.

vitls spp.
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imbibe, 18.24n
imblbe or soak, 1&n
imblbe or soak, 18n

TAXACEAE
soah, 18n

TAXODIACEAE
soak, 18h

TILIACEAE
soak, 18h

WGELL IFERAE

imbibe, iBh

imblbe, 18h

soak, 20h, 20°C
imblbe or soak, 16h
imbibe or soak, 18h
imbibe or soak, 16h
souk, 16h, 26°C
fmpibe or soak, 18h
imbibe or soak, t8h

VALERIANACERE
soak, 16h, 20°C
imbibe or soak, 18n

VITACEAE
suak, 16h, 0°C

+ e -

-

+

0.5-1%, 18-24n, 30°¢C
0.5-1%, 18-24n, 30°C
0.5-1%, 6-24h, 30°C

1%, 24-a8h, 30°C

1%, 24-48h, 30°C

1%, 18-24h, 30°C

1%, 20-24h, 30°C
1%, 6-24h, 30°C

1%, 4h, 30°C

1%, 26h, 30°C

1%, 6-24h, 30°C
0.5-1%, 6-26h, 30°C
0.5-1%, 4h, 30°C
0.5-1%, 6-24h, 30°C
0.5-1%, 6-28h, 32°C

1%, 3h, 30°C
0.5-1%, 18-24h, 30°C

0.5%, 2-3h, 40°C

1STA
ISTA
ISTA

IS1A

ISTA

1s1A
ISTA
Novotna
1sTA
ISTA
ISTh
Novotna
ISTA
1S1A

Novotna
ISTA
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subsequent evaluation of the seeds.  One litre oi lactophenot solution can be prepared from 200 mt,

phenol, 200 ml lactic acid, 400 ml glycerin, and 200 ml water.
Evaluation

To cvaluate the seeds it is necessary for the embryo and other essential structures (those necessary
for the development of normal seedlings - sce Chapter 13) to be exposed. In many cases preparation of
the sceds before staining will have already exposed the embryo and other essential structures, but in other
cases it mmav be necessary to prepare the stained seeds for evaluation,  Column 6 of Table 11.0 indicates
wicther any preparation for evaluation is required.  The types of preparation required at this stage are
generally similar to those given previously for preparation for staining,  Additional shaving off of small

slices of tissue may be helpful.

After staining, washing and any further preparation, the secds, or dissected sceds, are then evaluated
for stain intensity ard stain location.  Often a low-power binocular microscope or magnifying lens is

required.  The <ceds fall into three groups:

(1 completely stamed and thus viable seeds;

(2)  completely unstained and presumably non-viable sceds;

(3)  pactially stained sceds, the classification of which as either viable or non-viable is consiaerably more
ditticult.  The references at the end of this chapter provide examples of the staining  patterns

observed in rormal practice and should be consulted for further advice.

It should be noted that stain intensity (colour) is also iinportant. 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 15 particularly important for seeds of dicotyledonous species where differential staining may
be observed on the surfaces of the cotyledons,  Note also, however, that viable sced embryos will be

stained a very dark red colour if the staining period is 100 long.
CALIBRATION OF THE TETRAZOLIUM TEST

The tetrazolium test should not be regarded as an absolute test of seed viability, Before the cesults
ubtained can be used with configenre the test must first be calibrated.  This requires a comparison, for
cach species, of the staining patterns observed in tetrazolium tests with the results of germination tosts
on the same accessions where the results of the latter have not been confounded with either dormancy or
poor sced quality:  that as where all viable seeds are know to have germinated, It is preferable to do
this on several sced lots of differing percentage viability,  Note also that, where imbibition injury,
hardseededness or deluyed unbibition has lead 1o germination tests underestimating  accession viability,
tetrazolium tests will suffer from the same deficiency:  although the two test results will agree, viability
will be underestitnated,  Thus o good deal of preparatory work is required before the tetrazolinm test can

be applicd with confidence,  Similar considerations apply to the indigocarmine tes  described below,
THE INDIGOCARMINE TEST FOR VIABILITY

Indigocarmine (disodium  5,5%indigtin  disulphonate;  soluble indigo blue} is widely used in Poland,
Roumania, USSR and Yugoslavia for determining the viability of tree and shrub seeds. It is reported to
be as accurate as tetrazoliun s'aining procedures and has the advantage of being cheaper, and safer

(lower huinan toxicity) than tetrazonum.
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Indigocarmine is a dark blue powder with o copper lustre.  In solution it is blue or bluisn-purple
colour, Like tetrazohumn it ‘s sensitive to light and theretore should be kept in the dark.  Unlike
tetrazolium, however, indigocarmine solutions stain the dead arecas of embryos, Stained areas are blue,
whereas the live areas of embryos remauin unstained. The following suminary of the indigocarmine method

of testing seeds is largely based upon information provided by Rostovtsev and Lyubich,
Preparation of indigocarmine solution

One gramme of indigocarmine will dissolve in 100 ml of water at 25°C, Solutions of 0.05% (weight
by volume; i.e. 1 g in 2 litres of water) indigocarmine arc used for seed testing. However, not all of the
indigocarmine powdeir wili 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 in two litres of boiling water for 30 minutes.  After cooling the
solution is filtered and the weight of wundissolved indigocarmine (after drying at 100°-105°C to constant
weight) is determired (a). The proportion of dissolved indigocarmine is thus {i-a)/1. Thus 1o prepare a
0.05% solution 1/(1-a) g of powder is boiled for 30 minutes irn two htres of water, This solution is
subsequently cooled and then filtered.  Cooled boiled water (indigocarmine is likely to oxidise, hence
boiling is requited to remove dissolved oxygen) is then added to make the solution up to two litres, The

prepared solution should be stored in the dark for not more than 15 days.
Preparation of sceds

In general sceds are soaked in water at 18°-20°C for | to 2 days with daily changes of water.

Specific treatments have heen provided for the following genera,

llig Crack the fruits, puncture the seeds and umnerse in water for 24 to 48 hours.
Cornus  Soak for up to 3 days il necessary and then crack into halt. The halves with intact embryos
are then immersed ir. water for two hours,
Corylus  Crack the nuts and soak for 1 to 2 days. Split into two. The cutyledon to which the radicle
is attached is extracted and the seed coat rerioved.
Prunus  Crack the stones (sce the method described for the excised embryo 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 imbibition

injury.  Consequently it is necessarv to consider the use of hurnidification freatments (Chapter 11).
Staining of embryos

The moist embryos are extracted and those undamaged by extraction are immersed in the dark in the

0.05% indigocarinine solution for two hours.

Evaluation of embryos

Embryos of the above species are censidered viable if
(a) the embryo is complete unstained
or (b} there is only a faint stain a1 the radicle tip
or  (c) there are only a few spots of stain on the cotyledons opposite the radicle

or  (d) the embryo shows only pale surface staining,



RAPID VIABILITY TESTS

The excised embryo, tetrazolium, and indigocarmine tests are used in the comnercial seed trade as
rapid tests of viability, where the delay associatec with germination testing is unacceptable, In contrast
gene barks are only likely to apply these tests where dormancy is suspected of confounding the results of
germination tests. Several other types of rapid viubility tests are used in the seed trade. in general we
believe their application in 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 research application ip

gene banks.
Seed leachates

Two types of seed leachate conductivity tests are used. In thesc 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 elecirical 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 deterrzined by the change in colour of a urine test paper dipped in the solution,
In both tests the greater ihe 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 terins of viability,
since the results are also influenced greatly by the condition of the seed covering structures.  (Sce

Chapters % and 7 on imbibition injury to understand why this is so.)
Glutamic acid decarboxylase activity

The glutamic acid ducarboxylase activity (GADA) test is made on unimbibed, homogenised seeds, in
this test glutamic acid is added to the hoinogenate and the resultant evolution of carbon dicxide is
measured; the rate of CO2 evolution is dependent on the activity of the decarboxylases present within the
serd homogenate. Thus the more carbon dioxide evolved per gramme of seed homogenate per hour the
higher the viability of the accession. However, since the test has to be calibrated for cach cultivar it is

untikely 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 8,
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B&K

Reavis
DSRL

Eira

F&L

G&V

HHEA
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M&K

Mok

Novotna

S&R

Simpson

Soetisna
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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 recommenda-
tions in the three chapters which tollow (Chapters 13, 14 and 15) are based. It is possible, however, to
follew the advice i those chapters without reference to the explanations provided here.  Although the
examples used in this chapter refer mainly to germination 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 tetrazolium test, Chapter 11) and the sampling theory applies to samples  withdrawn  from
accessions for any purpose - c.g. seed purity analysis (Chapter 8), seed health testing (Chapter 1), the
estimation of seed moistiuce content and mean seed weight (Clapter 2, and the provision of sub-samples

for regencration, multiplication, evaluation or distribution.
SAMPLING

In carlier chapters it has been emphasised that an accession, or sced lot, is a population consisting
ot individual seeds some of which may be alive (viable) and some of which imay be dead (non-viable), {f
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 aunsense,
To avoid this we accept something less than absolute precision and only test a small part of the accession
for germination; that is a small sample of seeds 15 abstracted from the accession. The result of the test
on this sample is thus an estimate of the viability of the accession as o whole. For commercial seed lots
sampling can be a consideratle problem for, in extreme cases, a single seed lot can weigh more than 40
tonnes!  With accessions in gene banks, however, the process of sampling is physically ecasier since

normally cne expects to be sampling from a bulk of fewer than 20,000 seeds.
The problem of biased samples

In sampling one is attempting to produce a copy of the complete accession, but with fewer seeds.

s without bias.

To do this the selection of individual seeds to comprise the sample must be random; that
Selection of seeds by eye to pruduce the sample would inevitably lead to some form of bias; for example,
the selection of regular, whole, plirop, shiny sceds in preference to broken, cracked, shrivelled, discoloured
seeds. It is perhaps worth noting at this stage a further importanmt reason for the effective random
sampling of sced from  accessions in gene banks  tfor germination testing:  unless random  sampling is
practised, not only may the estimate of whatever attribute of the accession is being tested for in the
seed sample be it error, but also the seeds remaining inostore in genetically Leterogeneous accessions may
have lost genes fiom the gene pool through preferential sampling of certain seed phenotypes,  In adaition,
in both genencally Fomogencous and heterogencous accessions, the remaining seeds may  show poorer
agronomic features in the first generation - cimergence, etes - due to high proportions of broken,
shrivedied, or discoloured seeds, ete. This may jeopardize the regeneration process and also tight give
breeders or evaluators of the accession a poorer, and false, impression ol the genetic potential of the
accession. It thus behoves gene banks to satple correctly (e, randomly) not only when satpling to

monitor viability, but also vhen removing seeds from accessions for any other purpose,
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There are 2 numbar of methods of sampling smail nuinbers of seeds from larger bulks.  Since
accurate sampling is of such importance in gene banks, Chapter 12 discusses sampling equipment and

procedures for those without any formal or practical tramnirg in sampling methods.,

APPLICATION OF PROBABILITY THEORY TO ENSURE THAT SUB-SAMPLES OF GENETICALLY
HETEROGENEOUS ACCESSIONS CONTAIN GENOTYPES WHICH PEFPRESENT A MINORITY CF THE
ACCESSICN

In genctically heterogencous accessions staff of the gene bank must, to the best of their abilities,
ensure that any one sub-sample derived from the accession for evaluation or distribution contains genes
which are represanted in only a minority of seeds within the population, Now classic probatilitv theory
states that the probability of an individual with a given characier 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 o seed with this character is selected when one teced is
drawn at random from the population is also 5%, or 0.05. Simifarly the probability of not selecting a

seed with this character is 93%, or 0.95.
Prabability of the prescnce of a character in a sample drawn from a genetically heterogencous accession

Now, of course, no sced bank intends to supply breeders with sub-samples of accessions which
cantain only one seed. How then do we determine the probability that a sample from an accession of a
given number of seeds does, or dees not, contain at least one individual with the (minorlty) characteristic?
If 3 second seed were sampled from the accession then the probability of this second seed showing the
desired character is the same as the probability calculated for the first seced. The two samplings are
independent of each cther; the result of the first sampling does not affect the probability of the sccond
sampling. (In a large accession we can ° nore the fact that removing a single sced from the accession
will change (he frequency with which characters are represented in the remaining pepulation, since the
change will be imnperceptible.) Now if the p:obability of the character rot being present in the first sced
i1s 0.95, and the probability of the character not being present in the second seed is also 0.95, whac is the
probability of the character not being presen' in cither seed? The answer to this question is obtained by
multiplying the two probabilities together. f we denote the probability of selecting seeds without the
minority character by die symbol P(A), then if two seeds are selected the probability of the character
not being present in both seeds is given by P(A) tim(;s P(A). In this exanple this gives 095 x 0,95 which
equals 0.9025.  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 the sample is given by (TSI Clearly the
zone bank would wish if possible to provide sufficient seeds (that is increase the value of n) such that the
probability of the minority character not being preseat in the sub-sampie provided for evaluation or

distribution is very low,

Basec on these principles, Chapter 13 provides information on the relationships between the
probability of a character being prescnt in a sample, the frequency of the character in the accession, and
sample size.  Advice is aiso provided in Chapter 13 as to how 6 ensure adequate sample sizes when
accessions also contain empty or dead seeds, No attempt is made here to suggest suitable sample sizes
to ensure that the proportional composition of genes within the sub-sample accurately retlects the
proportions of the various genes in the originzl accession but, if necessary, the equations provided in the
remainder of this chapter could be used for this purpose.  However their main function here is to

determine the accuracy of germination test rasults,
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THE BINOMIAL DISTRIBUTION OF ERROR RESULTING FROM PERFECT RANDOM  SAMPLING

Throughout this chapter the term viability will be used to describe cither the estimated or true
proportion of live seeds in an accession, In the majority of cases it is envisaged that the tests applied to
estimate  viabitity will be  germination tests in which, H necessary, appropriate techniques to break
dormancy (see Chapter 5) have been applied, lnevitable we have decided to aceept something 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 variaticn resulting from random samphling crror can be estitated theoretically from the binomial
distribution.  This distribution can be used if the foliowing conditions are satisfied.  (Statements n

arcnthesis give explicit meaning for seed testing application.)
P 8 P g L app

1. The experiment consists of a fixed numter of trials, denoted by the letter n. (n is the nuinber of
seeds sumpied for each viability test.)

