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Root Systems of Vegetable Crops: A Brief Introduction 

Brian A. Kahn 
Department of Horticulture and Landscape Architecture, Oklahoma State Universit,, Stillwate", OK 74078 

Peter .1. Stoffella 
Agricultural Research and Education Center, IFAS, University of' Florida. Fort P,.'rce, FL 33454 

Roots have several vital functions in cit p plants, iicluding pi-
viding anchorage, absorbing and ctnducting wate r :rod niuticns, 
providinrg a sink" (and sonietiles a stL'tac localicu) tor assil-
i!ates, and synthesizin certain ph. toliorinuinc, Yet the statesi et 
made by Weaver and Briutner in 1927 (5) rcmi s true today: "' lie 
roots of plants :ire the least known. least irdcrstood, and least 
appreciated parts of the piant". This lack o!' tcderading beh 
attrihuticd t the fact that riots ire ristially tt iot',iiht, and ti tire 
tedious Ird difficult nature of root ,luulics in ,in , 

The aerial clirVilirinrl iidiiectlV il1iiIrcsC. tlie ro ,tsv,,teirthiol 
tire shot. "li'r siril civiroiirrCit similarly affects tie shont ti rlo igh
its iil1tru:iCCs oIi tir ruOt s st,'rMI. (hivCrs generally car exert inore 
ciritrrl over tire soil elivirollienlt thllal iO\ the crial cnvir niieit 
5. 	 IdecJ. irtu,,t culttral practic,,s directlv iir indirectly atfectee l 

riit-soil cIvirOIrIrrcirt 3). SCveral possible beclits of inrprivc.I 
knowlede oif vegetable crop riit svs\crrcii. reerni, to grower . 
Aivi%,s to cultural lurestilns smch i, tOIe h', time oi ielnci d fur 
applying fertili/cr iiriri.-atirii V..:cr woUld l' bascd Oi rir1ire dirck't 
evidncce. (.'iltvars Iray be selecrtd lii ll !o,r ClirrratiC tIapta
hilily but alsr for adLpltibility tii sp ntlliC siil c'uiintiIiii . llticicir .V 
of plant arraigeirerts in tire licll e Ibeirpri u\Cdl. Il:reri',,: trl-
tivatiun by intercrpring or siecessioti cropping will bC ta\ulcol by 
knowledge that roots 'Ire \well-distriLtCL thr-olrnhll Irc suil Vl illic 
(5). Crop, ia' be ,eleted i r tu 1 crarrce to hi._h ii low levels if, 

plairt Iuitricnits i uother di.Ssil. CIltirCi(s ill tire 'ouuilslhti ll ( I). 
Losses trori ldgiir ir;rv be retuced iir clinrirracd t.;). 1llti: iatcl'. 
root-centered iiratlrlcrrati al liiidels will bc d\ clhpecd for coriroiter[" 
trat can be used tIi help tarirrers, iake c.,it ctlectiverr;lgcrrrert 
decisioir, 2, 3). The overall rcstllt will be irCreCased) ViCls, 

('riis iderablc piogr.ss has beci iratie irl root-.vyscnr research 
dliring tie past 2 dcades tlowevcr, riireh rerrmainrs ticbe tinc. The 
fllo\wiig list of re scarch needs \a' ciompiled liv Kleppir c al. ill 

1)83 (3): N"Mirc specific informat ion is needed oil: phenology of 
looit - ,te development relative to shoot developnent under field 
clliii ls: abovc- and below-groui;d environmrental ctfects on. root 
Cri,,,.. llarid death: tunlctiOal relationships amlong roots, between 
roots and ml, ind betceen roots aid shoots Under ficid conditions: 

nClletiCvrialirir in root anatomv aniirulotilrg patterns: [andi effect 
of variability in tle landscape, soil profile, and plait populations 
(,11Operatin it imodels ot tire soil-root system. This list was comn
piled fir ticld crops. If anything, it is even irore applicable to 
vectaile crops, foir ihichCic -baseline i root data are iiiini ial. 

Papers III Ohi, s. iriposiir proVidc current informatiot oti methods 
ot strrdyii roit svsteiis iii tiret'eld, rhizoIcicties if veietable 

crop,, rtot svsteir clfects oir lodging of, vegelable crops, root sys
eillis in relation tu ,tress tolerance, root-related differences in tru

tricit aCtlirisiliin efticietcy, aIrd rrrycorrhizae in vegetable crops. 
Needs, fr :additiOlal "V!sarchi Will bC discussCd. It is Ioped this 

wvrriposirirrr an ill the small Imbllle2r of rewill silla t increase 
search seeitists stundyirng ro rt s\'steris of vege.,ile crops. 

Litert,ture Cited 
I. tarlev. K.P 1970t. Tie cotligtraiion of tire rooiit systemi in relatioin to 

nutrient tiptae Ads. Agrmn. 22:159--201. 
2. 	 (irc ,nw'ood, I).J.. A. (erv, itz, ).A. Stone. and A. iarmes. 1982. Root 

devchipmen it ,cgveablc cropsI.Plant & Soil 68:75-96. 
3. 	 Klcpper, B.. R.\V. Rickman. and IlNI. Taylor. 1983. Farm ranage

ilreni and tre .tinriinot' tieltt crip riit systeis. Agr. Water Mgt.
7:115 1 .41.
 Stttetta. t.. . 1< Sanrrtct. N.. '/auhl. and V.L. liyirs. 1979. 
Roourtchaixtr isics ot blatck beans: I. Relatinshipot*ruot size to lodg
in and sctl yield. Ciop Sci. 1t9:823-826. 

5. 	 Weuver. J. F. , nt . 1. lirtrer. t1927. ROi Icvctuipnrreni of vegetable 
crhp,. Mc( ra w- Hill, New York. 
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Methods of Studying Root Systems in the Field 

H.M. Taylor 
Plant and Soil Science Department, Texas Tech UniversitY, Lubbock, TX 79409 

Growing plants require photosynthetically active radiation (PAR), 
water, 15 to 20 elieents 137), and the absence of lethal factors. 
Although most of tie water and mineral elements used by plants is 
absorbed by roots, root systems have been studied in much les.i 
detail than piaNlt tops. Part of this deficiency may bi: due to the 
"out of sight, out of mind" syndrome, but most of tile deficiencv ', 

occurs because root t udiCs usually are much more tile-consum ing. . 
,mlorelabor-intelsive, and more costlv than shoot studies. As one 
example, several related experiments were canducted during the 
1979 grotving seasor to ob(lin insi eht into the reasonits) why nar
row-row soybean,; ((;cinetnx L Mierr, 'Wavne') oItvield soy
beans grown in conventional meter-wide rows (2. 13. Ii).17, 21. 
22, 25, 34). NIuc: more data were cnlIc'cted above-2round than -. 

below the soil surface, bilt the abovC-PiOrlld rnteasotre roe its required 
only about one-half as much labor as the below-oroond measure
lleIts. 

Root studies ,!re often so tedious and tiole-Consltlnll tI. one 
should use the simplest possible procedure that will furnish tilele...tsi.Fi . 1I A. title SIxMICIN,tih tl 10 Ldeterlniint ell'ec.is tit soil cracking oil cowpiea1
desired infortilation. A :iiirple spade slice tlirtrrtgh tie plow layer 
into tire srbsoil riray be sufficient to detect i pressure pan (plow 
sole) (Fig. I ) or neiatodes. Several spade slices can be observed 
in a few riinutes at very little cost. Often. lioever, a rrore qUari-
titative answer is required than is possible with a spade. This paper 
describes techniques requiring greater intensity of' effort than use of 
a spade. Bochnl (5) and ScuiMno rilair and GoCdewaagen (29) provide 
gieater details oil rn.;r :,ttl,,' metliods than is possible in this short 
article. 

)ESI'TRULJCTIVE NI'TIlOI)S 

Excnvaiurn; 

Gencral architecture of the root systet and extent rf rooted vol-
unte of soil can be deterrined by excavatting tile cntire root sysicii 
or a segment of' it. A trench is first dug around the plant. A support 
is provided fir the plant top. Soil is removed frori around the roots 
by using needles, air, or water pressure. The location and exten of' 
tile root systei cart be drawn in a plastic sheet, photographed. or 
mounted (Fig. 2). This techniqtie Iaiy be tlie only feasible one in 
a rocky or gravelly son or if tile rooted volure of sril is not sym-
nitetrical . Many small rroots are lo~st duringe excavation. antI thre tedi.nique i( t inte-cosin lst 12(in * t haton epoi 
needs is wec to cavat, rersur, aid recoird tire rot system rof 

a 15-year-nld pine tree. Rogers and Booth (24) calculated that about 
60 tins ri soil was retoved inl excava:ting the rot system of a 
Mature fruit tree. Weaver (41) and Weaver and Iruner (42) used 
this tcchnique in mianv of their inv'stiations.. 

Monoliths 

The turinolith niethod requires remioval ol" a soil block and sep
eratio.i of' roots contained in that block. SOIictiries a trench is dtrg 
for access lo the profile. Blocks oi" soil are renmved f'rom succes-
sively deeper layers until tire hottorm of tlie root zone is reached. 
Lach Hock is snaked in nater and soil is washed through a Tnesh 
grid leaving the roots. Alternativly, sune tyrie of cl'itaincr is forced 
into the soil deep etugh to enclose tie deepest rots. The container 
is pulled 'riui the soiland either tire IlIGir(lith is cut into i epth 
increments or smiall rods are forced ihorizontally tirtour h tile sil. 
Soil is then washed fronitile roots. 

NdLNsoi and Allmnaras (18) miechanized tire mniolith nthiIiod. 
Trenches are dug around :i soil block, leaving it f'rce-standing itt 
place. A steel and plywood frane, conrtaining predrilled holes in 
the plywood, is lowered aroirid the free-stantlig block. 'lhe frame 
is constructed to tighten against tire block as it is lifled frori tile 

'ig n u iculat L.) root tev'copilent. 

hole (Fig. 3). Small rotls are driven horizontally through the soil. 
using tie predrilled pattern o' holes. 'ile soil block is submerged 
ill water, trualty overniit. Soil is then washed away, leaving the 
root syster held in place by the network of rod',. '[le root Fysteri 
is Cut into segllens each represe nti ng file roots tound in a specific 

rolunie Roots are weighed or their length is measured usingof soil. 

,ecltliiiueS discussed later. 
Sivkunmar et al. (30) collected soybean roots tht floated free 

duriir washing. Sine rf to pantst these roots blIonged v,;tli tops 
ourtside the space enclosed by tire frarie. These roots were cut by 
tile trencher. Other roots were cut by tile small rods during insertion 
arid others were broken during the washing process. Lengths ofthese loose roots wNere f'rot 51;e to 121;4 of the total length in the 
soil block. In addition, slrit segrnients of' dead roots (last year's or 
this vear's roots'?) usialtv float away during washing: this removal 
reduces sample clealntip time. Boelnn ct all. (6) estimated labor 
requirenents !or onei'ranred imonilith to a 1.8-ni depth at 1560 riil 
(Table I 

Ciores 

Core imethods involve removing cylindrical core samples fronl 
te soil profile and washing the soil from the roots. Cores are 

f 

. 
". 

Fig. 2. Parts of tile intertwined rnt systems of 2 soybean IGIyvine Intx 
(.. Nlerr.] plants are exposed hv vashing away 1ie tipper layers of Ida 
silr Iornrnsoil. 
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'I'his piocedure prov ides a itteasure itlirelti rooting intensitv ti.e.. 
cii roots per cm horizontal surlace . If a rooti2 densit' value 

cmi roots per ci' soiii i, desired. oine MIS[ obtain a know n 
volune ii stil from the ctre, making sure that both faces arc in
eluded in that volum.T"lhe otItN are then \ashed from the soil and 
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may still follow the lower interface if the soil has been smeared 
during installation of the tubes. 

Two experienced people can install one n'inirhizotron cylinder in 
about 30 inin. These cvlinders remain in the soil bctween measure

-.¢ ments. Two experienced people car estimate root length density in 
another I0 to 15 iain per cylinder. The equipment to read the root 
concentration is lightweight and portlable, so itcan be carried in a 
backpack 0) (Fi. 0). 

.t. ... 1hizolroinsilow 
-ohiltruns covered of walkways witharc underg round cellars 

c lear winidowston e or both sides (Fig. 7). Soil that contains rootscoetredoscotini one o clear plsiWalo h a 
, i! is loaied behind cach window. These rhizotrons can be simplecoveredl pits, containing one gh clear plastic wall. mlayoi- oi- thie, 


be largc installations containing man\ square meters of viewing 
,lti
1,:. Their specilic dtesign depends on the research luestions to 

Fig. 5. A thin layer of soiliswlshld and scraped frot dRhi/tronsl d ostheprepared face he aCl. glhS \a'ebeenitpublished by Fordhaill (7).
of ;itllIda silt loam soil profile.A square grid eftis thenplaCed on ile Frceinan and Smtart ( ),Glover (),), eial. (10). and1-ilion Iluxle,
soilface ioallow ro location and iumbtters t be detcrmttined iti the :iench Turk 12). Rouers (23). Soileaci a) (31). 'ltavlor (32) and 'lavlor 
prolil lmeihod. 
 aln ',illait
(35M. 

Rhiittrois bas, seteral It -anilges over other root study 1itih
ods. Successive Illci clentoeis are Illade sae plants eachonltilhe 


Several ittodilicatiotlshave been ildded
since then. The light(ulbi tole and e-tiltlaes o1 root -rtosth can be otadc rapidly. These ad
light source (3i has been replaced b\ fiber optics (28).The vertically vantalcs also are true for minirlizotions..nstruments and sensors
orienited tubes havc been replaced by tubcs aingled (rinl 30 be installed casilyv

45' (28) t'roithe vertical. The lirrr thit retlc'ts theiIroot illiac 


(38) to call in rhilotrons to ttcasure soil conditions and, 
illsolle installaitiol,, the rooted volt iil"o' soilis hydraulically 

has been replaced by a hItrescopc (27) irbyva telcvision camlera isolated 133).
(38) lowered into liecylildr. The ailcisviced ill
icevisitlnt Rhi/tlirtons also i\, several disalvaintages---olle is tie cost. The 
a Ionitlirtlr0ic ircldel on tape. \Ulbtrlllhilolltolncost about $40,,(X) ws'hnCltitstruCled in 1969. 

These cl i have drastically imtiproved qluality of ili iiili- ('ntpmiahlc cost vtuldmeis 
' e about S1l)0l,000i ill1985 lora well

zorton results,. d ICCrliliiuttC. 
rotits that hlvssed the soil-ttliC it .teacaitliliiaTs iif 1illts that /litiln (35) cos, about S20.00)l) 

\Wih the clcar yeltuiCiubt ait irli dcsi cited and vcll-cttstructcd faicilitv. The less versatile Allies rhi
hi 1973. For most rhizotrons. the 

were lotcated deceper tlhain I Ill difficultl rli i u isWler distitiguish arial envirtllintt dillerent from field conditions. Rhizotrons
Other soil ltalut.s. A televisili cantera, usiliitubes 30' to 45' '"Illi Cqiire continual liailtICuatice. but arc availablI 'ormany experi
vertical, Iransiitis sharp, clear iiagesiif roots loc atlleast I ili titnts so tle\ are cost eflcctive otilv if i large nuimber of scientists 
deep. 'he riiiits tolontgcr fulltw the Upper sil-tlube interhacC, hut iire located nIear tie 'acility. Rhizotron ctistruction techniques, their 

:zV 
Fig. 6. A lelnsisin calmera is ready it)be lovered int aitninirhizurtnm 

tube to rectld rtits iltie soil-tube interlace (38). Fig. 7. "[heAllies, Iowa rhizoltri. Top (a) exieriir litolntt (b) interior. 
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Rigid mechonicol construction Precisionoptical systemtodetect root Toollow operator toconveniently
trovening on precision line diameters down to0 1 mm return Scanning'arm'to tesl 
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- omsoucepl nlength 

Pu-' button Controls 
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Fig. 8. A root length estimiation device that isconmtercially available. When 

operation, and types of experiments to e conducted in them have 
been reviewed (11, 35). 

OTHER CONSIDERATIONS 

Measuring root concentration 

Many researchers report their results in terms of root mass den-
sity, (i.e., grans of root per cm3 of soil). In those cases, debris is 
cleaned from the root mass, which is then oven-dried and weighed. 
This procedure is simple and is sufficiently accurate for many pur
poses. To increase accuracy, the samples can be ashed after initial 
weighing so mass of mineral :.oilclinging to the roots can be stb-
tr a c te d . 

Most models of rot uptake iftwater and ions require esti iates 
of root length density (centimeters of root per cm' of soil). 'lhcse 
estimates, when made on root samples washed from soil, usually 
are based on the line intercept method of Newman (19) because 
direct measurement is too tedious and inaccurate. Roots are spread 
over a fhat surface of area (A), then set of randomly placed straight 
lines of total length (H) is superimposed Ointhe root sample. The 
number of intersections (N) between the roots and random lines is 
determined, from which root length in the sample (R) is detertmincd 
by the formula: R = rr NA/2H. 

In Newman's original technique, the straight lines arc provided 
by hairlincs in a microscope eyepiece. Newman's technique has 

of a%can 

aroot breaks the lightbeam, tile readout counter advances. 

retical basis for determining root length density from the propor
tionate number of roots striking 2 parallel strips on slanted 
minirhizotron tubes. In some soils, a nonrepresentative soil layer is 
created at the tube-soil interface by smearing the soil as a hole is 
dug for the tube. If the problem of smeared soil (with its altered 
rooting probabilities) can be solved, the ninirhizotron would be the 
first choice for a field technique. In the tmeantime, my laboratory
will continue to use the soil monolith and core break techniques.
All other methods, in any event, will have to be calibrated against 
some technique involving washing roots from known volumes of 
soil. 

A 	final caution 
A final word of caution seems appropriate. Most vorkrs wi! 

co n c w o rd f a t i onp r a te t u r o o te e ns s 
conduct whole-plant experiments rathio than merely studying root 
systems as such. Experimental variation will be much greater for 
rots than for tops. I am asked frequently "'How many samples 
should I take?'' my facetious answer is usually "more". Several 
)ears ago, an AR; statistician C.K. Graham) and I decided to find 
out how many samples would be required to determine, within 10% 
error, the true root length density of corn (Zea inavs L.) growing 
in Ida silt loam soil of western lowa. Our answer, never published, 
was about 40 when the sample volume was 168 cm3. The Ida silt 
loam soil developed on a thick loess deposit and is about as uniform 
a soil as one will find. Few. if any, researchers will take 40 samples 
to represent one point in space and time. One should be prepared

been niodified by Marsh (15), who superimposed t square g~rid to accept greater sample-to-sample variation in root than in shootI)beniidhe yMrh vo ueiipoc qitegil sttdies. A one u yBeme l 6,cnieal aito 
rather than the eyepiece hairlines. Tennant (36) established the prac-
ticality of a square grid concept and Rowse and Philips (26) de-
scribed an instrument for automating the root-intersection counts. 
Other root length determination instruments have been developed 
by Hcnstridge (LaTrobe Univ., Bundoora, Victoria, Australia), 
Commonwealth Aircraft, Port Melbourne, Australia (Fig. 8), and 
by Voorhees et al. (40). 

Choosing a nethod 


Root growth and root system architecture studies are so tedious 
and tinle-consuming tlat one should choose the easiest and simplest 
method that will provide the desired infonuation. All systems where 
roots are separated from tilesoil by washing are time-consuniing 
because of the necessity of cleaning debris from sample.file In 
addition, any of the root-washing techniques is destructive Of that 
part of the soil-root system. For that reason, tie inini rhizotron 
technique is being pursued vigorously. D.R. Upchurch (Agricultural 
Research Service, USDA, Lubbock. Texas) has developed a theo-
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As pointed out by Boehm et al. (6), considerable variation 
also will occur if methods are changed during the study. 
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iBACK(;ROUNi) 

Phants exist as in tegrations if their many pal.s atid processes. 
Each part is conditioned by adistinct colc':tiot of genes tlat interact 
atd integrate wiith ile genes tlat condititi other pl tt pails or 
processes (44). R tt characteristics ate cttditiotned by about 3M,' 
of the plat gettinte, and tie-third of' these (10(/of the tIttal) 
conditiot only root chalact'ristics (391. This level ol' cottrol for a 
single plant orgat is in a':rcctcttl with that of other plattt trgants 
(25) 	 and implies that root characteristics are as mucable to gcntetic 
manipulation its Ilte charactcristics itlnytilicr platt urgan or issue. 
Root characteristics are nut tormally emphasized in plant breeding 
programs because o' thte difficulty int observing them in situ, rather 
than because tft reduced piotential tot improvetent. The level of" 
genetic control described 139) should allow Iite devcltpmtnt of 

isogenic ro miut1tts that have modified physiological and devel
ptiicntal cttrols to be used for precise cxperinmentation. )ata de

rived frtm cxperimentatint with these isogenic root uttlaIt woIldi 
providc a soutnd basis for devlopin itud testing hypotltescs leading, 
tiltintitcly, to gcut'tic imprivement of s'clblc ront systems. 

In0imust plat species, otly W-2(1; of mature platt biontass 
consists (uf root tisstte. Some vcgetabcls, such as beet and carro,, 
arc cxceptiots. Their extensive primary roots develop prior to flov
crin. li Ihe plant kingdott as a whtile, htowevcr, root mass is 
generally only it fractiottn of' total plant bioiass. The root : shoot 
biouass ratio changes during ottlogeny, generally becotmintg less as 
the plant app rtclcs lowcring, attd stabilizing after flowering (40). 
Genctic variations in the rate of' cange in bioln.tss ratio as well as 
final ratio have been detnotstraled in ntivegetablcs (40), and it 
cursory uoibservatit ofdeveloing vegetable cittivars (i.e., differirig 
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carrot cultivars) affords the same conclusion Fiorvegetables. Root : 
shoot ratios are not contro!led solely by genotype. Culture of plants 
in nutrient cultures witl differing, though nonflimiting, amounts of 
N and other inorganic nutrients gives rise to plants with differing 
root :shoot biomass iatios (14. 15). 

With the exception of CO., roots are responsible for virtually all 
nutrient uptake. There has been some demonstration that mineral 
nutrients can be acquired through the leaves (21), hut this is an1 
atypical phenomcnion. Roots, through their genetic makeup and/or 
environment, exert control over whole-plant growth and develop
nient by controlling all noit-CO, nutrient uptake. The effect of en-
vironmental parameters on nutrient uptake and translocation within 
the plant (see ref. eft'cctS)12 for a review of temperature isone 
aspect of indirect control over whole-plant proccssc,, y the root 
system I I , 18. 28. '[here is, how.ever, increasing evidence that 
root environment and/or genotype have a direct effect plant d-
velopiitent and metaholism. Root genotype can dramatically affect 
or even effect soot developinit 3). 01)nthe otier hand, root 
gaiseouIs envirollnent Canl cffCCt ChaIieS inl ijet C assimtilation rate
(2.g3aSeoilcnviramcnt cn)sltctn c tlla( : aslaic atle2, 3). Soll telnpcratdre andand mtisturc content canl alsoalso drth'ataO 
alter photosyntlesis (5 antid Itis not knownov'rall cr,p growth (I ).
if these difiefrent enviroiinncinti,,characteristics obtain their effects 
through tie sane phySiological at sbut it is ear that roots 
exert a measuremnt ofcontrol over C assinilation and whole-plant
growth and developmtent. 

Finally, tile presence of significant all|ouintIsof gel;C duplication 
il most crop plants isa constraint to the study of genetic control 
of rotrs and their effect on lheshohot. Even those crop plants Ctol-
sidered to be diploid (e.g., ,:ern) hiAve significant aounts of genic 
duplicatitoi other thian that com tonly associated primarily with pi
yplidy (,I). Rescarch sIll eicrtcitphresis and mtlecular tech 

as ithtr plant species (-4. 1 ). The presence oisignificant anilots 
Of duplication (ablttlt l1 )ifthe "single copy'' DNA in ornitald nitious roots i it i9). hn a series of that wereaxnperinents
Soybeanl and 0(),in peal) so'verely reduces likelihoo c[lie t' evf V 

diseovering a specilic recessive uitaitiit inthese species. l'or ex-
amnple, there i,I ,es,lt; it210I; chance of ever finding a corn root 
IluUtatltrre
Tith t ienesarpreent, t therisateral ttss, ihnetatoftiti ar 
'fie gees are present, buiithere is ait 8'.; chai e that they are 
y dulitncated, al thereftre tis re cssiv c a teteri st will,c Masktie 

by the dminiant noriial dilicate alcli's. Tinati has been ti-
niatedt lmilat only 20"; vetie dutplicatiin 14). '1his Itiw aiitint 
of(1a'tgenntupl itatitn y.andanddupli~atiollthe exteisiveliCgetet icisctrch'1,CljCiS~alrcai.a(IleICX(l s-
tablishled with Itiil~arto itke it an ideal geneti i tooil tistutiy the 
nature itgenetic vr t ,. 

getiie (ic t C4 l ally.ad mt 

c otrol r Pea, titlv , duplicatin
(41). is the iextittist useful species. 

