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Factors Affecting Survival of 
Rhizobium in Soil 

HENRY S. LOWENDORF 

I. Introduction 

Legumes are already widely used as ;-nextre iely important source of protein for 

hunan and animal consumntiun and of nitrogen to maintain soil fertili:v. Cow

peas. Icntils. gram (usually cluck-peas or murg beans), and pigcon peas are major 

crops us.d for edible seeds (pulses). beans, pras. peanuts (grourlnuts). and soy
a:dbeans are imnportant ,egetahlc or h.du'tria! crops Closers. alflfa (uclrr.e), 

lupines s: and out as COMl1inon pas'ure plants. whe cas ccnr, . 

and SI v.osonwhes are becoming increasingly m;puriant in the tiopics. Enormous 

land areas are devoted to produclion of pulses and oikL In ptoein-poor locali
solirces of proties, legumnvs are especially important because they are excell.mn 

often ranges as high as 34", (as i.. %%.r.gedren, and the crude protein content 
;n _-rasses.bean- see National Academy of Sciences. 1975) compared to 52'r 

Because of their symbiotic relation:ship '..%ith Rhi:obium, the :out-nodule 
are often able to fulfillbacterium which fixes atmospheric nitrogen, !e:unies 

their o),n nitrogen requiremcnts and therefore require the addition of little or 
.nstly for the fa-mer, espeno nitrogen fertilizer:. Where these fertilizers re too 

cially the small farmer, legumes are of substantial benefit both in producing food 

and also in adding usable nitrogen to the soil, thus benefiti;.g the r.ext crop. 

Despite the actual and potential advantages of legumes to tropical agricul

ture, there are many serious problems in growing them. Often excellent nitrogen 

fixation and :r )p yiclds are found in areas adjacent to farms getting poor yields. 

Large acreages produce small yields, and often farmers -pply nitrogen ftrtilizers 

to legumes rather than dep d on symbiotic nitrogen fixation. 
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Many of these problems i.ln be resolved by employing Proper farm manage.

meit or by using improved 
lted 	

eg 4 varieties., Other problems are specifically re. 
o the bacterial symbiont2 Among legume-production problems related to

Rhi:obiuns ale the following: (1) there are few or no thizubia i. the soil, Ahosein the soil dno "o nodulate the crop that is planted, or the indigenous bacterial
stilins are not effective nitrogen, fixerswith the particulair legume under cultiva.tion; (2) the commercial Rlhi:obiwn inoculuin preovied does not contain the 
proper symbiont or, if proper, then ithere..e insufficient live bacteria to bripg"about satisfactor) rates o4finfection;(3) any of'a ouniber of difficulties with the
handngoftheinoculum by the- fIa rier (4 )'t heinultidhzobia do not sur'ive on the seeds or in the soil long enough to infect the first crop; or (5) the
rhizobia infect the first crop but do nor survive to infect subsequent plantings.Some of these pioblenis can be solved by establishing regional programs totrain indigenous technicians. Once trained, these individuals could determine 
%,hich problems a.. of significance in the region. They would know how tohAndle and test conmercial inocular and they could verify that the commercial 
inocula are prepared properdy'(Schall eral., 1970).

A more diffcuh. task will be to deal with those field problems arising because the required rhizobia do not persist in the soil, In such instances, the many
soil types. climates, and legume (and therefore rhizobial) species are each vari.ables and potential causes of poor survival. Poor survival may be a problen even 
%%here the proper inoculum isavailable since the fatIme, may not continue to use
inoculum because of variable results, presnmed lack of time, or even cost ccn- r 

'sider ions. Thus, assuring survival of rhizobia in the soil, along with other re.quited reristics of he symbiosis, is critical for prcducing high yields oftleiames, giaraiteeing a satisfactory supply of edible protein, and raising the fer. 
tility of many problem soils.
 

Although books and reviews on 
the subject of legumes, the legume Rhizo.bhi' synmbiosis. and nitrogen fixation are numerous, there is no comprehensive
* 	 review of work specifically relating to rhizobial survival in soil. Nutman (1975)
and Mexander (1977a) 
 have dealt briefly with selected topics regarding rhizobial

ecologyb, and there are related reviews touching on or covering certain aspects ofthe subject (Vincent, 1965, 19 74; Chowdhury, 1977; Parker el at,, 1977). Theobj ctives of this report are to describe tlie research done on rhizobial survival,
cite the major results obtained, determine if generalizations can be mzde, and
make recommendations ultimitely for appropriate farm practice. 

* 2. 	 Tenninology and Methods Used for Enumerating and 

Distinguishing Strains of Rhi:obium in the Soil 

2.1. Terminology 

In the initial studies of Rhizobium, the only certain identification of mem
bets of that genus was to assess their capacity to cause nodut'ation of legume 
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roots. Species identification was then made according to which genus of legume 
the bacteria infected. The two symbionts (the plant and bacterium) were cor. 
sidered a hurnlogvuspair. Scientists constructed cross-inoculation groups L, in
tergeneic homology, but the validity of these groups was severly questioned be
cause both bacteria and plants were sometimes found to be pronascuous in their 
relatinships (Wilson. 1944). 

Effccnuiencss refers to a successful symbiosis in which the host plant pro. 
vides nu!'ients that the microsymbiot requires, the bacteria in return provide 
fixed nit rogen i.e., .ssinilate or "fix" N2 , converting it to a form the plant uses. 
Effectiveiiess is measured by assessing the %%eight of ino:ulated plants, total ni
trogen uptake by the plants (compared to uninoculated legumes or to plants 
gr, v.n on nitrate or ammonium), or by determinations of nitroeen-fixation ac
tivity using 1'N-N2 or the ac' ',lene-reduction technique. Effetiverness ;sa rel
tive term because plant vigor is quite variable, because there is a con'nuous spec
trum of symbiotic efficiencies, and because a given variety of legume (ur strain 
of Rhi:ubiurn) forms an effective symbiosis with some but not necessarily all of 
its homologous rhizobia (or legume hosts)(Vincent, 1954; Bjalfse, 1963). 