2. Each trial has only two possible outcomes, usually success or failure. (Each seed will prove cither
viable or ron-viable.)

3. The outcome of any one trial is independent ot the outcome of any other trial, (The result of the
test on onc seed does not influence the result of testing any other sced in the viability test.)
4, The probability of success, denoted by the letter p, is constant from trial to trial. (Fach seed is a

member of the same accession,)
The effect of viability on the accuracy of germination tests

For percentage viability the standard deviation (a) resulting from random sampling error according

to the theoretical binornial distribution can be calculated from the following equation
o = J/[p(100-p)/nj (12.1)

where p is percentage germination, (100-p) is the percentage of seeds not germinatitig and n is the

number of seeds tested.

To consider the influence of percentuge viability on the standard deviation let us ignore the value
of n for the time being by setting it to the value ! (the offect of sample size, n, on the accuracy of
viability tests will be considered in the next section). Table 12.1 shows that as p 1noves from 50%

towards either 0% or 100% the value /[p (100 - p) / n ] declines.

Table 12,1 Relationship between p and ' [p(100-p)/n ), where n s |

p 0 5 10 15 20 25 30 15 40 45
or or or or or or or or or or 50

p 100 95 90 85 80 75 70 05 60 55
vIpl1oo-p)/1]) ] 21.8 30.0 35.7 40 43.3 45,8 47.7 46,0 49,7 50.0

There are a number of points to note from Table 12.1.
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1. The relationship between percentage viability and standard deviation is svmmetrical about 50%
viability.

2. The value VIp{100-p)/n) is zero for €% or 100% visbility, This is because ihere can be no
sampling error tor these values: if every sced in the accessicn is dead then it is not possible to sample
a live seed; I every seced in the accession is alive then it is not possible to sample a dead seed,
3. Ihe stundard devistion, for a fixed sample size, 15 greatest ar 50% viabily.

4, Berween 100% and 50% viability, for 2 fixed sample size, the standard deviation increases quite
rapidly at first but the increase declines progressively towards @ plateau between 65% and 5G%. (This can
be seen mw e clearly in subsequent figures relating standard deviation, percentage viability and sample

size.)

The practical implicaticn of this for seed testing is that, between 30% and 100% viability, test
results on seerds sampled trom high viability accessions will more accurately estimate true acce:sion

viability than results from the same number of seeds sampled from accessions with poores viability,
Practical limitations to theoretical considerations

All the points made above relate to the theoretical binomial distribution. Do the results of seed
viability tests actually conform to this error distribution? The general form of the relationship between
average actual standard deviation and percentage viability estimated from germination tusts is very similar
to that for the theoretical binomial distribution, but it i1s not identical. From our results with very many
germination tests we have found that the agreement is very good between about "0%% to 20% and
30% to 10U% germination, Thus we can conclude the* within these two ranges of percentage germination
variation in test results of sampled sceds is solely due to the random selection of seeds. Between about
20% to 80% germination, however, the average aciual standard deviations terd to be greater than the
binomial distribution weuld predict. It is not difficult 1o suggest why this might be. We have already
noted in Chapter 4 that the result of the germination test is much rrore vulnerable to slight differences
in test corditions for seeds of acccssions with intermediate levels of germination (particularly those
accessions where viability is close to 50% than for acceszions with very high germination, We¢ can
conclude then that between 20% to 80% viability variability in gorinination test results is trought about by
both fundorn sampling error and imperfect test conditions. In practice sced testers can ignore this
discrepancy bhetween the theoretical and actuz! error distributions, since the majority of decisions relating
to germination test results wili be for accessions with greater than 80% viability (because, as explainecd
clsewhere, regeneration standards will normally be above this value). Thus for high viability accessions
the binomial distributicn of error provides an adequate basis for evaluating sced testing procedures and is

applied in the tollowing sections.
The effect of sample size on the accuracy of germination tests

Figure 12.1 plots the standard deviation predicted by the binomial distribution aguinst percentage
viability for scveral values of n, the number of sceds used for cach test. Clearly the larger the sample
size the lower the theoretical standard deviation. Note, however, the diminishirg returns effect: the
decreasé in the standard deviation is not proportional to the increase in the nuinber of seeds tested but
te the increase in the square root of the number of sceds tested; for example incrcasing the size of n
from 100 to 200 seeds reduces the standard deviation by about 30%, whereas a further increase in n o 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 vaiue for 200-seed tests
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Figure 12.1 Relationship between standard deviation and germination (%) for sample sizes
of 100, 20C, 300, 400 and 1000 seeds predici~d by the binomial theorem,

Standard deviation

Germination (%)

at 9C% viability, which in turn 1s vers similar to that for 400-sced tests at 80% viability. This car 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 wiil have little or no practical application for decision-making procedures in genc banks.

Consequently any reade: who does not nced an explanation of these terins can skip this section.

Il we carry out a viability test on seeds sampled from an accession we wili obtain a value for
percentage viability {p in the equations which follow). We do not believe, however, that this estimate is
the irue value fur the accession as a whole. But, we do hope that the values of the estimate and 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 known as a confidence interval. This is normally represented as
¢, d where c and d are two values of, in our case, percentage germination; ¢ is the lower confidence
limit (or bound), d the upper confidence limit (or bound) and the range of values between ¢ and d the
confidence interval, We must also give some idea of how likely true accession viability is to be within
this confidence interval, or what is our degree of confidence in the confidence interval, The two most
common values used for the degree of contidence are 95% and 99%, and the confidence interval of a

viability test is reported as - the 95% confidence interval is c, d. If a is the degree of confidence
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then the confidence interval is calculated as follows for pereentage values,
- 7
[ (Za/z.cn 50/n) to p 1 Zyp0 50/n) (12,2)

where Z is the value obtained from standard norma! tables. We can substitute equation (12.1) for the

value of the standard deviation, o, in the above equaticn and make this a little neaier by writing as
pt [{Z ),/ {p100-p)/n}) + 50/n] (12.3)

For a 95% degree cenfidence Za/2 = 1.96 and for a 99% degree of confidence Za/2 = 2.575.
Thus for a 400 sved test result with percentage viability estimated at 90%, the 99% confidence interval

is calculated as follows:
90 + [(2.575./{90 x 10/400}) + 50/400]
which gives 90 + ((3.8625) + 92.125)
or 90 ¢+ 3.9875.

Thus the 99% confidence interval is 86%, 94%. This of course is a theoretical confidence interval.
In practice the value of o used should be that obtained from variations between different viability tests,
The value (50/n) is a correction factor enabling us to use the normat distribution to derive the value
Za/Z' In practice when the sample size is large, as in the cxample above, its value is negligible, A
simplified version of equation (12.2) for iarge seed numbers is thus

pt{Z ,,.0) (12.4)

al2

It is impertant to note that a confidence statement is ncl a probability statement. In the example
above 'The 99% confidence interval is 86%, 94%' does not mean that there is a 99% probability of the
true accession viability being between 86% and 94%. Ail this confidence statement means is that if we
were to draw a large number of sumples from the accession and find the confidence interval for each
sarmple, then true accession viability would he within about 99% of these intervals. This is why
confidence wntervals are of no practical use in gene bank decision making procedures. In gcnc'banks we
wish to be able in make a deciston after each and every viability test, and we wish to be able to attach

probabilitics of crror to these decision-making prczedures.
A SIGNIFICANT LOSS IN VIABILITY: THE TWO-TAILED TEST

One form of decision-making procedure of potential interest in gene banks is the following question,
Has a significart loss in viability octurred 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 estiinate of true
accession viability when originally placed in store.  The second value is an estimate of true accession
viability at the present time, That is both values are estimates, Consequently both are subject to randorn

L
sampling error.
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The null hypothesis

In tests of significance we must first assune 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
equal 1o the mean of the two values, and we determine the probability rhat this bypothesis is true. The
test is known as a two-tailed test because the two percentages P and p, are located cither side of

"

the mean value p = (pl + pz)/Z. To deterrain the probability of the null nynothesis being true we use

the value of the normal deviate Z, where
Z = (py - PPIWIBUOG - PI(I/ny + 1/n )} (12.5)

and " and n, 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 P 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 sceds tested, minus 0.5 similarly P, is not the
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 nuinber of seeds tested, plus 0.5; and P, is greater than P,

As an example in the ust cf equation (12.5) let us consider that 400 secds sampled from an
accession when it was first put into store gave 95% viability and 400 sceds sampled froni the accession
after a period of storage showed 91% viability, Now p = 93% and applying the correction factor gives
Py = 95.12(=100 x 380/399.5) and Py = 90.89(=100 x 364/400.5).

Vhus Z = (95.12 - 9G.89) / /{93 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 P, 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 resuit, and we can attach a further probability to it. That is the probability of
achieving this result is approximately 0.5. Suppose that the gene bark managemcnt decision procedure
specified that it was desirable for accessions to be regenerated after a 4% loss in viability with an error
probability of 0.07 and with a probability of 0.95 of arhieving this desired result, How many seeds would

we need to sample for each test of zccession viability?
Number of seeds required to detect a significant loss in viability

This can be determined using the following formula

n = (2, + )% 0p,(100 - p)) + p,(100 - p)1/ (p, - p))? (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 Zh is the two-tailed
probability of ohtaining the desired result (if the desired probability of achieving this result is 0.Y5 then
the error probability is 1-0.95, and b = 2(1-0.95) = 0.10). If Py - 95% then, for a 4% loss in viability,
P, is 91%.
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Now Z = 1.96 and Z, = 1.645. Thus (Za 4 Zb) = 13.0

and n o= 13(95 x 5+ 91 x9) / (4) = 1051.4 sceds.

This example calculation emphasises that very large sample sizes are required to detect reliably a
small lass in viability! Moreuver, in addition to the requirement for large sample sizes, other considera-
tions also suggest that such a two-tailed test is undesirablc 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, Concequently the comparison of two test results
on an accession in a twoa-tailed test may be subject to greater errors than would be predicted on the

basis of random <ampling error alone.

COMPARISON OF TEST RESULTS WITH A FIXED VALUE (e.g. THE REGENERATION S7TANDARD):
THE ONE-TAILED TEST

What would happen if the gene bank compared the result of a viability test of sceds 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: oniy if the test result is substantially
higher than this value will we be reasonably confident that the true viability 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 sceds required for comparison with fixed value
For a one-tailed test the number of seeds required, n, is calculated from the following equation:
n = [(Z,/(p,(100-p))} + Z,V(p,(100-p,) N/ (p,-p)))? (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 pro~ability of rejecting the null hypothesis when the true accession
viability is equal to the regeneration standard, P, 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 ZI:

illustration of the meaning of these values,

is the value of the normal deviate for this error probability, Figure 12.2 provides further

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 raquired for each viability test if a one-tailed decision making

procedure is applied.