CIASSICA. NIJORPII(LOGY AND I)EVI,I+OPNIENT 
Observational ,tudies with riots have been published for at least 

201) years (22, 2.4.27. 33). Several excellIcn recent reviews and 
texts sumiitarize iUlh if these data anld oither aspects of' riots [lot
covered in this synlpOsiulit 113, 29. 34. 35). During the past 8(0 
years, there hils beel! aiii atteilpt to stantdardizC deseriptions of roots 
si that indviduals can clearly underst-td which part tf' the root 
systcl is being discussed. 'lcrnis like primary, sC:Otidalv, and it-
tiary aire generally used (odescribe tlie brancling patteri relation-
ship t1' intlividtual roots or grtups tf' rotrs to tile TIlcsc arestetl. 
vcry general terits atid prOsidL no insight into the iature of ltheroot 
itself, Ilt plant anatomy texts (see ref. 13 fIr an examilile), 3 types 
tif rouoti characterized hy anattlinical antI developuiental differeictes 
are disCUssed: tap ritt or radicle (ithe root that is of embryonic origin 
and conslitlutes the pilc otf' the cmnbryt oppisitohithe slitit apex): 
lateral ritts (thise roots that arise fnil pre-exislint! rotts al de-
velop from the pcricycle layer); aid adventitisorus looti,(those roots 
that arise fromi nonroot lissucs tr nonpericyclic tissues iii older 
roots). 

In additi it tihe classical types oit ruit, there are frequcnt ref-
crences to other "types": seminal, transient, protcid, stress, and
'gienzwUrzeln" [translated friti Ciernian as "basal rti'" or 

"buntdary ritt" 13611. to natie tnly a few. The first of' these, 
semttinal routs, is described 1iy Fsau as first appearing iii the embryo 
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of some monocots (especially the grasses), but also appearing later 
in the development of tie seedling (13). In most corn cultivars, the 
radicle degenerates (luring the development of the embryo and tile 
first root to emerge is one of tileseminal roots acting as a replace
ment for tile and stress roots norradicle. Transient, proteoid, are 
really considered to be cnvironmentally induced morphological
variants of lateral roots, while basal roots have been termled adven
titious. Relationships between tile andclassical 3 types of root, 
seminal roots and basal roots will be discussed in the next section. 

Developmental 
A brief genetic study described by Zobel (39) clarifies the inter

relationships of somv of tie various types of root. A double ho
noZygtc ro/ro)was developed from ahybridization between
 
a recessive tomato root mutant that does not develop lateral roots 
IIi
Ilateralless, genetic namle diageotroopica(dgt)] and another recessive 
Mutant that des not develop adventitious roots [adventit iousless 

niame rosete (ro)l. Assuing oly 3 types of root, hypo
geei1e suigotl yo
thltically the double honozygote should have had only a tap root.'l'he resulting double homllozygote had tipto a dozen roots original
ing illtle hypocotyl and upper portion of the tap root. Zobel con
eluded that, based ol genetic criteria, there are 4 types of root: 
radiclh, lateral, adventitious, and "basal" 139). Inunpublished re
search, Zobel has deimonstrated that basal roots originate from the 
pericyclc f the ower hypocotyl and ipper tap root. Basal roots 
cle rl are not advelltitious illanatomicil origin, nor lateral or ad
vcntitious i genetic control of their initiatiot. 

In the definitive stuily oit grcnzwirzehl (basal roots, Weinhold 
03)describes basal roots as aising acropetally (toward tileshoot 

r t rise b s 
ies I front the germinating seedling, while lateral ts a 
ipetallv (ltward the radiclc apex). Weinhold demonstrated this pat
tern in ilicits as well as nonocots. This descri ption of basal rootsis clearlv that of tile minal roots ilit lonocotts and hypocotyl adse 

eltlcrro' l lC I 9.Il tsre ftesigned tietest x ei e t h tw rlie effect of several growt hniodifying compounds 
p)-I.-drtxy-flttrenttl-9-carbonic acid-butyl ester (9-OH), 2-chloro
ucthvl estcr da
(2-C-1.eni ol()


I -9-carbiutic acid-methyl ester (2-CI). benzi'inIidazol (130,-Iphcnyhnthyl -I/t-purin-6-iniit (BA), atlidIH-ildole-3-acetic 
acid (IAA)! oinlroot growth and devc opinellt, it was found that 3 
Cotip tntds (IAA , 11. and 13A) inhibited or strongly suppressed all 
trot erowth. One ,Otllptuiii (2-(0H) had ito effect on the tap root 

billi- inhibited both basal antid lateral root growth, and the other coinptitiun d (9-1ti)only inhibited lateral root growth (20). Thus, there 
'ireitiire distinct physiological differences between roots of' differenit or

e ftr bi,hased tin physitlgical response. anato nical char
acteristics of initiatito, and genetic coitrol of initiation, there are 
clearly 4 different types of root (tap, lateral. basal, aind adventi
tiiOs:,. To understand whole platt root systems adequately, future 
root studies must take these differeincs into acco lnt when inves
tigattg toot fuittioi, gruwt, or detpitteit(30-32). 

MorhloIgical 
Lateral rots exist througltO.It te root systcmtn of both mlonocots 

:iid dicotis its branches from priitary or secondary roots. Large 
lateral roots are freutently parent rools to tile small feeder lateral 
roots. Il dicotyledoottus planls, large laterals develop secondary 
thickeniig and formit part tf the permanent root systemn structure. 
1Branching laterally front the large lateral, basal. and adventitious 
roots iubtih inolti tts and dic ts are the small feeder lateral roots. 
With lidianicters i lte '--.5-,- itnIrange, feeder roots provide much 
tif the extensive surface area of, a.ritl system, but only a small 
pi;rlit tt' the tolal rtot biotiass. As ntentioned previously, there 
ippear to be iiany iorphttypes of lateral roots (stress, proteoid. 
transient, etc. ).Ii the Graoinutw. fecder lateral roots are thte pre
dominant rototype. brancliting off of basal and advntiitiuls roots 
tiproduce a deise iat of rootlets itt tie plow layer (sweet corn 
provides an excellent example of this ',lie vegeof root system inl 
tables). i dicttyleidous plants, the root system tends to grow
deeper into thiesoil, with less dense Inatting near the surface. 

Under stress coliditios. greater nutbers of feeder lateral (stress) 
ri ot!; develop ill tha tiunder optimim conditions (31)). Thesetuitat 
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stress-related roots are restricted to the plow layer and can easily 
be observed with mininmum excavation. In aI given environment, 
cultivars differ in number ot' stress roots that develop. Cultivar 
differences in the quantity of stress roots suggest a fairly strong 
genetic-cnvironment interaction. In fact, stimulation of feeder hit-
eral roots has been suggested as a silple ts for environmental 
adaptiveness of different tolato cultivars (39). Although small feeder 
lateral roots are nIetitioncd in rclation to nilost plant species (stress 
roots, transient roots, fibrous root,,, etc. tie observation thlt theyl, 

are absent on high-yielding, wCll -adaptCd tonmatoes (39), suggests 
that they are not necessary for optimtmni gwtti and function o fthe 
root system incnvironincils it)which tlie cullivars are optilmally 
adapted. 

I.)ifferences between small feeder lateral roots and the liree lateral 
rolts that develop sectinduy thickening are not sufficiCnt to classify 
thel as i different type of root at thistime. As with basal roots, 
further study nmy cvcnttnallV dciioiSttatC that they are atdistinct 
type titroot. In the inrtcri iii., nrtt studies sln ldvery carefulIV thoC-
umcnt the dcvelopiental anid iiiorphological nature of' the roots 
berig studied. Dat a aciliii red without adciiatc dCscri ltio Is Iiia\ 
lead to erroneous conclusions by being coiiMpared to root" \with 
distinctly diffcreiit devclopmental anti physioi,.igical characteristics, 
For example, Byrnc and Atuig (9)) ;tlcitIuatcly dcribCd the 'aId-
veinttiotius" hptcotyl roots they studied, alloving the colicilsiois 
they Levelo ped to bc orrect lVapplicti to basal roots. 

linvi ronmiental inpact oil roo ts,; iiid the rcsilting interaction withIi 
tilegenoty pe, requirc statistical technitqties that are caplel of sep-, 
arating aidditive foni iiiiiltiveai xc effects. Stantlartd analysis i' 
variatice (AN)VA) d linear rcgression techniques designedA are 
to treat additive effect, raither tittl the iultiplica ive effects ilore 
typical of interactions. As a resulti,niultiplicative effects reI lt 

observed, anld inlIi u i il)(cra.ctitons tile cn\virolu-il'iCMtlt h~ct,,\Ccn 


iiict and root growth and devclopieniit are oscrtitlketd. Treatnict 
of, roots as ait ig class in eperiments is similar to piiuoliing tdata 
fron leat, petiole. aind stemn to determine the functioni Of the shutitit1 
Mulivarit te cchnitties allowte ,Scparationof rote snt cliasses 
different types followed v ,,tatistical tile C,anal,,ysis oil ,paraltc 
as well as the pooletd datl (I(i. Some niultisilratC tcChiliUCS also 
handile multiplicative CTCct il least-squarcs fashioti. A lybrid sta-

tistical~~~~~~aktbetridohtieadtie-ocdlthit tiC the t7 bdilt s 
ino the intii licative piure,, 117oti llrodtce new iiusihts, 
inito the gentetic tlattite of veectahlc ruit ,ystits. 

A SignilCamit tubstritetitit to detailedl stutv i4, ititact tom) SystlnlsI 

tistical packlge bC',t the atlditivc pricedurek 

ben [leruhlity o obt~il of itato,
always asi sedv t tylcnaliays has bfei the itahili i4i observe the roots iondsiructive l, tinilplin that are capable of tre;ting this icirtcnvironlciital var
Aripouincs.first deveiopei it Ic42 (I()). hl becn iptsatic 431 tl iability in aiconsistelt fashion (6-8 ).Adoptito of stsnleof these 

-lr:i itrine i hereIis 
roots are bthcd in:tlltrint 23) 1conirollale denti 
rotsiae baheti diitit actl~lant t. procetures for field rolt research will lead to significant advances 

im ist ity.Thi,, it knowledge i' root growth anti( dCVelopiieit and its interaction 
Culture technjIiqluea lh0,,ntrICtiVC ObS:-rvAion ol' intact root
AIMS 
systeitis of illtypes of plitts. even th11ise sCIsitivti tlhe rClative 
atacrbioisis oi) highly a rattd liydopOIiics. 1Iv tItanipulaiotin tf 

ases, teliperature. aut Illst density w\itlhi;i the acropolilics tank. 
,tudics involving very precise clirotuliiial-gciotypc ititeractilns 

are possible. 

Physiological 


Genes that conitri the rot svSteni can have their effect either 
directly tr indircetly. ()f the 301 of the geitoine thiat cunditions 
rooting characteristics, tinly Ollc-third affect the ri t sysenI alotne. 
A case inpoint is the dia.gorllopiat ntlit of totrato. This IllUttalit 
is without lateral roots (laterallces), but it also has a distinct di-
ageotropic shiiot habit. Rout characteristics arc condhitioid by tlie 
shooltgenotype. (iraftitig studics have shiwi tht aitnorimal shiot 
will nornialim (lte roth pnotl)p illiddtliOn. trcalnent oIf then ;ilt, 
shoolt Itlulinl with COli .cnctratiiis thyleticul inllact plaitis lost of 
gas will also niorialize the roots OX5). The lat.ralless characteristic 
is ;i Side felectiof the genetic lesion rather thaililht priimiary effect. 

.1 ri nUtfallt , thlat Condition ciTcts tlhat ae the r'evlse of 
th> ,fdiar,ropiua dtLimnstrate aineffect rools 'eierally have 
on the slool. The .h\*/sro ofiti) Il lutant of toinati is charactrei ied 
by large numbers of' ,iits developiiig frotthe basal portitl of the 
hypocotyl ant lap loot and i small weak shoot. This mutant is 
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characterized physiologically by extensive starch deposition in the 
basal portion of the shoot and root (37). If the mutant shoot is 
grafted onto normal roots, the shoot grows nomally, while if a 
normal shoot is grafted onto the mutant roots, the normal shoot 
takes on the characteristics of a mutant shoot (37). In this instance, 
tile aregenetic lesion is in the roots, and tie shoot characteristics 
secondary effects of the mutation. 
The 2n1d root mntant, dwarf root (this term is sed here in a 

dec riptive sese. since it has not been cleared as a name by tie 
tomiato genetics nomienclature committee) presents a variation on 
the phenomenon of root control of shoot growth (39). Although tile 
roots of this inutant are dwaited under all conditions of culture, 
high nutrient levels in hydroponics result in a nornmal shoot rather 
than the dwarfed shoot typical of a soil-grown mutant. If nutrient 
levels are reduceL to --25,'( of recomnnended levels (23), the shoot 
takes oila dwarf-like appearance. The bushy- root and dwarf root 
Mutants miiC,intomlatoes, dwarfing root stocks of fruit trees. The 
lwarf root mutant presents a developmental pattern that may be of 
significant use incommercial toniato production where water is 
cxpcnsi c,or ingreenhouse production using lin-filin hydropon
its The sniall root system is ideal (for example) for culture under 
drip irrigation, where water use iust be kept to a tliniimuin. The 
tise of highly enriched nutrients will yield normal shoot and fruit 
developmient. s\ide root development still be kept to atminimum. 

PO I1ENTIAI. FOR TIlE FUTURE 
(Otlers, in this synmposiiii discuss roots in relation to several 

diff;rent characteristics. The desire tot itliiprov'-o illrient upltkc. 
salt toleraince. drotight resistance, etc.. all reiLuire genetic manip
ilatiof the rot system to achiev' their end. [here is, however, 

w Lgabi tit eletic tr ici ot devel
lite k o ldu b u h '-Ln tcc nrlo'r,!go td v l 
little kito oit the ati rie grosth , 

etpmten tnd function . Several reasois ftir this paucity of infor
,nation Iiave been atdvattCd here, such as difficulty of study, 
tittttlin Of results byvptling different root types, inadequate 
statistical the presence of extensive genic dupliprocedures, ;in! 


cation inimost crops. These pribleins have not prevented significant
idilaCCs, and the potential for the future is great (42).

The inherent spatial variability of the soilgives rise to many
microteivir lnnts. If data taken troin roots grown in these mni

trovi rockags ine,thesecrr risvirtitnents ai.pooled, as is likely with normal experimental 
plht tlesig s, the effect of these differcnces will be masked or 
svatitcd, concealing opotctiallv significant relationships. Soil sci-

I .Pclidc
i has atleipid a group of statistical procedures (Called isarithinic 

with (ieenvironmcnt. Vegetable breeding that emphasizes rootcharacteristics would b'ticfit frot the tse of isarithinic mapping 

UllARY 

The ciiclusion that there arc 4. rather than 3. distinct type: of 
root leads to the question: Do svc really know how mainy types of 
ilootthere arc in i typical vegetable? With tile current paucity of 
physiological. aiatoimical, and genetic knowledge of roots, it would 
be foolish iotswer this question in the affirmative. Future root 
studies. whetlr they be physiological, anatomical, or gcetic, lust 
include detailed descriptions of tie morphological characteristics of 
the roots being used and their relatitnship to the intact root system. 
Many past studies have been carried oilt by pooling physiologically 
and/or morphologically distinct root types. This pooling leads to 
lata o1 questioiiable use at best and inivalid or inaccurate conclusions 

at worst, 
It has becn Shown here that, iswith the dwarf root iliitanilt, there 

is plitential flor dcvehlpicnt of rolit iutants that will inprove the 
efficiency Of vegetable produCtitln under noirial iswell as less
than-opltiniiii or novel conditions. Use of the dwarf root niutant in 
drip or thili filh agriculture is only olte exaiple of the potential 
for c mmercial agriculture. For exaliple, i hypothesis that limiting 
the nuinbers of uolts oilwheat plaits will iicrease yields under 
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stored soil water conditions has been tested successfully (26). Imag-
ination, not genetics, is the only restriction to using plants with 
modified roots to improve commercial vegetable culture. 

Roots arc poorly studied primarily because of their physical lo-cation and growthan 	 rwhhabit. Since 30% of the genome conditions root 

characteristics, a moderate portion of the "plant" genome remains 

essentially unknown. Although most crop species aveProc.genie duplication, reducing the availability of recessive mutants, 
vegetables (tomato and pea) have low enough levels of duplication 
to allow induction of root mutants for development of isogenic lines. 
These isogenic lines then can be used to study the basic processes 
in which roots affect and effect plant growth and development. 
Much greater advances in tie ktowledge of rhizogenotics of veg-
etables will be possible if hybrid statistical packages, isarithmic 
mappin, ,.:chn;,lues, and aeroponic culture techniques are coupled 
with tllcs( isogenic lines. 
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Lodging may be defined as "the state ot permanent displacement 
of stems from their upright position" (31 ). Diverse factors are known 
to bring aout lodging. Plants may be inherently weak and suscep-
tible to lodging due to such traits as a low stem lignin content (4, 

49) or a small root system (31. 40, 45). plants may 'e veakened 
duc to danage by insects or pathogens (24. 31L. Culttral practices 
can increase lodging through increased plant populations (13. 31, 
54), high fertilization ri!tes (31 541, irrigation (31. 54), or damagce 
from cultivation ( 18). Both StCl lodging altd root lodging lav 
occur. In steto lodging. tile plant bends over or breaks at any point 
along its sten. Itt root lodgi ng, straight and intact stenls lean over 
fron the ground level due to a disturbed or an inherently weak root 
systeti (31). 

Lodg ing inivcstigat ions have heCl conducted primarily on field 
crops, especially those of the ftnlt ily Grminn'ie, reflecting both tile 
ntorpltology of tile plants and the early developtent of meclhianical 
harvesters for thcltr. The continted interest ill tiechanical narvesting 
of vegetatble crops, coiniied withItagrow intg recotgn1it io hs0oftiphte
iological yield losses, resuttItiutg frout lodg intg (even inrtland -halrvestedi~l~i~a Vild oswsreslfio illhan-lirvetcdfom ldyig, eve 

crops), leads to a cnsidecration of lodging in vegetable crops. i 
paper revievws tre subject ottlodgingdill vegetble crops Mill el-
piais o the ole rotsystetn crop anchorage. As tulr of tte 
os thireserchsitt ilt hc refittIaseen ottdC r a t ro o~ttie 

Relation of rot mass to root lodging 

(ctnotypes wilh inherentls hirge toot systents have been associ-
atcd with reduced lodging itll tizei/et rnss L.) (45). paprikat 
peppers (Capsicum annuum I..) ( 17), amd dry heals (Phtseohtcs
vugaris L.) 14(). ''his association alsot has been loitid in several 
agrononlic ctops, sttch as tobacco (Nicetiana tahactun I.. ) (2), oats 
(Arena .aiva L.) (36). wheat (Triticuni ac.tivun I.. ) (52), soyb ears 
GIycite mar (L..) Merril; I ( 15. 5 1). and Mttlla Oedicaqo saiva 

L.) (48). Uprootiong resistance, tile ant itltf foirce (kg) requ red 
tI excavate an individual plat, has been itsed by researchers Is all 
indirect method of evaliating tile size of root systens. Significant 
positive correlations bctween tprootinlg resistance and root size have 
been reported in several crops,. including ttaize (8, 20. il-th beans 
(40, 42), and oats (7. 36). Direct positive correlations between 
uprooting resistance and lodging resistance wvere repoirted in ttaize 
12) and black heatis (401. 

The association betw'een increased total root inas, ard loot lodg-
ing resistance slay be better understood if tle tital root systetil is 
partitioned intto its orplological cotmponents. l)escriptiots of veg-
ctable crop root systetmts svere developed as early is 1927 by Weaver 
aInd Iruner (50). Tanaka (43, 44) classified Icguue crops inlt al-
Frllfa. setch and intcrncdiflc bea) root devel-(Vicia spp.), (ttsoy, 
opntenal types based ol their elotgatiot, bratnching, antd thicketing. 
Zobel (58) dividCd toitmtto root systetus into 4 roit types based on 
anatomical and genetic criteria: adventitiois roots, basal roots, llt-
eral roots, aitd radicle (taproot). 

Resistance to root lodging nay be assciated with a particular 
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root morphological characteristic. Stoffella et al. (41) attributed the 
erect plant type of 4 black-seeded dry bean breeding lines to larger 
basal roots as compared to 2 standard more prostrate cultivars. 
Sechler (36) reported that lodging-resist-,'" oat strains had longer 
rootcrowns, larger culn and root diameters, and lower shoot : root 
ratios than lodgiaig-susceptible strains. Lodging-resistant genotypes 
of wheat (30), oats (11), and barley (ilordeunt vulgare L.) (14) 
were found to have a wide root-spreading angle. A short basal 
internode length with a large nuntber of prop roots was proposed 
to be associated with lodging resistance in maize (53). These find
ings suggest that individual root mass components may be respon
sible for tile exhibited lodging resistance in cultivars of certain crops. 
It may be nmore efficient to screen and select gcrmrplasn for a spe
cific root characteristic thian for a large total root system. 

Lodging in specific vegetable crops 
I odgitg. wltetter attribu ed to the stem or to tie roots, has been 
Logig tr dt ti ttyr oterothsbe 

studied in relatively fewsvegetable crops. Following atre summaries 
ofs' dging research on 6 vegetables.

Mws Pisum sati'utu L.). Samarin (33) studied factors affecting
lodging resistance in all tile annual Pisun species, including 10cultivars of P. sativint and 3 mutants. A 2nd study (34) compared
5 Piston species with Citer arietintto L. and a species of Lathtyrus.
The ntain factors conditioning lodging susceptibility in pea proved 

totbe low cottent of tmechanical tissLe at internodes 5 to 6 andvigorous developtment of the upper part of the plant. Interspecific 

differences s,,'ere observed. 
Kaatz attd Gritton (I16) compared yield and height responses of 

5 pea cuhtivars that were artificially supported or allowed to lodge
naturally. Effective support treatments increased shelled pea yields 
art average of 81, . due primarily to improved light penetration into 
the plant canopy. Supported plants were taller than unsupported 
plants during tle latter part of the season, when most shading of 
losser leaves would occur. Unsupported plants sometintes lodged to 
half their original height. The authors stated that, while some of 

stie ond earlier pea cultivars were less ptone to lodging,shorter 
nonle stood perfectly erect. 

Stem lodging appears to be the primar,' type of lodgiig in peas. 
Some tmodeni pea cultivars now possess the aflii gem~e, which causes 
tendrils to be produced rather than leaflets. plants o'; such cultivars 
lock together and beco tie mlore self-supporting, easing mechanical 
harvest 13). 

Pcto'.C (Sol[alni ttberosun L. I. Large seed pieces, chlse spac
ing. irrigation, and high fertilizer rates may increase potato yields 
either through increased leaf cover or by rttaintaining leaf cover for 
longer timtes, but these practices also resitIt in increased stern lodg
ing (54). In a study withI artificial Iodging aid sitpport of Pentland 
Crown' (54). Iodg ing decreased radiation interception and tuber 
growth. However, these effects were partially offset by compet
satory haltn vine) growth When lodging occurred early in the 
seasonl, anid tile greatest yield loss Was bollut 8M4. CotpensatorV 
hattuln growth did not follow late hldging, but as leaf areas were 
already declining, the yield loss %sas even smaller. Thus. lodging
had little effect oi this cultivar, which produces large haiIus and 
has I long growing season. The authors suggested that lodging 
might be tproblemu with earlier cultivars or those with snmall hauins 

L55). 
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Tomatoes (Lycopersicon esculentum MiUl.). Adelana (I) found 
that lodging in tonato was positively corrclated with plant height,
leaf area per plant. number of branches per plant, and fruit yield.
Tall, indeterminate curtivars Were vulnerable to wind-induced ldg-
ing due to heavy branching and tile production of fruit trusses bigh]
in the plant profile. However, indeterminate cultivars also tended 
to produce more fruits than deterriniate cultivars. Staking was use-
fil to prevent lodging and maximize yields, but was expensive.
Adelana ( I ) suggested breeding for increased vields on shorter plants. 

Maize (Zea mays .. ). Almost all of tlie lodgiig research on this 
crop hias hen cOidLctcd Ol field corn. However, sweet corn be-
longs to tire same species, so results may be a pplicable. 

In an early report, a lodginr, resistant inbred strain ofI 'Yellow 
Dent' maize had nriore nmain roots and lateral roots per plant, it 
greater total and u 

tance than it oiging-srciseptilhIStrain (I 2). 