2.2. Methods 

Detailed methods for stud.,ing .. e ecology of Rhi:obiwn are provided in 
Vincent's (H70) manual. Rhi.'ohia are generally grown on )east extrict
inanoit,,l ,edium (YI M). and their numlmiers, either in cu!tute or from ste:de 
soil, ,;iay te counted on Y'.M aiar p:ates. Dilution-nodvlatimn is a nethod Je
,ised b5 W1son (1926) to assess the number of rhizobia in nonsterle so.l. Serial 
dilutions of tire soil are made and inoculated into sterile soil. After 10-14 days 
to allo, for coloni/ation tifthe soil, surface sterilmied liost-lvi~'lle s'eds are 
pl.ml-'d. At the applopriate t:11e, the l,.ire rti:s are obsered for nodulation. 
Presence of noJulation is presumired to indiate it leaist one %idb!eRhi:(,bim in 
the original sample, and fron the greatest dilut in leaing to nv,;!:tatlon, the ap-
P1Oxmnare number of rliiohia in the soil can be )btained. This muethod has been 
simplified by grtowving the test plants on avar or in sand )r gravel culture, and 
niost.probable.numnter (MPN) tables c~n be used to inp!ove the precision of 
numer,.al cstimates (Tuztmura and Watanabe. 1961 Date and Vincent. 1962; 
Brock,,eil, 1061. \ea.er and Frederick, 19741. These same analyses hase shon 
trit one or two rhizobia present in the tube receiing a soil dilution are suffi. 
cient t, initiate idulalon. Thompson and Vin:ent (1967) have. however, 
pointed out that this method may fail when large populations of c.:her organisms 
interfere with iodulatiun. The MPN technique also suffers from being tme con
suming and laborious. 

A second method, which is much quicker and easier to carry out than the 
above, has been devised to count rhizobia tha. have been introduced into non
sterle soils. It is based upon the selection of antibiotic-resistant mutants 
(Obaton, 1971; Darso et al., 1973; Schwinghamer and Dudman, 1973), adding 
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them to the natural soil. and then following changes in population density byplating crial dilutions of the soil onto YEM agar containing the antibiotic and
counting th, colonies that appear. This methed cannot be used to do field sur. 
e,s un!ess the resistant rhizobia were: earlier introduced. It can potentially be

inused to count each a mixture of strains of bacteria if various markers (e.g.,
mutations to resistance to different inhibitors) are used to distinguish between
strains. Because fast.growing rhi,obia (in general, R. tri ,dii,R. neliloti, R. le.
gumiosJnon, and R. p/zise,') develop to visible colonies on agar plates within
about 2 d. s. the grmio,t of fungi usu..lly presents no p-oblem in enumerating
the bacteria, provided lie rhizobia are present in lalge nunihe:s. However, with
slos ..rs species (R. liui. R. iaponicumI, and cosspea.type rhizobia), or ,.ith soils :ontaimiing fe,, diobia. funei may overgr)w the ilates hefore bacte.
rial col,.,nies aptezr. under ihee coiidifioni, an arlifungal compound such as cy.c1 ,he'lII., is used. It Via% prose pCrtnt to iiclude a more potent fungicide

ses,,al%-r n:,t'.'gal coiipounds) because cyc!oheximide is not always rom.p!etl. ef:'.tlrs e suppiessii- the gros, th of tlngi. Also it is important to test
anitbillotic.resmlanl ntllsllt
Itoasiure that infectivity and effectiveness are nc't 
Imlipair'd (S~hiiji'r avid Dudivian,. 1073).

Sel~.ro~~o~Inv:l:- :i;av for ideiktif.ing strains of Rhi obnwpm. Onebe used 
of thLe : the ': ,iescein.al:bod% ,.,linlue (Scluimdt et al.. 1(iS;t'hds 

J.:. .iij;~ ~ ~~ I '. s:i sse Ior co.n:iag bacteria and %isui -i.. '.i in 
Soil. fLe pr' ellof ,tecii'.c al'ornhin .and 2tolhiuhr'eSeiCL associaled
%%;!i t!ihs ietliod Ilisol! (Nuitnan, 1)75) scenis iohave teen overcomie with 
pre;e,e, €'itcr,,i.jiiuig I(Bohlool arnd Schniidt, I96,S). IHowever, the inistrulienla. 

ar:C1:-
tio~m ';1 lacih;es are otell [lot asail1ble i the poorer countries 

A.~
,:.,::d ,::':,Ji l:rIl:od is i .1muvio0eldiffusion (Vincent. !(970 Dud. 
;"71) 13oi of the :c'aiv l tvchin ies are used primarily to ideintify iso.ates. 110:t1vJo;lOt tiodules. 

oel.vntihody 
tr 1 Because of anti specificiy,

serolt')Ihal e,:i~nques \%ell toare suired distinguish between many different 
sti.,ai:r
. R t. ':-seloloical tel:im tues and 'lieantibiotic resistant techniques

covnp'.cv-n: c.b otr. Brockscll cial. (1977) have compared 
 the antibiotic re
s,a:.'e and ce'.dlaiJsion procedures in fiel. studies over 3 years and demon.

strated that both were equally and highly reliable for identifying strains recov. 
ered from 5oil. 

3. Factors Affecting Rlizobial Survihal 

3.1. Obsenred Persistence in the Field 

Althou,. lecurnes have been recognized for thousand& of years as cropsh.h v.p:ose the soil, only since the late 19th century has Rhi:obium been
kr.oun as the aent of he improvement and of nitrogen fixation (Fred et al., 
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1932). Itis obvious that these bacteria have survived in the soil for untold ages. 
yet direct evidence of field persistence has come, of course, only in about the 
last half century. For example, in several studies, R. leguninoSarum, R. lupini, 
R. japonicum, R. nelihi. and R. irifoln have been found to survive at leit 10
125 years after the cultivation of their respective homologous host (N"orman, 
1942; Jensen, 1969; de Escuder, 1972; Nulman, 1975). In particular, Nutman 
(196Q) tested samples of soil taken in 1968 that had grown %%heatcontinuously 
since 1843. Following serial dilutions of the soil, he checked nodulation on rep
resentative host plants. tie found R. h'guninosarun to be the must abundant, 
averaging 2 8 .000/g dry soil, and all we'e effective fixers. R. trifolii sas the next 
most abundant, aseraging 320,g. but 10'i were poor fixers. R. lupini occurred 
sparsely and sporadically, aeraging 310;g in 13 of 20 plots in which it was 
found, and ailbut one strain %,ereelfec:tive. R. ,nliloti was the most spars. be. 
ing absent in nearly half the plots, and dhe aserage vas 131g in the rest, more 
than half of the strains were fully effcectise. 

Nutnii.', and Ross (1970) found rtgh!) the sanie survival in fields under 
continuous root crops since IS43. Tiey also determined the numbers oi rhizobia 
in fields imainataiied fallow for .Ayears. here, the numbers of R. infuld fluctuated 
between 1000 and 100.;0u0g, R. lc.k:mnu:.,,s nom fluctuated hetmeen 10 and 
1000. arid R. mci'c, hl,td wtated shi":.!s hon ,, hc dcdanin-hut seemed to 
Zero These ;csults %%er,!ohai,ned at !%%oseparate swtes in Gie.t lI::::m. 