Let Py = 91% (the regencration standacd) with the probability, a, of rejecting the null hypothesis
set at 0,05, and let P, - 95%, the higher value at which the probability, b, of accepting the null
hypothesis has also (though it need not} been set at  0.05.
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Figure 12,2 Relationship between the probability of regeneration and true accession vizbility for
{ixed sample size germination tests of 430 sceds. The three closed circles on this curve show
where the probability of regencration is 0.95, 0.5 and 0.05. The probabilities a and b and the
viabilities ? and p, are components of equation 12.7 and their values in this figure arc the
same as those in the example in the text below.

b

0.5 +

Probability of regeneration

True accession viability (%)

Thus, frem equation 12,7, the number of seeds required in germination tests is given by

n o= [(1.665 V(91 x 9) « 1.645 /{95 x 5)) 7 (95 - 91)]2

429.8

“

i.e. a saving of almost 600 sceds,

Thus an earlier, provisional, recommendation of the IBPGR which suggested the regerieration of
accessions after a significant loss of viability of approximately 5% had occurred implied two-tailed tests
which require very large numbers of sceds 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 huve shown here, results in a considerable saving of seed,

FIXED SAMPLE SIZE TESTS

This term means simply that each time a test of viability is performed the same number of seceds
are always sampled from cach accession. For example, in sced testing stations 400 sceds are sampled
from sced lots for germination tests (with the exception of certain tree species where the number of
sceds tested is based on weight). since this is a farge number of seeds they cannot all be tested casily
as one group, neither is 1t desirable to do sc; instead they wre divided into replicates of either 100, 50 or
25 seeds cach. Now an interesting problem can arise when several replicates are used, Wc 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 ar woxygen shortage. If we were to include the result from
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this replicate in our estimate of percentage gerimination then we would expect this result to be less than
the hest estimate should be. If we were certain beyond reasonable doubt that this particular replicate had
not been tested under thc appropriate conditions {(for exaraple, if it had obvicusly dried out) then we

could exclude the result of this replicate fromm our calculation of ocur estimate of accession germination,

Now such a decision would, to a certain extent, be subjective. 1i applied regularly it would be of
doubtful validity because we might exclude replicates with lower percentage germination resutts when this
was not justified and thus bias upwards cstimates of accession germination, Conscquently an objective
method is required for deciding whether to include or e¢vlude the results of a replicate giving lower

percentage germination from the calculation of the estimate of accession germination,
Use of replicate r=sults from a fixed sample size test

Such an objective miethod is provided by the use of tolerance tables. We have already discussed the
binoriial distribution of 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 can, objectively now, assume that this is
because of some factor other than random variation - that is an environmental factor - and exclude this
resuit from our estirnate of accession germination, Chapter 14 provides a wide range of tolerance tables
which have been especially calculated for gene bank use, together with an explanation of their application.
Tolerance tabies can, of course, be applied te the replicate results of any other test of sceds sampled
from an accession; c¢.g, the tetrazolium test for viability (Chapter 11), or a test of sced 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 demotnistrated that a 100 sced test of
an accession of 95% wiability has approximately the same average standard deviation as a 200 seed test
of an accessicn of 90% and that both valucs are similar to that for a 400 sced test of an accession of
80% viability,  That is these three tests are approximately equally accurate: the higher percentage
viability (between 50% and 100%) the fewer the number of seeds required to obtain the same degree of
accuracy. Morcover there is a second factor to consider if the same regeneration standard is to be
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 denominator in 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 regencration standard) when true accession
viability is in fact 90% we will reed to sample the following numiber of seeds for cach test - calculated

using equation 2.7 since it is & one-tailed test,
[ (1.645 /{85 x 15} + 1.645 V{90 x 10})/(90-85) 12 = 467 sceds
Let this be our worst case. ! a fixed sample size of 467 sceds is used for every test of viability

on cach 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:
[C1.645 /(85 x 15) + Z, V193 x 7}) / (93-85) 12 - ey

where Zb has the value 447 and thus b, the probability of deciding to regenerate an accession in

error, is less than 0.600C3.

This means' that if 467 sceds of each of 100,000 accesstons, cach with a true viability of 93%, were
tested for viability then decisions to regencrate (in error) would only have been made for three of the
accessions.  For argument's sake let us just consider how many sceds would be necessary for the
probability of regeneration to be 0.3 at 93% (of course this would be undesirable, but the reasen for doing
this should become clear later). i the probability of deciding to regenerate is 0.5 then the appropriate

value of Zb is 0, which makes 1he calculation much simpler,

In this case n - [(1.545 /{85 x 13})/(93-85)]2 = 53.9, or 54 sceds. 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 P, has the value 93%, and also where Py has the value 90%.

Table12.2. The relationship between the probability of regeneration, b, and the numbecr
of seeds tested, n, determined froin equation 12,7 where P = 85%, a  G.05

for values of P, of 90% or 93%.

Probability of regeneration

0.05 .1 0.2 0.3 0.4 0.5 .6 0.7 0.8 0.9
P, Number of sceds, n
90 467 377 282 221 175 132 105 74 45 17
93 158 130 100 81 66 54 43 32 22 1

Now it can be explained why the requirement for 467 sceds when true accession viability is 90%
ang the desired probability of regencration (in error) is 0.05 represents the worst possible case in the
previous exarnple.  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 crror).  But 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 sceds.  As o further example, if true
viability were 939 then in only 5% of tests would it have been necessary to use more than 158 seeds,
but with the fixed sample size test 467 sceds must always be sampled and tested. Thus to cater for our
worst case when p, = 90% and b - 0.05 entails using considerably more sceds than s necessary for
the majority of decisicns.  What we need is an alternative to the fixed sample size procedure which uses
only as many sceds as are necessary for cuch test to ensure that true accession viability is greater than

the regeneration standard with an acceptably simnall probability of error.
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Sample 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 proceduie is not pre-determined (that is, the sample tize is not
fixed) but depends on the results of all previous observations, Consequently, on average, a scquential
test will require substantially fewer seeds than equally relisble lixed sample size tests,  In the simplest
form of sequential analysis a single secd would be satpled fram an accession and tested for viability.
The result will be either positive {the sced is viable) or negative (the seed is non-viable),  Depending upon
the result one of three decisions s made; to terminate the test and keep the accession i store until
the next monitoring test is due; 1o terminate the test and regenerate the accession as soon as possible;
or to continue the test by sampling a further seed from the accession and carryirg out a further test.

In the latter case the combined results of all tests are used in the subsequent derision making procedures.

The grouped sequential iest procedure

In the majority of cases where germination tests are used to estimate viability this simple form of
sequential aralysis 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 compronuse can be
achieved by aropting a grouped sequential test procedure. In this procedure o group of sceds (for
example, 40 sceds) are sampled fromn the accession at a time. Depending upon the results from the first
group of seeds it might be possible to reach a decision but, if not, a sccond group of, say 40, sceds may
bc tested. And so on. The grouped procedure does not save as many sceds as Table 12.2 might
indicate, but the savings are still, nevertheless, quite substantial compared to equivalent, equally reliable,

fixed-sample size procedures (Figure 12.3),
Number of seeds saved dependent on true accession viability

Figure 12.3 shows that the number of seeds saved by the grouped sequential test procedure depends
on the true vdlue of accession viaoility. In this example the savings resulting from the ardoption of the
scquential test procedure compared to the equivalent fixed sample size test are greatest at very high
viabifity and dechine 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 87.645%7 Substituting

the value 87.645 for Py and 467 for n in cquation 12,7 gives:

467 = [ (1.645 /(85 x 15} + z, V{87,645 x 12.355)) / (87.645 - 85) 12
and thus Zb = -0.0176

and consequently b = 0.52

In other words there is, on average, no potential for saving sced when the viability of accessions is
approximately midway between Py and P, because this is the point where it is the most difficult to
make a decision cither way, This can be seen more ciearly by comparing the relationship between the
probability of regencration and true accession viability and the average number of sceds tested and
true accession viability (Figure 12.3),  The sequential test procedure requires most sceds when the
probability of regencration is 0.5. It might be thought that at this value the average number of sceds
tested for the sequential procedure would equal the value (867) of the equivalent fixed-sample size test.

However this is not so because the distribution of the number of seeds required for individual sequential
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Flgure 12,3 The operating characteristic (A) and economy (B) of a sequentlal germination test proccdure, The example shown
is for 40 seed grnups using the sequent‘al germination test plua shoen In Tabje 15.5 (Chepter 15). The snlid curves are
the theoretical values, the solid circles the results of un experiment to test the validity of the theuiy,  The broken
borizontal line in B fndicates *he number of seeds requirec (4¢7) for o fixed sample size test of equal reliabiiity, (From
Ellis, R.H. ang Wetzel, k., (1983). Recent developmerts on applying sequential analysis to gene bank seed viabilily
monitoring tests. Plant Geietic Resources Newslettes, 55, 2-1%,)
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test procedures is not distributed untforrnly.  This is demonstrated for many different levels of accession
viability in Figure 12,4. When true accession viability is high, and thus the probability ot regeneration is
very low, the average number vt sceds tested is low and the distribution for many accessions at this
level of viabiiity is narrow. In contrast when the probability of regeneration is close to 0.5 the average
number of seeds tested is much higher and the distribution much troader. In fact the distributions shown
can be open-ended - particularly when Py 13 close tu the value where b 0.5 (Figure 12.6), In o few
tests it may be impossible to conclude the sequential test procedure within a reasonable number of groups
of sceds, Nevertheless this is not quite such a great problem as it may scem ntially, 1 an excessive
number of groups of sceds have been tested without a decision being reached then we can assume that
P, is close to the value where b - 0.5, Since b = 0.5 by definttion we do not mind whetner this
accession is regenerated or not but since seed numbers have been depletea by the menitoring test for
viability we may as well regenerate and nat test further groups ol seeds. Chapter 15 gives further advice

on trurcating sequential tests before a decision is reacned.

Much work has been done developing sequential test procedures that can be used with confidence in
gene banks. Chapter 15 provides a number of sequential test plans for wvarious regeneration standards
(i.c. different values of pl) and different numbers of seeds per test together with a clear explanation of
how to apply scaueniial test procedures, It 1s recomimended, for example by he IRPGR Seed Storage
Commiitee, that gene banks adopt these procedures for routine monitoring of accession viability during

leng-term storage.

The major advantage of the sequential test approach to monitoring accession viability in long-terin
seed storage is that it minimises the waste of limited and valuable seed resources for monitoring tests

carly on in storage (that is when true accession viability is considerably greater than the regeneration

Figure 12.4 ¥requency olsiributions ot the oumber of w0 seed groups tested betore conciuaing 1000 ceguent inl germination
tests at each of the 19 levels of percentage viability shosrn,  Open and closzd histograms indicate tests in wolch the
decision was made to regenerate and not to rrgenerate thw accession respectively,  The histograms with vertical lines at
certai+ levels of viapility indicate the number of tewt sequerces which were not concluded after 15 groups of 40 seeds
had been tested, (Source as for Figure 12.3.)
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standaid} and yet at «he same time is as reliable as more wasteful fixed sample tests to minimise the
possibdility of istakenly regenerating the accession long before it is necessary,  The aciual saving on
seed throughout the storage life of an accession which is obtained by using the sequential test approach
is difficult to quantify., It will be very dependent upon the level of initial viability at the beginning of
storage. The higher this is the greater the saving. An attempt has been made to estimate the saving in
a practical experiment  simulating long-term storage with a gradual decline in sced viability with period
of storage. In this sitnulation - admittedly with a high viability accession - the saving of seeds was
substantial - the sequential test only requiring one third the number of seeds as the equivalent fixed-
sample size procedure. In practice then, it should be possible to achicve a saving of roughly 50% over

cqually reliable fixed sample size tests.
THE CUMULATIVE PROBABILITY OF DECIDING TO REGENERATE

It should be noted that, whether a sequential or fixed samnple-size procedurs is adopted, the
probabilities of making cach decision {(keep in store or regenerate) apply to a single monitoring test alone.
In practice it is likely that accessions will be monitored on a number of occasions before the decision is
taken 1o regenerate,  We should therefere consider the cumulative prebability of regencration throughout
accessions'  storage  lives. It can be demonstrated very easily that this will oe higher than the

probatilities given so 1ar.,

For the sake of argument, assumne that 100 accessions each have a true viability of 95% when placed
in store and that we are usir? a test with the operating characteristic shown in Figure 12.3. (This could
Ee either a sequential test or a fixed sample size test.)  Further assume that cach is monitored for
viability on & occasions when true accessior: has fatlen to 92,3%, 90%, 87.5% and 85%. MNow from
Figure 12.3 the probability of regeneration at 92.5% is only 0.001 and we can assume that all 100
accessions are kept in stoce until the next monitoring test. At 90% germinaiion the probabiiity of
regeneration is now 0.05. Thus five of our accessions will bes regenerated (prematurely) and only 95 be
kept in store until the next monitoring test. At 87.5% the probability of regeneration is approximately
0.5, Thus half of the 95 accessions (say 48) are repenerated (slightly prematurety) and only 647 remain 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 of regenecation since accession receipt
at the subsequent monitoring tests would be 0,00, 0.05, 0.53, 0.98; not the values 0,00, 0.05, 0.50 and

N.95 which correspond to the pronabilities for a single monitoring test.
The effect of frequent monitoring on the cumulative probability of regeneration

The differences between the two for gene banks which monitor accession viability infrequently (say
on four occasions throughout accession storage life) are only slight and need not be of concern, But note
that the frequent onitoring of accession viability would result in a considerable increase in the

cumulative probability of regeneration and would, thus, need to be taken into acrount,
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CHAPTER 13, PRACTICAL ASFECTS OF SAMPLING SEEDS FROM ACCESSIONS

In normal seed testing practice the terry sampling describes procedures whereby a small sample ot
seeds is removed from a large sced lot,  The various tests then performed i seed testing stations are
carriec out on working samples derived from the subinitted sample by sub-sampiing. Thus the sampling
of sceds from accessions in genc banks for whatever purpose (laboratory tests of viability, germination,
mean seed weight, purity, health, or roisture, or for regeneration, multiplication, evaluation or

distribution) corresponds to sub-sampling in secd-testing stations.