Wilson (53) stated that extensive deelopicnit of prop ro ts and 
atshort length of the 3 most basad iiternodeS were imporitan, aspects
of, riaize lodging resistance, 

PhoslhOlrus ,ind IK increased inaie root anchorage to a 

length of lateral roots. greater pr'oltilnc reis-

greater
degree than did N in deficient soils (2Q(. Il ildditio n, tire riinountan(l distribrutioni of rainfall had more influenc o r aize lod.lit, 
thnlar wiil velocitv. The greatest hrdgrrig occulred %%.hen litailiall was 
accompanied l'y high winds. Root hl((girig was Inich Irore coniroi 
than stem iodjirrg in this study (29). 

IHall (l0) sudied selt'd lines of mai/c aind thei, hhnids.: I 
Correlation coetficicats shoved little or n[o relationship betweCn tile 
amrnt of lodgi;Ig and ear height, length of underground stem, stalk 
cro ss- section,. ,talk disease, si/c of brace rils, nmbliiner of srcke's, 
anl(d ear weight. Si criliicarl IneCativc correlations were obtained hr(-
twvenrr tire amrount ocf lodging and tire depth. width, arid volume of' 
tire r(it clumnp: tile length and angle if brac.:e roots: a d presSuie 
required for urprootin for tire selfed liies. It ,.S.as concluded tl:rt 
lodging was determined by atcomplex of characters and these chrr-
actrs were inherited separatelv. 

('raig (8) Ohserved thiait Irass selectio lot roit strength (in terrrs 
urf iipilingi resisancc) seernrcd to be a practical ineans of increarsinc 
root strerIgil and rooit lodlntic resistalce in IniiC poptlatitiis has'-
inc sufficient variability hir tins trait. Selection for riot strenItir did 
rot affect yield Of tire rmrCize Sythetic.

Tlhioipscin (45) extracted mirrie iiot cluilips, I[ I ihc ,;cil with I 
potatio digger. Significant negative correlation", werc oltained be-
tweni riot clump si/c and root, stalk, aid ht[orl lodging. 

Nass ancd Zuier (2(i) crew. mai/e ili sand cultuure, ud evarlunted 
roots at 2-Nand 35 davs tl(er ilantini2. 'ITial rot W'eigi,il. iot 

volhnire. aid weight If niid roots ss.crc positively corrclatcd with 

roowt eLurrip weiglitnnillo 1111 resistance of riatinre plants under 

field Conditions, whil te c seminal rot"ts rI rce~l-
percerrigeI l 

lively correlted with Ihese 2 field nesauremeits, 


TtiiLpson (4(i) tsCtl recLireIrt selecion in 2 nlai/e synit.el ic 
 r 
lodging sIsceptiibility and resis tance. As tIe peri e niitace Of creeL 

plants increased, Stem tissie becrmre stronger aRd denser. the rind 

thickened and became 
more resistiUlt to puniture, rolits policerted. 
and grain yield decreased. ihuwe\er, I subsequent study (47) showed 
that tIre yield reductioni wa, rniinrized in hybrid cOLnihitation with 
unrelated testers. II tire 19)72 sttLily (46). stei hdging accounted 

for 89;1 ill' the total lodging in the cross 
of' Ihe origill synthetics. 
Little change iccurred for rollt Ililing resislarce Lirntil stalk strengirth 
was improved. 

Polassinili fcrtilization reduced e te lodging'Lf rnraize in tue 
study (22). The main henireit of K Was said t be nmaintenance of
the stalk tissue. 

Zuber arid Kang (5 ) reported that stalk hidging causes ain annual 
yield loss of 5--25;; in Iinited States" field Corn. Slalk strength was 
evalualed by the stalk-crislhing and rinid-pnclrure techniqties. Ilihil 
stalk crushin'g strength \.wits assuciatecI with an it reased lignin con-
lent of' the rind aid \tilh reduced stalk ldginuv. Tlie stted (ith 
maize hybrids ii tr I 1970s had 2 to 3 ttles crerter stalk strenigth 
than strains grown in tire I)4((s. 

In I Nigerian sludy, lodging i nmitie \5it, positively correlated 
witi plant height, ear heighlt, and Icngth oi' tire basal iinicr-idue, and 
negatively correlated wiih yield. Earliness. Sten diameter, ;Ind leaf 
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area were not related to lodging. Stem lodging was more comrron 
than root lodging (32).

Inoue and Okabe (13) found that, in lines of maize grown at 
88,800 plants per hIa and sown in early June or at 44,000 plants per
ha and sown in mid-May, root lodging was 2.5 tines more frequent
with the high density-late plamting combination. Low temperature
and dry conditions during early growth and heavy rainfall at or soon 
after tasseling Were thought to be related to root lodging. 

Root lodging was positively correlated with stalk rot rating and 
negatively correlated witi stalk strength per area and rind stre ngth
ill a study of a iiaize synthetic subjected to recurrent ,'electioni for 
stalk qlualitV (24). Many stalk-rotting organisms enter the plant through
tile roots, which helps explain the positive association between stalk 
an( root tluality (38). These results contrast with those of Moliarad 
(25), whiro found that 4 cycles of selection for high stalk crushing 
strerigth decreased resistance to root lodging. 

IlIIsirirmary, it appears that root ldging received more attention 
tharn stem lodging in tte." decades before the development of hybrid
maize. The nodal or brace roots seei to be nmost iniponant irl 
con ferrirg root-lodging resistance through their contribution to a 
deeI., spreading. volmlinilos root cluip. Stem lodging is a primaryconcern today. Although maize breeders have greatly improved sten 

lodging resistance, their gains have been partially offset by in
creased lertilization and higher plant populations (59). Interrela
tionships beviw'cIr root and sten lodging in maize are not clear-cut. 
(olbert ct al. ((0) have stated that tire simultaneous selection for 
na.x inirunir yield anid stalk arnd root lodging resistance by riiaize 
breeders has resulted in a tavorable partitioning Lit tire available 
photosyrithate initoi tire ear, stalk, and roots. A dispropol ionate pos
itive emphasis oii any one of thesc 3 coliponents seeris to produce 
a negative response in tire other 2. They' suggested this dileinia 
Iay be solved if tlie amliotLn of phitosyrithate produced per plant 
call be increased, 

P'epler.s (CapsicuLn annuum L.). Observations have shown that 
lodging often is a problem it pepper fields. Some of the specialty 
types. suchi as paprika, are mechanically harvested, arid there is 
interest ili decopirpenl of a rimechanical bell pepper harvester (19). 
Tall. upriiht plants are importat for Iechanical harvest of peppers 
(19). bitl little infoirmatit is available oIn lodging differences in 
this crop. 

Kahn (17) conmpared 3 lodging-resistant and 3 lodging-susceptible 
paprika Root More 
lodging in this study. () tile average, lOdging-resistant plants had 
larce Stel) diarieters it soil level, root 

pepper line,,. roging wa'its COi111l0ti than Sten 

greater total weights, and 
im.er shoot : ln t ratios than lodging-susceptilile plants blut did not 

differ froim liodging-sisceptible plants in shoot weight. number of 
marketable red and cellulose ;igninriiids, and content in tie IOw-

CrIrI1Ost S cIi of centra! r\is sten tissLe. 'irus, a thick stem and
 
large rooIt system relati-e to the above-ground parts seemed to ex
lplain tIre lodging resistance of' tire upright lines.
 

/)I- , I it (ihaseolus vulgaris L.). I.'rcct bean plants Willi pods
 
high ofl' tie reound at maturity dry nuOrc tapidly. Which Can 
 result
 
in hcwer harvest losses arid 
 improved seed quality (35). Stoffella et
 
all. (4)) Iii bean Iities lodged less
fnd -1 ilacksccdcd dry breeding 

than 2 cult ians. The difference cart be pronounced, as shown in
 
Fig. I . The lines wcrc frluid to have larger total root masses, greater

Iproting resislance , lIwer shoot : oot ratios, and greater seed
 
ields than tire 2 cultivars under field conditions. Lodging generally
 

began afler the seed initiation stage and progressed until final har
vest. Root 
 v.'eigul during full pod fill and ]igirig were negatively 
eorrelated. 

Stolfella ct al (41) also partitiried the root systens of the 6 bean 
genotypes. BIasal roots comprised tie bulk nit the total root mass
 
under field conitions. The 4 upright lines had gre-er stem. liv
poeotyl. 
 and taproot diameters than the 2 cultivars. These trailts 
provided tie plants with I solid base of support and nay have 
allowed a greater portion ot photLsynthates to be translocated to the 
rout system. (cIltvpes did not differ for basal rooit number in the 
field, but basal rout dianreters ard weights were highest in tire 4 
upright lines. Apparentlv, basal root thicl-ening. rather than an in
crease in itnnnrer. provided greater loldging resistance. Most root 
paneinters increased up to the seed initiation stage, followed by a 
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Fig. I. Plants of tile hiack-seeded drN bean cullivar 'Black Turtle Soup' 
(foregroiulld and the brecdiiie line '70(0(i ' (backgroul) at harv 'sl near 
Aurora, N.Y. Note the upright habit of '70001 *and the lodging st.scep-
tibility of ilack Turtle Soup. 

Significant dcCeasc or 11ofurthcr increase at the lull pod fill stuec. 
Thus. rooti senesctIce itav haIvelbegul before' physiologicail Ina-
tirity, which could contribute timlodgini be0lote harvest. Root svs-
tens at tile fuill p)d fill ,tagC are illustratCd il Fig. 2. 

Root weight, shoot eigh. and shoot : toot ratio it black bcans 
decreased linearly is het ,en-ti .i '-pieinC dcCICasCd front 70 to 1 
to 46 ettm in tne stud' I IS). I lowevr. 1i.gitg rttill s atid sCed vield 
were not significantlv afc'td. 

Barriers Ito maximum yield attrihuted to plant lodging 

Yield lisss attributed to plait lodgilu! itay rcsult from physio
logical. physical, or nlc.anica.l hiltv'+s+tim-, barrier~s, l'viallples alelgiven ill Tabicl I 

gI in I 0 
It is well-docunnted that lodgig c+auses, physmoooical yield re-

ductions. Al ipio rtat cause ur thi mmiaybe rheeducl.d carbilIN'dratte 
levels due tio decreased liht ilitIucr'01d6ii by lod'ed plaits 115. 10. 
23. 541. I.Ooding ilSO CXpOs irtits iir sOreds t; bate soil. making 
cleanilng itre di ficult anid prlititilit attack by pat]ogis. insects, 
or slug, II ). heliereduced lir circulaLituL in a Iiudiged Clllipv ia' ,, 
also pritmte disease,: (I 1. Tihts hdeine is aicr'ln evei2 inl c.rops, 
that are nit tIuech'liiall v harvestCd. 

SUMMARY 

The caplabilitv ill support iiF ,incltr thie aibte ltituld stiot prop-
crly is a vital Iiitcmiil (it tt Ruot lodin,, a eethe s,'Icti, call i 
In .for yieIld bitrICr IlilCCr 1 ,la n d :im ll:l 

• 
,Mcrops. A'lll 

upright plait habit is dc',iiiuhl,. It cilc ils itmc'iltiillicil harvestini 

Tabhe I. Cites , yiel , 'eS ;tlliuateltd hi pl I hlutii 

l.ilt11lill' 
hmiisl Resull, Iltll pliant Iitilut ll), citeud 

__ _ _ - __ 
hlysu ical Reductitn in fruit i seedlll c. t 37 

yieIld MslcumciiuiiMiui IL' i D v ci 5. )12lMIE 3t 

l~li suit gco i ii , i l eusiP Iil1a1i1ss'.itli creel plans Ill )ils 28 
[ihe- saille2 gcllolN[)|lL' , 

Pe'ls, 10l 
olou . 'laize" 5-

Susbeiins 15, 23, 57 
Whell 21). 52 

Physical Reduced air cirtulliaoiil I'eis lb 
:iid increased c\ llsitL' ill I'liiltomt ' I 
Ifrits or sceds ill bame 
soil. proill lilig atta]ch b, 

paltligtis, iii, s i. 
slugs 

Mechanical Inability oh i Iacmehin to I)rN, beaus 4i0 
harvesting harvest all of' markelable Maize 56 

fruitsl lr seeds Peas 10 
Peppers 17 
Soybeans 21, 27. 57 

ie 7
 
/'gl+4}Jll .00)tJ (( I O( ). l , 

Fig. 2. Rool systems of 4 bla.k-s eded drv bean breeding lines ('70(1', 
'70002', "'7l13',and '70004') and 2 cultivars ('Black Turtle SoUp'-BTS 
and 'Strain 39'-C'A3) excavated from the tield altthe full pod fill growth 
stage. The breeding lines are greater il total root mass. basal root diameter 
ald weight. and lodging resistance than the cultivars. 

atid to reduce or avoid pihysical arid physioogical yield losses. 
Sigtifilant gilins have bCCn nmadC itt the development of lodgilg
resistant cultivars. Future research Ieeds to be directed toward i 
fuidauimntal its well ias al applieL approach to reLucing root lodg
ing. 'here is ciinsiderahIc information onl root lodging for several 

a.grotntonic crops. AdditioIinal rcearch is needed on the relationship 
of root svStems to li.dgit1g and yield reduction iti many vegetable 
Crops. 
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Root Systems in Relation to Stress Tolerance 

D.E. Miller 
Irrigated Agriculture Research and E.xt'!isio Center, Agricultural Research Scrvice, U.S. Department of
 

A,'icultur?-, ".0. Box 30, Prosser, WA 99350-0030
 

Root,, ainchi r Ihe plant iit Ire soil, absorh and Iransiocate water 
and nutrients, svnrthesize an( Iraisporl growth reuIlaltirs and other 
orgatic conipoulds, privide it sink for carbohydrautcs froithe shoo s, 
and in sorie species aclas storage organs. Most research otnroots 
has dealt with their rile itt absorption. Root characteristics that 
affect lie area of absorbing surface are imruportnt, i.e.,root length 
density, number ati(l type of root hairs, and mycorrhizal relations. 
With nttrienti, that diffuse slowly intile soil. such as P1and K. rot 
density is espel ially' itiiornl rtit.oers tlh reduce root grollii tnav 
injure the plant by redicing Ile voltitic and itletnsity tif soil cxplo-
ration. Fortutialely, plant s produce mitore roots ihanare needed for 
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normal growth-i nsurance that tile plait cIalsurvive stresses, pur
chased at a cost of Ilie increased pholosyithale and other materials 
required for thecextra root produeltion-. 

The r ootctivironliient is seldomi olltiltt ii for cxlcisive, effective 
growlI. Adverse conditions include deficient water and 0,. defi
cicnt or intbalanced nutrients, ton-optiiului soil tetaperatures, tie
chanical impedance. adverse chemical environment, and pathogen 
atid insect pioblenis. Most oi these factors interact. 

Canopy conditions tla Ii.-iit photosynthesis rediuce shout growth 
and limit assimilate tr,inslocation to ieroots, thiisredttCng root 
growth-. If .oot growth declines duc 1o stress, the supply of water 
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and nutrients ,o the shoot is reduced, with subsequent reduced shoot 
growth. Thus, stress originatirg in either the shoots or roots affects 
the rest of the plant ( 10, 36). 

Roots synthesize hormones such as ethylene, cytokinins, gibber-
ellins, an'd abscisic acid. These affect root : shoot ratios, leaf se-
nescenec and abscission, toot initiation and branching, root 
permeability, and stonmatal bchavior (35). Root stresses afTect plant 
reaction to disease and may predispose tile host tissue to pathogen 
invasion (40). 

Root systems in response to 4 stresses (water, 0., mechanical 
impedance. and temperature) will be discussed in this review. Stresses 
due to nutrients (5. 48, 83), toxic compouds ( 1, 71), salinity (34). 
and pathogens (31. 58) arc discussed in recent reviews, 

WATER STRESS 
Probably tihe I ost comon plant stress is lack 0f wvater (35, 39. 

69. 96, 97). Water is needed as a) atconstituetnt of protoplasm; b) 
an essential reagent in photosynthesis and in hydrolytic processes 
such as convye rs ion of starches to sugar c ) a so!lvent in whichl saltsand gases enter and of' ive throu g the; lants avn df) w esial 

factor in maintaining turgidity for growth, forni. arid position of 
shoots and opening of stomata (46). Many species show decreased 
root growth as soil watr potential (T'l decreases (88). 

Mrost water absorbed is transported through tie plant and lost to 
transpirati:;i. If transpir:,tion exceeds inlAe. internal water stres, 
de,,elops quickIy and plysiologicalI actisitics are adverseIV alieCted, 
Coutinued failure to replace transpired water will result ill death 
fromtdehydration. 

Mechanisns have evoilved in higher pints that favor survi. al and 
growth with inadequate or irregular water suppl ies. These mcha-
ni-mis have been classified as dhotug hit-escape, avoidance. and to!-
erance (51, 52, 0i9). 

I)rought-escape. Plaits ire able to complete their life cycle dur-
ing periods wlien vater is a vaih(able. Short fihe cycles are charac-
teristic. 

I)rooght-a'oihin',.Plalts are able ti naintain it favorable water 
status by increasing water uptake or decreasirg water loss in lie 
presence of high evaporative deniand. niasinuch as droughit is alt 
environmental condition, tile plants Lii) not ictually avoid it but 
rather avoid tie low tissue water potentials associated with drought. 

)rought-tole'ri'e. Plants art atble to maintain turge r pressure 
and near normal functions despile low I',. The tetinL droughlt-resis-
tatne is seL to irchlodC both avoidanice and toleran', 

Drought-avoidance 

Ahitotaitlolit,, 1i ,t.'' siqi1v. Sotie species avoid or reduce lroughr 
Jaamage by continued exptaMlIoii of* tile root systeni into mioist soil. 
For most species of interest, this pro vides tly sItppllencital water 
that may be itinimatl for survival. If tite soil water content is low 
enough that flow to te roots is negligible, available water also will 
be q, itcItOw. Water needed to sustain active trarsp ration cannot 
be supplied by root cxpansiou only (97). The benefit of Lceep root 
systemns in reduciig water stress "withi limited water has beef] doc-
uliiented by sc'.cral tudiCs (42, 82). 

Many phants cart develop coMpi.niisati roots in favorable soil 
zones when normal rotr growth is restricted clsewihere. Roots usti-
ally proliferate iii ItiOist soil. especially near the surface, partly' 
because moist soil offers low resistance to root expratsion and allows 
for a steep water gradient into expanding root cells. Root : shoot 
ratios u';ually increase with water stress (35. 63) as plant response 
mechanisms increase the watCr supply relative to demand. Jordan 
(39) reported regulatiig systems within yong seed) ings altered tie 
flow of see reserves atiog expanding organs so that as 1', de-
creased rotts grew relatively faster than rite shoots. Sorghum (Sorghi'uon 
bicoim' r..) cultivars have been selected for differences in root : 
shoot ratios with the idea that plants with iigher ratios should be 
more drought resitant (82). 

increased root resistance to water flow may reduce rates of water 
absnrptiou early in i season so that more would be available at later 
critical growth stages (39, 86). Reduced root penetration rates of 
soybeans (Glycin' nno ,L.) may be beneficial (86). If root growth 

were slowed so that maximum depth was achieved in about 100 
days, water use would be effectively deferred until tile critical mat
uration time. 

An extensive root system is not necessary for optimum plant 
growth if a plant can obtain adequate water and nutrients from a 
restricted zone. The lack of response to subsoiling in the coastal 
plains states (70) in years with adequate rainfall shows this. We 
have found little response to subsoiling a restrictive sand soil when 
we irrigated daily but did find a benefit when the irrigation interval 
was extended to 4 or 5days (38). With trickle irrigation, roots grow 
in clusters in tile moist soil around the emitters and thrive as long 
as nutrients are also supplied (33). However, crops with restricted 
root systems are vulnerable to water stress should rainfall or an 
irrigation system fail. l)cep rot systems reduce this possibility. 

R'ducing water loss. Some plants reduce water loss through re
duced leaf expansion, leaf curling, and leaf orientation to minimize 
radiation interception, leaf shedding. radiation refleetion, and in
creased water-flow resistance through tile plant. Closing of stomata 

; cornisconilio e haurisnm to reduce water demand. This closing also 
results ill restricted CO, diffusion into the leaves, reduced photo
synthesis, and reduced evaporative coolitg. 

l)rought-tolerance 
Water uptake is a passive process with water flowing into the 

root down a \rater potential gradient front the soil, into and through 
the root and shoot. and into the atmosphere (35). The capacity to 
develop low ositotic potentials (',) and thus maintain turgor is 
essential to survival arnd growll when ', is low. Cary (16) observed 
that drought-tolerant plants can grow and exchange air with the 
atnnosphere even with very low Illr. Ruf et all. (74) showed that 
species vary in tile Legice of adaptation to low Ill,. In both crested 
svheagross A'ops'ron ld's i'orm (Fisch.) Schuh.] and potatoes 
(Solmon tubrostoo L. ). '1,r decreased as 'T decreased, but wheat
grass '-, was always about 0.7 NIPa lower than that itt potatoes. 
Top grvth in both species was reduced much more than root growth 
as Ill, dL.rcasi.d. Tomatoes (Lycoprs'icon es'ulentn t Mill.) have 
art adaptive feature for osmotic adjustment during water stress (85). 
Raden (09) indicated a limit of about 0.5-0.7 MiPa osiotic adjust
meint, but somie plants caM adjust to inuch lower values. 

With the exception of escaping water stress by rapid maturation, 
increased rooting volume and turgor maintenance are the only 
processes thai allow plants to withstarld dIrought without I reduction 
in photosynthesis and crop growth (96). 

OXYGEN STIRESS 

Roots require 0, for respiration, water and mineral absorption, 
and other metabolic activities. The 0 used by roots is replaced 
largely by Molecular diffusion betweeti soil air and the above-ground 
atmosphere (43(. Oxygen diffuses through the soil iii air-filled pore 
spaces to the water filis surrourtding roots and then through these 
filis into tie roots. Carbon dioxide anl other volatile compounds 
giv.ii off by tile root follow the reverse route. Inasmutch as diffusion 
of 0, through water is only about 10 - as fast as throurgh air, water 
within soil pores or covering at root surface often determines the 
aeration status. Although Iow 02 contents in tite rhizosphere will 
reduce rot growth (84), recent literature has focused on oxygen 
diffusion rate (ODR) as a better nmeasure of' soil aeration. Large, 
air-filled pores are niuch more effective itt 0, diffusion than small 
pores (21. 76). Moist aggregates cart have anaerobic zones within 
them, duc to water interfering with diffusion, when air between 
aggregates contains adequate 02. Although soil compaction reduces 
total porosity and pore size. comnpact dry soil is rarely poorly acr
ated. Only when many of the air passages becomie blocked with 
water do aeration problems occur, and such blockage is more likely 
in compact than itt loose soil (2 I. 

Giable and Sicnter (29) showed that ODR approached 0 at about 
10-1 2%air-filled porosities. Thcy also demonstrated the combined 
effect of soil water and compaction in reducing air porosity (Fig. 
I). lhcre is much evidence that ODR values of About 0.20 
pig'cmrai i are needed for normal growth (25, 80, 81). Pro
longed periods of low ODR arc unusual unless the soil is kept wet, 
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Fig. I. Influence of soil bulk density and soil water potenial on air-filled 
porosity of asilty clay toai (redrawn from 29). 

but short periods of low ODR that occi- after rain or irrigation can 
be detrimental. Temporary low ODR afficted growth of peas (Pis.ul 
.vativupn L.), tornaloes, sugarbeets (lBeta vutlgris L.), and corn (Zea 
mays L.) (26). Peas were severely injured by 24 hr of low ODR 
just prior to blossom. ")mato growth was reduced 501% by low 
OI)R in early growth stages. 

Increased air porosities are needed to ma intainlan adequate OI)R 
when respiration rates are high (29, 62). Soil microllora represent 
an important 02 sink comparable in magnitude t")a crop (9). L w 
OI)R is more detrimental to plant growth at high than at low root 
temperatures, probably because respiration increases wi th lemper-
ature (49, 50). 

Internal aeration 

Roots obtain most of their 02 fromn the soil air. but 0. can diffusethroght th he hoos fsme peces naouns
rots sfl','illt 

th rough the shoots to tile roots of' sonie species Inl amo0u ltS sUIti ieil 
to prolong life. Oxygen diffusi~m through pea radicles in 0.-free 
airallowed 2017 of normal elongation rates (23). The models of 
Luxmoore et al.(53) for sweet corn indicate that int,rmal aeratilon 
was 34% of the total inwell-aeraited oil and 127 in O -deficient 
soil. Sunflower (l1elianottus annus L.) tolerates low aeration be-

cause of internal oxygen diffusion 11(14). In this latter research, 
flooding catsed less damage to corn, sunflower, and wheat (Trii-
cum aestinnt L.) than to harley (loreeum vulgare L.) and tomato, 
and this reduced damage was associated with the large increase in 
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Fig. 2. Root porosity of 5 species as affected by flooding induced low soil 
oxygen. Bars within a species with different letters are significantly dif-
ferent at ' = 0.05 (adapted from 104). 
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root porosity of the first 3 species under flooding conditions con
pared with normal aeration (Fig. 2). 