Norman (199.2)bcrsed sotbcjn vield and nodulation in f:l,!,tha' had nut 
been planted to sosbeans for over 24 years Ilts results with a less fertile and 
partly eroded sandy loant arid a itore fertile loam shovs ed no s:gnifica:t differ. 
ence bct%, c~n numbers of nodules on the plants or y:e!ds. shetl~er or not the 
seeds hd neen irocuated, hut h. did not look at rIUriihrs of R ht:,,biu,, Thus, 
R. lapnmiur had peiststed in these soils for over 24 years !nnum'e- s hi:h 
elouli.,ii to he a1gronotllcalls st'nifjnt. eaver (1)72)a cit 'ta/ d..-cieuind .MI;. 
counts ofR japonicum in 52 lo, a fields and reported that numbers A.ere largely 
correlated %sith %% st) nhether or not he ins had hecn groi,at the site (%%itLin the 
presious 13 >cars). 55'" of the fields %Ohchhad at :r ' time been cropped to soy
beans had over 100.000 R. lapnjtcunm,'g soil. v,,hereas unly ; of the fields 
%hlichhad not been cropped to so>,bcans had that many root-nodule bacteria. 
lloweer. w, significant correltion Aas found between rhliiobial numbers and 
the length of time since the last crop had been grossn (even if present at the time 
of sampling) or between rhi/obial population arid the number of times so beans 
were grown. Elkins ct al. ( 1976) reported comparable resusts. Tuinur. did 
Watanabe (I959a), on the other hand. found that R. japuoictim numbers de
creased in the .bsence of the host. 

It thus seems that R. jaoomicutm cart survive quite well in tie absence of its 
host legume. The contrary has been reported with certain strains of R. trifulii 
(see below), which in many regions of Australia were incapable of peristing in 
high enough numbers to reinfect a clover crop seeded in the second year. Thus, 
it is possible that some rhizobia persist in cropped land for periods long enough 
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to get food infection of a crop without reinoculation, but it is not yet possible 

to predict survival for specific fields and specific strains. 

3.2. Stimulation of Rhizobium in the Rhizosphere 

It has long been known that a gi ,en species of Rhizobium may be found in 

significantly hieler numbers under plants than in unplanted soil (Wilson and 
Lyon. 1Q26; Wilson. 1934a). The question of the influence of the growth of the 
legume host. nonlost legume, and nonlgume on tile numbers and persistence of 

Rhi:obmtur has been studied in an extensive series of experiments by Tuzinura 
and Watanabe (I96b2a,b) and Tuztimura t al. (1966). 

In one teof e\periwients, Tutimniua el al. (1966) placed nonsterile volcanic 
ash soil in po;'elaii pots, planted either ladino clover, alfalfa, soybeans, totila
toes, or Sudan grass, arid inoculated each with soil containing both alfalfa and 
clover riniobia. T'iey then tested samples of inner-rhizosphere (root zone) soil 
and soil without plants using ladino clover or alfalfa to provide MPN values. 
Their results revealed that Clover rhiiobia were stimulated by clover, alfalfa, and 
tomnto planti. ,,hereas alfalfa rlitobia were stimulated only by alfalfa plants. 
They akso counted numbers of rhizolia in the soils 2 months after the plant tops 
had been teniosed and notuJ that the abundance of clovef bacteria was higher in 
pots vshi,. had grown clo'cr. alfalfa, or soybeans titan in soil without plants. 
The nu:nbers of alfalfa ,hitobiawere higher only in .oil "hich had grown alfalfa. 
Thus. tile authors concluded that certain hosts, nonlhost legumes, and nonle

:-:,, .'a, a be s'illulatory to the go%il of some but not all species of RhIi:o
.nd that the soil under inquiry %,as more favorable to the clover than the 

arfal'a rr,,ob;a. 
In a secon'd set of experiments, Ttizimufa ct al. (1966) observed the effects 

of the p:'een,.e or absenc.- of plants on rhiolial numbers in tw1o differeit soils. 
O '.itrc a'h'oil used in tie peviou',ly decribed ex eriment (pil 5.5). which 
im:t L.,, ,o.1:s 10 cloier trhtobia per grain arid no det-.ctableha of less than 
alrlia ihit/ora., and an 0:' ivial clay lain from a %,ell-dramt'd paddy Field 
syphI I,.h rnntiall, ia per grain and also no detectableI t.2). had ISO clt'.er rhnio 
alfalfa iliizobi . The soils %.eie :".culated with strains ofR. trij',liiand R. meli. 
loti and left fallo , or planted separately %,rl ladirio clover, alfalfa, wheat, red 
radish (RJaF,: satit.u;). or common vetch ( icii sata). In both fallow soils, 
counts of clo er %%:,banearly constant for tile 3.5-month experiment,rh vere 
fluctuatin, t'eteen _' and S0!g: althotgh counts of alfafj ,izobia varied in the 
fallo, clay lo.in bot een 7 and 300,'g. they seemed to increase in the volcanic 
soil front 340 to 700 0/g. The authors found that alfalfa arid clover stimulated 
both Rhi:obium species in the two sois, but the populations were stimulated 

lOsmore dramatically under the ho n kgous host, often to greater than or 
1O,e. Vetch stimulated both .pecies in the two soils. Wheat, however, pro
moted the development of alfalfa rhizobia in both soils (4 to 7 X lO/g, 62 days 
after seeding) but stimulated clover rhizobia only in the clay loam (1.4 X 104 
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compared to 8/g in the volcanic ash). I hus, the stimulation by wheat depended 
both on Rhiz.bivm sp:cies and soil type. Radish favored the two species of 
Rhizobium but only in the clay loam. It is interesting that in the first experi. 
ment, clover did nk;t enhin,.e the proliferation uf alfalfa rhiiobia in the ash soil. 
but in ,e second expeiime.ut it did; however, the background counts in un
planted soii were both high and variablk, and the Rhizobium strains may well 
have been different. 