The reasens why randem sampling within gene banks is essential cvery time seeds are removed from
an accession in store have been provided in Chapter 12: any test on an unrepresentative sample of sceds
from an accession may be misleading; and on all occasions when seeds are removed from the accession
those removed should be sampled randomly. The first part of this chapter provides information on the

different methods which can be used to sample sced accessions randomly,

To sample sceds from an accession in storage will require the temporary removal of that accession
from the coldreom. To avoid moisture from the laboratory atmosphere cundensing on the very cold seeds
‘t has been recommended that the opening of the container in which the accession 1s located be delayed
until the seeds have warmed up - see the 1982 Report., Morecover, to avoid any increase in the moisture
content of seeds in the accession which are returned to the coldroomn after the sample has been removed,
the 1982 Report recommends that the epening of and sampling from each container take place in a low
temperature. low humidity environment similar to that mantained in the drying room. The second part
of this chapter considers the sample sizcs required for the regeneration, multiplication, evaluation cor
distribution of sceds from genetically heterogeneous accescions.  The final part of this chapter considers

the practice of storing & single accession in more than one container.
RANDOM SAMPLING PROCEDURES

Apart from the difterences hetween individual seeds in viability (Chapter #), dorinancy (Chapter 5)
and, in genetically hetercgensous accessions, genotype, sceds within accessions also differ in size and
density.  Further, broken or empty sceds (Chapter 8) and other plant or soil debris (Chapter 1) may bhe
present. I any seed container is shaken, or repeatedly moved, then separation of the contents will occur:
the denser material moving towards the bottom; the lighter material moving towards the top.

Consequently within any container in store, nr in the drying room, the seed bulk may not be hornogencous.
Mixing

There are two simple stages in random sampling {from seed accessions. FFirst, because the
distribution of seeds within the container iy not be homogeneous, the accession is thoroughly mixed.
Then the required sample from the accession is obtained; cither by repeated halving of the accession;
or by abstracting many small portions of sceds from the accession at random and subsequently combining

them,
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Figure 13.!
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Mixing of the accession is best achieved by using one of the halving precedui=s 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 1we halves together at the same time and with the same flow rate through a

hepper or funnel into another container.
Nutnber or weight of sceds sampled

To obtain sufficient seeds in the sub-sample the operator must first deterinine, 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 onerator
should then aim to obtain a sample which is narginally heavier than the required weight - in order to
ensure that suificient seeds are present within the sample. However, it is important that the actual
number (or weight) of seeds removed is recorded on the accession management file; otherwise the

accession may become unwittingly depleted (see Chapter 2).
Repeated halving

To obtain a sampie froin the previously mixed accession by repeated halving entails dividing, without
bias, the accession into two equal parts, and then repeatedly ifurther 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 halvings (2° = &) 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 siniplest method 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 & clean, flat, tray (with
lips to prevent sceds falling off the tray) and tten, with a ruler or other straight edge placed across the
middle of the bulk, divide the bulk to the left and right. A similar procedure, but one which requires
appardtus, is to fit upon the tray a grid of equal-sized cubica! cells which are open at the top but where
each aiternate 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 talf 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 wiih
attached channels or ducts supported on a frame, below which twu receiving pans are positioned, init a
pouring pan. The ducts alternate in the direction of sced flow, so that half the seed goes to the
receiving pan on one side and half goes to the other receiving pan. A riffle divider is shuwn in
Figure 13.2. We use a riffle divider with receiving pans each 280 mm long x 130 mm deecp x 140 mm

wide, a V-shaped hopper 110 mm wide (at the top) x 260 mm long supported on a frame such that the
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top of the hopper is some 380 mn above the bench, with 20 ducts cach 13 mm wide (20 x 13 - 260 mm,
the length of the hopper) x 45 mm long (the V of the hepper being truncated at the bottom). When
pouring the previously mixed accession irto the hopper it is important to pour slowly, whilst moving from
side-to -ide across the top of the hopper. In vther words use al! 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 z 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 sceds over the cone it is important that the hopper
outflow is positioned centrally above the apex of the cone. At the circumierence of the metal rone is a
series of baffles of equal width which - like the riffle divider - direct seeds into two outlets alternately,
below which receiving pans are placed. For large seeds the appropriate conicai divider contains
38 channcls (19 to each spout) each 25.4 mm wide. For small seeds the appropriate conical divider has

44 channels (22 10 each spout) each 7.9 mm wide. Cone diameters are 368 mm and 152 mm respectively,
Centrifugal divider

The centrifugal divider, also known as a Gamet Precision divider, requires electrical power to rotate
(rapidly) a shallow rubber cup or spinner - see Figure 13.2. The seeds fall into this, directed from a
hopper above, but are immediately thrown cuat again by centrifugal force and fall downwards. The area

where the seeds fall is divided equallv into two parts by a baffle and the sceds dirccted to two _pouts,

Figurc 13.2a Explanatory sketch of a riffle divider.
The arrcws indicate the repeated back and forth pouring motion across the hopper.
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Figure 13.2b Explanatory sketch of a conical divider,

Figure 13.2c Explanatory sketch of a centrifugal divider.
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The pie method of sampling

The simplest method of providing a sample of seeds frcm an accession by the abstraction of many
small portions of seeds at random and then combining them is to use the pic 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-1o-side and front-to-back, etc, Then divide the sample, using a ruier 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.
The 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 arca 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 then obtained by combining the seeds
within the -ups/thimbles, Obviously the size of the cups/thimbles and the area of the marked square
will depend upon the total size of the accession, seed size, and the number of secds required for the
sample. The gene bank can easily determine these empirically, but the norimal 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/thimtles falling over they should be reasonably dense, e.g. tnade from brass, and no more

than 20% taller than the diameter of their base.
Choice of 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. The riffle divider is suitable for most types and sizes of seeds provided
the widt. 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 verv 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: il sainpled in a riffle divider it may be necessary to use deeper recreiving 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 specics. Ext mely chaffy seeds cannot be sampled using mechanical
dividers or by the randon 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 seeds) to obtain a sample. This can be



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 chaffy seeds

Chzify 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 madified constant halving method

‘wvhere 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 of sample size: Figure 13.3 provides a stylised expianation of ths procedure,
Cleaning

When using 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 inethod of removing seeds lodged in dividers is to
dismantle the divider, sweep lodged seeds out with a soft brush, and then rebuild the divider. Some riffle
dividers are designed to be easily dismantled, cleaned, and reconstructed. In addition to the cleaning of
equiptnent being necessary to avoid a few seeds from one accession being mixed with those from another
accessicn, it is important that no debris from one accession contaminates another accession; this might
result in serious seea health problems. Thus dust, soil particles, etc, as well as lodged seeds must be

removed.  Disinfection «f the equipment, followed 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 sced bulk 1

Halve sced bulk /

//

Halve both samples //\ /\

Combine the ringed samplcs

Return to sced bulk
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Seed counters and sampling

Finally, it should be noted that equipment used to save time when setrting up gerrnination tests is
not adequate to derive samples from the accession for gerrnination tests, or any other purpose. Several
types of equipment can ke used to count or count and position sceds 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 tc 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 accessiun (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, MULTIPLICATION, OR
DISTRIBUTION OF GENETICALLY HETEROGENEOUS ACCESSIONS

Since plants produced by seeds sampled from genetically homogeneous accessions can be considered -
by definition - to have ideniical genotypes (unless mutation has occurred), very few plants are required
for use in each breeding programme, regeneration, 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 fer continued
storage and/or distribution, the proportion of plants established 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 grown).
See Chapter 2 for a discussion ot the number of seeds required for regeneration and the number of seeds

at which regeneration is called for.

In a genetically hetcrogencous 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 recasonably
confident t' st 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 seeds 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 individuel in the sample. An explanation of
the rclationship 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 most useful calculation is that of the number of seeds required to satisfy a certain

probability of at least one individual in the sample containing a gene of an assuined low frequency.
Field ernergence and plant establishment

Before using Figure 13.4, however, the reader is asked to consider, and take intc account, the
following points.  The assumed frequency of the gene in question is expressed as a proportion of the
number of plants in the population which contain it. Not al! seeds - or seed-like structures - sown out in
the field or glasshouse will, however, produce a secedling. Morcover, some scedlings 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 sceds in

the accession; the second the proportion of non-viable seeds; the third is the proportion of viable but
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dermant seeds where germination cannot be easily promoted; the fourth is the proportion of viable,
non-d>rmant seeds which, though they will germinate in a laboratory test under optimal environments, {aii
to germinate and emerge through the soil surtace in field, nursery bed, or glasshouse sowings; and the
final coraponent is the preportion nf emerged scedlings which fail to establish plants, The gene bank
vught to be able to obtain reliable estirnates 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 1). The effect of the remaining two factors will normally have to be estimated
from previous observations on relative field emergence and establisinent (proportion of viable seeds
which emerge and establishk 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 ceeds
which are likely to emerge at a sowing in order to determine the appropriate value of the relative
frequency of the genc in the accession to be used in Figure 13.4 is casy; the two are multiplied
together.  Thus if .he relative frequency In the plant population is 0.05 (or 5%) and the expected field
emergence of ail seeds sown is 0.6 (60%) then the appropriate value for use in Figure 3.4 is 0.03
(0.05 x 0.6). Thnis change greatly increases the number of seeds required for the «ample: the number of
sceds required in the sample to achieve a prohability of 0.95 that the sample when grown out will contain
at least onc individual of the gene in question, for example, is increased from 59 (Figure 13.4) if the
relative frequency is G.05 and all seeds sown arc expected to produce plants, to 99 (Figure 13.4) if the
relative frequency is €.05 but only 60% of sceds sown are expected to produce plants and thus the value
0.03 applied as being approprizte for the relative frequency of the gene in the accession, Of course
these calculations assume that the sceds possessing the gene 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 inay be either better or worse than the accession as a whole. Either way this suggests that it
is important for sceds from genetically heterogencous accessions to be sown and grown vut in the most
suitable envirormients 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, but to describe the result, 59, as the number of seeds likely to
produce plants. Now if we expeci 60% field emergence of the seeds sown then we need to sample

59 x 100/60, that is roughly 100, sceds.
Field emergence and 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 can be extremely poor. For example, from our work typical results
for field emergence in good conditicns for a cereal might be 60% tield emergence for an accession 90%
viable but only 15% for an accession only 50% viable, [f the relative frequency is 0.05 and the desired
probability 0.95 that the sample when grown out will contain at least one individual of the genotype in
question, then 99 seeds need to be sampled and sown out for the high viability accession, but 398 seeds
for the low viability accession. The simplest way of calculating the latter value is to say that the
proportion of seeds establishing plants in the latter case is only one gquarter that in the lormer casec;
therefore 4 times as many sceds are required (4 x 99 cquals 396). The other method is to derive the
relative freauency of plants containing the gene in question expressed as the proportions of seeds or seed-
like structures in the sarnples, 0.0075 (3.05 x 0.15). Then (l-'.).0075)398 gives the cumulative prebability
of 0,05 of not a single plant exhibiting the genouype in question, that is a probability of 0.95 that at
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Flgure 13,4 Nomograph showing the relatfonship between the size of samples from genetically heterogeneous accessions, the
frequency of the gene In the accession and the probabllity of at least one seed of thise samgled carrying the gene.  Two
exanple calculations are shown by the squares where the probability of at lcast one seed In the sample carryirg the gene ls
0.95: In the lower sguare 1t wlll be seen tnat If the freauency of the gene In the pepulatior is 0.05 chen a sample size of
Juct under 60 seeds s requlred; In the upper square, however, it will be seen that If the frequency of the gene in the
population 1s only 0.02 then 150 sneds rust be sampled 0.0

for the probablilty of at least one seed In the sample Jou-

cartying the gene to remaln at 0.95, The nomograph can \
aiso be used to calculate the curter of secds in a ”\,L\
sarple for & glven cumulatlve probabiiity of several 280 / / 8
genes being present (see text)., This s done as | A
follows. If n is the number of different genes m.‘
precent at the same frequency In the populatlon

and x the deslied cumulative probabllity of all 260 -/ "
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nth root of x, Enter this value or the base i ".

of the nomograph ond follow thls llne up the N

nomogriph until {t crosses the apprepriate 240 \ 0.07 Frequency oi  gene

value for the frequency of each gene In the 4 / in ati

populatiors and read off the resultant poputation
220

sziple size on the left hand axis.

Sample uize

R
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“oooox:

Probability of at deast one seed in 4 sample cartying  gene
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least one plant does. Of course, in addition to this great increase in the number of seeds required for
each sample, such a low regencration standard makes it likely that short-lived genotypes in the accession

would be lost cornpletely.

Probability of a given number of genes being present in a sample from a genetically heterogeneous

accession

So far we nave only considered the probability of a single gene from the genetically heterogencous
accession being present within a sample:  perhaps more important is the probability that ecch of a given
number of different genes are all present within the sample.  This probabiiity is obtained by multiplying
together the probabilities that each gene alcne is present - assuming that the characters are not linked.
Thus, if, for cxample, we consider the case of a gene with a relative frequency of 0.02, a 150-seed
sample provides a probability of €.952 (Figure 13.4} that at least one individual contains the gene; in the
same sample another gene with a relative frequency of 0.05 has a probability of 0.99954 of being present
in a 150-seed sample (Figure 13.4)., The probability of both genes being present in a 150-seed sample is

thus 10,952 x 0.99954 - 0.951, presumably an acceptable value for most gence banks,

An extreme case would be to consider 20 difterent and indeperdent genes within a genetically
heterogencous 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 cnsure
that our sample has a probability of 0.95 of containing alt 20 genes, we need to find the probability, p,
of an individual gene being present when p20 = 095, ie. when p = 20/0.‘)5 the valuc of which is

0.9974.