Adventitious roots 

Development of adventitious roots in some cropis is related to 
plant tolerance of excess soil water, i.e., low C,. Such roots de
velopeu by corn after one day of flooding were short and porousenough to allow significant 0, movement from the shoots to the 

root meristems (102). Development of adventitious roots in zones 
favorable to growth isbeneficial to plants but it requires expenditure 
of C resources and may result in reduced top growth (78). Adven
titious root formation and increased root porosity are temporaryplant responses that aid recovery from waterlogging, but nmo:st crop 
plants will soon perish under such conditions. Internal gas transfer 
is probably a survival mechanisn at best, and does lot supply 
adequate root oxygen for most crop species. 

oxic materials produced under low ( 

When roots are deprived of 0, respiration becomes anaerobic, 
and organic compounds are produced that may be toxic (76, ref. 
21 cited in 78). Stres.es other than low 0, may result in production 
of sonic o"these compounds (44). For example, ethylene production 
is a general response of plant tissues to environmenilal stress, in
eluding deficient waler (35). 

Probably the most-studied compotuid associated with poor soil 
aeration is ethylene, a naturally occurring plant hormone. it is pro
duced in low-O. condition, by plant roots, shoots, and soil micro
organisms. Precursers of ethylece may be produced in anaerobic 
roots and transported lo the shoots for conversion to ethylene (8). 
E'thylene suppresses potato tuber initiltion and increases tuber res
piration rates (18), and encourages adventitious rooting of tomato, 
Stiflower, and corn (14). It affects germination and root growth at 
concentrations <I ppm (77). Concentrations of 1-20 pp have 
been measured in water-logged soil (37). The influence of cthylene 
on root growth of cereals is illustrated by Table I. Differences 
aniong species in sensitivit) to ethylene are correlated to sensitiv
it i es to excess soilwater (77). In addition to toxic organic corn
pounds that result from anacrobic respiration, toxic inorganic products 

,\ratio and root disease 

Low soil 02 may causc conditions conducive 'o root diseases 
such its[lhe attracting and sinulating effect of C lost from roots on 
soilpathogens (78). Smucker and Erickson (79) observed rapid 
growth of' Fusaritn solni f.sp. pisi (F.R. Jones) Snyd. & Hans. 
onipea roots ina N2 atmosphere. This rapid growth apparently was 
due to tile C compounds exuded by tle roots. With tile low root 
energy accompanying low soill can the0, nutrients be lost from 
roots into tile soil (I 4), further encoturaging microbiological activity 
in the rhizospherc. 

We found that poor aeration markedly aggravated injury to beans(Phaseolus vulgaris .. )caused by lusariom sonlani f. sp. phaseoli 

(Burk.) Snyd. & Hans.. but bean growth svas not affected by tem
porary low 0, levels in ILusaritnt-free soilaggravation may (55, 56). This injtryhave been die to low ()2-induccd rot exudates 
that stimulated the pathogen activity, as suggested by Smucker and 
Erickson (79). Low soil 0, predisposed bean roots to attack by 

Table I. Effect of ethylene concentration on root
extension of 3 crops (77). 

Root extelsion 
Ethylene (N4 of control) 

(ppin) Barley' Rye0 Rice' 
57 81 105 

1.0 42 72 90 
10.0 2(0 62 75 

100.0 15 61 73 

'Hordeum vulgare L. 
YSecale cereale L. 
'OrIza saliva . 
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Fusariumr solani f. sp. pisi, which is normally not pathogenic to 
beans (57). 

Low soil 02 and soil compaction 

Root growth rates are affected more by low soil 0, and soil 
compaction occurring together than separately (75, 84) and 0, re-
quirements for root penetration of a compact soil arc higher than 
for a loose soil. As shown by Fig. 3,roots do not penetrate very 
dense soil, regardless of soil O, levels. They can easily penetrate 
loose soil, even with low 0, levels. Both 0, levels and compaction 
affect root growth when they are at intermediate levels. Impedance 
due to soil compaction results in compressed root cells, reducing
internal porosity and increasing root diameter (12). thus reducing 
the 0, supply to internal root cells. 'Ilie combined reduction of 0. 
supply anu increased 0, demand coul result in anoxic conditions 
earlier than if either condition were absent (75). 

Compact subsoils may restrict water mtovement out of kte surlace 
soil following a rain or irrigation akid thus cause temporary poor 
aeration, as is illustrated for it Charity Clay inTable 2. If 0.35 
Lg.c 2.min ' is taken as a critical level, 0, was deficient for 2,

5, and about 7 days in the deep-chiseled, plowed, and corai. let 
soils, respectively, 

STRESS D)UE TO MFC:NICAI,IMPEI)ANCEchar icali ilnpedance is a function of both bulk density and waler 
Root elongation rates ->12 ct per day have becki observed 194), 

and many fine roots atmidrootlets develop daily. These absorb water 
and nutriekits for a few days. then die and disintegrate, and are 
replaced by new roots (951. Rapid growth takes place as n'w cells 
arc formed and clgate inthe root tips. As a root grows through 
the soil, it roust pass throuih t pore that is larger khan it is or it 
nitst enlarge a smaller pore 1103). Root cell expansion can he 
reduced or stopped either by the failure to adjust osIotically to tile 
lowering ',of a drying soil and to absorb the waklet needed f 
expansion, or by the lailure to develop eniough hydrostatic pressure 
within the cell to ovcrncome the resistanct of tie soil toatrix. 

Reduced rooting votme is tie main detritental effcct of soil 
compactiot except for qu ality factors such as the shape of roots or 
tubers. Rooting volume has little significance as long as tilewater 
andl nutrient iceils are tick.ItastMuch as nutrients cart usullyib 
supplied front a small soil voluie, reduced ,atcr supply is likely 
to be the most serious effect 0'f reducei root voIt (7I.87, 94), 
especially when tie crop is iepeidilent ilstored soil water for ai 
extended period. With inodern irrigation anl clentiatiot tech-
niques, the root volume is otil important to physically support tie 
crop becatrsC adequate water and nutrients can be absorbed under 
almost optiu conditions ccp root systems may be Undesirabetrtr have been used, ranging from needles that apwith frequent irrigation antd fertilization beatis of the extra dlemand 
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Fig. 3. Cotton taproot penetration intosoil is affected by soil btlk density 
and soiloxygen content (redrawn from 8,1. 

Table 2. Cxygen diffusion rates (OI)R)in aclay 
soil tsaffected by tillage and time af .r a 7-cm 
rain oil27 July (25). 

ODR ( Ig-cn 2.rit- 1) 

I)eep-chiseled 
Date (50 cm) Plowed Compact 

28 July 0.32 0.29 0.18 
29 Jnly 0.34 0.30 0.15 
30 July 0.40 0.31 0.22 
I Aug. 0-#3 0.35 0.31 

on photosynthate supply for the extra root growth (64). Plants with 
a restricted root system are vulnerable to water stress should tile 
water supply be temporarily curtailed. A shallo%, root system is also 
exposed to the extreme temperature changes in the surface soil. 
Two con moonly used indices of the soils' resistance to root growth 
atle bulk densitv anid strength (I17). 

Bulk density
 
Somc general bulk densities (IMg.11 3)that will impede root growth 

in moist soil are 1.55 for clay loars, 1.65 for silt loams, 1.80 for 

sandy loakni;, and 1.85 for loamy fine sands (7). However, te

content and tie concept of acritical bulk density for root penetration 
is not acceptable (7,63). A density that restricts root growth at a 
low water content may iler negligible impedance if tihesoil is wet. 
Coarse-textured soils have tmuch higher bulk densities and lower 
porosities than fine-textured soils, and a bulk density representing 
low inipedarnCC in a sand would completely restrict root growth in 
a clay no. 
Tl'hil.
restrictive layers often occur in otherwise unrestrictive soil. 

Cattip and L-und (12) found a compacted traffic pan of 1.9 Mg' in 
attile a Norfolk sandy loato . Very thin layers18 to 19 cmidepth in 
ilta silt loam in the Columbia Basin of Washington restricted potato 
roots (73). These layers probably would be overlooked by usual 
bulk iensity'sampling. Although bulk densities provide i measure 
of compaction for a given soil, they are not good indices of root 
ptictration resistance for that soil. 

Soil strength 
The capability of roots to penetrate :Isoil isrelated to the soil's 

resistance to forniat isLe ion-rterred to mechanical impedance or 
soil strength. This characteristic is commonly measured as the force 
required to press Ipenetrometer into tle oil(22). Various types 

proach root size (66) to those that are several centimeters indi
aticter, with blunt or pointed tips. A lubricated penetroneter that 
exuies polymers Irom tiie tip has been used (93). The AmericanSociety of Agricultural Engineers has adopted design and use starrdards to help reduce rite confusion due to the variation in penetro

r65 (3). 
Soil strength is tilecritical valte indetermining root penetration 

and is dolmtinated by butlk density and water content. This is illus
t55 bv the results of Taylor and co-workers (90, 92). Cottonrated 
(Gos.ium hirstmtn L.) root penetration into Amarillt line sandy
loati was Iinearlv related to soilstrength regardless of whether it 
was due to high bulk density orItlow water content (Fig. 4). Roots 
did not penetrate a soilinwhich penetrometer resistance was niore 
than 3 M Pa. The soil strength-root penetrattion relation was similar 
for 4 soils ranging in texture frot loamy fine sand to Ioan (92).
Soil strength increases with decreasing water content much more 
rapidly athigh than at low bulk densities (13). 

Some workers have criticized tile charuse o'rigid soil probes to 
acterize tie resistance of ti Iio root penetration (30). Penetroteters 
are Muctch larger than roots, are rigid and Unable to find zones ol' 
weakness, anid penetrate into tile faster than roots (17.soil much 
Regardless of the theorelical deficiencies, penetrometer neiasurcliens dtogive a useful rteasure of soil strength. Itis recoinlendd 
that soil water and bulk density samples also be taken to lie p in
terpret the penetroueter results (17). 

966 Hor'rSctiENCr, Vot.. 21(4), Auous'r 1986 



Table 3. Yield and percentage of No. ! 'Russet 
Burbank' lubers as affected by subsoiling and 
irrigation interval on Quincy sand (38). 

Soo- Irrigation interval 
Daily 4 to 5 days 

80 Not SS SS-' Not SS SS, 
300 Totalo 1.55 Mg/r (Mgha-I) yield, 55.8 56.5 50.0* 58.6* 

60 0 1.65 No. I yield, 42.9 46.3* 17.0* 35.3*A-" x 1.75z v 1.75 (Mglha 1 ) 
Z 0 o 1.80 Percentage no. I 77.0w 40 82.0* 34.0* 60.0* . o 1.85 'SS = subsoiled to depth of 85 cin. 

20- 20 *Significantly different from daily, not SS at P0.05. 

0 A
 
2 3 4 5 not subsoiling, It 
 is probable that deeper rooting due to subsoiling 

SO STRENGTH, MPa would reduce severity of temporacy water stress in case of an irri
gation system failure. 

A hard soil layer aggravates fusariutii root rot of beans, especiallyFig. 4. Root penetration into Anarillo fine sandy loai soil as influenced when soil water is marginal. In low-strength soil infested with F.by soil strength. Soil strength was varied through combinations of soil solani f. sp. phas eoli, bean roots can penetrate deeper than thebulk density and water content (redrawn from 90). Fusarium infestation, so that healthy roots can absorb water and 
nutrients and partially compensate for the ineffective diseased roots 

Effects of compaction on plant growth near the surface. Water and nutrient absorption may be inadequateto sustain growth if rooting is restricted to infested s .1(54).
Many studies have shown crop yields to decrease as soil strength

increases. Examples are cotton (15), sorghum (91), sugarbeets (89), ROOT TEMPERATURE STRESS
and potatoes (11, 27). Large roots and tubers must displace considcrable volumes ill soil in order to expand to full size and this Temperlt recis a tnajor factor in determining adaptation of varexpansion is against the surrounding soil resistance. Flocker et al. ots plant species to given locations. Most physiological functions(27) reported are controlled to somea 50% decrease in potato yiclds due to compaction, nstns. extent by tctnlpcrature-dependent mecha-All root functions are highly tetuperaturc-dependent.while tomates were unaffcted. Reductions are often attributed to 

Soil 
influences plant growth indirectly through its effect onwater stress, in turn causedu-e.nut by soil compaction-reduced root temnpea i sit rowth directly th ronvol- liure In g inrtet avaitlabtitity and resitdut aecomposit ion and directly through

Soil cotnpactiotn is le.. like ly to reduce yields of perennials than its effect on seed germination. seedling emergence,annuals (7. 88) because and root temroots of pernnials have an opporttnity to perature. Agrow through o l channels 
number of excellent reviews of soil temperature androot or throug layers t times of thea plant growth have been written (19, 59. 60. 72, 99).


year when strength is reduced. 
 Some platts seem to be able to Only the effects of low soil tem7peratures oiwplant performancepenetrate and disrupt hard soil, i.e., alfalfa (Medicago sativa L.) ill bespiscssed heeare(e
and sweet clover (Alellotus alffa Medik) (7). Bahia grass (Paspalum ical responses to high tetperatures.
 
totattm Flugge) penetrated soil layers that excluded cotton roots Much of the research related to root 
zone tetnperatures has been

and cotton following the ahia conducted under controlled conditions so as to define optimutn ranges.grass had increased rowntig to al A generalized root growth-temperature response curve for temperleast 6) cm compared to where the grass had not been grown (se ate zone crops is given in Fig. 5. Root growth is low at about 5oC,24 cited in ref. 7. tnd increases nearly linearly with increased temperature up to aCotpensatory growth may occur whenever root zone temperaturesystem is inhibited (41). Roots that are restricted by hard soil usually naximum at about 2 ushow increased branching and density in less-rstrictivc zones. A.s cause rapid decline in root production. However, there is miuch
 
cited previously, this compensatory growth represents an increased variation among species and cultivars as to optimum root zone ten
demand for photosynthaie in root production. peratures, as illustrated by the following values selected
views of Nielsen (59) and Voorhees et al. from re(99): Beans (PhaseolusInteractions vtli,,aris L.) 28'; potato (Solanum tuberostmt L.) 20' to 230; corn 

(Zeo tas L.) 250 to 300; squash (Cucurbita sp.) 270; onion (AlliutAs indicated previously, if high soil strength results from soil

compaction, porosity and pore 
 sizes have been reduced also. If a 
compact soil is also wet, there may be poor aeration. .0 

Higher corn yields were obtained fron rows between traveled
furrows than frotm between nontraveled ones (98). This difference _
wa.i attributed to compaction due to travel, which increased water W• 
content and accelerated P dirfus ion to the roots. With P3fertilization,
the effect disappeared. 0 0.6 

Cotton tap root growth was evahiatcd under various combinations 
of soil strength, tettperature, and aliminut activity (65). Any of 
the 3 variables exerted the greatest effect when the oiher 2 were at w 
optilut. When any variable was near a critical point, tile other > 
variables had only a slight effect on tle clongation rate. -

Work conducted in tile coastal plains of the southeastern United W 
States (see ref. 70) has shown that the mnijor benefit in increasing or 

root depth through disrupting i hard subsoil layer was att increased c1
volhnie of soil to supply water during dry periods. As shown in tO 20 30 40fable 3 (38), potato tuber yield was not affected by subsoiling with ROOT ENVIRONMENT TEMPERATURE, *Cdaily sprinkler irrigation. When the irrigation inlerval was extended Fig. 5. Generalized root growth response curve to root zones temperaturesto 4 to 5 days, subsoiling improved yield and grade contpared to (redrawn from 99). 
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Fig. 6. Shoot and root weiots of 23-0!iy-old corn seedlings as influenced 

by IVC increment changes in soil temperature iedrawn fron) t001). 

to 22ao 
(,pa L. toiv sugarect ('Io';ta L.) 200 ii1 2 tbriat 4 ;lpei° 
(I'i.vaun sativum L.) 18 to 220; and tomato (I.\' olp'r.oir'tn e.c'ulhn

tonaMill) 260 to 34'. Cool-scasor crops arc generally less sensitive 
to low soil tci.1leratures than warm -season crops (45). 

Optinin soiltemperatures for max iinli root growth are geii
erally lower than tire optiimu soil temperature for maxiniulii shoot 
growth. Opti mui soil tc'iperatures usually arc highest at gernii-

dation of root elongation, thus reducing exploitation of new soil 
water supplies; b) decreased movement of soil water to roots; c) 
decreased root permeability to water; d) increased viscosity of root 
cell protop!asn; e) increased viscosity of water; and t) decreased 
metabolism, in turn affecting the permeability of roo! membranes. 
The principal cause of reduced water uptake is the combined effects 
of reduced membrane permeability and increased viscosity of water 
antiprotoplasm (45). 

The rate of change of root temperature may be .,important as 
the absolute temperature. Nielsen et al. (61) found that cooling corn 

from 200 to 5OC in 3 hr caused permanent shoot wilting.Similar observations were made with kidney beans. Sunflower and 
recovered from :,ich treatment (6). 

Nutrient uptake. Because of the large influence of soil tempera

(treon root growth and density, uptake of nutrients of low mobility
(such as P) is reduced by low rout telperatures (60). Uptake of 
mobile nutrients (such as N and S) is much less affected by root 
temperatures than relatively immobile ones. Soil temperature also 
affects plant nutrition indirectly through influencing the rate of re

of nutrients from inorganic and organic forms, the synthesis 
of nutrients into complex organic compounds, and their transport 
to the shoots. 

The detrimental effects of low soil temperatures on plant growth 
are complex (60) and are due to a combination of reduced water 
andi nutrient uptake, reduced nutrient assimilation and transport of 
the products, and reduced production and transport of growth reg
ulators required by shoots and/or roots. Because root growth is 
reduced by low temperatures, root capacity to act as a sink for 
carbohydrates produced in the shoots also is reduced. 

SUMiARY 
Roots absorb and translocate water and nutrients, synthesize and 

nation and decrease with tiiile. For example, turnips (Bra.ssica rtJan transport organic compouids, are a sink for carbohydrates, and 
L.) 	 have an olptiiruirr root temperature of 27°C in the spring and 
19' in the fall (4). The optinluni root temperattire for top growth 
of sugarhcets progressively decreases fronrr 20 at 6 weeks after 
energence to 230 at 13 weeks (68). Similar shifts have been shown 
in corn (2) and barley (67). Tcmperatires in the field are never 
constant but vary diurnally, seasonally, and with depth. Thus, it is 
difficult to use plant responses to coinstant temperatures to estiirate 
response, in the field except ina general way. Srnie crops grow 
better with f1lictuating than With consta ntroot temperatures [e.g., 
peas (32) and corn (101) l. 

The sensitivity of shoot and root growth of'cirn to soil tenmper-
ature changcs is illustrated inFig. 6. Total seedling weight markedly 
ircreased as teirpcrature increc sed front 12' to 26'C, and thei de-
reased with higher tlemperaturcs. Roots increased less rapidly than 

tire shoots, so that the root :Nhoot ratio decreased ip to abtout 330. 

Such reciults indicate that at high temperatures, a relatively snrall 
root system can take tip and transport adequate water atid nutrientsfor vigo~rous growth. 

Effect of low temperatures on root functions 
Root norplhology. Cell division is inore rapid az optinrunt root 

temperatures but for a shorter tinre than at cooler temperattires, and 
root cell maturation is delayed by cool temperatures (59). Root 
branching increases with resulting increased root-soil conlact iis 
root temperature increases. The uornial decrease in tetrperature with 
soil depth (luring the growth season encourages root branching near 
the surface (28). 

Root temperature also affects tile growth and anatonly of shoots. 
This effect is to be expected because ,ftire root's influence otn 
nutrient :and water uptake and production of growth regulators and 
other organic compounds. 

Water uptake. It has been known for nmaiy years that low root 
terriperatures reduce water and nutrient uptake (59). Root teniper-
attires can be low without a concurrent reduction inatniosplieric 
demand for water, which results in water stress in the shoots. Sonic 
of the reasons for low water absorption by cold roots are: a) retar-

support tilerlant. These functions are affected by stresses to which 
[lie roots nay be subjected-inadequate or excess water, deficient 
O, deficient or inibalanced nutrients, adverse temperatures. le
clanical impedance, toxic chemicals, and attack by pathogens and 
isocts. Many of these factors interact, and an adverse condition in 
any one factor may affect tile plant response to several other factors. 
Iigher plants have mechanisins to cope with tilevarious stresses. 
These nicchanisins iiclude such thirngs as an expanding root system, 
change iii root :sh tratio, development if additioual adventitious 
roots and internal pore space, ,tonatatopeiiing control, adjtstinent 
of t, and changes in morpholhgy. Most of these adaptatiois allow 
plant survival under adverse conditions, but yield or quality is re
duced comtipared to what would occur under optiomuiii conditions. 
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Variabihiy within the plant kindoiln fr liutiricnt acquisition and Lnvironmental variables limit the oplortunitv to find tlique indiuse reflects diiftlelcltcs IIIroot IlnorphoIoL'y ald difIcrite.Cs ill titeCCl- Vidual plant phenotypes on elcnctii-deicient soils with precision.
anllisills that either :iid o prevcnt oill I llltll into the rool. [his
variability implics XteCtiC ri alcie yet Ie_\ JCClet.'iu ,tuLdics have Silluit -lln-III rt.assays
 

( t II, i t T I l l
bee r)ci1tplted..'t N iktc t( ill ji isIti till d heirel app li- ' 
[fCtl_ 1111t t , is at so l ttionC,'ItionII(h 2+M I L ';lltll ld IlllcIp[ldlM lolt ;Il c ',,cteld IM , 

l lif ,0liil , Ilt d itill cu ltu re that Colh
( t't.and it tilltilisly balhcs tle lo(.,s ol plants. Solutioi Cultures an , can be adapted(a. ,cn readily to sitlle-piallt evaluatliis. Theise of aerattedhie a i is l l it s l ic uill c u l 1ii ra it ru w i n g p i. , I s soltlitln culli phN a n d et i l I l - s ha s hc rnh ig h ly ,a l ar l i zd . H w ve r.
ele eits froiti the s I( ielc oiic, ,.H,.\ , l r i l itiaiiiinlc' Mel -llhtYl ttr ia p 'h eo ll 'atioll a S il Si11 il.i l f xiinaliiiQiso iCl nhel ttfl8 ciiielt, i icil iliiuti situi a

citillii r i1r1itin 1 l i ltcliiti fnisdi IiCic L i eiS. the fi \kills tie itl A\sitll ..]iIiinltill ti; itiot i C\ists, tlo tt ill t
e i Ion !t.V ihnliitte il\ioiuiith i in0 cu ltd nay lot he ili fii hetw e it individual 

litlrititln ar;ll coi lttl i0i iii1ti1 l sli fctci oL lil1ilit1 vari:llitii C 'uiitiii i-cti.lei ticni tion ic rii t i ii\ cle t i l i ftil,,l kiiit iioliil re- otlt ul-cll- Iieii.,Y.i ilcltin tisteriniin;lc liftlrcniliclic s iCiiCICiiil CliciitCC JaM Iistti hei illhtl Illtiler.c'llI dsccc hl ll i . ilO Y iitn til'iClCIC S IliCili Oiill ; c 

ilil h s tittliiilit.!\ tiltrii ti uett )l iiii ii ti( di tivet, eirCr ecIlfiitttili. tiliiti lis hib7luill ill" tle ciltiiic liver Itlint rotts makes 
citlfies iiilmlitLd inl iutite stress lel lwii titlilil le'IiidSiredIfi tcil tlil title id differenesto lh -iile tii cssdi ttittiult iiei .Eiiliiiiisis msll lie placed onl t tii It Cointrast,ielietic IlltCIMiiClti 011 O t titiiceC~t's Il it at iliutil level of, te uilelltl is pl iI lmt Nvslti is a ssoc i d .l i i iiu isi tiiil i h c ofl , ltiu't at the* hiiiiiii. iii. a n 'ia .il tIl lini ti i piriod I \tit u tr l i bseqrie ttih i c nl i i e t ott (lei ele
tii]nlllls' sei l\i t.' lhliL. no. itn .i ii r )1(h11t'le lt tti'lilic thi I Iqi ilt,rc, t i ul',iIs.t iut'' 1 IIslii it s slia * acf emttet"1;1 ,Mv, I VCll,A,Il ~f l ,lCJ [()() lit\ei'lt~lilil , t riii i uti i u otpa l l e,l l I ,lMli d l ttUillp u lp I 