Robhison (1967) ;eported field results similar to thiose of Tuiimura et al. 
(1966). Thus R. trili/ii was found ,n high nu',tncas (up to l0.000!g) in soil near 
the host plant (Tnfolium subterrati'um),nonLost legume (Medicago sativa), and 
nonlegume (Poa ausiralis). R. mellipti, on the other hand, was found in high 
numbers only near roots of its host (M. sativa) and the nonlegume (P australis) 
and was n-': dclectd uider T. subh'rrapcupp. Jensen (1969) found R. lr:fulii 
densities of 100 000ig of soil in many cio er-free fields, but similar densities of 
R. ,nhldoti wer confined to existing alfalfa fields. According to the results of 
lely and Brock veil ( 1962). the apparent numbers of R. inedi'gi at different 

sites in Australia depended oni the species of At'dcago ued as test host. This in
dicated thn the populat:on densit. varied with particular strain and soil. The 
bacteria %ere often found in appreciable numbers in the absence of the host, and 
in so; e c.ises the presence of the host plant did not lead to an incre.-,ed popula. 
tion. Graises also usually stimulated the proliferation of R. ineliloti. 

It %,ouldseem from the aho,,e discussion that R. irifolii is more generally 
stimult.led by nonhost plants than R. Inclil,,i, although strain and soil differ. 
ences seem to play a major role in their responses to plants. The reasons for 
these dil ferences are ur,kno,.n. 

Wilsoi ( 1934b) found no relationship between the numbers of R. infolii,R. 
kcgtn,)s m.znin. and the crop on reportedor R. japl niciu the soil. Elkan (1962) 
that there ,;e differences in rhiiosphere stimulation between a nodulating and 
omlitodulating line of so)bean, and lie nited that detecting a sinulation or in

hibition of R.japonicun depended on %hen after germ:nation the sampies were 
collected. 

Peters and Alexander (l f) found no specificity regarding the stimulation 
of various species of Rlli:obium when testing legumes gro%.ine in solution cul
ture. Vincent (I907j made similar observations. Ilene, wtile rhi.,obia are 
favored b%the prese ice of plant roots, the degree of stimulation depends on 
plant variety, soil type, R/,:obium species, and even strain. Furthermore. there 
is still controversy concerning the extent of specificity of tile slumnulation. 

The effect of plant species on the density of rhiiobia in thw soil is obviously 
impotmint to the farmer. It also has some important consecquences for the ines. 
tigator studying survival in the field. For example, de IEscuder (1972) noted that 
in fields that had grown barley for 9 years and also in pastures of perennial rye 
grass, the numbers of R. trifolii were 10'/g or more. However, she also noted 
that white clover was a widespread weed. approaching 15% of the flora in the 
pasture. Thus, a conclusion from he; results that R. trifoli persisted in high 
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must be considerably tempered becausenumbers under rye grass and barley 

many host plants .-ere also prsent. It is worth pointing out chat Nuiman (19b9) 

and Nutman and Ross (1970). in the studies previously mentioned, looked for 

the presence of leguminous weeds in the fields that had grown wheat or root 

crops for 120 )ears. They ;eportefd that there w3s no record of leguminous 

sAeedis in tileields with root crops, and tile distribution of rhizobia in the wheat 

Neids did not correspond with that of tile leguminous weeds. Thus, their results 

arc not ,.uiiplicated by the presence of the host legume. IIGwever. in a survey of 

a leado cut for hay for over 100 years, Nutnnan and Ross (1970) found anl.,d 
"'trtikin coruespoiidence" between tile occurrence of Rhizobiun species in the 

soil of each plot and the preseiv.e of its host legume. 

3.3. Soil Factors 

In the preceding section, consideratioa was given tc ways in which various 

plant species Influence numbers and persistence of rhizobia. In this section are 
discussed tle effects on Rhiz.biunrr of general and specific soil factors. 

33. 1. Soil .an.: cnnIet 

\V.4L,'r and iroskn (1935) invetigated the nfluence of scil-mairagenient 

p:.ctlices on rhirobla. Iosma fields (origiial soil ptl 5.7) "hich were cropped in 
3-% ejrtotations (corn, oati. and red clover and alf.dlfa) we" compared to fields 

to corn and oats i -.%ear rotations. The fields either %%ere not fertilized 

or iere treated %%'tlr sarlous combinations of fnartire, linestone, rock phos. 
phiate. and crop resiilu-, Rhiob:al density %%as deturrnmred using Wilson's 

J;!.: wrr-.!,ir:,n 'ciu.:,e. Th, results dhossd that tile numbers of R. tri. 

:,'.1::.:R . ,..:;.-,!: e:e agpr., r;ate. lO-t,,!d greater in the 3.year rotation 
.:"., s, -2o\,th 0eofta II the 2-year rota:.1k.-:; dtrr r Iret. clop) thilla 

t,,'.]!.-- authors alo noed that soil amended .,sith nranure. lme. and rock 
phol'hatre tpll 0')) coirt1ned 100- to I0.0-fold wore rhnobia than fields with. 
out thee aiic::d; :it's re.'aidless of ie kind of rotation. They therefore con. 

clud!ej h. at!,xrcln the kind of rota.ion affec:ed the roo,-iuodule bacteria, soil 
ta.:.-:: nt . Ih :e mu;xi.raint in promoting high rhizobial numbers t1an tite 
Ire.:... ' oo! ihe ,tcrop. 

N.::neroks other reports, on tle We:ier hand. have indicated no significant dif
ferences in rhitobal populations as a result of various types of loil-managenent 
practices (Vilson. 1931. 103.1b: We...er et al., 1972). toU',ever, tire effect of soil 

manz.a;ellreat on lth:iobial survival his not been systematically studied. 

3.3.2. PhYssal antd Chienical Stresses 

33.2a. Ac-t'Jv. Because many agricultural soils are naturally somewhat 
acid'c and because large trac!s of tropical soils are often highly leached and 
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acidic, the effe, of low pt on the survival of Rhizobtum is of considerable 
importance. 

Bryan (1923) has done the most comprehinsive experiments in this regard. 
lie treated fie acid soils (one sand, one fine sandy loam, and three silt loams) 
with different amounts of lime, placed portions in test tubes, and inoculated 
these soils with suspensions of alfalfa, clover, or soybean rhizobia. The tub,:s 
were incubated for 75 days at room temperature, at which time suspensions of 
the soil were poured over sterile sand planted to alfalfa, red clover, or soybeans. 
After 5 to 7 weeks, the presence of nodules was assessed. The study di'closed 
that no nodules appeared on alfalfa inoculated with soils below pit 4.6-5.0, on 
red clover from soils below pit 4.5-4.9, and on soybeans from soils below pH 
3.5-4.2. Above these pll values, nodulation occurred. Bryan (1923) tested 21. 
falfa uhitot'a further on fine ;and, peat, arid silt loam and recorded :he same re
suits, lie then concluded that the above pl1 ranges were critical for survIval of 
the respective rhizobia (Table 1). Since Bryan (1923) made no bacterial counts, 
the initil rhiobial densities, the rate of decline or increase in population, and 
whether nodulition reflected the presence of one or many rhizobia are 
unknown. 