The next stage is to consult Figure 13.4 1n order to find the number of sceds 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. Inspectiun shows that 117 seeds are required.,

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 regencration standard, as recomrnended by
IBPGR, the seed should be of good quality, ard it would be reasonabl» to expect that 75% of the sceds
that are sown will emerge and produce plants, In which case 15 sceds sheuld be distributed. (in
practice, say 160.) This weuld ensure, at o probability of 0.95, thav all 20 genes would be present in

the progeny.
THE STORAGE OF EACH ACCESSION WITHIN MORE THAN ONE CONTAINER

Some gene 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 placed in the long term store -
repeatedly moving the whole accession from store, sampling the required number of sceds from this
accesston and then returning the remainder of the accession to the store whenever a sarnple is required.,

Instead a single container is removed from storage and not returned.

Two observations on this practice are relevant here.  First it should be apparent that it is cssential
for the accession to be divided randomly, without bias, before secaling in the varivus containers. Secondly
the subsequent removal of any one container from the coldroom after a period of storage for any test of

accession quality which may have altered during storpe (germination, viability, dormancy, seed health)
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will not, strictly speaking, provide any estimate (uf whichever attribute has been measured) for those
samples of the accession which have been stored in different containers and remiain in storage. The use
of such values to estimate accession quality after a period of storage will require the assumption that the
sub-populations of seeds in each container remaiining in storage have experienced exactly the samne
environment as those in the sampled container, and responded equally to it. In well-managed gene banks
operating at the preferred conditions (hermetic storage at -20°C with 5 &« 1% moisture content) with

reliable hermetic containers this assumpticn is not unreasonable, but it remains an assumption nonetheless,



CHAPTER 14, OPERATING CHARACTERISTICS AND TOLERANCE TABLES FOR
FIXED SAMPLE SIZE VIARILITY TESTS

A fixed sample size germination, or viability, test, is one in which a standard (pre-determined)
number ot seeds arc sampled randomly irom a seed population (accession) and subjected to a gervinination
or viability test.  Fixed sampic size tests ave widely applied in seed testing work,  For example, in most
tests of germination according to the ISTA or AOSA rules the number of seeds sampled and tested is 400.
The advantages and disadvantages of fixed sample size tests have been corsidered elsewhere (Chapter 12V,
The purpose of this chapter is to provide Tolerance tables for various fixed sample test sizes which may
be wsed in gene banks, together with information on the associated operating  characteristios., The
information on operating  characteristics should be consutted betore  “eaiding upon  the particular  fixed
sample size test to be used, since the operating characteristic deserit s the reliability of the procedure
to be wsed. In contrast the tolerance tables should be consuited when the gernunation (or viability) test
results are known; since this will indicate whether the variation obser o in results between replicates
within a single test is no greater than oxpected and, thus, whether the  can value of the results of all

replicates can be accepted,
OPERATING CHARACTERISTICS

Since germination, or viahility, tests are carried out on a sample of seeds drawn from a larger bulk
(the accession as a whole) the result obtained is not the germination, or viability, of the accession as a
whole, but only an estimate of this, This estimate may be above, below or identical to the (unknown)
true value for the accession as a whole,  Since this estimate is used to decide wnether regeneration is

required (yes if the estimate is below the regeneration standard, no utherwise) it is possible for errors to

Table 14.1 Accuracy of estimates of viability and errors in the decision-making procedure

true - true viability of accession

est. = estimate of accessien viability derived from
test on random sample of seeds

reg. = regeneration standard for the species

Accuracy of estimate

of viability Decision Error?
truc) cst.) reg. underestimate keep in store no
esty ) true ) reg, overostimate keep in store no
nst, ) r(rg.) true overestimate keep i store yes
true) r(‘g.\ ost. underestimate regenerate yes
reg.) est. ) true overestimate regenerate no

reg. Y true) est, underestimate regencrate no
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Figure 14.1 Operating characteristics of 100, 200, 400 and 1000 seed fixed sample size
germination tests where the decision boundary is 65% {i.e. if the test result is
below 65% the decision is made to regenerate the accession),
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Figure 14.2 Operating characteristics of 100, 200, 400 and 100C seed 1ixed 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 characteristics of 100, 200, 400 and 1000 seed fixed sumple size
germination tests where the decision boundary is 75% (i.e. if the tesi result is
below 75% the decision is made to regencrate the accession),
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Figure 4.4 Operating characteristics of 100, 200, 400 and 1000 seed fixed sainple size
germinatior tests where the decision boundary is 80% (i.e. if the test resuit is
below 80% the decision is made to regenerate the accession).
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Figure 14,5 Operating characteristics of 100, 200, %00 and 1000 sced fixed sample size
germination tests where the decision boundary is 85% (i.e. if the test result is
below 85% the decision is made to regenerate the accession),
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Figure 14,6 COperating characteristics of 100, 200, 400 and 1000 sced fixed sample size
germination tests where the decision boundary is 90% (i.e. ii the test result is
below 99% the decision is made to regenerate the accession).
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be made in this decision-making procedure, Sce Table 14,1 for a summary of the circumstances where
the inability to determine accession viability as a whole affect this decision making procedure.  Notc that
an inaccurate estimate of accession viability does not nccessarily cause an error in the decision making

procedure (Table 14.1),

Operating characteristics (the relationship between the probability of regeneration and true accession
viability) are provided for tixed sample size tests of 100, 200, 400 and 1000 sceds with the decision 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 secems sensible to deline 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 until the next monitoring test is due;
if the test result is below this value then the accession is regencrated as soon as possible, In this case,
then, the regencraticn standard is the level of true accession viability where the probability of
regencration is 0.5. The probability of making a decision i error is thus 0.5 if true accession viability
equals the regeneration standard in these examples.  Where truc accession viability 1s greater than the
regeneration standard then the probability of making a decision in error is the probability of regencration
shown in Figures 14.1 to 14.6, Where true accession viability is lower than the regeneration standard then
the probability of making a decision in error is | minus the probability of regeneration sl own in
Figures 14.1 to 14.6. Although errors in the decision making procedure are less likely the larger the 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 14,1 to 14.6),

Although at first sight it scems logical to define the tegeneration standard to the same value as the
decision point of a fixed sample size monitoring test, this dees infer that we are prepared for halt of the
accessions to be regenerated after their viahility has fallen below this standard. In some cases true
accession viability may be substantially below the regeneration standard if it is defined in this way:  for
example, where the decision point of the fixed sample size test is set at 65% some accessions would not
be regenerated until true accession viability had fatlen below 509% (Figure 14.1).  In other words in this
situation the regeneration standard is not a minimum standard of accession quality. See Chapter 15 for a
further discussion of this point and a preferred alternative definition of the regeneration standard where

the regeneration standard is described as a minimum standard of accession quality.
TOLERANCE TABLES

Fived samiple size germination tests are normally replicated, that is sceds sampled  for the
germination test are divided into smaller groups of sceds and tested for germination in these smaller
groups.  The major reason for doing this is to prevent overcrowding of germination tests which might
result, for example, in serious cross infection from decayed secds to other, otherwise healihy, seceds,
Replication also minimises the chance of an incorrect result being recorded because of exceptional
circumstances which might occur by accident in a single dish or towel, or because of other errors. The
result of the germination test is obtained by averaging the results of the replicates.  However, the results
from the ndividual replicates will differ.  The cause of this variation may be onc or more ol the

fullowing.

(1) Random sampling variation.
(2)  Non-random distribution of seeds between replicates,

(3} Poor equipment (for example, variation of senvironment within the germinator/incubator),
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(4)  Poor method (for example, the test environment is not optimal - in which case even minor
differences in environnient can have large effects on germination),

(5) Poor technique (for example, inadequate regulation of substrate moisture content).

(6) Errors in counting seeds, inconsistency when classifying seedlings and remaining sceds, or crrors when
recording the results,

(7)  Contamination of a replicate by bacteria, fungi, or chermicals (for example by failing to clean
germination test containers),

(8)  Replicartes failing to represent the same seed iot {lor example, one of the replicates may have been

incorrectly labelled).

The purpose of providing tolerance tabies here is to enable gene bank staff 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 betweer 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 will be exceeded because of a specific
deficiency of the test environment in onc 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 dectected from the use of the tolerance tables if all replicates are affected equaily.

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 sced is precious and, if it appears
obvious that the excessive replicate variation is causcd by an identified deficiency in the test environment
for one replicate, then the resvlt 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 deterinined as thie 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 tulerance tables

At first sight Tables 14.,2-14.6 may present a bewildering display of information. The recason for
presenting so much is to enable as inany 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 and 100 sceds per replicate and with probabilities of 0.001-0.05 for

the tolerated ranges being exceeded as a result of random sampling error alone.

The choice of which table to use depends on the number of seeds in each replicate: for 100 sced
replicates use Table 14.2; for 50 seed replicates use Table 14.3; for 4¢ seed replicates use Table 14,4

for 25 seed replicates use Table 14.5; and for 20 sced replicates use Table 14.6.

The 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

exceeded by random sampling error alone. Unless a gene bank has some special reason for adopting a
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TABLE 14,2 Maximum to.erated difference between the numbers of seeds within
any category which ls rarely exceeded by chance alone (probabllities of 5%,
2.5%, 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

Probablilty (%)

5 2.5 1 0.1 5 2.5 1 0.1 5 2.5 1 0
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 [3 6 7 9 5 6 6 8
96 5 7 8 9 1 7 7 8 10 5 6 7 9
95 6 8 9 10 12 7 8 9 n 6 7 8 10
94 7 9 10 n 13 8 9 19 12 7 8 9 11
93 8 9 10 11 14 8 9 1 13 7 8 9 12
92 9 10 n 12 15 9 1° 1 14 7 9 10 13
91 10 10 1 13 15 9 t 12 15 8 9 10 13
90 1 n 12 13 16 10 1 12 15 8 9 1 14
89 12 M 12 14 17 10 1 13 16 3 10 1 15
88 13 12 13 14 17 1 12 13 16 9 10 12 15
87 14 12 12 15 18 1 12 14 17 9 1 12 16

61 40 18 19 21 26 16 18 20 25 13 15 18 23
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higher or lower probability we suggest that a probability of 0.025 s a suitable compromise {and conforms
with that adopted by ISTA and AOSA). or example, if the germination test comprises  four 100 sced
replicates and we wish to determine the maximum tolerated range for a probability of 0.025 then we

would use the fourth column of Table 14,2,

The choice of row is dependent upon the mean result of the germination test.  Values lor 51%
mean germination percentage or more are given in the first column.  Values for 50% or less are given in
the second column.  Note that the maximum tolerated ranges for 99% to 51% are the same as those for
2% to 50% respectively.  The mean result obtained from all the replicates should be corrected to the
nearest one percent,  Where the fraction is exactly 0.5 the result should be corrected to the next larger
whole number.  For example, if the mean result of four replicates of 100 seeds were 95.5% then the

fourth row (96%) of Table 14.2 should be used.

Example 1. Eigh*v-nine, 95, 90 and 87 sceds germinated in the four 100-seed replicates of a germination
test.  The mean percentage germination s thus ((89+95+90+87)/4:) 90.25 which is rounded down to 90%.
From Table 14.2 the maximum tolerated range for four 100 sced replicates at a probability of 0,025 is
8 at 96%. The actual range of replicate results is 95-87, which is also 8. Since the appropriate vilue 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 the viability estimate of 90% can be accepted,

Example 2. Thirty-seven, 39, 38, 36 and 25 sceds germinated in the five 40-seed replicates of a
germination test.  The mean percentage germination is ((37+39438,36+25)/2=) 87.5 which is rounded up to
88%. From Table 144 the maximum tolerated range for five #0 sced replicates at a probability of
0.025 is 9 at 88%. The actual range between the number of seeds germinating is 39-25; that is 14,
Now this is greater than the maximum tclerated range,  Thus we conclude that the variation observed
between replicates is likely to be greater than that due to random sampling error alone.  Consequently we
should ignore this tes: and repeat the germination test on a further sample of seeds from the accession,
However, suppose that the constraints of time or the number of seeds within this accession make a
further test undesirable. In addition further supposc that we have observed a deficiency (e.g. excess
moisture) in the test environment for the replicate which gave the lowest response.  1f we ignore the
result  for this replicate  the mean  percentage germination  of the remaining  four  replicates s
((37.32.38,36)x5/8-193.75 which is rounded up to 94%.  From Table 144 the maximum tolerated range for
four (remember this has been reduced) 4% sced replicates at a probability ot 0,025 is 6 at 94%, The
actual range between the nunbers of seeds germinating is 39-36, that is 3, which is less than the
maximum  tolerated range, Consequently we  could accept 94% as the best estimate of accession

germination we can obtain given hmited resources wiich make it difficult to repeat germination tests,

Probability

The probabilities given in Tables 14.2 to 14.6 are the relative frequencies of the maximum tolerated
range being exceeded due to chance alone. Returning to Example | the maximum tolerated range for
four 100 seed replicates at a probability of 0.025 is 8 at 96%. What this means is that il we carried out
200 germination tests in which the mean result was 96% and in all 200 tests the range between replicates
is 9 then in slightly less than 5 of these tests (5/200 - 0.025), this range between replicates would have
been caused by random sampling error (item ] in the previous list), but in slightly more than 195 of the

tests the cause would have been something else (items 2 to § i the previous  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 probatility 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 & probability of 0.025 in their tolerance test for germination. In fact
those ISTA values are the same as those in Table 4.2 for four 100 seed replicates and a probability of
0.025. Tolerances are provided here for four les:ts of probability in order to 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 an 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 due to random saiupling error when in fact it is duc to random
sampling error, we would at the same timne be increasing the unstated probability that the variation is duc
to one or more factors other than random sampling error whilst we decide that the variation results from

randorm sampling error alone. What does this mean in practice?