. ;la wtCpi CICI ;ll I much ii tie eleient willfie K011 s(IC. (ltl [f<dC~ d t~ l he absirhed andil growth willlil il lllo lllut s u1fli~tIL " tlirl"lcili'nill sA iie c caiu Ill ieiil~l1oIllm,tlmltileo ctin on1l i tiutil ( \hlt l ,llilpa'A 
, W1 I O L M 1 111 O 'le . M idi HiC ll\ i silli. ItiflrlI, fit III 

Sphere J ) C1ileB stIii This patIen 'tliiaeill] iiti the eleieiut is rused.i i ltc tro
ti d eer l eth iitini wieroi ti noti t thl e ittient

availiUble oi illnipii will coi tilite i eul airginal tfriltluot tileURllsll.l lt~ll ;h lh CIli] I tIMa hl tile 1 t1' illsd IM Alldl tUd 110-t ' if) ,ICCI)[11tlrc ,(t ;i li i llic l lll 111m'iirciittli t ; ,t ollt 'lt 55litpIlits . Researich ol ;ciutisotlllll 1i1i1ii', ltied,,th ier-ctini/c, these life t tit Ihcllalil. -i 

cilltilem ti6 f Iilc tch-s hltitiltl cllitii tcclltitniic permits fll]] recovery of rot 
,\'Ici lilt s disc.and (i niitiltic dlifliicliccs ill ciivelsul ofiiltile ihb-

SO ,' 'E:s O: IlllI'N'I)TYP( \ AIIATI()N tuiled stiCSsd ClCiiC'it Hil dry nilef liilecies ill partitioning
ert lih andl llu i di lriltilill c n be Icalud t i \iht plcisiol.Plinlt 'arialK ilIt\y ill ;tctlilsllln tilet1 ,C (l cscitlfiIl cLIciilclis Is Plait is latics %aryiie il Isponsetc hi sk-eleliint nvirointeiltco lilloll (t, 2). Sp cics cv lvint, ill all clllolllill kmoil it li ill he sitiCd eitta'illy ill n Clciiiiit-dciici held inl ordertr Itore olttihe sscntii, elements llwill relectl llti ',tiulii I(:)l4't ijc tr leeii l C accCptl or th Is( ltitiot i ctliilt- :is

, 
ti nniciiii tl liicdiuniii fortlil Cnl itC vaio s1ascLt-Is Ill acuttisitio ditlu olf0)Il c' l Wlcu1iltyvI lie solllioll cllite cllitli i ca tal eith e used s aitll

reIlourc . Al lluu1r selI1)(i luitiin c 11c l sedytCOM splcies' %d. cit l'\ (i plt )typtcyrv Iriilitv.lives w ui l iiepolt sources ll tcl~clic vill lhiwl. I .iildrlct I , I)itllr tcels'Cill iesjiOIie ii tiulltltoest o liw-(a stress have btellCtiCd t0 pitiI CC 1 dl ill soils Oll hilited ilrtieitiatioit clcis )xie usieHL a stiliti i cillirt 17). T iatoes \\tser 1ur li il 2,illc-s. Ailltitn ciL - ui.litng species. eTi,lic \ isritltl Ifch lI htcrs ,l f I l4atltiid' solluililt iul difiedth coitaill 5 11l i('a. Theiiasked; herv iibed strin' d vhClipCd lrliltiCthhll i i p M C er\' pHi %is -1.7 i lic stait ii tile expetilillt . )ifereiies aitong platintisefll (8I l11. sttaiiis \%Cirelhttlid ill Cal cil t wittiv-lo (-'i loit th1e s,lttion (30. 
1"'s. htttil ul\'\ ,Ci ilt I 5 . (i , aiidCtl :R (Ilillig iis il (ryII)ENTII"YIN(; PIILNO'TYIi IVA fiAlllITY aitltei tpliltiell pCi Jitllliciti il ()'Ciskilllcu b, the plil. Six 

Ih llictltiod iiss;iyin geniliplaii1iiniitili1111wli' t ietiliiliti iC fll' fatilics sc'ie 'leltuC l. gililic i s,'rc itide \vihtllt if
Assay.s shmtil ihe tecuriti atd icIevittil c. Mhmrv itiiile ahc i iciihv 

(lwliun planos i ii delicicini soil is lrcrrcd by soite who \ tiltl MEII\SRINM; DlFEREiN(',S IN ROOt (ROWTHl ANDt0 useW lie silk oit deVeloplin , hlii -inpuit ciitivai. Soils deflicieil NI 'IliNT A(QiISITIIN UNI)iR MINERALin K. 1i) ld (';i all nsil etasily foutnid in aiticltura ilte;is d Ic".' I ELEMIENT STRESS 
opd comnilrics Ikveit ii lotind, iesear ih writrlei s 11st ic'ut!1tiC te 
:ack of ilihornhitty an I reiiuuuiict lit l issay-', i itlittil soil sitcs.
Act at o4l n. cmi i i i i , it t I il oi ti t I r e iilipo i li va r ia blcs 11)i d- Sol iIii ii c uIl ur e meas mil lf oI b en s gio w li rm -I 'u nm di I s r ss
t11 iit) lie! loiit-iliititi ihiitlil :i il 01 [li liCIiitI t study.iiner 

I)ifercices Inldry hittellr piroduction of benills grwit ili a Ihlao
laind' solutiin inii tlh i I low-I level have been idcntificd 1131I|'rolcsoi and shown Ii lie hiihly heritable (5). The atintmit of (lot rowlh,isiuarh Ai iasil. its well as tIle piipotii i i1ltal dry Ilattelr allhicated to roots also'Assislaiil IPulessior. varied ('Table I all Wits higliiy heritable niolig fhe bean stilits 
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Table I . Variation inl dry weight of tops, roots, and total plants and shoot :rot ratio anong 6 bean lines when grown at Iow I' 
(3tig per plant) and adequate P (31 tig per plant (5). 

l.)w 11 Adequate P 

Shoot Root 
dry wt dry wl 

Line (g) (g) 

3 0.72 a' 0.55 at 
0 .056h (1.4 6 a 
0 1.07 1 0.52 it 

12 1.13 6 0.47 i 
1.2; bc 0.55 a 

It 1.18 c :1h 

'Mean separation %xithm colunlI 1I1i 

15. 13,. 'I200002 L.ine Il prIdci 
of"rots wieitcon.1 ticr l owI'.-P sit.' thitil flic otlicr 5 Il tc lsted. 
,,\lhsvcr ,hootl : toot ralit xis LcttIiitc'II.tnc (l PI 2)0((02 il',,xMlit 
c'rowil untllt ill, adecluatC 1)h'\cl I [ablC II. 

I'l 21h )012 11')Ci '. te beit uniquC L'cui0ot'pC lieuh i Itcil'H_' ill 
siiiitiOn culiturc Ic'clii. Jilnilic cleatcd lII lit/iiic 'I_2)(601)220? 
titttliehcie ')riti ' dlltioi atcd lccfic cc'i.hIItotl;tiI', lor P-uc 
eiliciIec\ . lxTi of 2ff pllt, exceeded the i]iicdii 0I thc clficiCet 
plrclcllf I S.) lot i't) (l\ \ceichit in tile Id liilation dcricd b\ 
backcro,,sin tilel: toithe efficient patceint. hiiccoltili 55 I' 
piitt,cy siiiiltilv exc'lc'l lI 2P1()( Ilillc 2). lrtlead "cni,c Ii 

1
it.lih t\ values t o) 79'; 5 indicaittt'tc tcli t'.',.,I tile 
)uIOLTc'c ic' Inl idtcltivi C etltil )oii "'ii 

iliioc Solutlionl culture teclitid)tic 
c's ilt iiiidtc'r liti(Hl,i ' hlit Oiclc It , ct.hciiicHe (. l1c'crtIic 

ni1tis1tc,ill cCuIturc, ie )cp a" t. (fic'tiC solii[ioii t l 5:5,, itc+

gt.'oC', MniletP , l
il Ct.' \tCi. loot dIC%.,l'hIpn+1llt 'JIC1' inhO Ctnltiur 

itfip)( lt 0t11t1 a Il 2(i002 u a tc'liis. tii" ltec.c'cctlc. 
betai piirky adapted to hctII prlductii ut \ii.,cn'isi. Ilice Icc'n" 
lot ) cIlicic \ tco Ic lic lPI 2)(02 \5crc ti,t.,h"clcd mw (lie 
ailipttc) cillitir Sanllic ly I mtilificd luckcro,, hrc'ccfiti H!lihd 
lcMini lcll - islic itc iIc's lcloivli icc tt i t"Iotllt i111L.r huica.'itoIk-llt. sc'iiltcI 
Ctltuic :1itdudl hId co ditions %it' l.cIvflill'cf illordler t obtain 
cil (ti ciiric'laitji it',ll,,'',I i li tlborlttir 'antllW'C0ft Of C I t I'l.lc'", Ill e 
in anl,0c1uCtttrIll.\ ,httli !tIMth ,i1tii 

Solutioll Culti'lre iitasurelltenl of' tiolatoies gromit inder lo\-(i 
stress 

'w in' i x th siitlili (.'aiR %aluc dilfered fron 3' t,t X1o; 
in absored ('iu. Rcciprcal grills lctwec iu thc''.e 2 lies, lcarl 

show\'Ld diflfCncCs in icqtiin tio l'' ilttc lecllI 1 tle [lutlt top 
,
anit tran:,piratit[i dillclCtes \ClC 1t the c011tt01 tic'cliatltlis ill 

itieht ie '.iuspt.d for i1clc'Olliit iicntc'd pasi5'ely Inon1ou1ion iiiltVc
rit l Ii ,hiiti't .. Stilisetitc'nit efot'l., (toss, vc'r. sltoh c'ctl that o(lir tc-

tors. e.g.. a sligl iit ici&c ill or all incrctsc ('ia ctliiitlit 'in 
tifthe solutiln culturch to ppil x ithotit eaionic lie totalt) ('aIll 
tcie cliut l c culture Iltit 2 liter'. to I liter) cugccl Ihc' 
Iteasittec)
plhll rcIpsllCS comitlpletely. l baesis, of sclcctinu i1t-

io il variat. t'nt g soltti n citlltU c iIustI _liestlUIeld sxitlh !,iat


cire. aunciiilc'jtctlatiin t~ilte cditi oi~t be. hiade cticlilf\, 
C;IrC,~~ ~~ ~ ~ ~eIMI~ ~ ~ ~ ~~ ~Ilt liii sc(I)~it~l0'tt'dltlM' title fltoss er). Th'e largerMIJI (Itirlell 5))'; if' platil' had a) least 

loot tlltcl higdher 'R ltntilligrais tf dr, mittler produced per 
A , rIuluisitioun u l~rc oil:igiaili of' P bsirbc'd b\ the plat) identified ill ,olulion culturei + 


tssociatcl with ittcreasedMoVCluHIet Of 1) (il Mliticulll) il 'hlie nutllit,, arrivluc A lot aerc P upltake illitsoil nilarginallly dcfi
surfaces is diflfusiot-littitcld. \ni 

Table 2. Freqiteic.' tto1 itcfisItIli 

'eiv.,cc .25g 0.35 

6j Nil12 5 
FI I 
It " F, I 
6 F I 
1: 4 4 

Total Shoot Shoot Root lotal 
dry vt root dry mt dry w dry %vt 
(g) ratio 1g) ((gIc) 

1.27 a 1.31 .O8 a 0.58 a I'M i 
1.51 ilb 2.28 3.03 Ii .72 a 3.75 1 
15i

t) 
1', 2.06 3.43 It (.1.1 ab -1.19 1 

1.l1 fc 2.40 3.37 6 0.0 6 4.27 b 
1.76 c 2.2.1 3.33 1) 0.64 a 3.97 1 
251 d 1.14 4.23 c 1.48 c 5.71 c 

all''. l,:
cln nnfii itn c lestt. 5't Ic cl 

d ncal IN 1(0'; io101c dtr inatltCl 

ideal lilbuit for dclteritiuuiuc cicitl I'.strain of 

tot tll,xclit fo ol)lt[l tlallnil01 s 1u1 cii1'.'rix c0 t the 

-Rool dly \It 

1..15 (0.55 ((6 

.1 4 
2 5 0 
2 9 4 
3 5 5 
7 7 I1 

IF+ - efficient; MI - moderately irchficieti. 

dtillCCnco, in 1) acquisitiolt would use a particle to which the ion 
to be studied can be adsorbed and later released illta utrient culture. 
Tie[l "loadecd particle would be mixed with lsand, aind plants would 
hi'LMown in the %%cIl-aCrated miedium. limitation in growth either 
scOtld rLlcct diflercntial abilitt to acquire the diffusion-limited ion. 
a ilifli c iiniiitcinta (,e thcion, or both. Resins have been 
proll
),cd itscairicis (4). Pcsins siecilic for moisti oIfthe cssential 
clciic'hit. I plat tmtlth are available. Il a sitimilar way. a s'stem 
usiu acti.'atcd al+nil+1tats a c'arrier tor1 aibsolbel 1) has becet dte
,elop'd (1. Ilic "and alunmtina ',sstetnm h-i, ben used sulcessfllly 

't' iitea'Iliil iflc'CI'oic', illiCcsiioitnio and tls, P 6' tPhtatocs (2) 

Trauiiftr of "large r t" fraili fr I'nll21161012 to 'Sanilac' 

Irtieof'I i't 
.\iAi iiibrc'cl- '%.'.nelli l litocili1il! \xi,used tol t'ltsfertihe 

1Clieificlll ri)t cIlo\li in Pl 2(101ff0(2 to il ildillfcd citltivar ('Sani
a c'r Illtdli,imethotd,.1- plant,, tit lict hit"tbackcross (1:1 x *Sant

ilac')vcxc'ihackciwo',cl to 'Saoilac' 1.1Lute iic' t 4- B', progeny. 

cath i Milch \5a,,,cll-pollodtcd l01 .;LTreatitos uhlv Nittlc
,,cc.ldsc,'n. \%hich prosidcl 44 Il( ,S; progenv. Liach of thes 
Iptgcty \t\Oulcd be 87.5'; 'Sanilc' and 12.5'; donor (PI 206002) 

tcr pll). linle he about d- ; litiO/nt. , rus. 12.5(/.;lch% tilcl lhe 

dotor geiiplasin is adceluaue to enstire occ.' ional trasllfrl• of* de
,ired gcies to the rlcntcll tp o t. '[hlie 87.51; rccurrent patent 
Ctrtlli.ti elln1sure' tihe geleral silnilarityof all itles tt Sanilac',
inchluliuc acdaptatiiti. The 971; htittozygosity etshtis a hitoge

t1ictUis tesptlse of plats within each line. 

Field and solution culture test"i1 of' H(' 2 S. 'il I+C2 S4 progeuy 
I lie 44 Iines dcrivcd front the inbred-backcross progam tcsteCl 

soluttion culture each line 
I, nlorpholigical traits anldcfflowerinig dattes. As expected, somet of 

'n conlinued the sinilarity of to 'Sallilac' 

the lc'rivccl lines, perftl l lutiorly inl cuture for ttatil dry
priucltic),ntaitcr, tid tottil root dry tier pirocllhcItin . IhOwetvel, 

a saIll gim p (3- 5) apprtacliecd the Il 20002 parel t for ttal plant 
irv iutitcl oi) dr ' tia1ter. 

thesate'llie lilies ,ll, rtwn on a Plaio silt lItai soil wilh-1.1 wc're 
I 11 that22 ku'l, of Plirav I test). SCvel littes had LIc rot1 

Itltstemsl tit1o0i cultUre AS , had high tital clN weight at R I 
ll ,+ hc 0;tliht ~tla cqoelr~r.Telre
 

(( 75 ( .85 01.95 1.05 1.15 
Nor i mirnl lllpcr 4.141%,s ,,pll 

I 6 

I 
2 I I 
I I 

' ) 2 I I I 

Shoot 
root 
ratio 

1.86 
4.21 
4.51 
3.74 
5.20) 
2.86 

to
ol111 IIici,I I Alld pla. rtis ix fithI gip pci planlt5). 

1.25 N MNait s 

( 

(',4 

15 
15 

15 
21) 

2)) 
55 

0.875 
()432 
0.577 
(.531 
0.505 
0.553 

0. I011 
).(098 
1).0)99 
1.17') 
0.100 
0).218 

11.54 
22.0) 
17.1( 
33.90 
31.08 
39.78 
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'rable 3. Genetic recombinalion for enhanced vegetative dry weights in F2 and IC progenies. All 
plants grown under stress level nent.for single clt 

Proportion of segregalts'
No of exceeding better parent I'y

[Element Crop families 10 1;, 501%1 
K Bealn 6 0 0
K Tonato 6 I 0 
Ca Tomato 6 7 (1.2

Bean 15 15 1 
I' Toiato' 1 15 6 
'Mean of better parent i sl)> 1.10 and 1.50, respecti,el'.
t 
Rellects acquisiltio i e.n tl. 

Sand-alumina as iaculture medium i'or measuring cliflereliees valuable: Lv 5017( totally unanticipaled. The apparent case of re
in 1)acquisition inii difIerences in roo lengt h toniatoeslillder covering recoimbinants for P uptake and use is particularly signifi-
o.A -P stress cant. Root ext ension differences hillti11lateCs alld beans are not only 
A sid tmediutt to %kIticli activated aluiina loaded witlt [) has expressed ilolpltohoCicalyV IheP uptake capacity o Ihese recoin

beent added provides iatattee of stable, reproducible 1)conentlrations bhinants rn Ifrow-P soil and sand- aili 
 iina provides new biological

I,,rpiaiti s 1P levels coiipare havorabI ttaterials for research oii tie processes bN which P mioves fron the
c lttre I I. The h0,sl to 

cincetntrations fouid illsoils. I)ilfusiot of P to rol sorlaccys appears 
 soil intoilhe plail. Certainly breeders should heed the sand-alumina
 
to)be the plritnary FactOr itlihin.! I ;tvaiilbility inithIis st'it as inicull a usefutl
its itetlhod for selecting uniquely efficient root sys
s.ills tttis.
 

i'tnalh) Stlailis tested ilhiss0iWlt ilte i)it sthee i aricid
[ atll i 

bv 73, itt tihe ,iitult of vCLCtatis ciINOtlh 12 Satrildil ifred 
 n Literature Cid

a) total [) uptake and b) 1P fsie wilil ahboiptiiu. I Colliiin,
plitts ;iltcl "lo(ll R.R. (.(. (erhilft nildW.II iabehnin. 1982. A sand 

tt witlh inll
P uptake Wis isslcliil diflfeniccs l t lit20h.;it culture %ys1,I ltr sinulatinig plail responses to phosphorus in soil. J.
 
C\pteCCd. Mid the P uplakC ;Ileple nltill ll 11.11t10 \ Ili]lCi Soc. Ih[ro. • )42
i oi Amer. Sci. 107:(937

Ivwls of P these sinaC didllitotdiller ve'e~iti'.e (ollinn, IR.. (i.(. (cloll.
saute ,~iis, Ill 'iO~h 2 and WII. (Iibeli,ii.l'55 I)icffeit
and I) icquikilioitl. tial tolerance of Ilmato traill Io Itainiied anid delicicnt levels of 

It a,,,ubseitietit t, liiite lltcit~iti riicil wcitlh lih' ilh titaiii f phltphorli. J.Ailielr. soc. Hoff. Sci. I li, 1.10- I.. .Ill at OolllhRR.. W.11 (libeliian, ([(..acituisition anl erut)vtit 2 tluiittto lines. 55 (Ill102880) and 21-1 OI[l (erlhilf. and ST.J.larti. 1986.tift
[,lietk.1 and ph1is,1siiev lout-plosplois Iolerlancc illaIfamily de
12(419). varied hy abiuiiit ll s ilt1i1; diftalltcrv pliditctiili. line itd li dillereniially [ strainsIlem idapted l if tolmato (Lriopersionl
55 heinu uiic efficient J.f. Tlie Fi slhoedl IphililIIt hciCois 'I ,nura Mill. )i[ant & Soil. (In pressi
(1I 211 abih\c the llildpitent clea in.Individuals ill the B(1i tfhe F1 .1 ('ic. R 1t (,tinitol Iii nutrient coincentratitins il plant growth
to the cllicient par.n) exceeded the iidpilcntl tIcaillv 15('yIS;ttouia I it ih ul Soil.iipress)
2(01. Ininad setisc hcritaibilitV tattcd beti, ctn 116 tl 0.ib7lii,r Isl., I . WIl.07 5. and (foC. (ierlill. 1)82. Geneticicontriil
shol dry %ciuhl. Root tenili dillCIetic cirl0acid %lilh Il 2rowtlh. ii rotl dec loicilli iil beans Whi/' llmisiI Underohm vio .. ) )roWInpnuplii us sties. J. Amtir. Suc. Itor. Sci. 1(07:98 Ill.1uptake. aisn iller Itttll' p ittilt 'Il i u i itlnle f'illIhit i (crhi]fl. (.,. l).i.i. N"oole, and ].T Curtis. 1(66 . Siective absotp214 (ltielliccit pate t t oiahtiii 0n MVtlot mmm" l6 ti etionI '' b ,

i phillis
t niicral clemints ialive if W isconsin. Plint & SSoil-and 7. ) tug illlhe kcros 0t the F tin e 55. S %o exccpitilal 25:3)3 40i
I(PI Ili ls ac uILtired 13.5 timland 15.(,l t1i,P under mwi[ strcs, . (1iiiidatti. - ie B.. . II.(;abeitl in,aind (.('. (Ge-'i f. 1982. In
ctllipaled t It i ' n)..l- ii iliuiciol2 ItIcills 2141'%%filt adequate lctilance 4fdillcmicc. iii calitilm iliiai lion under lowy itm taoes 
P. Intcle;scd rit lette l IWshich cuihiantCCd P icq iuilitnt). ill in- J :Xitier Ihlmicalctiti sircs. Soc. Sei. Ii7:itui.l 0i0).
creased uptake to d ICn 

istew ce asl)cl is ili it 't ' 24A..t;7-.61.
 

ll pet titit uuf t. ti, a Itili eficiecI il t ,5 ll;irvv, I'll1. 1'). Ilictditars Satloililliii plui nuurilion (le ietiCS~itle sipecritr petll iitlic: P-liniititie 
conditiions. t Is . . .S. 1 ,16.) Varietal dillerences il (lie pl slitlirius feeding 

C iit i it ;tlilts. Planti Sill. 1II:0S 088. 
Il Snith, SN. 1931. RepoltL. it inbredI'01IKNIAL (;ENEHFI( 14I0N IBINA~T1N FOt [4001 lincaid crosses it nmtaize io%arialimiltis Ilitlelti and pltis),pllturtis supplied as ililrilts J. Amer.(;RO)WT]I ()NTURIBI[UTIN(; TO ENHIANCE) ACQI[SI. Soc. Arom 26.785 805. 

TI)N AND IUSE I11'PI.ANTS (;ROWIN(I UNI)'R I)W-NI- II lCirail, ( , It%t Stiuitter R.W. Robinston, and S.Shiinitui. 1971. 
TRI T STRI':S hhihiiice ;itphfi respttisN tii his. boron in red beet (lentsu'lov ill 

ii/u,~iuu)ala tblitied itl a sWtics oif ott adil I) V 
I_.i, ['n .ier Soc. IHolt. . 96 20 30studics K, 1),and (a uplake w, LBP.1 Th[li9te reIAX's. [. I 963. l tc llilielreni.csdalc il ltphln nlutrition. Iferlhag!eUse illdicate HlIMetcuMic reCiutihinittiIts exist hilat slperii' Ahqll 33.1 13.Ire tt ilhe 

best of the tatetils istilated friomti exotic imaterial ([able 3). Mote 13 Whic;iker. (i.T . i C. (erlol.XVI.. (abelnan, aid 1). l.indgren.
pottinlal pl2tetss was1,lind inithe sliudics (it ('I anid P tlhanitlK. 197().litrnipccitic dilfernce, ingiowtih iifbeans it stress levels of 
Scgreattls cxceeditig by l1 phohliiriis. J. Aier. Soc. [hurttle beler tparcit would be Cxlueniely Sci, 101:472-475. 
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Vesicular-Arbuscular Mycorrhizae in Vegetable Crops 
.1. Creighton Miller, Jr.', Sriyani Rajapakse, and Randall K. Garber2 

Department of Horticultural S 'iem'. Texas A&M Uni 'ersity, College Station, TX 77843 

Mycorrhiza refers to a nutualistic, Synbiotic relationship tunned 
between fungi ((ir. mntks) and living roots ((r;. rhia)ac 
plants. 'Thes associztiim, are prevalent llant speciesmost11pI 
anld hase been ibse rs'd in host vegetables c',ccpt the C'rucf'erac 
and ChCllopoLiaCeae.. Il fat, some1lvCgetalblcs do t appear to)ot 
grow or develop normally s, ithoUt it'orrhizac. In addition to their 
wide distributionll n the plant kingdom, these nlpathogcnic relaSVCsicuar-arbuscular 
tiontshipsie oaicl but .iis 
dition is th.. le. sboth hoCt plalt ;iiidl fungus specifcit,, is linina 
ain u. alli hmttpbseredl, 

interct Oli)ls.,bcts.ccii hist pfiiit anid fiiigils areCco e., antI 
elude reciprocal relatitonif,. [he hot plaiit supplies carbo)hydrates 
to the mycorrhizal s.\huen the fuinal rcl-fungi, bnclitting from 
tioi ship plrimarily throtlgh uuflual...uced F(" ilrloanicUlptakc immolbile, 
ilutriCtlls. ScCoiidaly benlits if the m orrhli/al relationship also 
Can iiclude illcreasd resisttaillce to diswasC,, fOlilht. :111dsaliiiitv:111d ¢llh1llt..,,C'I N, tii,thln ill lcvnmi1c . 