The critical pll ',alues are similar to those found for pure cultures by Fred 
and D.. :ilprt (1918), hoever. These iv.stigators inoculated a defined, 
mllanni':,l-,Aitls inedtoit %kith35.000 cells/itil, arid they observed that diffe;cnt 
stt.,n%di,, ill grow, below a :riical plI value. For alfalfa arid s',eet clover rhi. 
jobla. the critical pil was 4.9; for garden pea. field pea, and vetch, pit 4.7; for 
red clwiset ind common bean, plt 4.1 ; for so)bean and velvet bean, pit 3.3; for 
lupines, pll 3.2. Thus Fred and l)aenport's (1918) results for Afalfa ri izuhia in 
pure cilo "e correspond to those of Br)an (1923) in sil, arid their results for 
red clovcr and so) bean give criticAl phI values shltly below the re'sjectle values 
found by lIr,..n (1923). On the other hand, (;rahi and Parker (1964) showed 
that sensitilly of a given species of Rin:ohiun to pH' in culture varied up to I 
pit unit according it) individual strain. 

Additional values fort he lower pil linit to rlhiobial growth or survival are 
given in Table I. All but Bryan 11923) and Vincent and Waters (1954) derived 
tie hiit for growhth by using culture niedia. The lattcr authors inoculated sterile 
soils and obsered gro, Ili of R. trifolii between pit 5.5 and 8.0 and loss of via. 
bility below pll 5.5. 

Jensen (1969) carried out laboratory studies on survival in soils of varying 
('rd nomewhat variable) p11 for up to 159 days. At pil values of about 6.1 and 
above, tIhe numbers of both R. tnfoiji and R. mehbti appeared stable (3000-
1OO.OOOig) for this period. At about phi 5.5 and behw, the abudance of both 
species decreased with time. but R. rteliiht appeared to decline more quickly 
than R. trifolii; the lower the pit, the faster the decline. Had Jensen used Bryan'. 
nodulation-or.not technique and stopped the experiment at 76 days, his results 
would have been similar to Bryan's (1923): the "critical" phi for R. meliloti 
would be 4.5-4.9 and, for R. trifoli, just below pH 4.5. Jensen (1969) actually 
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Table I. pH Below Which Rhizobium Does Not Grow or Survive 

Lower pH for powth or survival 

Fred Mendez. 
and Holdng "astro Vincnt Graham 

Daven- and and and and 
Bryan port Lowe Jensen Alexander Waters Parker 

BIL:terium (1923) (1918) (1971) (19421 (1976) (1954) (1964) 

R. ,nhoa1i 4.6-5.0 4.9 5.3-5.5 4,3-5.G 
R. t,fohi 4.5-4.9 4.2 4.5 $.1-5.3 4.6 5.5 4.5-5.0 
k. h.gnrn. 

,1.'im 4.7 4.0-5.0 
R. r'l.rise'li 4.2 4.0-5.0 
R./.,-'v's MS1 4.0-5.3 

R. ,,,':,i' 3.5-4.2 3.3 4.2-4.6 3.5-4.5 
Rl:+,,::,.,z
p.3.3
 

oe'4%,C b e a'n)'i 

Rin:,wo,, spp. 4.0-5.0 
aRhs:Jibh,, from the (9,%wpea.type croU-inocut tion poup is designated for clarity a 
Rhzutwy,isp. In pareniheses i given the plant species from which the strain was isolated. 

concluded that the "critical" pll for R. rnerilotiwas I pil unit above that for R. 
ft .,i . 

Jensen (1061)) also took samples from 214 field sites in Denmark. lie re. 
po;%-d that R. tril'ith was almost ubiquitous in cultisated soils. In 27% of the 
samples. the denis:ty ofR.trifolii was 100.000!g or iore, and only a minor frac
tion ol tlic samples canc front clover fields. Similirl) high densities of R. Ineli-
Irma. It cs r. %%e.re confir.d to existing alfalfa fields of pl above 6.0. Below pli 
6.0. the ocitrremce of R nmdih'ti wkas spoadwc. and its population did nlot setcin 
to c\CeC 1000. 1. 

Ti.e a.oe Jifferences in R. ?n'hhti and R. :rifolii population densities in 
the ield hiae been underscored by Rice et al. (1977). They found that bacterial 
nutnt':s under host plants were belmeen 100.000 and I,00,000/g of soil at ap. 
proxinmatel> neutral plhand fell off sharply below p1l 6.0 for R. meliloti and 4.9 
for R. rin',lii.
 

Peterson and Goodding (1941) sampled 316 Nebraska soils to establish the 
effect of phl on R. ,,wlihiti. Samples of the soil %%ere idded to stertie sand 
planted to alf.flf'.. %%hich %%asthen observed for nodulation. In these sudies, 40,1 
of all samples contained rhizobia. When the percentage of samples containing 
rhizobia %%as plotted against the pit of the soil, a straight line resulted, runninig 
from p1l 5.6 (107%contained rhizobia) to pt1 8.6 (100% contained rhizobia). 
Thus, the frequency of R. n'lilorioccurring in these. .o,"was directly related to 
the pH. It is worth noting that all the pH values in this study are above the criti. 
cal pH of Bryan (1923) for R. meliloti (>pH 5.6 vs. pH 4.6-5.0). Peterson and 
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Goodding (1941) did not determine the numbers of rhizobia in the toil r,,r is it 
possible to establish how long the ihizobia inhabited the soil. From their results, 
one can conclude that tie higher the soil p1i, the greater is the probability of 
finding surviving alfalfa root.nodule bacteria. 

Waiscn (i934a) sinilarly sampled soils of different pH values, but he counted 
R.japonicioa by the dilutiun-nodulation proceduie. He found no correlation be. 
tween pH and the number of soils with R. japonicum. Ar %as the case with the 
soils used by Peterson and Goodding (1941), all of Wilson's samples were h.-:n,)st 
2 pIt units above Bryan's critical pit value (>5.0 vs. 3.5-4.2). Yet the two sets 
of results are quite dissimilar, possibly reflecting differences betv, een R.japoni. 
cure and R. inelilori. 