Well suppose we wanted to use the tolerance tables when commissioning a new germinator.  One
corninon problen with such equipment is that the variation 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
termperature where germination was known to be very sensitive to simall differences in termperature and
place the replicates as far apart from one another within the germinator. When it came to using
Tables 14.2 to 14.6 we Inight use the values at 5% rather than lower values because we would wish to
maximise the probability of detecting variation between one replicate and another. [n contrast under
normal use we would wish to minimise the probability of deciding that some factor other than random
sampling error is causing variation when in fact only random 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 respgmse 'grich was compared to the maximem 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 scedlings, fresh seeds, dead sceds, hard
seeds and of course any viability test results; although it will usually be the variation in the number of
seeds producing normal scedlings which will be compared with the tolerance tables, Finally it should be
noted that the use of these tables need not be limited to results from germination tests.  Results from
all viability tests (e.p. tetrazolium tests), or sced health or purity tests can be used with these tables if

the tests are replicated,

Calculation of the tolerance tables

The tolerance tables precented here assume random varlation only arcording to the binomial
distribution where the standard deviation = Y{p.a/n) where p is the percentage ot seeds responding,
q Is the percentage of seeds not respondling ¢l.e. 100-p) and n §s the numbet of seeds per
replicate,
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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 calfculated after adding 0.5 to p.
This was done because In practlce mean germinat{on percent Is rounded to the nrcrest whole
per cent, Thus the value calculated for the standard devlation was the highest possiule within
the range of results that wculd glve the value given for p In Tables 14.2 to 14.6. The slgnifi-
cant range was calculated by multliplylng the standard devlation by a factor obtalned from a table
showing "fhe percentage points of the distribution of the rarge® (P2arsonr. E.S. and Hartley, H.O. .
(1966). Blometrika Tables for Statisticians, Vvolume 1 (3rd ed.}, 264 pp., Cambridge University
Press), The value of this factor varies withn the number of test+ being compared and prohability.

The maximum tolerated ranges In Tables 14.2 1n 14.6 are levs than thls significant ranqge and
are the whole number next smaller than the signiflcant range with one exception., The values for
the pecrcentage pulnts of the distributlon of the range calculated hy Pearson and Hartley assume a
normal distribution whereas of course the binomial distribution is not normal (although the two
distributlions are similar), Consequently the correction factor suggestea by S.R, Miles (HandLook
of Tolerances and of Measures of Precision for Seed Testing. Proceedings of the Internatlonal
Seed lestlng Assoclation, 28 (1963), 525-686) was used. Namely, the tolerated range provided in
Tables 14.2 to 14.6 1s the smaller whole number than the signlficant range except where the
fractlon of the significant range ls 0.8 or above, In which case the maximum tolerated range [
the larger whole number than tne 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 banks under conditions ot low temperature and low moisture in
order to maintain viability, and genetic integrity which is associated with high viability, for a substantial
period. It is necessary to estimate viability when cach accession is placed in store and to reassess
viability at regular, though infrequent, mtervals during storage,  Traditionally this monitoring ol accession
viability has been carried out using germination testy of fixed sample size (see Chapters 12 and '4).  But
IBPGR  row recomrmends an alternative procedure  jor momtoring viability which 16 dercribed in this
chapter. [t has the advantage of utilizing, on average, less seeds than a fixed sample size test for a
simlar degree of accuracy.  This procedure is not based on a pre-determined sample size which is the
same for all tests: instead the sample si’e of cach test depends on the results obtained during its
progress.  The test used is known as e sequential provability ratio test and it 15 described in detail in
the references at the end of this chapter. A simpler type of sequential test, in whi 1 the sample size
can be either 200 or 400 seeds (und in that sense is not fixed), is also described in this chapter.  The

chapter is concluded by a summary of preferred procedures for germination tests,
THE SEQUENTIAL PROBABILITY RATIO TLST

Monitoring tests carried out on samples withdrawn from accessions during storage are cssentially
decision making procedures. At the end of a test one of two decisions is possible:  either maintain the
accesston in - store until  the next monitoring test is due; or regenerate the accession as soon  as
practicable, In fixed sample size tests the decision boundary is a single test result;  the regeneration
standard, 1f this result is obtained or exceeded then the accession is maintained in store. If the result

is less than this value then the accession 1s regenerated.
The decision boundaries

In sequential analysis, however, each test proceeds in stages and at the end of cach stage there are
two decision boundaries between which there is an interinediate zone where no decision is possible and
consequently the test must be continued to the next stage. (The test is continued by sampling and testing
another group of seeds))  In the simplest form of sequential analysis a single article (c.g. one sced) is
sampled from a batch {accession) and tested (for viability in a germination test). The result will be either
positive (the seed is viable) or negative (the sced is non-viable). Depending upon the result a decision is
made  to dcrept the batch (maintain in store until the next monitering test); or to reject the batch
regenerate the aceession as soon as possible); or to continue the sequential test (sample another seed
from the accession and test). In o gene bank 1t would not be feasible to sample sceds one at a time
because ol the ::o delay between sampling and  obtaining the result,  To overcome this difficulty
observations can be grouped, that is a certain number of seeds can be sampled from the accession at one
tme and tested, Depending on the results obtained the sequential test can then either be concluded or a

further group of seeds sarpled and tested.
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Figure 15,1  Diagrain of sequential analysis monitoring procedure showing the three regions delincated by
the two decision boundaries for the sequential germination test plan provided in Table 15.5.  The broken
horizontal line corresponds to 85% permination,  The asterisk shows the decision point of an equally
reliable fixed sample size procedure (see text).  The sequential test continues until (}m-llun}l.f)bSmo5.]66
or Gm-me < 1.058m-5.166 where m is the number of groups of seeds tested (40 seeds per group), and
G is the number of germinated seeds.  The horizontal line corresponds to 89 percent gernmimation {i.e,
when Gm/IOO - 36/60 - 85%).  In this example seeds are tested in groups of 40, When the response of
the first group (has been determined, the number of seeds germunated munus 40 8 0,85 can be plotted
against 40 seeds or | group on the diagram,  After o groups have been tested, the number of seeds
germinated minus 40 x 0.85m s plotted against 40m seeds ot me groups. 11 the plotted point lies on or
above the upper boundary then the accession will be retained in store and this monitoring test will be
discontinued; after the next menitoring interval, a further test will be conducted. 1t the plotted point
lies on or below the lower boundary then the accession will be regenerated. I the plotted point lies
between the boundaries, then a further group of 40 seeds will be test.d.  Examples of sequential test
results are shown for three accessions (O, ®, ). The results from which these plots are derived are

shown in Table 15.1.

Number of seeds germir.ated minus 85% of number tested

8 L . A 1 A A . . 1 . . . A .
j;o 5 10 1571
Number of groups tested (m)
1 1 1 1 1 Ly
0 100 200 300 400 500 600"

Number of seeds tested
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Figure 15.1 illustrates the two decision boundaries, between which ties the intertiediate zone wherein
tests cannot be concluded, for one sequential probabihity ratio test. The zone above {and including) the
upper boundary is that for the decision to maintain the accession v storage.  The zone below (and
including) the lower boundary s that for the decision to regenerate the accession,  An example of the
results obtained from testing successive groups of seeds {each line representing the same accession after

different periods of storage) are superimposed v these zones,

The decision boundaries shown n Figure 15,1 are those of a sequential test plan which was designed
{and has been confirmed) to be equally rehable as a fixed sample size test ot 467 seeds.  The decision
point of this cquivalent fixed sample «ize test s shown as an asterssk in Figure 151, The major
advantage of scquential germination test plans should now be apparent. At any given level ol accession
viability the sequential germination test plan, on average. requires fewer sceds to make a decision than
equally reliable fixed sample size tests, The difference is least when true accession viability is close to
the decision point of the eguivalent fixed sample size test. At this level of viability the probability of
regeneration is 0.5, that s the decision could go either way. The saving of sced increases as the
difference between true accession viability and this point increase.  This as particularly useful for gene
banks since the saving in seed is consequently substantial at very high levels of viability where 1t would
be particularly undesirable to have to regencrate an accession due to seed depletion occurring as a result

of monitoring tests,

Figure 15,1 also illustrates a potential problem of sequential analysis. Since the decision boundaries
arc parallel the test is potentially open-ended, that is it is possible for tests not to be concluded.
Experience has shown, however, that this problem only arises when the level of true accession viability is
such that the probability of regeneration is close to 0.5. A solution ‘.. this problem is discussed later in

this chapter,

A series of sequential germination test plans {Tables 15.3 to 15.27) have been calculated for  this
publication.  Table 15,2 provides a summary of these sequential test plans together with details of their
operating characteristics, economy and equivalent fixed sample size tests.  These sequential test plans

have a number of attributes which require explanation.
The Operating Characteristic

In any decision making procedure based on sampling there is a possibility of error.  For our purposes
there are two kinds ef possible ecror. Either we might decide to regenerate an accession when its
viability was above the regeneration standard, or we might decide to retain it in storage when in fact its
true viabidity was below the regeneration standard.  (The same problem vccurs with fixed sample size
testsy see Table 14,1, Chapter  14), Such errors cannot be completely avoided; but they can be
quantified.  One way ot doing this is to plot the probability of deciding that regeneration is necessary
cpainst true accession viability.  This relationship, knewn as the operating characteristic (or OC), is
curved (Figure 15.2),  Three points on this OC curve are highhighted;  the probabilities of regeneration of
0.9% 0.5 and 0.0% where true accession siability 18 $5%, 87,645% and 90% respectively,  The ideal OC
function would be rectangular in which the probability of regereration is zero above  the regeneration
standard and one (e, a certanty) at, or below, the regeneration standard - as shown by the dotted line
in Figure 15.2. Such an OC function is unpossible o achieve although it can be approached if very large
numbers of seeds are to be tested,  The choe of the OC function is thus a compramise between the

level of accuracy required and the number of  seeds that can be sucrificed i monitoring  teste,






The compromise we have chosen are OC functions similar to those for 400 sced lixed sample siie tests.
For example, the OC function shown in Figure 15.2 is identical to that of a fixed sample size test of

467 sceds where the decision point of the fixed samle size test is set at 37.645%.
The Regeneration Standard

If rectangular OC functions were possible then the regeneration standard would be well defined, being
the value of true accession viability where the probability of regencration changes from zero to one. In
practice, however, the value of true accesston 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 regenerativ . is 0.5 then the regeneration standard does not
describe minisnum accession quality. Consequently it is suggested here that the regencration standard be
described as a minimum level of accession quality and defined as the value of true accession viability
where the probability of regeneration is 0.95. In other words 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 in this way is
shown in column 1 of Takle 152 for the various sequential germination test plans shown in Tables 15.3 to
15.27. Note that the decision point of equally reliable fixed sample size germination test procedures
{column 7, Table 15.2) is the viability level where the probability of regeneration is 0.5 (colunin 2,
Tatle 15.2).

The value chosen for the regeneration standard is unlikely to be the same for all species since there
will have to be a compromise between, on the one hand, the desire for accessions cf high viability and
associated high genetic integrity and, on the other, the relative difficulty in obtaining accessions of initial
high viability. For example, for crops w:th uniforin maturity daies (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 reasors sequential germination test plans are provided here for

five regeneration standards, viz. 65%, 7C%, 75%, 80% and 85% viability.
Group size

On average the smelier the group size (the number of sceds sampled ard tested at a time) the
greater the saving of seed. To save sceds, then, one would ideally wutilise a small group size. However,
the smaller the group size the greater the number of sampling and testing operations required to complete
the sequential test.  The proportion of seeds saved by using small group sizes when true accession viability
is close to the regeneration standard is, however, small, whereas the proportion saved at higher (or indeed

lower) levels of viability is rmuch greater.

The most suitable group size is likely to be that most suited to the germination test. For example,
if pleated papers arc usxd {see Chapter 9) then 50 sceds would be a convenient group size (since there are

50 pleats in a strip).

Since cach monitoring test after different periods of sterage will be statistically independent there is
no need for cach monitoring test sequence to utilise the same number of seeds per test or even the same

method, provided they are equally accurate (f.c. 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 sample size test,  First the result may be
required recasonably quickly. Secondly an estimate of accession viability needs to be derived which will be
used for purposes other than just deciding whether regeneration is immediately called for (e.g. the result
may be used to deterrnine 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
subsequently.  (In practice 400 sceds rather than the exact equivalent size provided in Table 15.2 are

likely to be used, but the d-fference in accuracy will only be very slight and practicallly animportant,)

In subsequent, sequential, monitoring tests the group size may be, say, 40 or 50 seeds if viability is
expected to be substantially higher than the regencration standard, but, say, 100 sced. if viability is
estimated (on the basis of previous monitoring test results) to be approaching the value where the
probability of regeneration is 0.5 (the serond column of Tuble 15.2). We suggest that gene banks use a

sequential procedure with a group sine of 100 seeds if:

the previous estimate of viability was 89% or lower where the OC function in Takles 15.3 to 15.7 is
applied;
tie irevious estimate of viability was ¥3% or lower il 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 cstimate of viability was 70% or lower if the OC function in Tables 15.23 to 15.27 is

applied.