Ilishrv 

Frank first descrihcd mue irfhiial lelatiiolips about I0 va 

ago. hiti it is til. tluring ttl pMtJ 20 Ih it-lt tirits,i hV1ci 1111 
Ssporesbegiui it) uiidcrltaiid aiid appreciate their importance, Cspecially ill 

vegetable crofis [yen bet'rc Flraik coined the tri' vorri.i/a.'' 
it Wt, k oil that lniirCiiirUanisi,, (iclidiuLn 1tiin i) livCL in asslo
ciatiml with plait rts)ot, Irhiosplicrc population). R,sareh intcrest 
finmycorhiac s.tated with pine te-,,s after iliirphiilihgcallv dillel-
ct.lt bi loc,.ate. s-,hiilt ris l'5s tii' ElslI wor~lk s.,as c utel'..crc~q' ,,..stefalmt eselusisels- bhiytuist,. v, hoCatli ire in interLsl ill the 
itfttiiatti, ',and cf:u,,ssi ttitm ~lernt tyvpes, ofl tivttirrhP/'e
andll the vaiiitr, Cl~dtphltC,-, ilil cd. l .ttr llpk hi/,tl' ie.carch 

begall ill the I JS() : ios ,¢vr, ilitcilive rccarll oily llorrhlizae 
wats [lot conducted iiiiil thle 9,ti w itii ictivit' ron 10 

o lit . (Once i tentci espi ses toi [li]n]i iulatusii ll's'iir-the pi 
thiial luci were obseucuf, rc'aifith ilitclc,.t lhifted t [lie plhvsio-
]iif busis, for these t detailed stiii.reulseul, iitllthci 

('lassilicalion ot' imcmrrhizat' 

[ )riyiiull'v. ll ili/ac 5,\dc giOpllcu¢ ilt( CCtii-. itrdO-,Mif CC-
terdiuiuusVcirri/ac,~~ [sed i,1ithe typeo t siUti ited- stlcttlc 
(i)). Ill ectoiivcurrlhiiac, the tiiniislIurl- a si,tructurc (Called a 

illatle of sheath) that ciili.uscs, lh iiodcl. Ilyphtc ,ils-i picnctritc 
betweci rioot eelIs tii rlil an uieictrchlir ne miirk kinwnis fstle 
Ilarlig net. There is noi intracelhllar puiiCtratiol. Ill Ci , ,cirrli-
Zlme,thuce re m) discriiible iorphuluical c itl.ges il the C\crnal 
toot silclltre t the his. A lum2al loan tIc is nut plteiCit, but hlphiac 
Clter tot coutucil ctells wkithiut cauii vsihle damictto time ill-
vafdeidiutl etciihiiiiciirdiizic esimbut charactieitic, t both cto-
antI ,.ufihmuuvci ir lhi/zinc. 

This oliuimmAl biC,lkdo\"llelllphitef il\ fLuilal IMiritiiM Of 
tile hoist cells allftiiriliitiinl i? \ati , illal ',trctlres. \ iccent 
clausifi,tiin ho II ,' :, 'd (41) Liturs.1v 5 Smith sleses these as 
\kell as tie ,iiistaid ,ndoph.i\tc iulved. I i c,,srubeu tyes i7 
of filyeirhi/ac, ilaiils' \ eshdtll imhtlin. . 

'Ch, . cciii.'ehm.u ill'_ 
butloid, CriCiid, illiiiitrpil. ailuf luihid. iluch imcurrhi/a fiumi, 
a diffl'tlem type O Cii1iuiiiatiiii t strilthclis. Vesiicular bhuslullar 
Inyciurrhiua (VANI) irc thethl ' type iu,bserved in) vegetables. VANI 
have all the chiaracte stics described fir cmdusc'orrhi.'a ill the 
carlir chla,ssitication. 

texas aucrtciultural Ce lrillilnl ,tatitn chnical artictle 21.128.'i 

I1rote,,'01x 
2(hlthlat t'lc'cach Asistawmm. 

TiHE,] VA NIYCORRIlIZAL SYMBIOSIS 
refers to those mycrrh izal as

sociatios, tormed with ttfgi in the family Endogonaceae. Vesi
ci lar- aibu.scular mvcorrhizal tuLing i arC asCeptate phlycinycCtCs. The 
ft12i calnot be cultuCd ol sVntlhctic lCdia, sOt they must be mul
tipLI il ZSStCiOn With a host phat. 

vcorrhiztl fungi prOdUCC structures known 
s vecsicfe, md arbuscules,, in.addition to hyl-phae and spores. Ar

buules are initracelllar, haustoria-like structures that develop hy
repeated, ifichotoluous branching ot hYl'hac. Arbu scuCs can be seen 
with a light nicroscope and are short-livcd: varying f 1oine to 3 

ss Ccks. They can Coin vcrvs oon after the roots become colonized. 
VCSiClCs arC sac-Ilike. usualiy terminal swCll iigs at the tip of hyphae. 
They are primarilv storae .orans of the fingts and contain lipid 

l er 
nlous1-Oti1sas:is. tile pplants maturell.mae r1111111 the lans 

I-lv phI of VAl fuilLgi can be ftirilled botfi within tile rot and 

xternally. These hyphilae tiediate tle transfer oftmineral ilutrients 
iiid Other olaterial lroill the soil to the hst plant, llyphae hiave a 
erv ha\re SllrflC to VOLtlic ratioi a dl thus constitute al extra, 

el icient. sell-di'riUte absorbinlg surtacC. Vsiictilar--irlbtusctar 
itci rrhi / i also produce i Oll logicall,' distinct, restingflti ni SO 

ill thfe soil thlat Call ble recovered lisimle wet-sieill et)h

PIA.NT RESPONSE' TO COI.ONIZA'I'ION 
Phosphorus 

Phophort. ujptuik and growth. The carliest studies of VANM of 
se iteta bles criip were to response and nutrientthose erpall i ill g growtnggowth

takil in iulatucfd plants cinmparedf to i1nninocllOlltd controls. A 

maJonly of the Studis wr done with onions. sifce onions were 

known tc highly dl ltl Iill tycorhizal fIugi for normal 
growth aitd u'chIl nteit layllan and Mosse (146) cumpared the 
respolllses ult oions, to VAN) itnd to plisphute in 10 sterilized, P
deficient soil,, inl afpotl experiment. Nycorrhizal plants grew as well 
ill 3 soils. il Oune they giew better,. tn ill 6 worse thai those giveln 
phosphate. huisvr, ill 8 ut +10 soils, mycirrlhizal plants possessed 
si!iifiaiitly higher SloOt dry weights thaii cuitrol plaits receiving 
nicitlier ph Sllte inr ii) T hi/iil ino lUtimi. M iss, et if]. (04) tollnd 
that div ssweight ofiomi planits siassiguiliatitly increased by iv
cirrhiial infection iii 3 British soils tetcd. RhoICs and GicrdeLmann 

,"(i) tliild oiiiiol 'Ioplants iloculat'd With (G,0 N.i'NiiC'latttion (ThIxtCr 
s'nSuLGcrd.) 'tlClimin & 'irappe had signific.antly reater llea li 
hcights alld ilicait[ dry wviclts tilnlllno iliC latCd cOntrol pllltS. 
Ten wecks utcr traislamtii.i Plablcd phosphalc solution was, 
iiijCctcd into cach irdiVidual crto\th cllaimbcr at th tuidsoil level. 
Plants \%erc arscitcd 3 itavs later, ilicd. and assutyfl for radio
activity. Riuut s.,lints, t inycorrhizal plants contained high levels 
tit '21'. Uptake ot fi) I'Tv mvcirrhizal plants sas greatest about 3 
it) 0(Cll I'oill theillot surfacc. IClaf segliem lts f tmycrhizal plants 
als u contained rclttivef high levels of' radioactivity. indicating i1) 

had beei) relea ed rapidly to( the mycorrhizal host and translocated 
to ,crial pirtiiinis of' tlm plant. Gra' and Gerdeiiann (37) also added 
labeled ho)lsphric cid sOiLllion to pots COIltiaillilg I fl-day-old on
isoi plants. After 13 hr. there was siguificantly grcatcr radioactivity 
ill tols aid itsl of myculrhizal plalits thin ill those ot ilolnycor
ihizal plants. Relatively high levels of' radiotactivity in infected 
segments of iiycorrhizal rot s 'suggcstcd phospihate had moved from 
tme myceorrhizac intio poirtions of' the uinflccted root system. Mossc 
(0l) ComitlCtCd ti experiment in which i. 0.2, 0.5. 1.0, or 1.5 g 
______nu aiciu in phosphute [('a(tIIP. )2 ] per kg of soil was added to1 

nycorrhizal and nonmiycorrhizal onion plants ill 4 sterilized soils. 
Mycorrihizal phiits in all Siiils without added piusphiate wvie several 
times lIrger thtn uionmycorlhizal plants. Nonimycorrhizal plants 
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2 reached dry weights comparable to mycorrhizal plants when 0.5 or 
1.0 g of Ca(HPO.) was added to each pot. Daft and Nicholson 
(26) examined tileeffect of different amounts and times of appli-
cation of potassium dihydrogen phosphate (KHPO.) on growth of 

my'corrhizal maize in sand. Nonmycorrhizal plants grew as well as 

nMycoiThiZal plants at 
alllevels of KH2,PO. :dded, hut without it 
less growth occurred. Gcerdemann (34)also obtained sinilhr results 
when comparing mycorrhizal and nonnivcorrhizal corn secedlings.
Gaunt (33) determined dr weights of onion and tonato0 plaits in-
oconlated with a nixture of (;Itllolsmicrocalr'wnim Tul. & TuI. anid 
G. .1s1t1,OI' & Get.) Gerdnemann & Trappe spores were(Nichol. r 
significantly greater than the noiniyctorrhizal controls inia range of' 
sterilized soil-vermiculite mixtures. -Ictfoud no significant differ-
cnces between dry weights when inocuhlum was pcllcted otn to tlie 
seed or itdded to the soil. 

Saini (97) determined that 80-day-old cowpea plants that had 
been inoculated with (i,spor gilhmO''i Trappe & Grdenita had 
significaittly greater aonouits oh1 P in both roots and shoots thait did 
ntlniloculatted coitrol plants. l)ry weight 0f iinoculated plits it 
harvest was hitgher thainthat ot control platts; however. dit erctices 
were not sigiiificlnt. Saritti obtatined similar results with I II-dily-
old tolitto seedlings and 59)-dayhold iiiai e paints, respect ivelv,,
inoculated with Gig,'o.svoi 'or/ida Trappe. (erdeitaimi adirl lio 
aitd (;.gi,,o;'t (Nichol. & Gerd.) iGerdcnani & Trappe. Ra*tja-
plakse anid Miller (X}) olserved increaised shoot 1) percentages ill 2cowpcal cultivir iloculated %% ,to's.w,, ttitli (tllo. G. jo.s.ic11-

Sanders and Tinker (96) labeled soils low in available Pwith .p
and then measured specific activities (ratios of labeled to unlabeled 
P) of tilesoil solution and of onion roots with and without mycor
rhizal colonization. Specific activities of the mycorrhizal and non
mycorrhizal roots, as well as of tie surrounding soil, were similar. 
indicating that simiiar sources of 1Pwere used. NIvcorrhizal plants.
however, demonstrated P inflox rates 3 to 16 timtoes greater, indi
cating tilesame source of P)was used, but there was increased 
etiCincy olfutllake in the mycorrhizal system. xlperimental results 
of IPowell (781 confirmed those of Sanuders and Tinker (96). The 
fim icr also citcltded that ni'corrhizail and noincorrhizal onion 
plants alsorbed P troni the same or similarly laheled fractions of 
soil P. Owusu-lBennoali and Wild (72) AlsO detertniticd specific 
actisitics tf 1) absorbcd by mycorrhizal and noninrcorrhiz al onion 
aid lettuce p1lanits were about tilesauIe. althoughIiycorrhizal plants 
absorbed a larger quainitity of P. They cone irdd that incorrhizal 
plants did not si,i.ificantly increase tle size of the Ilbiie pool of 
soil lhosp iate. 

Contradictorr results were reported by Swainiiathliat arnd Vernia 
(115), wh) found P ahsorbed by tycorrhtizal potato plaints did in
deed have a lower specific activity than Iahat absorbed by noniuy
corrhizal plant s. Researchers generaIlly :agree that VANI plants use 
tie sallte solces of soil P as to nolntycorrhizil plants. Noetlhe
less. results are conflicting and tileevideice is not conclusive. 

lothaniix re.poosibl,.fir inrrasing P tlmik'. Several studies 
were undertaken to cl:irilv how VANI fungi increase the efficiencylt1M anid R/izobum thin ill plaits ittotllted with /hiz+obim atlone. of P uptake . Rhodes aind (jerdeitaln (80+)reported that uptake ofYost and itso (107) discerned that tie rolh rate otfcowpea 


plant inl-deticietit soils s\s
(iut llycorrhi];ae Wits Olne-half o"less
than tillt ti unihimiid plants. 'hosphlortis tCtiutitlation rates \%ere 
highly correlated with plait .,lowlth rates. and increased P uptake 

very likely contributed to increased it-wilth. 


Myctorrhizatl researchers agree thtt incre ,ses inl plant 
 rotl oh.)-
served inillycorrhizal plants are tdue pritaril v to irtiptivcd ultake 
of'1.Percenitaie of increase in conCetiaiort is Iuillv\ lie liarei 
in inycorrhizal plants: stilar grtwth responses Cair. he 
obtained h supplying soluble P to nonrtyconrhiilipltntis. 'lhis 
thetry is further stpported by the fact that respitlisc to V,\MNi Ce-
oniizationi
is minimal tr ablsent a(thigh soilP levels. 


Source of' u.sed. Several studies Iihave suggested hit
hivcttrrlhial 
plants are capablei of solubilizing and usin tutavailable for tis oifPin the soil. Daft id Nicholson (25) fttttid thfat tuvcorrhizal toltltiatocs 
respontded tluite well tt snttll ildditions tf relatively irisohtile btte 
mncal. Only when lim us1 tiies trch bot tteal wis given ti non1-

tttycuirrhizal plaits did their grotwtlard 
 1Puptake approach that of 

nluycorrh,,al plants. 


MUtrhtich et il.(i5}(le05ttinstrated that tcorrhizal iti/e plants
were larger hiihctr 1 cottetts than n lats
and ( ad venyctnrrhinol 
When P source,, of lrw availability, such as rck phisltaCte. w\ere 
added to the siil. Myctrrhizal ;nd itnnircorrhizal plants c.row ((tal
well when supplied with readily available 1'. Jackson etal. (52)
alsoi found tit itycotrrhizal maize plants responded atarkedly to 

additint tif rock l htsphate. Siminilar results ht' 
been obtained with 

variety lants, usually ilsoils of' low pl1.si tf htist Results such air, 
these prtnroted the thetrr that rtycrrihiziae have the capabilitv if'
absorbing normally istluble titgh the presence oft 
eli/Vlt'S tn inycrrrhizal surflaces, M 

PlthPl piosliate 
sse (61) anid Musse tl ll.(-1i

realized that [Ite stuthility tfltck lpl slhate increases cittsiderhly 
in acid siils and ctnducted similar experitents with tnitn and 
nize seedlings. They Itttlnt uptakc ild use t1 added nick hitis 

phate was greatly incrceased in :icid soils by iiierhiza cuilt i -siob 
lion. Rock phttsphate renained ttiavailable, htwever, to bttth 
ntycorrhizal and tlrryctrrhizal phlats inailkaline or teutral stils. 
There was little indication in the latter experinents that VANI in-

t2'Pby mycorrlizll oitiot plantts was ureatest at injection points 
about 3-4 cm front tileroot surface. Radioactivitv generally was

oit, detected illroot geilenrts of ttolmivCoerlhizal planits ad jacent to 
,tiy ot tire tracer iijectiotn points. Ilattinlh et alI. (42) determined 
that onion roots inoculated \\ilh ;/omux mos.se',and G. 111.\i'

11m hatd ctInsidcralhv higher tptakes of Q21)introduced 27 tu
 
i\wav frot the root surface that did roots tt, r ontivtrlhiazll plats.
 
l)ilitisitit could riot account fo tihe increased uptake, 
 Is its effect 
wa, fitund to extcnd only 7.5 illlfrolltie point tof illjection and
 
the nnoimcorrli/al rot surlace was i ttiniiuin of 15 
 turn away. 
I'hcse results sugtOgest the existence of an active transport rnechanisil 
ilt tle fttngis. which extenlds beyond the itnitiediate vicinity of,tile 
ritoot sLirhace. Whell ylivlc grow i g from the mycorrhizae were 
severed. 'I'uptake between m vcorrhizal adt nonnycorrhizal plants

differed ttly sliehtly. This tbservation supports the hypothesis liat
 
fungal hyphac di play atiatctivc role ill P Uptake.
 

Cress el ll.(21) determttined increased abhsrption of' 1) by inty
corlthilil toilitto toots ill the higher concntration range of P 1-3(1
 
gtL K I I ( 1) appeared to be related mrainly to atnincreased nurmrber
 
it, aborthill sites Ct rihttlcl hy the aldded fItril surh tce area.
I lwever, {he increaised n of absorbing sites did not appear
tthr 


to be t iajoir Iactir initcctased absotrptiion in the lower concert
nratitn ranLetO P 1 2 itK I2(.t).(.The icrascd absorption

rite t bserved was dtie primtarily to increased absorptiotn site affinit,
 
tsindicated h the lower K, salite for ttycorrlizite. Splittstoesscr
 

(1(04) suppotrts this cornclusitn trid states thalt Ivucorrhizil futngi have 
n absotrption K for Ii that II tines lItwer than thatis tbserved in 

lltost plant rttots. 
Restlts of rescarch contdicted tii date indicate that niycttrrhizac 

callitcrease tltiak ' itP y hYlphil extension (which greatly in
creases the Iiutritber itof ,bsrptionsites) and also I' increased affinity
for ,initlhe Stil I'. [huts. tnycorrhizac allow far iore efficient 
ahsutrptitrt oh P frti Io-concetriltit potols iuthe soil, 

i'fl pth/iys ioi'lived in thei' \corrli Is/,/vnbiosis. 
In the late 1970s, etphasis began tt shift frout studies concerning 
rttycorrhizal effects oi growth and nutrient Ulplake tt studies whose 
tOibJective wacs to identify physitlogical iatlvays involved in the 

ocutlatitin increased s tlbility or improved phosphate av,nilithilitv,
Mycorrhizal colonization, htwever, 
myctrrhizal syrdhiosis. 'lie first type ofexperiternts to he discusseddid impritve use oftatilable are thoitse that identifil physittlogical Itnechlaisnils involvetld in ihe). tratisher of' fro ttntfuntl hyphae int the htost riot aind to letermitne

Ilayinai;uld tlosse(47) tested the ciicelpt that tit rrhizie itighlt te fItrll of ' transferretl. 
use orgianic fms tl ilislphaite. Thcy determaitted that inost to the ('ox etal. (19)fuiid that oiiiii roots ctlonized b) h/omls miostrgaiiic phtsphlates iested werc equally available to linycorhizal aind w, had fringal vactolcs cotnitaiining lletihltninatic lead-stainiingnonrycorrhizal onion plaits, alltl1tirgh the P ontent was quite often bodies that ippeircd itbe pitlyplhosphate granmules. Callow etal.higher in inyctorrhial plants. (14) Iier ctnfirimied that putlyphosplitcs coipiprise at lei.st 4017 of 
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the total Ppresent in tile fungal component of the mycorrhizal onion 
root. Parish et al. (75) determined that polyphosplhates accumulate 
rapidly in the external hyphae and later also appear in the internal 
myceliuum of colonized roots when phosphate is applied to phos-
phate-starved myeorrhizal plants. These resul.s were substantiated 
by others who also found Illit niycOiirh izal flungi accumulate P in 
the vactuoles in the forn o 104, 106).of polyphosphates (11), 

Movemnent of inor,anic P in fungal hyphae has been shown to 
occur at rates 10 linle flaster than it does in plant roots (56). This 
suggests tile presence of an active transport tnech:nisill. Sanders 
and Tinker 196) derived theoretical phosphate translocation rates in 
hVphae of (/omis Inuesmwlc', and Persoll and Tinker (76) and Cooper 
and 'linker (17) subsequently' measured phoslphate translocation rates 
directly. Their results indicated that l1h spllate trarislocati,) does 

2occur at high rates rancing I'roil ). I to 3.8 .8 I) " ll.'in s 
All of' these investi eators concluded that phosphate 'rinslcication 
within hyplhae of (;/Omiii Iimisa'c' is driven 1y ibetabolically de-
PCnIlen t active procCsss. lie 110stnoaccltblC h., pOtlheSis to cxpilin 
rapid phosphate translocalion in V\A Ivcorllizal lune i is still that 
of Tinker (106), \kitlo prolosed that the tranlJm t mcclianisil is 
cyclosis, plus bulk Ilow, with loadim, lldtill di impol ptliphs-
pilates into vactoles a, the inthlod (ot rvin,! P coleCCItlatiolu of 
the streaming pi'icplasii. 

Capaccit and (lloh (I5) ;lil (o\ I' ill. (1P)I dmCon1straIted thatt 
polyphosphatc activity is ml' associated with iiteriial incclia '11(d

' thai pol'phosphatc' Lranil les disappeir floil \iCciol' s ill the fice 

-
arbucuihr branches. 'lii finiding suggests uiilo:di ,. 10polylho, 

pliates troill \.'.\Nt liiiii occurs withiin hiist plant cells, tnhoadliig
tl' polyphiosphlte cluld be t ratle-Iilitin, step ill the Phi sliatte

ofICIMl itsl retention tisaiidV( the leanutritimin il tycorrrliil, il thet'sNl , 1 alis,tC 
mally contribute to tile ercatet'r P ctrlC'tations scUctiC, 1I01tlnd ill 
roo~ts ifl niycorrhiil plaits,. Results cl severatl sttid', ill). 91 I5) 
indicate thiait the prleeential site hir p+ho,-plate trallnfer f'ro t' un, 

to Ilot plant is ac r s the living interface ill the iiitrac'l lular arbU,-
cults. Cox and 'linkcr I<) und evidence in dicat in that phosphlate 
released by the fumnis into the interlacial matrix is c;c1kielv tralis-
poteld across the host plasmalcia. A'l'asc activities bocund 1v 
tlis ncnilmHirC ae specl)icallv ctiCentrate lutdL l the fine, (is i,, 
arbuscular hyphac (59). 

liochenliC:i sItiie,, 01 VAN1 fii have shfvn thiit t1hey hive 
tile enzymes neccssary Ifr polyphoslihatc synthesis and degratlatiulii' 
The accumulationi of polypholsphiatcs il VANI uOts transfCrred f'r1ni 
photsphate-deficient conditiins st phosphate stppl\ ist suflicicnt 
accoiipaniecd by lare increases ill pilyphosphate kiscti activitv
(15), su~ggcstig thit this enc)ftuk i, illtlCiistributiuiii 

The necessity for induction of this eii/nvie to prime the piosphate 
transport systen in the futngal hyliphiae could explain tile initial lag 

period iii ph hslate transport observed iIll Iany trallslocatii cx-
peli ients. 

l)iscovcrvu i'otler enzvine, alka line Plisphatase. hy (ianii-
azzi-lcarsott and (ialiina,',i 135, 3(0), has spearheaded a 2nd area 
of' pl1vysiiLuical studics, tuctably those involvcd in identi'ying plhr-
ioligical lcechaiisnis ic~nsile fOr P)inlibition of' niycrrhizal 
coimtiizat ion. 'Ihe 'scarc,frcershive shiiwin that actisity of' this 
niycorrhizae-specilic phlsphlatasc (NMSP) is closely linked to the 
dcvelopnlnt of' boththhi nlyccrrliizaf e liiiiation ald the ciluCihtizedl 
hIst plant. Enzyme concentration reached a inaxitmumi whenlie 
colcnized root length was 50M; and contained 01nly wVell-dcvc 1 i)Cd
arbusls. Maxi u niMSP activity also eiitcided itlh the hein-

uing if' plant gruwtfi stitulation due toC( nyciOITtizal f'ornation. ()ne 
the initial grisvth rCesIIsc haild occurred, the level of nlycohizal 
coulonizaticn reached a maxinum and then remained constant as it 
followed root dcevelipment. The close correlation between NISPactivity, the morphological and plysiclougical stage of the coloni-

zation, and the niycorrhi/al griwcsth reslpcns,_ suggcst that NI StP my 
be involved in the assinmilation of' P in tine incorrhital sstem. -

Orthophosphale ions inhibited NSP activity and thus. fiil pod-
uct fornation. This inhibition could be of' greal inilortancte when 
considering the iiplication of the enzyme's activity. Soil solutimnis 
off P typically range fromt 2 x 1(0 <' m to I K 10 5 m (9). MSP 
activity was greatest at these concentrations, but it bocanic markedly 
inhibited in the presence of increasinug phosphate concentrations 
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from added fertilizers. The observations of Gianinazzi-Pearson and 
Gianinazzi (35, 36) indicated that inhibition of mycorrh izal-specific 
alkaline phosphate by high concentrations of P ill plant roots is one 
xossible explonation for inhibition of mycorrhizal colonization. Other 
theories, however, do exist. It is known that plants grown under 
low phosphate conditions demonstrate an increase ill permeability 
of the Cell nenlbranes due to dcreased iphosphol ipid content and 
the resulting irregular distribution pattern of available phospholipids 
within the membrane structurc. Ratniayake et all. (85) have hypoth
esized that the much greater leakage of sugars and am ino acids 
occurring front this type ,if root might stimulate the growth of fun
gus and the developncit of' mycorrhizal colonization. Increased P 
nutrition usually reduces ICiibraie permeability, which would cur
tail exudation of these substances frol plant roots. However, ex
udation of' Slgcars aild anillnO acids front plant roots can alst stimulate 
uroth of bacteria and fUtngi other tIan VANI fungi. 