Liming of acid iils often enhances rhizobial survival. For ex.mple, Vincent 
(1958) failed to find R. incloti in soil of p1i 5.3-5.7. whereas counts of tO'-
10S!g were found if the soil p1l had been raised to 6.8. H1e also found thai R. in. 

fidii failed to spread )eyond rows of lime- and superphosphate-pellcred c!user 
seeds, presumably because tle environment between the rows was too acid. 
From such data, it it not possible to determine if raising the pil leads to growth 
or just favors persistence. I- other cases, adding lime or superphosphate in. 
creased nodulation (Robson and Loneragan, 1970), but again no information 
was obtained about survival of Rhiwobium. 

On the other hand. Mulder ct al. (1966) found much higher numbers of R. 
tnfolii under red clover in a soil at pi1 5.1 than in a soil which had been limed 
(7 800,'g v%.0) but was unplanted. Thus, the rhizosphere may protect rhizobia 
fronm lie harmful eftects of acidity. 

Norris (IQ65) advanced pothesis that slov-grus, wg or rhi.the Ii, "tropical-
zobra are fore resistant to acidity in s)ils than fast.growing or temperate rhizo. 
bia. ll,,e~er, no supporting evidence exists apart from the results of Bryan 
(1923). For example, the work of oustalot and Telford (19-19) on troIpical 
kudiu %%.as (1)5'9) indicating that tri,piclil rhli/ibia survive atcited by Ntorri as 
low it1 ough kudu gre%, better and conta:ined a higher per.values; however, atthh 
ceniage of nitrogen at pllf 4 than at higher pll valuels, Iolutilut ana Telford 
(194S) provided nt evidence that rhiobia survived outside the nidules at that 
pit or even that nodulation can take place at pIt 4 since the plants were trans. 
pl.;nted to sand at the appropriate pl s,lien they were 3 months old. 

Tihc results described above lead to the conclusion that strains of R. meliloti 
are less toc,'ant of acid suils than those of other rhizobial species, few of which 
h've been stutticI in any detail. The definition of "critical" pit isnot clear. One 
can imlagine that tio, rhii.bia ether grow or at least persist in reason:.bly con
stant numbers above sow,' acid pIt value. Below this value, the bacteria probably 
decrease in numbers, very hk.ly with greater rapidity as the pit decreases. It is 
important to establish this critic.! pH and to know the extent of survival in soils 
of lower pH values. If the soil pH is uelow the critical level but ishigh enough to 
allow sufficient rhizobia to persist into :he next growing season, the bacteria 
may still bring about adequate nodulation the following years. 
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.3.2b. AM andAL Frequent reference is made to the possibility of Mn and 
Al toxicity to R/aiwbluni, especially in acidic soils in which Min and Al arc usu. 
ally more available (Holding and King, 1963; Vincent 1965, 1974; Franco and 
Dobereiner, 1971; Graham and Hlubbell, 1975; Alexander, 1977), and several 
studies ha.te indeed dealt with the inhibition of nodulation by Min (Van 
S&.hrevcn, 1958, Franco and Dobereiner, 1971). The effect of subtoxic levels of 
Mn on the growth of RIi:obiumt in culture media: has been tested, but ti eresults 
are contradictory (Holding and King, 1963 Sherwood, 1966; Holding and Lowe,. 
1971). 
IriT--i'lynlsiiud ifM 'cfre& n obI3aln1.bersin soil, albeit in the pres. 

enci of a host plant, is that of Lowe and Holding (1970). They determined the 
numbers of several strains of Rhii:obirt in soil after harvesting 7.weck.old 
white clover plants. Raising the concentration of Mn fcom 5.7 to 20 ppmi re
suited in a 12. to 29-fold decrease in numbers, the extent of the decline vrying 
with the R/d:ohinn strain. It is not clear whether these decreases in density re
suit directly from an influence of Sin on rhizobia in the soil or indirectly from 
chan.-,s inl the plant rltizosphere or the releaseof bacteria from the nodules. 

Thus, the direct effects of Al and Mn on survival ofRhtzobium in soils have 
yet to be investigated. 

3..?.2r, SalipiitY and Alkalinit, Saline and alkaline soils are found in arid 
L
r6ins which are poorly drained or in places where sails wash down through the 
profile because of heavy rains and ar;[.returned with water to the surface during
the dry period of the year (Pillai ?idS r . 1966). Such saline and alkaline soils 
often do not support good crowth of legumles..... 

BThardaj (I,72) studied dhaincha (Seshania cannaliiia), a salt-tolerant le-
Suie crown in saline-alkaline soils in India, and rhizobia isolated front dhaincha 
plants growing in normal soil or in saline-alkaline soil. The soil was sterilized, left 
unaniended or amended with 1 gypsu,, or 1 manure, and inoculated with tie 
bacterial isolates. After 7 and 14 days, the abundance of Rhizobint was deer. 
minrJ'. Both strains derived from saline-alkaline soil but only one of the two 
strains from normal soil survived ini the ,namended test soil. All fo,, strain1s su
mivJ ini the aetided test soils. although the strains isolated from saline-alkalie 
soils persisted in approxinmately 100-fold higher numbers. Bhardwaj (1972) con
cluded tha inocula for dhaincha growing in saline-alkaline soils should be de
rived from rhizobia isolated front like soils.
 

Bharidwaj (1975) subsequently showecd that bersein clover, cluster bean,
alfalfa. and Indian clover growing in sterile, neutral soil nodulated when inocu. 
lated with some saline-alkaline soil. Soybeans, peas, blacl grant, bengal gram, 
and cowpeas did not nodulate under these circumstances. He then tested rhizo
bia isolated from plants (Thfolium alexadrinum, Melilotus satihunr, Al. parvi. 
flora, Gicire may, Phascohis mungo, and Trifolium foenum-grecuna) growing 
on neutral sol to determine whether they would survive for 21 days in sterilized 
alkaline soils. A majority of the isolates from each species survived, although no 
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flumbers Were given. le also found no obvious differences in survival of 30 
neutral, and 10 from saline-alkaline soils (p 6.3, 7.5, and 9.2 respctively). 

s ahR.tlegu h i n s 10 of n,:sIsotsl-roacid fr0 omi-larubran, hic hd beel 	 ,S hese results are not consistent with those obtained with dhaincha R i .:obium 
(Bhardwaj, 1972). 