This would minimise the number 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 onc 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 sufficient flexibility for wnost needs. Strictly speaking a group size of 100 sceds is
rather 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 some reason, it is found inconvenient
to use a smaller group size, In particular those gene banks currently nsing tixed sample size tests of only

100 seeds might wish to modify these to sequential te ts utifising groups of 100 seeds.
How to use the sequential germination st plans

Just as a diagram of the sequential test houndaries shows three zones (e.g. Figure 15.1) so the
sequential  germination test plans are divided into three columns,  The left hand column gives the
rep,2neration d-cision boundary. The right hand colnn gives the maintain in store decision boundary. If
the cumulative group test result lies in cither of these zones the monitoring test is concluded,  The
centre column is the intermediate zecne wherein no decision is possible. It the cumulative group test
result lies in this central zone the inonitoring test is continued:  that is a further group of seeds is

sampled and tested,

Table 15.0 provides examples ot results obtained  from  three separate  monitoring  tests, The

sequential gernunation test plan used was that shown in Table 15.5 for groups of 40 sveds and a
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regeneration standard (probability of regeneration - 0.95) of 85%. After 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 column
of Table 15.5. Conscquently another group of 40 sceds were sampled from the accession and 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 after only
two groups of 40 sceds had been tested, The second monitoring test seguence was concluded after three
groups of 40 sceds had been tested, the decision being made to mamtain the accession in storage (Table
15.1).  In the third monitoring sequence, however, four groups of 40 sceds were tested before the

sequential test was concluded - the decision being to regenerate the accession (Table 15.1).

Table 15.1 Results (numbers of sceds germinated) of three different monitoring test
sequences carried out on three different accessions according to the
sequential germination test plan shown in Table 15.5.

Number of Sequence
£
groups of : 2 3
seeds
a b a b a b
1 39 39 37 37 35 35
2 40 79 36 73 31 66
3 38 1t 35 101
4 34 135
c . Maintain Maintain
Decision . . Regenerate
in store in store

a individual group test result on 40 secds

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.c. until no seeds remain in stece.  Clearly this would be a nonsense.  Accordingly it is
necessary to have a practical procedure for reaching an arbitrary decision if a decision has not automati-

cally been reached uafter a  reasonable number of groups of seeds have been tested.

Two questions arise if a sequential test is to be truncated =rbitrarily. First, how many sceds should
be tested before abandening a sequential test?  Secondly, which decision should be made:  regenerate or

maintain in store untii 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 sceds 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 sceds have been tested.  The subsequent decision can be based upon the

cumulative result from the truncated sequentialt test plan: regenerate if the proportion of viable secds



Table 15.2

- 186

Operating characteristics, econoiny and decision boundaries of various sequential

tests with group sizes between 20 and 100 seeds and regeneration standards
between 65% and 85% and sarnple sizes of cquivalent fixed sample size tests,
(The single decision boundary of the equivalent fixed sample sizc test is the
value of percentage viability provided when the probability of regeneration

is 0.5.)

Decision boundaries

"L(’: ;ccesslonﬁviaf;l{lt;, %, humber of Regenerate 1f no, Do 1ot regenerate Sample slze srrua):iﬁg
test;Z;agze:L;'7r2bal}1(l‘ti’l:y s:d:rusr of seeds germina- if nuuhe'r of sceds of equivalent test

of regereration is aroun ting {s cqual to gfzrml.v.atlng is fixcu sample plan

or lesc than equal to or size test
0.95 0.5 0.05 greater than

85(221) 87.645(381) 20(248) 20 17.529"1.- 5.521 17.529m + 5.521 467 15.3

65(222) 87.645(382) 90(250) 25 21.911m - 5,420 21.91m +» 5,420 467 15.4

85(226) 87.645(38s) 90(254) 40 35.058m - 5,166 35.058m + 5,166 467 15.5

85(228) B87.645(388) 90(256) 50 43,823m - 5,023 43,823m + 5.023 467 15.6
85(240) 87.645(401) 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 u19 15.8
a0(203} 83.142(2%4) 86(223) 25 20.786m - 5,786 20.786n: + 5,786 1;‘9 15.9
80(206) A3.142(%18) 86(227) 40 33.25%n - 5.497 33.257m + 5.497 419 15.10
80(209} 83,142(350) 86(229) 50 41,572m - 5,334 41,572m « 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) 73.372(352) 81.5(225) 20 15.673m - 6.599 15.67%m + 6.599 432 15.13
75(214) 78.372(354) 81.5(226) 25 19.592m - 6.472 19.592m + 6,472 432 15,14
75(214) 78.372(357) 81.5(230) 40 31.347m - 6.154 31.347m + 6,154 432 15.15
75(217) 78.372(360) 81.5(233) 50 39,183m - 5.975 39.183m + 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(348) 77(221) 20 14,720m - 7.019 14,720m + 7.019 427 15.1€
70(210) 75.6(350) 71222} 25 18,400m - 6.8L3 18.400m + 6.883 427 15.19
700214, 73.6(353) 7:(226) 40 29.440m ~ 6,543 29.440m + 6,543 427 15.20
70(216) 73.6(3%6) 77(229) 50 36.300m - 6.351 36.800m + 6.35.1 427 15.21
70(228) 73.6(368) 77(242) 100 73.600m - 5.598 73.600m + 5,598 427 15,22
65(202) 68.832(335) 72.5(211} 20 13.767m - 7.202 13.767m + 1,202 410 15,23
€5(203) 68.832(336) 72.5(212) 25 17.208m - 7,060 17.208m + 7.0€0 410 15.24
65(207) 668.832(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 3a.41Im - 6.501 3a.4Im 6,500 410 15.26
65(222) 68.832(355) 72.5(232) 100 68.834m - 5.710 68.834m + 5,710 410 15.27

L3
m = number of groups tested
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Sequential germination test plan for 85 percent regeneration
standard when testing seeds for germination in groups of 20

Number of
groups of
seeds tested

Cumulative
number of
seeds tested

Regenerate if

the cumulative further group
of 20 sceds
if between:

number of
seeds
germinated is
less than or

Retest

a

Maintain in
store if the
cumulative
number of seeds
germinated is
equal to or

equal to: greater than:
1 20 12 13 - 20
2 40 29 30 - 40
3 60 417 48 - 58 59
4 80 64 65 - 75 76
5 100 82 83 - 93 94
6 120 99 100 - 110 [RR
7 140 17 e - 128 129
8 160 134 135 ~ 145 146
9 180 152 153 ~ 163 164
i0 200 169 170 - 180 181
1 220 187 188 - 198 199
12 240 204 205 - 215 216
13 260 222 223 - 233 234
14 280 239 240 - 250 251
15 300 2517 258 - 268 269
16 320 274 275 - 285 286
17 340 292 293 - 303 304
18 360 310 3 - 321 322
19 iso 3217 328 - 338 339
20 400 345 346 - 356 357
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 4617 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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regeneration

Number of
groups of
seeds tested

Cumulative
number of
seeds tested

Regenerate if Retest a

the cumulative further group
of 25 seuds
if between:

number of
seeds
germinated is
less than or
equal to:

Maintain in
store if the
cumulative
number of sceds
germinated is
vqual Lo or
greater than:

VNN DL N —

600

301
323
345
367
388
410
432
434
476
498
520

17

39

61

83
105
127
148
170
192
214
236
258
280
3oz
324
346
368
389
411
433
455
477
499
521

465
4817
509
531

50

72

94
115
137
159
181
203
225
247
269
291
313
335
357
378
400
422
44t
466
488
510
532

TABLE 15.5

Scquential germination test plan for 85 percent regeneration
standard when testing sceds for germination in groups of 40

Number of
groups of
seeds tested

Curulative
aumber of
seeds tested

Regenerate if

the cumulative further group
of 40 sceds
if between:

number of
seeds
germinated is
less than or
equal to:

Retest a

Maintain in
store if the
cumulative
number of seeds
germinated is
equal to or
greatey than:

VNN D WLN -

40

120
160
200
240
280
320
360
400
440
480
520
560
600

29

64
100
135
170
205
240
275
310
345
380
415
450
485
520

416
451
486
521

460
495
531

426

532
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TABLE [5.6 Seauential germination test plan for 85 percent regencration

standard when testing sceds fur germination in groups of 50

Nurber of Cumulative
groups of number of
seeds tested seeds tested

Regencrate if Retest a

the cumulative further group
of 50 seeds
if between:

number of
seeds
germinated is
less than or
equal to:

Maintain in
store if the
cumulative
number of seeds
germinated is
cqual to or
greater than:

50
100
150
200
250
300
350
400
450
10 500
I 550
12 600

oo~ W —

38

82
126
170
214
257
301
345
389
433
477
520

39

83
127
171
215
258
302
346
390
434
478
521

48

92
136
180
224
267
3
355
399
443
487
530

49
93
137
181
225
268
312
356
400
444
488
531

TABLE 15.7 Scquential germination test plan for 85 perceat regeneration

standard when testing sceds for germination in groups of 100

Number of Cumulative
groups of numper of
seeds tested seeds tested

Regenerate if

the cumulative further group
of 100 seceds
if between:

number of
seeds
germinated is
less than or

Retest a

Maintain in
store if the
cumulative
number of seeds
germinated is
equal to or

vqual to: sreater 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 regencration
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 botween: number of seeds
germinated is germinated is
less than or equal to or
equal to: greater than:
] 20 10 I - 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
7 140 110 1 - 122 123
8 160 127 128 - 138 139
9 180 143 144 - 155 156
10 200 160 161 - 172 173
11 220 177 178 ~ 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 - 27] 272
17 340 276 277 - 288 289
18 360 293 294 - 305 306
19 380 310 3 - 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 - 421 422
26 520 426 427 - 438 439
27 540 443 444 - 454 455
28 560 459 460 -~ 471 472
29 580 476 477 - 4LBS 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 sceds for germination in proups of 25

Numbcr of Cumulative Regenerate if Retest a Maintain in
groups of number of the cumulative further group store if the
seeds tested sceds tested number of of 25 sceds cumulative
secds if between: nunber of seeds
germinated is gerninated 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
4 100 77 78 - 88 89
5 125 98 99 - 109 110
6 150 118 19 - 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
1 275 222 223 - 234 235
12 300 243 244 - 255 256
13 325 264 265 - 276 277
14 350 285 286 - 296 297
5 375 306 307 - 317 J1e
16 400 326 327 - 338 339
17 425 347 348 ~ 359 360
18 450 368 369 - 379 380
19 475 389 390 - 400 401
20 500 409 410 - 421 422
21 525 430 431 - 442 443
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 sceds cumulative
sceds if between: number of secds
germinated is germinated is
less than or equal to or
equal to: greater thang
I 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 - 1338 339
11 440 360 361 - 371 372
12 480 393 394 - 404 405
13 520 426 427 - 437 438
14 560 460 461 ~ 471 472

600 493 494 - 504 505

w
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TABLE 15.11 Sequential germination test plan for BO percent regencration
standard when testing sceds for permination in groups of 50

Number of Cumulative Regenerate if  Retest a Maintain in
groups nf number of the cumulative further group store if the
seeds tested seeds tested number of of 50 sevds cumulative
seeds if between: number of seeds
germinated is germinated is
less than or equal to or
ecqual to: greater than:
. ]
1 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 ] 328 - 337 338
9 450 368 369 - 379 380
10 500 410 411 - 421 422
A 550 451 452 - 462 463
12 600 493 494 - 504 505

TABLE 15.12 Sequintial germination test plan for 80 percent regencration
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 sceds tested number of of 100 seeds cumulative
seeds if between: number of seecds
germinated is germinated is
less than or equal to or
equal to: greater than:
| 100 78 9 - 87 88
2 200 161 162 - 170 171
3 300 244 245 - 254 255
4 400 327 328 - 337 338
5 500 4110 412 - 420 421
6 600 494 495 - 503 504
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TABLE 15.13  Sequential germination test 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 turther group store if the
seeds tested seeds tested number of of 20 sceds cumulative
secds if between: number of sceds
germinated is germinated is
less than or equal to or
equal to: greater than:
! 20 9 10 - 20
2 40 24 25 - 37 38
3 60 40 41 - 53 54
4 80 56 57 - 69 70
5 100 71 72 - 84 85
6 120 87 88 - 100 101
7 140 103 1046 - 116 17
8 160 118 119 - 13} 132
9 180 134 135 - 147 148
10 200 150 151 - 163 164
11 220 165 166 - 179 180
12 240 181 182 - 194 195
13 260 197 198 - 210 211
14 280 212 213 - 226 227
15 300 228 229 - 24) 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
26 520 400 401 - 414 415
27 540 416 417 - 429 430
28 560 432 433 - 445 446
29 580 447 448 - 40) 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
groups of
sceds tested

Cumulative
number of
seeds tested

Regenerate if

the cumulative further group
of 25 seeds
if between:

number of
sceds
gorminated is
less than or
equal to:

Retest

a

Maintain in
store if the
cumulative
number of seeds
germinated is
equal to or

greater

than:

OV SN WD -

100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
550
575
600

13

32

52

71

91
th
130
150
169
189
209
228
248
2617
287
306
326
346
365
385
404
424
444
463

14 -

112 -

405 -
425 -
W45 -
Lbh -

104
124
143
163
182
202
221
241
261
280
300
319
339
359
378
398
417
437
457
476

4717

TABLE 15.15

standard when testing seeds for germination in groups of 40

Sequential germination test plan for 75 percent regeneration

Number of
groups of
seeds tested

Cumulative
number of
seeds tested

Repenerate if
the cumulative
number of
soeds
germinated is
less than or
equal to:

Retest

further group
of 40 seeds
if between:

a

Maintain in
store if the
cumulative
number of seeds
germinated is
ncqual to or
greater than:

O XN W —

VM EWLWN —O

40

120
160
200
240
280
320
360
400

480
520

600

25

56

87
19
150
181
213
244
275
307
338
370
401
432
464

37

100
131
162
194
225
256
288
319
350
382
413
%)
476

38

69
101
132
163
195
226
2517
289
320
351
383
414
(253
477
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TABLE 15.16 Sequential gerwination test plan for 75 percent regeneration

standard when testing seeds for germination in groups of 50

Number of
groups of
seeds tested

Cumulative
number of
seeds tested

Regenerate if
the cumulative
number of
seeds
germinated is
less than or
equal to:

Retest

further group
of 50 seeds
if between:

a

Maintain in
store if the
cumulative
number of seeds
perminated is
equal to or
greater than:

N =0 O ON -

50
100
150
200
250
300
350
400
450
500
550
600

33

72
11
150
189
229
268
307
346
385
425
464

465 -

45

4o
85
124
161
202
242
281
320
359
398
437
477

TABLE 15,17
standard whes

S

quential germination test plan for 75 percent regencration
t-sting sceds for germination in groups of 100

Number of
groups of
sceds tested

Cumulative
number of
secds tested

Regenerate if

the cumulative further group
of 100 sceds
if between:

number of
seeds
germinated is
less than or
equal to:

Retest

a

Maintain in
store if the
cumulative
number of seeds
germinated is
cqual to or
greater than:

on DLW —

100
200
300
400
500
600

73
151
229
308
386
464

74 -
152 -

230 - .

309 -
387 -
465 -

84
163
241
319
398
476
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TABLE 15.18 Sequential germination test plan for 70 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 1f between: number of seeds
germinated is germinated is
less than or equal to or
equal to: greater than:
1 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 81
6 120 81 82 - 95 96
7 140 96 97 - 110 1Rl
8 160 110 11 - 124 125
9 180 125 126 - 139 140
10 200 140 141 - 154 155
" 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 2517 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 seede for germinaticn in groups of 50

Number of Cumulative Regenerate if  Retes: 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 germinated is
less than or equal to or
cqual to: greater than:
I 50 30 31 - 43 44
2 100 67 68 -~ 79 80
3 150 104 105 - 116 7
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
i 550 joy 399 -~ 411 412
12 600 435 436 - 447 448

TABLE 15.22 Sequential germination test plan for 70 percent regeneration
standard vhen testing sceds for germination in proups of 100

Number of Cumulative Regenerate if  Retest a Maintain in
groups of rumber of the cumulative further group store if the
seeds trestoed seeds tested number of of 100 seeds cumulative
soeds if between: number of sceds
germinated is germinated is
fuss than or equal to or
equal to: greater than:
! 100 68 69 - 79 80
2 200 141 142 - 152 153
3 300 2105 216 - 226 227
4 400 288 289 - 299 300
5 500 362 363 - 373 374

6 600 436 437 - 447 448
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TABLE 15.23 Scquential germination test plan for 65 percent regeneration
standard when testing seeds for pernination 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 secds tested number of of 20 seeds cumulative
seeds if between: number of secds
germinated is germinated is
less than or wual to or
esqual to: greater than:
| 20 6 -2
2 40 20 21 - 34 35
3 60 34 35 - 48 49
4 80 47 48 - 62 63
5 100 6l 62 - 76 77
6 120 75 76 - 89 20
7 140 89 90 ~ 103 104
8 160 100 103 - 117 118
9 180 He 117 - 131 132
10 200 130 121 - 144 145
11 220 a4 i45 - 158 159
i2 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
17 340 220 227 - 241 242
18 360 240 241 - 255 256
19 380 254 255 ~ 268 269
2 400 268 269 - 282 283
2] 420 281 282 - 2006 297
22 440 295 296 - 310 3
23 460 309 310 - 33 324
24 480 323 324 - 337 338
25 500 336 337 - 351 352
26 520 350 351 - 365 366
27 540 364 365 - 378 379
28 560 378 379 - 392 393
29 580 392 393 - 400 407

30 600 405 406 - 420 421
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TABLE 15.24  Sequential germination test plan for 65 percent regeneriation
standard wheu testing seeds for germination in proups of 25

Number of Cumulative Regencrale it Retest 3 Maintain in
groups of number of the cumulative further group store if the
seeds tested seeds tested number of of 23 seeds cumulative
seeds if betweon: number of sceds
germinated is germinated is
less than or equal to or
vgual ta: yreater than:
| 25 10 1~ 24 25
2 50 27 28 - 4l 42
3 - 75 L4 45 - 58 59
4 100 61 62 - 75 76
5 125 78 79 - 93 94
6 150 96 97 - 110 1H
7 175 113 14 - 127 128
8 200 130 131 - 144 145
9 225 147 148 - 161 162
10 250 165 166 - 179 180
I 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 2606
16 400 268 269 - 282 283
17 425 285 286 - 299 300
18 450 302 303 - 316 317
19 475 31y 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 testing seeds for germination in groups of 40

Number of Cumularive 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 i{ between: number of sceds
germinated is germinated is
less than or equal to or
equal to: greater than:
1 40 20 21 - 34 35
2 80 48 49 ~ 61 62
3 120 75 76 - 89 90
4 160 103 104 - 116 17
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 2410 242 - 254 255
10 400 268 269 - 282 283
" 440 296 297 - 309 310
12 480 323 324 - 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
¢ andard when testing seeds for germination in groups of 50

Number of Cumulative Regencrate 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 germinated is
less than or equal to or
equal to: greater than:
] 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
1 550 372 373 ~ 385 386
12 600 406 407 - 419 420

TABLE 15.27 Sequential germination test plan for 65 percent regeneration
standard when testing seecds for germination in groups of 100

Number of Cumuiative 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 seedls
germinated is germinated is
less than or equal to or
equal to: greater than:
| 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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ts below the decision boundary of the equivalent fixed sample size test (the values provided m the second
column of Table 15.2) otherwise muaintain the accession in store until the next monitoring test is due,
These suggestions are arbitrary, the consequence (o marginal change in the operating characteristic) is not

a serious practical problem and is pretecable to severe depletion of the precious seeds,

A SEQUENTIAL TEST PROCEDURE BASED ON A MAXIMUM SEQUENCE OF ONLY TWO GROUPS
OF SEEDS

The major reason tor advocating the use of sequential probability ratio test plans in gene banks,
such as those shown in Tubles 15.3 to 15.27, is to aveid wasting precious sceds - particularly wherc
accession viubility s hagh.  Such tests are, however, more complicated to carry out than the simpler fixed

sample size tests.

One compremise suggested by the IBPGR Soed Storage Committee for gone banks who, for logistic
reasons, feel unable to take full advantage of this procedure is to carry out a germination test on
200 sceds sampled trom the accession. 1t 180 or more seeds germinate then the test is terminated and
the decision made to maintain the accession in store until the next monitoring test date.  If, however,
fewer than 130 of the 200 sceds tested germinate then a further 2066 seeds are sampled  trom  the
accession and tested for germination. At the end of this second test the results of the tirst and second
tests are summed.  If 340 or more of the 400 seeds tested genminated then the accession is maintained in
store until the next monitoring test date, If, however, fewer than 340 sceds germinated then the

decision is made to regenerate the accession as soon as this is practicable,

The economy and rehiability of  this two-test procedure are shown in Figures 15.3 and 15.4
respectively,  The regeneration standard of this procedure (where the probability of regencrationis 0.95)
is 81.8% (Figure 15.6). 1t will be scen that the operating characteristic of this procedure differs only
slightly  from o fixed sample size test on 460 sceds where the  decision boundary is set at 85%
(Figure 15.4), but offers some saving in seeds where  true  accession viability is in excess of the
regencration standard (Figure 15.3),  However, the saving in sceds is not as great as for sequential

probability ratio tests with similar operating characteristics {Table 15.2).
A SUMMARY OF PREFERRLD PROCEDURES FOR GERMINATION TESTS

This handbook has recognised the need for flexibility in the practices adopted by different genc banks,
So that practices can be adapted to meet Jocal problems  and constraints, a number of alternative
procedures have otften been suggested,  However, some practices are preferred to others and this section

sumimarises these,
General guidance

(1) The purpose of germination tests in gene banks is to estimate the seed viability of accessions from
time to time in order that steps may be taken to regenerate accessions when viability has fallen to the
regencration standard,  Unless there are special circutnstances the IBPGR Seed Storage Committee has

recommended 85% viability as the norma, regeneration standard,

(2} In erder that the results of germination tests rellect true viability steps must be taken to sample

sceds correctly (Chapters 12 and 13), to rembve as much o the cmpty seed  traction as possible where
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Figure 15.3 Economy (relationship between the average number of seeds required to conclu'e a monitcring
test and true accession viabilitv) for the two test procedure described in the text in which 200 seeds are
first tested for germination with the decision boundary set at 180 sceds germinating; if fewer than
180 seeds germinate then a further 200 sceds are tested for germination, the results of both tests added

together, and the combined result tested against an 85% decision boundary.

400 -
300 -
.
5 1
v -
[9] 4
7
E -
3 200
" y
E E
(7] r
>
< i
100 -
0 -

True accession viability, %



- 206 -

necessary and determine the empty seed fraction remaining so that viability is expressed as a proportion
of true sceds (Chapter 8), to provide opuimal germination test conditions (Chapter 4 and Volume 1) to
remove dormancy (Chapters 5, 6, 7 and Volume 1) und hardsevdedness (Chapter 7), to evaluate the results
of tests (Chapter 10} and, where necessary, to use additional methods for assessing the viability of

ungerminated seceds (Chapter 11),

(3} 1t is convenient te divide germination tests used in gene banks into two categories: (i) the initial
germination test, which 1~ drsigned to check that initial viability is above the regencration standard and
also to estimate the imtial percentape viability of the accession; (i) the monitoring germination tests,
which are carried out subsequently from time to *ime to check whether or not the viability of the
accession is still above the regeneration standard. 1t will be seen that the objectives of the two ypes ot
test are not idenucal: the main difference being that a special emphasis is placed on estimating initial
viability (not nierely that the viability is above the regeneration standard). The reason for thus is that
initial percentage viability retlects the seed quality of the accession and, wnen sufficient information for
a species is available, nitial viability can be used as a guide to how long the first monitoring inte val
should be (i.e. the ume between the initial germination test and the first monitoring test after 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 inital gernination tewt should be either (i) a fixed sample size test carried out on 400 seeds
using 4 or more replicates or (i) a sequential test on up to 2 groups of seeds, cach of 200 seeds, using
4 or more 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 sceds so that in the case of method (ii) if the value of
one replicate in the tirst group falls outside the tolerated range, a further sample of 200 seeds should be
tested. In the case of method (i) where 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. f the secd supply is plentiful it is preferable to

repeat the test.,
Monitoring germination tests

(5)  The IBPGR Seed Storage Committee recommmends a sequential test procedure for germination tests
designed to monitor accession viability, Ideally a group size of 40 or 50 seeds (the sequential germination
test plan shown in Table 15.5 or Table [156) should be chosen, as is most convenient, if viability is
expected to be well above the revencration standard of $5%.  This could be adopted as a standard
procedure for all avcessions and would resuft an mesnnum saving of sceds,  But. if preferred, the work
load could be reduced with httle penalty in seed wastage if a group stze of, say, 100 (the sequential
germination test plan shown in Table 15.7) is adopted when it is expected that the viability of the
accession iy acproaching the regeneration standard - say 89% or bLelow.  When small group sizes (e.g.
40 or 50 sceds) are used, replication is not necessary,  But i lacge group <izes arce used (e.g. 100 sceds)
then there s some advantage in using replicates ahich can be checked against the  tolerance tables
(Chapter 14) as a check on satisfactory technique,  Whatever the group size continue until a decision s
reached according to Tables 15,5, 15.6 or “.7: but if no decision has been automatically reached after

600 sceds havee been tested the decision 1 then taken to end the test ano regenerate  the accession
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Figure 15.4 Operating characteristic of the two test procedure described in the text and in the caption

to Figure 15,3 {solid curve).

tests of 200 or 400 seeds where the decision boundary is 85% for comparison.

The broken curves provide operating characteristics for fixed sample size

Note that the operating

characteristic of the two test procedure differs only marginally from that for the §00 seed fixed sample

size test whilst requiring fewer seeds (Figure 15.3).

regeneration

Probability of

1.0 -

0.9

0.8

0.7 S

(=]
.
+
L

0.2 4

0.1 4

True

accession

viability,

%



- 206 -

if 525 or fewer seeds germinated in the scquential procedure or maintain in store until the next

monitoring test if 526 or ore seeds germinated.
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