(Other elements 
VANI have also been imllicated in increased uptake of elements 

tother than plhosphorus. Anlies et al. (I) determined celery plaints 
inoculated iLth (il. i oss.ioc derived significantly more "N 
from organic at e niC sources tItn did nonmycorrhizal 
plants. An avercec of 25'. of '5N enriched anhnioniulm sulfate 
[I(NtI. iSOj appeared in nycorrhizal plants over a .0-taV period. 
(_'ittrc-il plants accunilated rral plal,tits o nly 3.41a pringte 
sale time period. and (.ierdlmann demonstratedIhodes (M-88) 
that V.\NI hyphae were involved in transfer of' radioactive sulfur to 
plant roots when it wats injected 4.5 ciii from tile root surface. 
Rhotes lt k'einaiiii ) t)) pi'oel that phosphate fe tiliation. as
Rhoitret Miiil a (IN)nt .i to%cll ;is mycorrllizial colonizltion, inc'e,ased and Ca uptake from 
[ie soil. Thiy slceested thatt inliproved plcIsluhate nultrition nediated 
by' imycorrhiial eciloniation was the most likely explanation of their 
results. Ver\ little work has been (lone oil the uptake If nutrients 
other thall P ill veetable crops: however. 2 mironutrients, Zn alnd 
(, have been lound consistntlv it increased concentrations i 
it\'ctliizal plitits in geteral 

Ca'bohydrate lnh'siohog'
eri I stesco o nl 

Severafl stdies ctMducted oil \AM deal with the carbohydrate 
g deai, there is. lear , txpiinta leien ttuied Cutll )n 
great deti, utthynbere is clear experimcntal evidence that tie C 
requirenients of VAM i'till suplied by the host Sarllfilnit. 
,rive ct all. k103) used C-liheling techniques to investigate C 

atid Use in nvIeCorrhizal and nomn)corrhizal leek plants. 

(;Ihi n.i.5I.'ciC euilcnized 60.4 to 70';; of the root leingtli and 
resulted itt iblout 7',; miore of the total fixed C bein tracslocctcd 
frnt tile shoots to roots s c5Colpaled to nonniycorrhizal plaints. This 
additional translocated C coo1ld be accounted for b) increased root 
respiriitiot riates ald increased loss oif C in the fortuif i'oiit excidates 
to the soil. TI : results of' Pan ,ii(l Paul (74) agree closely with 
thosc if Snellgri . C et all. 1103). They measured the photosynthetic 
incm-poration of 'CO, itii Vicii/.11bu plants inoculated with VANM 
lungi . Roots ol nuycorrltizal plants respired 3(' of' the incorpoirated 
'CO,, while nonin)corrhizal plants respired Only I81/ . The work 

of Ihevege ct all. (8) and of Cox et Il. (20) also indicated that there 
is rapid traislolcaliot l ph itos'nthates tii t'oot systems (if' liycor
rhizal plants. They' have showni by autiOradiOgraphy that ph1otosyn
thatc passes into Ith intracellular fu igal structures and hyphae 

i ,icut,root . 
(hider aild l.osel ( 16) dLcrnined that in. corrhizal onion roots 

comtained sig,'ificantly iore total lipids than nonnyccirrhizal roots 
andApropoised that lIist pilant phiotosynthiatcs were largely incopo
rated into the lipid fraction of' nyccrrhizal roots. They suggested 

that a significant lipid sink is necessary Ior the growth of fuingal 
ivhaC. Iid later conlirnted their hlpothesis by proving mnycorrhi

/al oniiinii roots iicirpoirated significanitly nore i.i front phiotosyn
(hate intO liipids thai did niumnni 'corrlnizal 'ools (57). 

Nitrogen fixioi 
Tle impiortance if' P nutrition in efficient N, fixation has Icing 

been recognized. The N2 hixation process is dependent ci adenosine 
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triphosphate (ATP) :is an energy source. Phosphorus, as a major
constituent of ATP, is an essential element required for biohgic:al
N, fixation. 

The great majority of studies concerning the effect of VAM on
biological N, fixation have involved forage legunle:, lather than
vegctablc or grain leIgumes. Nonetheless, the results from these 
studies are strikingly similar. Daft and EIl-Giahimi (22) found that
colonization of -nch bean vith mycorrhizal fuigi and RhJizobiuln 
compared with Rhizobiutn alone resulted in increased growth, no-
dulation, rates of N, fixation, !,ghemoglobin. P),and total protein
content. Application of soluble phosphate to noninycorrhizal plants
duplicated the effects of mycrrhizal colonization. Marjiunath and 
liagyaraj (58) found that cowpea and pigeon pea inoculated w\ith 
ooth Rhizobiunt and /in us /.cicc/ttni possessed grcater shoot,
root, and nodule dry weights, as well as higher N and P contents 
of shoots, roots, and nodtiles thian (lid plants inoculilted with either 
organism alonc. Islam and Ayanaba (51) founicd thfat inoculation of
the cowpea Pale Green' with Gloiti macrocarptm TlI. & T'l. 
var. macroc'arpum resulted ic increased nodulation and N, fixation. 
Rijapakse and Miller 183) studied tire eflects Of iioclatioii with 
Glonts nmasseav, .;.ciciu/, tan, Rhizodlitnm oil plant growth
and N, fixalion variable,, cr ng 2different cowpea culIivars, 'Brown 
Crowder' and 'ILush Purple I ull'. Inoculation with rycorrhizal
fungi significantly iicrc ,cd tie percentage of colonized roots and 
pant heights while root length was decreased. Interaction betweeii
'ANI c'flonization arid cowpea gcii type was significant for nitro-

gecasc activity+ lncculatior with G. ./itscicuctumr iri.rCasCd LitriO-
genase activity of 'llrown Crowder' cimpared witlc tie
nonnirlycorrhizal cctrcfl, whereas G. mosseai reduced the activity
and neither fnnci affected nitru- ,criseatiity "BUSI PurpIc Ifll*.
Nodule ncre and wcight wrC not affcCeLd b inoculation witlc 
VAM fungi. In this study, increased nitropecm:se activity was not 
attributed directly to P conccntration of rools icr slcis.tsaid

Although ricycorrhi/al cohlcciz,.tion cenerally has heeri found to 
increase N, fixaation rates and plant giowth,.ie study clearly ir-
dicated incoculatiion f)*vel-tahle leguries with VAM arnt Rhi-obium 
does icot always resut in' a fa,'r-ale plant re,'poise. Bcthllenfialvav 
et al. (7) indicated that hcari plaints (/'/CIa/Us iu/ari.l.. cv Dwarf)
inoculated with holhiRhizcium arnd VANI decmonstratcc a dCprcs-
sion in growth. a;s cimpared tc)noninoclatf controls, whenc .i
Majority if the ialys dluing the growirnp scasro were overcast. Col-
cni/ation of, iduil:ted list plants bv VAM fungi resulted iccsip-
nificantly smaller nodule mbers. nodul (Ir' wvei,'icts, and shoot 
weights. Increased demcliand for carhcchyilrates by both VANI aid1
Rlhizoiui could not be criet wh1en1pl tosnthctic efficic sywas 
reduced by low light intensity. 

l)iseae resistiance 

Interactions between VA N arid plant disease in vegetable crops
have received only micniial experimcental coinsideration: therefore,

this discussion will also include 
 findings where other hocrticultural 
or agrnonic crops have been used. Nfost reports icl the literature 
indicate that coloization by V,\ rivcorrhizal fungi reduces tile SC-
verity of plant disease, particularlyldiseases ctuscd by soil-borne 
pathogecns 

Mycorrhizal c nio riici,, liuve been shown to be lcs susceptible
tio pink root disease caLse(] by Pyreo acitic ler'c.sris(Harcs.) (icr-
ena, Walker and ILarson (0, 92). Only tIe cnycorrhizal seprents of
the root system were more resistan to the pathogen. Scifir ()2) founrd 
larger ariounits il reItucing sugars in mychrrlizal plants rildsug-
gcsted this as a piossible explaiatin for decreased iotinfection ill 
onion by Pyrenchcta tc'rrslri.i.%, 

Dchne and Schcceck (30) found that prior coloni/ation by Go-
rusiios.ttt, reilIcc(i iliccipt toicItci plancitsh\ Iloahritim oAs-porunt Schlet. f. sp. lycopersicue ISacc.) Sny. and Hals. The 

nuriber ot yel low leaves and the ariout ofelectir- l*ve leakage fron 
leaf and stem tissues were reduce] ill tivcr-lizd plants. Sikora
and Schiinbcck (1102) found that concizatiocn of tcmato plant roots 
by G. ma.isc'ac' significintl' reduced the inhcer cl reri atode larvae 
(Melo"ihuy, :'icognitaKofoid & White) that deseloped into adults,
They also deternmincd that carrot root colonization I-c'G. los.iai 
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suppressed the population of tile nematode Meloidogvne hapla for 
up to 18 weeks. 

Kellam and Schenck (53) studied the development of VAM and 
aroot-knot nenatode on soybean plants. At tie end of the growing 
season, the presence of Glomus macrocarpum on soybean roots
significantly increased seed yield and significantly reduced the num
ber of' Meloidogyne incognita galls. Paget (73) observed that root
colonization of strawberry plants by Cvlindrocarpon destructans 
(Zins.) Schol., a mild pathogen of strawberry, was greatly reduced 
and plants demonstrated less stunting when roots were also cole
nized by Glonvt fitsciculattim. Schenck et al . (98) reported that
prior root colonization by Gigaspmr margarita or Glmus macro
Ctin-por rc .,:cd tWe damage caused by Phytoplithora parasitica
Dast. to 2 citrus ro.ct::tocks, Carrizo ci range and sour orange.

Schdnbeck :ti- Dehrie (99) found cotton plants colonized with 
Glontts mnosseac arid nonmycorrhizal cotton plants wcre colonized 
with "il'iclaviapsishasicoha (Berk. and Br.) Ferraris to the same
degree. Shoot weights of nycorrhizal plants were significantly greater
thal non mycorrhizal plants, although root weights did not differ 
significantly. Mycoirhizal plants tolerated infection by 7'. basicola 
better than nonnycorrhizal plant.;. Baltruschat and Schinbcck (4)
reported that the clilaniydospore production of T. basicohc was ncg
atively correlated with mycorrhizal colonization of tobacco and al
falfa roots. RcduCtion ill chlanylospore production attributedwas 
to high levels oi free aminoc acids in the roots, notably arginine and
citrullin Tihe addition of syntlietic argininc. to noimiycorrhizal root 
extr:acts inhibited chlarnydosporc prcduction on agar, confirming its 
prolibitive effect. 

Someic reports, however, indicate no difference or even ;nl inen ilsc 
in disease severity when plant roots are noiiycorrhizal. Baath and
Itlayican (3) found no difference in the severity of vetticillium wilt
ofr tire subsequent decrease in plat growlh Iet wei inlycorrhi 'alI 

rollnycorrhizal tomato plarts.
Mcne ctal. (60) found that prior root coloization of Citrus 

icensis (L) Osbeck "Pineapple' by C/atuscic/ca providtd
inO protection against root infecction by Piytpolthori parasitica.
Plants colonized by the mycorrhizal fitits alone had a 3-fold in
crease in plant heightind a 65c/ increaise ;c dri' weight compared
tic nonmycorrhizal plants, but these benefits were negated by ifec
tion witi the pathogen. Ross (91 ) was the first to report a VA
mycorrhizal fingus (Glonrs Muacarcacrt var. ,c'aspccrr, s.) that 
increased tice severity of a plhnt disease. Nearly 90("( of the sus
ccptible soyheari plants with VAM demonstrated initerral stem dis
ccolration synlptorcs iffphytoplithora root rot (1. ncgcsl.'ernra Drechis. 
var. saac Hilieh.e), wh[ile 2(1 of' the roniycorrhiaI plants, de
veloped these s'imptons. I)avis et all. (27) discovered that cotton 
plants coloni/ed by h is.. had a hier incidence ofvcricillium wilt thanldid nionmycorrhizal plants.
 

Schiinbeck and 
 Schinzcer (101) inoculated ucycorilizal (Gocus
acos.viai) and cur ircycorrhizal tobacco plants with tobacco mosaic
 
virus. They observed al increase icctie number of lesions on 
 leaves 
of ivcorrhizal plants. )aft and O(kusanya (24) discovered that the
iuitipli'ation rate of the :ucuba mosaic virus was highly correlated 
with tire percentage of colonizatio of tomato roots by G/atus 
mac rtccctrprc1m vilr. .iosporiis. Greater colonization by the fungal
citlophyte always accelerated Multiplication of the virus. Viral dis
cases seem to be particularly ehcanced by tile mycorrhizal sym
hiosis. txperimental c'idence indicates increased virulence and
 
cnhacei] reproductive rate of 
a virus may be duc to tile improved
riutriCit status of rrycorrhizal plants. t.:ilectron microscopy has re
vcalcd tobacco mosaic vin s was intensively concectrated in cells
that cotaiined airbuscular stages with rather fice branches (100),
indicating (fhat tice acC11u11lation of virus particles was favored in
regions of high phosphate metabolism and high coucentrat ions of 
ucle ic acids andi.proteins.

Interactions aiong symbi ont-pathogc-host combi nat ionis ap
pear comiplcx anl seemii to vary with each combchination. Noncethe
less. generalizations can he mtade from research results o'f tihe past
2 decades. Disca!es causci t by soil-borne fungi cal be influenced 
cy the Formation of mycorrhizac in tile root system. In general,
urycorrhizal plants suffer less damage and the incidence if disease 
is decreased or pathogen di'clopcncet is inhibited (29). The reta:
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dation of pathogen development in the root system is restricted to 
the site of mycorrhizal establishment. This retardation of pathogen 
development may be due to VA mycorrhizal fungi physically lina-
iting the number of available colonization sites illthe roots, 

VA mycorrhizal fungi irealso known to alter host plant physi-
ology. Mycorrhizal roots are more lignified than noiintycorrhizal 
roots (28). This effect may be responsible for the restriction of the 
endophyte to the root cortex. The sone mechanism of resistacc 
may be effective ag, inst parasitic soi!-borne organisms invadii, i;e 
host root. Host plants contain chitinolytic enyzmes that successi , 
degrade aging arhuscules of the endophyte. These enzymes could 
be effcctive against fungal pathogens its Host plant physiologywell. 
can also be altered to produce substances inhibitory to sporulation 
or development This pic ulIl can be dcm-of pathogens. :!:ccfleet 
onstrated intie case "171eitvio.is asic'htof sporulation of oloi 

ycorrhizaI roits. wh ichi was ihiibited by high levels of argitninc 
(4). Inaddition, tie actuiuhttion of reducintg sugars in lycorrhi. at 
roots may inhibit root infeetion by l'vrenochitctalerr.stris (92). 

Inproved nutrition ofimycorrhizal plants usually enhances phtlatdevelopment and vigor This increase i p tvigor may lead toi 


disease escape or to hightier t(lera ee toward soil-hborne phoge n, 
illsome instances. However. itiproved nutriti,.oiycorrhizalof 
plants innutrient-deficient soils often en ltnces vulnerability o'those 
plants to shoot and leaf pathogens. The general rule "what is goodfornespciigoodn tie ahoenplan spliabeune
for tie planit is alsit good for tlie pathogeni" is alpicble Under 
these circuistanecs. Fromi this point otview. vigorous mycorlhizal 
plants should be 10iore susccpt ible to shoot and leaf pathogens than 
less-healt y inmveorhizal plants. 

It is ipottant to note that the eftectiveniess of VAM ii conibating 
soil pathiogeils is also depeidClt ot the virulence of the p:thogen. 
Highly virultiti patliogeTIs Or increased inoculutit levels, I!less vir-
ulcut pathogenis tlnd it dcereac the positive influence of tie im 
corrhizal symbiosis (31 ).Increased resistance, when it occurs, requires 
optiniuu conditions for tlie devlopiicnt tf' tie mycorrhizal sytti-
biosis before the attack of tilepathtgen. 

Plant water status 

Very little rsearch I has been conducted concerningitie water 
relations of phaits colonized by VAMNt tunti, but tile liited research 
completed is encouraging. ill. with inycor-Safir et (1)3), working 
rhizal and noitiycorrhizal soybeans. found that tile presce of 

plants at lower levels of added P exceeded that of irrigated onion 
plants receiving the same P levels, indicating the effectiveness of 
VAM in increasing P uptake. Maximum yield and high colonization 
occurred simultaneously in nonirrigated treatments, but irrigation 
significantly decreased mean colonization rates. Much higher soil 
P levels and irrigation were required to exceed yields of the highly 
colonized nonirrigated treatments. They concluded that the mag
nitude of the effect of mycorrhizal fungi ol the water relations of 
tile likely a function of improved ratherhost is most P nutrition, 
than water stress alone. 

FACTORS AFFECTING ROOT COLONIZATION AND 
PLANT GROWTH RESPONSE 

[lost variability 
plhant response ii terms of root colonization and growth varies 

considerably from host to host, indicating Lhat tile host plant plays 
anl important role in tileVAM symbiosis. 

J 
i lcd \\ithSoM vegele dountftrn Chiodacewheeg. Crcifera and Cenopodiacc)

a(1:Fig. and intrinsic resistance of the epider-I . Chemical inhibition 
ntis aid cortex have been attributed to tile lack of mycorrhizae 
f.-rmtiat i in these plants. However, most vegetable species do fornt 

mycorrhizae.
Iterspecific variability has been observed anong those vegetavaiailt bee observe thor 

bles that formi mycorrhizac. Oion are found to be much more 
responsi'c to inoculation with VAM fungi than other vegetables. 
Yost and Fox (107) reported that cowpea is more dependent oil 
nycorrhizal association than soybean. 

harley and Smith (41), inferring from tile results of' Baylis (5), 
reported that. generally, plaits with thick, unbranched roots and 
tew root hairs te.g., citrus and onions) are more dependent on 
invcoirh izae than those with finely branched roots with numerous 
lone rtot hairs. Lou g toot hairs and well-branched root systems of 
Crocifera iay be a reasoi for tie lack of mycorrtizae inthistaiy . 

rIotrspcfiC. Recent cvidcec indicates that considerable varia
bility exists amliong cultivars in their response to the saute mycor
rhiz:!Iendophytt:ad aitlong the responses of the same cultivar to 
different niycorrtiz a cidophytes. Ollivier et al. (69) reported that 
G. mosseae and G ]'3Gilmore stimulated the growth of 2 cowpea 
cultivars. while G. epigittoeu Daniels & Trappe gave a positive 
growthi effect with only one cultivar, 58-185. Infection levels weremycorrhizac formied with (Nomnt.I to.v.ien' decreased the plant.-,' 

resistance to water transport considerably comtipared to nonmycor-
rlizal controls. In a subsi'quent study (94), they confiriied de. 
creases in resistance to water traisport of about 40; inmycoilthizal 
soybeans comi~pareid to the iotityconhizal controls. )ifferences ii 
resistance tt water transport were tou t t Occur inthe roots. but 
there were no signilficant differences iinstem and leaf resistance 
between mycorrhizal and nomcorrhizal pitts. Addition oftu-


trients to noitmyorrhizal plants growing in low tttrient-status soils 
lovered tie resistance to water transport to tie sante level as Iy-
corrhizal plants, suggestitig lowered resistance in ticorrhizal plants 
was due to enhanced nutrient status brought about by tie fungus. 

Olson et al.(70) determined that P uptake is greatly redtced ill 
plants subject to drotigllt duet theto slower diffusion of P throuhi 
soiland impaired root uptake capacity. In addition to its direct effect 
ot platit g rowth- water stress indirectly aflects plant growth through 
repressed P nutrition. Nelsen and Safir (67) found that mycorrhizal 
onion plants had higher leaf water potentials, leaf transpiration rates. 
hydraulic conductivities, and lower leaf resistances than did tion-
mycorrhizal [,lants grown under low soil P condititns. All 4 parai-
eters were not dlifferent from those of mycorrhizal plants whent 
nonmyeorrhizal controls were grown under high soil 11conditions. 

lower and growth effects less with G. epigaen than with other 
VAM fungi. RaJ apakse and Miller (83) inoculated 2 cowpea cul
tivars with (. mosseae. G.Jjscictulatm, and Rliizobiuin. Influence 
of iioculation with VAM fungi ott shoot dry weight and nitrogenase 
activity was the species of fungi as well as hostdepenident on tile 
cultivar. 'Brown Crowder' showed a significant increase inshoot 
dry weight Mid nitrogenase activity when inoculated with G. fits

cicuhttlutn,while Bush Purple Hull' did not show a significant 
response to either VAM fuigi in terms of shoot dry weight or 
nitrogenase activity. Therefore, it appears that tile'Brown Crowder' 
and G. fiscicuhttni host etdophyte conbination is preferable to 
the other combinations. 

Ra.iapaksc and Miller (81)conducted an experiment to study the 
variation inmycorrhizal colonization with tite. 'Brown Crowder' 
had a significantly higher percentage of root colonization than 'Bush 
Purple Hull' 4 weeks after inoculation: however, tiledevelopmental 
pattern for hyphae, vesicles. and arbuscules was not significantly 
different between the 2 cowpea cultivars or the 2 VAM fungi used. 
Ina subsequent investigation, they screened 19 cowpea cultivars 
uder field conditions with 3 soil treatments (82). Treatments iin
eluded ftutigation with methyl bromide, inoculation with G.fas-

Bolgiano et aIl.I I ) found that colonization of onion plants ill- ciclitltm after fumigation. and no fumigation or inoculation. 
oculated with Gnis etnicattmt Becker & Gcrdeiiami decreased Funiigation reduced dry matter in shoots, leaf growth, nodule weight, 
more sharply with increasing P levels in irrigated plots than it did and nitrogenase activity in most cultivars. Cowpea cultivars showed 
innonirrigated plots. Colonization remiained high in itonirrigated a differential response to inoculation with VAM fungi. A number 
onions but decreased exponentially with increasing extractable P of cultivars showed a response to natural inoculation, but only a 
concentrations in irrigated onion plat:;. These results substantiated few benefitted fron inoculation with G. fasciculattut after fumi
a previous report that claimed mycorrhizal dependency of onions gation. Percentage of and intensity of root colonization at harvest 
increased under drought s.ress (66). Yield of ntnirrigated onion were not significantly affected by cultivar. Total mycorrhizal root 
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IFSOIL P LEVEL 
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(Most vegetables) (Some vegetables 
Fig. I. eg. Onion)Types of host response to mycorrhiz.it inoculation, including nonmycorrhizal or mycoThizal (based on colonization), nonbeneficial or beneficial

(based on plant or physiological response). and responsive or dependent (based on soil P level). 

length (percentage of infection X root length) was different between 
cultivars. Thi.s measure appears to be more appropriate than per-
centage of root colonization for selecting cultivars that show an 
inoculation response to VAM fungi.