Rhizobia may in fact survive in saline-alkaline soils better than their legume 
host. Thus, Subba Rao et al. (1972) noted that n~ost test strains of R. melilodi 
grew in YENI medium containing 1%NaCi, whereas the host At. sativa was con
siderably inhibited when grown In agar with 0.5% NaCI or less. El Essawi ind 

S 	 Abdet.Ghaffer (1967). comparing R.tl liioaei 
Europe and the United States, found that several Egyptian but only one foreign 
strain grew in culture at 5%NaCI, Niendez.Castro and Alexander,(1976) were 
able to growR. juponicumi and R. trifolilon t'aCI concentrations as high as 3-4-0f. 
On the other hand, Wilson and Norris (1970) found R. faponiem would not 

grow in l%?;aCl. 
Thus, it'is possible that rhizobiai survival does not limit the rhizobial-legume 

symbiosis in saline-alkaline soils, although the data are far from convincing be. 
cause none of the studies was done in nonsterile soil and none dealt with growth 
or survival for time periods long enough to determine the rate of decline of 

bacteria in these soils. 
3.3.2d. Drying. In many areas of the world, a substantial part of thc year 

passes with littIle or no rainfall, and in the absence of itrigation, agricultural soils 
dry out. This desiccation has been recognized for.a long time as a potential stress 
on rhizobial survival, especially in the absence of the host plant. An additinqal 
and often accompanying stress, particularly in the tropics, is high temperatures. 
Becaise drying of soils and high temperatures often occur concomitantly, both 
have frequently been studied together. lOwever, drying and high-tenperature 
stress will be considered separately in order to determine what role each plays. 

For purposes of this discussion, high temperatures are taken to be those 
above 40C and normal temperatures to be between 20 and 30"C. This distinc
tion is made because Rhi.ohimn grows in culture at tesnpritres up to about 
40 0C and because most experinents have been done either at 20-300 C or at 
40"C and above. 

It is clear that some rhizobia can survive indry soils for periods of time long 
enough to be agronomically useful. For example, in the 1890s, Kansas farmers 
could not get soybeans to nodulate, so the agricultural experiment station sent 
to Massachusetts for some sod on which wcll.nodulated soybeans had grown. 
It arrived "in a dry, pulverized condition, not unlike the dust in our roads during 
a dry season" (Cottrel ef al., 1900). This soil apparently served satisfactorily to 
nodulate soybeans from 1896 to at least 1898. Richmond (1926) stored some 
Illinois so:'. for 3.5 years in an air-dry state and was rewarded with satisfactory 
nodulation of soybeans and cowpeas provided the soil pH was above 5.8 and 4.8, 
respectively. Sen and Sen (1956) planted surface.sterilized seeds in Indian soils 
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' hich had originally shown good soybean nodulatlion and then had been stored 
in an zir.dry state for 19 years. Only two of the nine soils pvc kiodulation. 
These investigators nlc3sured hygro&'opic moisture, piI, P content, and percent. 
age of sand, ilt, clay, organic carbon, and organic nitrogen. The only parameter 
. hich possibly cotrelated with nodulation was hygrcscopic moisture, the least. 
dry soils apparently giving the longest survival. The numbers of rhizobia were 
not determined in these experi'ments, and therefore the rates of bacterial decline 
are urvknown. 

fIn olher studies, however, counts have b-en made. Thus, Jensen (1961) 
1:ported on R. nielilod storedin air.dried soils for 30-45 years andR. ifoffl 
and R. k!cgwrsiosw-a 'tor 10- 14 ;eik, but he found no correlation between 
length of storage and bateial density. Pant and Iswaran (1970, 1971) observed 
that survival of R. japonicuim and a Rhi'.obam strain for peanut was.sojteslt 
in the more alkAine soils of pll 8.1 and 8.5. Danso and Alexander (1974) used 
a strepwomycin insensitive strain ofR. nwliloti'o measure resistance to drying in 
2 silt lo:.m (pH 5.o) and loamy fine sand (pH 5.0). both nonsterde, and in strde 
quartz sand (pH 6.5). The sampled soils were Inoculated and incubated at 280C 

* in deiccators containing CaCI. The abundance of R. meilot dropped initially 
-from abilt 10 to I0W tO6g in the dry soils, and lhe population level was then 

mintained for the 8-veek measulement period. The results were similar in 
moit soidls.in dry sand. how.vcr, the die.off was quite marked, and no viable 
cells rened at , weCks,)n moist sand. on the other hand, no loss ofviability 
took place in 8 weeks. Thus, rhizobia seem to resist dry.'g in nonsletile soils 
but not in sietil sand. 

In the examples above, tl waler content of the soils was not determined, so 
it is not clear how the nunbers'-bf RhiFobhin vary with that parameter. This 
question was dealt with by Foulds (1971), w'4o used several different Australian 
s,+oils known to contain R. Iifolii, R. mlilod, and RhLiobium sp. nodulating 
L-. 'is. The soils were allowed to air dry at 22°C, and soil moisture and Rh,:o
biwn numbers (using the MPN m'A od) were delermined. In the first soil, the 
water content had fallen from 50 t 5.1%, and R. rfifolii had declined from 
104 to 10/g dry soil, R. inilot frWi 103 to 10', the lotus Rhiobiurn from 
10 to 10 by 115 days. In these tests) there appe.red to be no conelation be. 
tmeen hizubial numbers and water content. In a second soil, the moisture was 
initially 3',; this dropped to about 3%at 7 days and remained there until the 
final sample at day 42. R. n'ifolii counts, however, remained at their initial value 
(23 X 10 1g) throughlout the decline in soil moisture, for at least 14 days. By 
day 21, the numbers had declined 25.foI to 92 X 101; the cell density was 
sldhtly hi '-erabout day 42. Paralel declines, al3O unrelated to water content, 
were shown by R. nailon and the lotus Rhizobium. 

Hedlin and Newton (1948) followed numbers of R. leguminosanm and soil 
wAter content and reported that, in a nonsterife Canadian soil, rhizobial counts 
rose from 30X 10' at the start to 287 X 10' at 38 days, but fell to 0 by 148 

http:soidls.in


Sswhal of Rhmloblum in a lot30 

days, The water contents at the same times were 29,22, and 6.6%, renpctively 'i 

Comparable results wer found with sterile sod. Vandecaveye (1927) also ob
 
served no clear cortelation between soil water content and the number of sur.
 
viving R. meiloti, R. lejpminosaum, and R. tifolii introduced into sterilized
 
silt loam (pll 5.5-6.5) from Washington. Results not entirely consistent with the
 
above are those of Sen and Sen (956) described previously and those of Pena.
 
Cabrialcs (1978). In the latter was revealed a complex relatioriship between soil
 
water content and survival of Rhizoblum. Pefia.Cabriales (1978) inoculated
 
streptomycin.esistant strains of several species into 10 g of a silt loam and
 
allowed it to air dry at 30*C. Upon determining the numbers of bacteria remain.
 