Powell elal. (79) determined that indigenous mycorrhizal fungi
increased P uptake and plant growth of onion cultivars *Takai Top
Keeper' ('F'K) and 'White Barletta' (WB), but failed to do so in 
'Pukekohe Longkecper' (PKL) or 'Dragon Eye' (DE). In separate
experiments, PLK, 171K. and WB were grown inunsterilized native 
soils and inoculated with Glonus sp., Gig aspora tmargarita Becker 
& Hall, F4, F20, NP9 (VA mycorrhizal fungal selections from field 
soils), or the indigenous mycorrhizal fungi. Inoculation with Glo
mus sp. significantly increased bulb weights and P uptake in all 3cullivars. Gigaspora margarita significantly increased bulb dry
weights and P uptake in IFK, but was far less effective with PI.K 
and WB.Endophytes F4 and F20 increased bull) dry weights and 
P uptake in "IlK, but were less effective with WB, and demon-
strated no significant increases in bulb yields or P uptake in PLK. 
NP9 depressed bulb yield and P uptake in PLK and W13, while it
increased bull- field by 67% and P uptake by 57% in 17K. 

Highly sigificant fungal inoculant-cultivar interactions were ob-
served in these onion experiments. Inoculation with different fungal
endophytes resulted in almost identical levels of colonization in host 
plant toots within specific cultivars. However, significant differ-
ences in plant growth response and nutrient uptake were observed,
There were also clear cases of identical VAM endophytes heavily
colonizing plant roots and significantly increasing plant growth and 
nutrition in a particular CLtivar and not in another. Even though
the samc fungal species from the same pure culture was used, low 
plant growth response was associated with very little or no colo-
nization of host plant roots. Significant differences in plant growth 
response and nutrient uptake, despite nearly identical root coloni-
zation levels, also have been found among cultivars inoculated with 
identical mycorrhizal fungi from the same pure culture. 

Many physiological mechanisms, each governed by specific genes, 
are responsible for the successfid interaction of fungi and plan 
roots. Undoubtedly, differences in the genetic makeup of host plants
and of the different finngal endophyte,; involved are a component
of the variability in plant growth responses observed. Plant lios 
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and mycorrhizal fungi with synergistic genes should result in the 
greatest stimulation of piant growth.

U:ilike the legum"--Rhizobium symbiosis, there is no evidence 
supporting a well-defined host specificity for VA mycorrhizae.
Nonetheless, the genotype of both symbionts has been known to 
influence the degree of root colonization and growth respovse.
Therefore, host preference, in contrast to host specificity, usually
is observed in the VAM symbiosis. In addition, other differences 
between the legume-VAM and the leguine-Rhizobium symbioses 
have been observed (Table 1). 

Endophyte variability
Once it was discovered that mycorrhizal fungi are present in most 

soils and colonization by these fungi is the rule rather than the 
exception, experiments were designed to compare the effectiveness 
of introduced isolates of mycorrhizal fungi with those indigenous 
to native soils. This work was necessary to determine if field in
oculation using selected species of mycorrhizal fungi was feasible. 

Mosse and Hayman (63) investigated the effect of inoculation 
with G. moseat', on growth of onion seedlings in 4 different soils.
Soil treatments consisted of sterilization to eliminate indigenous
mycorrhiz . fungi and nonsterilization. Dry shoot weights of pre
viously inoculated transplants harvested after I Iweeks of growth
averaged 4.85, 4.58, 1.87, and 24 times greater than plants colo
nized by indigenous mycorrhizal fungi in each of the 4 soils tested.
Average shoot dry weights of seed-inoculated plants harvested after 
I I weeks of growth were 3 times greater than those of plants col
onized by indigenous mycorrhizal fungi in 3 of the 4 soils tested. 
In one soil, however, shoot dry weight of plants colonized by in
digenous mycorrhizal fungi was 1.7 times greater than shoot d.y
weight of plants inoculated with G. mosseae. 

Owusu-Bennoah and Mosse (71) found clear differences in growth
between onion seedlings inoculated with either Glomas caledonicttn 
(Nichol. & Gerd.) "Trappe& Gerdemann or a mixture of Glomus 
endophytes and noninoculated onion plants grown in the field as 
early as 4 weeks after emergence. At harvest, it was found that 
inoculation with the mixture of Glomus species improved growth
by 77% (shoot dry weights) and inoculation with G. caledonicum 
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Table I. Comparison of the vesicular-arbusculaar tnycorrhizal symbiosis and the legume-Rhizobion 

symbiosis. 

VAM 
Fungi + plant 
No broad specificity 

Fungi-obligate 
symbionts 

Inoculul paoductiot outside the host not 
possible 

Cannot fixatmnospheric N,but helps the 
process through improved 11nutrition 

Five genera involved. 
(e.g., Acauos)ora, Enlrojihospora, 
Gigaspora, Gloonu , Sclerocystis) 

No special structures formed by host 

improved growth 6 times over p'ants infected by indigenous tmy-
corrhizal fungi despite the fact these noninoculated plant!; were well-
colonized. percentage of colonization was less, however, than in 
inoculated plants. Owusu-13cnrnoah and Wild (72) determined th:': 
42-day-old onion plants that had becn inoculated with Glontts no.-
s .ta, possessed significantly higher total plant dry weights than did 
noninoculated seedlings in either sterilized or unsterilized treatments 
of 3 separate soils. Improved growth was always associated with a 
significantly higher rate of colonization than that of noninoculIatcd 
seedlings colonized with indigenous endophytes. 

Results with lettuce plants were more variable. In 2 soils, ioc-
ulation with G. mosseae resulted in significantly higher plant dry 
weights than (lid colonization by indi,,ernous mycorrili:!il fungi. In-
octlation in the 3rd soil did not sign antly increase plant weights 
compared to noninoculated controls in either sterilized or unsteril-
ized soils. Mycorrhizal colonization was absent or very low in all 
treatments. 

Plenchette et al. (77) inoculated leek plants with 4 different spe-
cies of mycorrhi zal fungi and asparagus plants with 2 different 
mycorrhizal cndophytes. Leck and asparagus plants were harvested 
4.5 and 3.5 months after initial establishments, respectively. Re-
gardless of the inycorrhizal strain used, all of the inoculated plants 
exhibited growth superior to that of the control plants. Roots: of 
control plants were not colonized by indigenous mycorrhizal fungi 
in any of the control treatment. Dry weight of' leek tops and stein 
diameters was significantly increased by all species of VAM fungi 
used; however, G. epigaeum and G. monosporuor Gerdenitli & 
Trappe were more effective than G. utcroc'arpum or Gigat.iora 
calospora(Nichol. & Gerd.) Gerdemann & Tragpc. The dry weight 
of asparagus tops and roots was significantly increased by Glotus 
epigacuni and G.monoporutn, but there were no significant dif-
ferences between the 2 fungi. Significant correlations were found 
between the magnitude of colonization and shoot diy weight for 
both leek and asparagus. 

Hirscy etal. (49) found similar results with asparagus inoculated 
with Glotts versifornte (Karsten) Berth grown in this same clay 
soil. Inoculation resulted in greater root fre.h weights, shoot dry 
weights, number of shoots. and shoot heights. Indigenous VAM 
fungi had no significant effect oi these growth parameters. They 
concluded the suppression of growth in plants infected by indige-
nous endophytes may be due to the ineffectiveness of the particular 
indigenous fungi associated with asparagus. 

Islam and Ayanaba (51) comp:,,cd the effect of indigenous VAM 
fungi to the effect of inoculation with Gnutts mosseac on growth 
and nutrient uptake of cowpea and niaize plants. Colonization by 
indigenous eidophytes significantly increased shoot dry weights and 
the total plant N and P1content of cowpea plants compared to non-
colonized control plants. Inoculation with G. mosseae in sterilized 
soil significantly increased growth, nutrient uptake, and yield corn-
pared to colonization with indigenous endophytes. It was concluded 

Legume-Rhiobion 
Bacteria -r plant 
Specific (cross

inoculation gronips) 
Bacteria-facultative 

syntbionts 
Inoculum production 

outside the host 
feasible 

Fix atmospheric N, 

Two genera involved 
(Bradvrhiobhium and 
Rhizohiuni) 

Highly visible structure 
formed by the host 
(nlodules) 

that G. mosset'e was superior to indigenous endophytes in improv
ing cowpea yield inthis sterilized field soil. Growth and yield of 
maize plants were significantly increased as a result of inoculation 
in both sterilized and nonsterilized soils, again indicating the su
periority of an introduccd, effective endophyte over indigenous my
corrhizal fungi. 

Similar results were found by Mosse (62) in maize transplants 
iqoculaled with Glotus./itsiculeih t and grown in unsterilized field 
scils. She discovered that colonization by indigenous endophytes 
was sparse in maize and only slightly increased by added phosphate. 
She theorized that the low level of colonization by indigenous fungi 
may denote host specificity of the indigenous endophytes or differ
ences in tesponse to nycorrhizal colonization among maize culti
vars. Khan (54) also determined that inoculated maize seedlings 
planted in a field containing indigenous mycorrhizal fungi had greater 
plant weights, percentage of P, and car size than noninoculated 
control plants. 

Powell et al. (79) inoculated 4 different cultivars of onions with 
itmixture of Gontu.s fsciculatonm and G. tenue (Greenall) Hall, 

F-, FI I,F20, NP9 kVA inycorrhiz; I fungi selections from field 
soils), the indigcimus mycorrhizal fungi, plus a control with no 
mycorrhizal fungi. They found that 4 of the 5 introduced fungi 
significantly increased plant growth and 1)uptake compared to the 
indigenots mycon'hizal fungi, which failed to colonize plant roots. 
Although F1 I colonized plant roots, it was ineffective in increasing 
P uptake or plant growth. 

Rescarch efforts currently indicate that field inoculation of veg
etable crops, using carefully selected species of mycorrhizal fungi, 
is usually superior to using indigenous mycorrlizal fungi present in 
native soils. Significantly improved plant nutrient uptake rates and 
consequent growth stimulation should result from this practice in a 
majority of cases. A great deal more res,:arch needs to be completed 
before identification of the most effective endophyte for each veg
ctable cultivar grown in a particular soil is accomplished. 

Soil fertility 

The majority of' mycorrhizal plants benefit from the symbiosis 
and show increased growth, nutrient uptake, N2 fixation, etc. How
ever, most vegetable plants show these physiological responses to 
VAM' fungi only under low soil P levels. 

Daft and Nicholson (26) tested the effect of cumulative P appli
cation oii growth and ivcorrhizal colonization rates of maize seed
lings. They foiund that en.lophyte activity, estimated both by numbers 
of spores and percentage of colonization, was progressively de
pressed when soluble phosphate wits applied over extended periods. 
The same was true when the maxinum quantity of phosphate was 
added early during growth of the host. Buwalta et at. (13) grew 
leek plants inoculated with Glous mosseae in pots to which P at 
0, 30, 120, and 480 ing'kg- I of soil had been added. The level of 
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VAM colonization decreased noticeably as the amount of Padded 
increased. Decrease in colonization was also correlated with in-
creased levels of P in plant tissue. Nelsen etal. (68) sowed onion 
seeds in 2 soils that were high and low in available P and that
contained an indigenous population of mycorrhizal fungi. They added 
Pat 0, 30, 97, and 193 kgha Iand inoculurn of Gloms etnicouM 
Becker & Gerdcmann. Root colonization and mycorrhizal spore 
numbers were negatively correlated with addedRootrangeP in soil that wasI) 
low in available P (3 kg-ha 1).Root colonization andi spore nulIrberswere not iifluenced by added ) or mycorrhizal inoculuro in soilthat was hitch 1). Mvcorrhizal coloniationin available 11(97 kg-'hatatws i e a l7 .in availa d Mycorrh tileol at 
ratings inl renma ined very low th roughout thle gro~wththe latter soil 

period of tihe
plants. Interpretation of' these results suggested
threshold level of soil P below which mycorrhizal colonization WIIS 
high and above -'hich colonization was low. Rajapakse and Miller 
(84) foIund that addition of soluble phosphate to the sand growth 
medium reduced cowpea root colonizatiom by G/loms./xicohtn. 
Mycorrhizal influence on certain growth parameters wits observed 
undcr all P levels used (i.e., 13. 23, 33. and 43 ppm): nowever,
maxi inum01 growth response %kasobserved at 23 ppi1P. Azcon et 
al.(2) and Khan (54) aIso disetcrCd that highisoil P levels sup-
presscl mycorrhizal developmienit inllettuce and! corn seedlings, re-
spet ively. Sanders (95) applied phosphate stlution directly to the 
leaves of onion plants. He determined that P application redtucCd 
tie iniinsity and Iratw of spread of thC mycorrhizia colonization, 
reduced the weig t of external mycelitim associated with) each cen-tinetcr of colonized root, and lepressed tile slpply of to tile hIst 

via tile mycorrhizac, h was concluied that reduction in nurober., of 
external hYphac, arbuscules, antli vdtsp ores was more closely 
related to tire phosplhate concentiration ill tIre rItots than to that iii 
the Soil. 

Nitrogen fertilization has also heen shown it alfect imvcorrhizail 
formatioll negatively. Haymiian (43) fount alpplicatitn of NIlN() 
to heavy clay loair"ilI slimifiaciltly rvowthlreducel and spore 
forimation of' VAN eldlphytcs. Similar results \%cre observed ill 
light .indy stil. Krtekclrrann (55) also found INfertilization cquiv-
alent to 22-1 kg-ha I inhibited myctrrhizal >pore firmation iil a 
heavy clay ltam soilat the Rotharmsted Station. Ihowever, adlition
of N at 40 kglha iinrcased spore Ilulibcis illa soil t irairn-
schweig,. FCdcral Republic of (;crianv. ()pptsitc effects in these 
2 soils were attributed illcncs ir has ic feltilit,o tti aIswell as to 

the alotut of N applied. 


The Soil fertility picture bec oes ctnsiderably more complicated

when interactions etween P aind N are taken into account. I-lepper 

(48) also found that increasing the amtount of phosphate applied It 

lettuce plants iloculated with (Wotno mo 'e d'presscd mycorrhi-

zal clonizatito. At ill phosphatc levels. however. 
 rrlyirrh;.al coi-
oniz:ition ilcreasedias more nitrate was supplied to iteholst plants. 
The extent to which mycrrhizal colonization was dcprcssed ie-

pended on tie N :P ratio ratler than phosphate concentration alone .
 
Mosse (61) Aloso N
noted that increascd tClilll to coutteract thr 

inhibitory effect of high phosphate. 


Research rcsulIs all clearly indicate 
 hllt high levels of P and N 
inthe soil inlibit colonization of plit roots by mycorririzal fungi. 
The extent to which colonizaiion is inhibited, however, (loe,vary 
with plant species. It appears that intcrral P level ill the rolt, re-
stilting Irom high siod Ikvels. iililhits rycorrhizal formatioln. 
Mechanisnis for thisinhibition of colonization were liscussed pie-
viously iii thispaper. Mechanisms involved iii N inhibition of col-
oilization have [lot yet been identified. 

Gcnerally, high soil fertility result,, in minimal VA mycorrhizial 
colInizattior, SO thiat Much niycorrhizae is mlikely to be found in
intensively cultivated soils. I-lowever. maizc intire miriwestern United 
States isheavily Ilycorriizill (45). Since VAN? fungi are often abun-
daiit in both poor ard rich soils, low soil fertility is not always a 
prercqu isitc for extensive nmycorhizal lcvclopcnnt . Ccrtain endlo-
phytcs will undoubtedly perform wcll wihini a broad range of otiltextures and soil fertility levic!s. ()tlheis will prove mIre cflfective 
in soils of low fertility ill which threy are better adilaplcd. Ilats that 
show physiological respIonse to VAM lUNgi only mider Iow soil 1P 
levels are terired "responsive". ()ther plants that bellefit from VAM 
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regardless of soil P level are "dependent" on VAM fungi (e.g., 
onion and casava) (Fig. I). 

Soil temperature 
Most mycorrhizal htigi have an optimum temperature for estab

lishment of the symbiotic relationship and survival of the mycor
rhizae. There is, however, considerable variation in the temperature 

tolerance of individual fungi. For example, Gigaslport L'VI

(ll0id'( anld Gigaspora ]eterog ma (Nichol. & Gerd.) Gerdemann& Trpp have an optimum temperature for spore germination andlnlchv notmmtlcr'tr o pr emnto n
ft',ingal growth at 30°C, considerably higher than that for Gigaspvora
ico.spora (26' ) or Glonns mosset,' (200) (97). In general, there is 
ian increase in the percentage of colonization up to about 300 (37).A great del of work remains to be done iii identifying temperature 
op tm a ofl rentif y tem a 

o;tinm of the many different species of VAM endophytes 
liguht :ntensity 

l.ight intensity is believed to influence mycorrhizal colonization. 
)a ft and El Giahmi (23) fond that shading reduced colonization 

by Gloous lmacrocarptin var. Geosponim Til. & Tul. or G. mos
%cae in a variety of' plint hosts. Gunze and Hennssey (38) recorded 
increascs in the numbers of arbusculcs in roots of shaded cowpeas,
%,biIC tilenumber of ,esicles decreased. Hayman (44) reported that 
mycorrhizal development was best illonions colonized wit i Glomus 
mmo.eat, at higih light intensities. The number of arbuscules wasparticularly incrCascd Ot high lightintensities. Increased levels of
 

coltrioiation were correlatcd with high sugar concentrations in the 
roots. Greater mycI1ThI izaldeVClopiment at high light intensities ap
pears to be linked to increased photosynthetic activity and subse
qucint carbohydrate translocation to the roots. Lnfortunately, 
conflicting research data suggest that this relationship is not clear. 
For example, lurlan and Fortin (32) found that Onion plants inoc
ilfared with Gi,ka.vpora calospora shtowed more extensive and rapid 
myotrhizal colonization at low light intensities than at high light 
intelsities. 

LINII''VIIONS OF CURRENT VA MYCORRHIZAL 
TECilNOI,OGY 

Scarcity of VAM inoculon has limited the broad use of VANI 
fungi. This scarcity is due to tileinability to culture VAM fungi
axenrically. which makcs use of iahost plant essential for multipli
cation tftile eridophyte. ToIIensure quality, inoculur must be pro
iticed ilder ciControlled conditions, including freedom from 
contaminating pathogens. Presently, 2 types of inocula are feasi
bc--VAM-coloiized roots and VAM-infected soil carrying chla
rrrydosptires. It has been found that an inoculum of root segments 
caused more rapid growth stimulation than spores (39). As little as 
10 g of infected soilper plamt proved to be sufficient iniocUllii for 
field-growi. cowpeas and corn (50, 71). 

IDifferent iethods of irltlULuri application could be used with 
vegetable crops, depending on whether tire crop is transplanted or 
seeded directly. lIroculation of transplated crops is less difficult, 
since it simply involves an incorporation of the inoculurn into the 
mediuin and it occurs withini a relatively small area. For seeded 
crops. -i more difficul, situalion. with several options, is preseirted.
linoculum can be applied to the scels usilg a sticker or by pelleting, 
drilling with the seed, layering, or banding. Additionally. broad
casting and incorporation could be used incon junction with a con
veritional planter; howcver, this method is an inefficient use of 
available inoculum. 

A rccciitapproach is fluid-drilling ( 12). This process has not bee)
totally successful oina COlrIereCial basis clue to several problems.
The problems include the need for a large volumre Of inoculurn 
carrier gel and frequeiltly encountered unfavorablc planting condi
tiols (such as drought or heat), which limit its effectivcness.

In addition, there are post-appllication problems and censtrai[its
'hat must be overcome, including lack of clmpetitiveness and sur
vivability of the initroduced VAM fungi as well as the effect of 
pesticide application on the endophyte. VAM fungal species and 

981 

http:rrlyirrh;.al


strains differ in their capacity to compete with inldigelOIus fulngi and 
survive in the new environient Additionally, application of full-
gicides and other emlinicals to tlie fields can selectively or corn-
pletely destroy the VANi propagules. 

Viability of VAM inoculun during Storage and transportation is 

another probletm. My corrhi/al itoenCtiLt catt be stored fr relatively 

short periods as cottmpared to /Rhinobitn inoculants . Pelleling ;Inl 
lyophilizatiotn o1 VAM inoculuin increase stolriae life:howver, 
lyoplhilization catl lead to a marked reduction it infectivity. It is 
also necessary to nultiply VAM I)t cultures routitely. As staled 
p~reviously, there are maylv Iititatittin, to tile application of' VAM 
techlnolo1'v to VeLetable etops. Ilowever, litin:tbilitV to culture 
VAM 	 etdophytcs alstically is certainlv the mttajor obstacle to 
scle itttlationt. 	 "S. 

[he're aIre other eOitttralilt'. speci tic to veectable crops . Mhtst veg-
tlhcs itave a relatively Shotrt erowillt! Seott1)1 lldstthseqluClnt ralpid 

crop turltover, requiring tile Itlodtctimn antd applicatiotn of' large 
qutnttitiecs of itlmctlltll. whihIlinay not be ecotntontically feasible. 
Tile short erowini sctsotn Its itade it less appeal inc to develop tite 
technology \vllt Colnfpaled itopelclni:tls (stch as forest trees or 
utrsery crops), whele oinL. inoculatioti ilti stil'lice tora period of 

21) or tttotre yeaws. ilossever. this line olfrasottnint i.shtrtsiuhtcd, 
sittee c ,tin veetaleh2 ,r[ops'beneht greattly 1tot i rthizlI e-

latttttships"' 
Myctorrhizal leielits ate etettLst ttt(I tttost obvious under low-

intput growittg cotnditions (.E., tl ' ,c Itlltd illdeveL.I)iuc Cttul-
tries). VCgetale ipoIductittt illL. elopedci Utlntrit, Utstll v Occtrs 

untder t'lltditionIS 01 ilteLtsivL, cultivatiotn. wltrt' 1)1tittunl intp s :Ite 
utsuallv provided lbrcrop ovui tit. ('urrently. it is tttch sittpleLr to 
apply high N iltI ratheLi use ilIVelhili/al fhtiri.fLtili/ .rts than to 
This 	sittatitotn, ntldlt)tbtledIN., ¢ wii! Itl L¢rli'.ll 

Oteulatiotn prtccdurLS ate perl.cled and iocluLtIt lllle 11ttapll i-

duteed, so that it is less LXlespei C to tle titai fertili/cls. 
Il Xetnerll, rettlitioln if tilentiortlti/al ilhetlltlltttnol .., tela-

tiVCly rLcntl. It is still a1 tid elergtg field. MtOsCvC'y ItInucl Mei 
woikers onilIs recenis' werc iven a recviitiied title- s"myt.,rhi-
lasts". Relativelv little applied rescarch his been condttcted tiltus 
fll1 o)t (lite lie tealsills pteviltttslv disctssed.':eetables it) 

FUTURiE IE'SI'AI-CII NI"EI)S 

First, it i:, ntcessmy tot) itake tl e transition rot hasic to plplied 
research itlolder t)dcseli p tie ne.esstl tecLi;tolgy l1.ratpplicatitn 
to vcgcta l)e crops. Niost of le \ t k kitfiltvegeab1c cr . -- tl Ihat 
Itlatter all crops- has ilved ptt experillelnts. Wihat i, iteed 
now is tlhtorittutil tcstig ol tile vatet¢ (iti diferentof' iltlCtllitiut 
s'gettle ,pcCI elSits ta ss til IV Of field cOInitiitts. I in 1 
thcse esperi lllcttts ate Coindutctel t tile exteilt tio whicih tite' atc 
carried oiut will ,14 citrsC kCl)e l it cotltinltittg resCL.rlh Mild LIe-
velptitelit effort, illitltlhltti nmethodsprotdttction ,aridl otftapplica-
tiott 	 inctludin atltllity, (ttllity , and fleLqu'ncy of applic;tioln. 

Idelititic:tiio of efticietnt \A"Ni cn(liphytte species hir smbitiic 
eflecticntess., .illnlp tit i vLttess apli1st inligetous \'AM hnttgi , t~ 
crance to CTtviiOIInttttlta! C\etltCL., Such ils doughlt itil salittity, t~il-
cnu~c to n~itltlell leit-t.' itti toit\icie ttite it ut 
broad range Of pesticides mre nLeded. h1IttovL.(ItsCiii iltdigCll(tlSIl e 
VAM lungi alsoi requtires atttlntiiiit. as dhies tile role iif [lost plants 
iilletertittittg bt'iellits iI til' N',.\NI S'mbiosis. Finall '. no discus-
sion of tlie riced for IlttrL 1tciirtltuial iesetr¢lt \tild be c mttplete 
without ltul corsirithe11CL . aiii ll)imttamlie of addilittnalits and 
research (iti tiltaseiit ittlltrtI. ii1VN ildtielttcse. 
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