- ing at regular. intervals..he.found a, fasti stae of,.die-off folloQwcd by.- slower 
stage, both apparently exponential. The time forhalf the population to die ranged 
from 0.4-0.8 days during the fast stage and 2-10 days during the slow stage. 
Although no differences in half.time for the fast stage were found among any of 
the species ,tested, a population of R. japonicun declined at two.thirds the rate 
constant of R. Icumiosamm during the slow stage. Wht significance the break 
point between stages has or how soil parameters might influence the break point 
was not determined. 

By holding the soil water content relatively constant at various levels of dry. 
ness, Pefla.Cabriales (1978) was able to show that the exponential decline was 
slowest at high and low soil moisture and greatest at intermediate levels. It 
would be of interest if these results can be generalized to many strains and soils. 
Vincent et al. (1962) also found an exponential decline in numbers ofR. tifolii 
when dried on glass beads. 

Thus, in natural soils, evidence for a correlation between numbers of rhizo
bia and il moisture is contradictory. However, Rhizobium is quite persistent 
when certain soils are subjected to drying. The following question is thus role. 
Vant: what soil types, amendments, or bacterial features provide resistance to 
drying? i eI 

Some evidence has already been cited that rhizobial resistance tu eesiccation 
differs between soils containing iruch clay and silt and those contain;ng mostly 
sind (Danso and Alexand(r, l 414; Gilner and Longworthy (1916) considered 
that hygroscopic water retained by colloidal substances in heavier textured soil 
was responsible for te resistance to drying. They added a suspension of rhizobia 

to sterilized sand or clay loam. After 10 days, the soil as air dry. The counts at 
0, 17, and 27 days were 1.6 X, 10', 25,and 0, respectively, in sand, and 1.6 X 10',
 
42,000, and 33,000, respectively, in the clay loam.
 

K. C. Marshall has done the most extensive research on the protective in. 
fluence of clay in connection with his studies of "second year mortality" of 
annual clovers in Western Australia. In second.year mortality, nodulation and 
growth of incculated clovers were satisfactory in the first year, but severe mor
tality was found "n the second season, with greater than 80% of the p!ants being 
free of nodule (Marshall et al., 1963). This high mortality was primarily found 
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in grey sands, was slilgtly less common Inyellow sandy :oils, and was Ibsent 
from red sandy sis containing 6-8% silt and c|iy. MPN counts of clover rhizo. 
bia in the problem areas were less than !O/g soil, whereas in idjacent nonproblem 
areas the counts were 104 -105/g (Date and Vincent, 1962). 

' lMrshal and Roberts (1963) amended some plots of these problem sois 
with a montmoriilonite clay or fly ash from a powerhouse, the latter consisting 
ninly of bumt clay. They observed that the percentage nodulation in the second 
season was 28, 54, arnd 737c in unamended, montnorilonitetreated, and fly. 
aslr.amended soils, respectively. They reasoned that "second year mortality" 
did not result from the p1l of the soil which was 5.8, but might result fron) the 
prolonged droughtand high tenperatures during summer They found thanis-t.-
of the nodules on clovers in the second season were 5-8 cm below the soil sur
face and that MPN counts in midsummer gave no rhizobia at 2.5 cm. They con
cluded that m'ntmniorllonite and fly ash provided protection only at depths 
greater th -a5 cn., where maximum temperatures are lower than at the surface. 
For example, in shallow sand in this regio.1, temperatures in 1957-1961 at 3 
p.m. aieraged 50.5°C (Maximum of 65.5°C) at 2.5 cm and 37.86C (maximun of 
4;f.2C) at 10 cm. They stated that it was possible that other microorganisms, 
antibiotics, sol texture, or nutritional status tadght be altered by the clay amend. 
nients. In fact. Chate ct at. (1968), in a suLsequent rtciew of the problem of 
second.year clover mortality, concluded that it resulted from toxins produced 
b) other microbial inhabitants of the soil. 

Mechanical, chemical, and mineralogical analyses of piroblem (yellow sad 
and grey sand) and nonproblem (red sand, brown loamy sand, and brown sanidy :, 
lo in)soils indicated that the major differences between thenm were the content 
in the fcriner ofnuch less clay, potassium, calcium, and iron. In addition, the 

* problem soils contained no illite clay, whereas the nonprobleni soils contained 
trace to ,imoderate amounts. All soils contained kaolinitC (MtarSall, 1964). 

Marshall autoclaved and dried samples of the soils, inoculated them and
 
their dried thesn overnitgt at 30°C with forced air. lie noted that the strain in

* 	 volveJ in the second.year'mortality problemn, R. trifolii TA I, survived drying 
slightly better in the nonproblem soils than in the problem soils. Problem sand 
amended with montmorillonite or fly ash also gave about 1O-fold better survival. 
Amendment with haematite or goethite, two Uion oxides, gave no protection to 
drying at 30C. In addition, montmorilonite pfovided no distinct protection to 
R. mielilot. & jRapcnricum, or R. luphiL . 

Bushby and Marshall (1977a) reported on more detailed studies using a 
sandy soil from Tasmania (pH 6.7). The methods were similar to the previous 
study (Marshall, 1964). except that drying was carried out at 28*C instead of 
30*C. For example, R. legumbiosunm TAIOI numbers dropped from an initial 
10' to 676/g in soil without amendment, to 1410 in soil amended with wet 
montmorillonite, and to 14,100 in soil amended with dry montmorillonite. 
The reasons for the difference in protection given by wet and dry clay are not 
clear. 
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Certain clays protect a number of species of Rhizobium from the effects of 
drying at temperatures hetween 20 and 300C. Other substances also gie prutcc. 
tion or alter susceptibility to drying. In the experiments of Bushby and Ma,haU 
(1977a). pol) cthylene glycol 6000. glIuUSC, sucrose, and maltose (20, solutions) 
mixed with soil ina ratio Of I I (v/v) resulted in count, after dr)uig of 6.920. 
30.900. 45.700, ai-d 41,700, respectively. compared to 676/g for unamended 
soil. Polyvinyl pyrrolhdone 40.000 (207) and glycerol (57) 4forded no priotec. 
tion. and polyethylene glycol 400 or 1500 (each 207 ) %ere actually detrimental 
to survival. Vincent alst) that mal',jse pI #teLtCd rhobia:-al. (1962) found 

against the effects of drying on glass heads. 
Other factors important inrcsistance to drymn ha c also been i:purted. Pint 

and Isvaran (1972) found 1 correlktion betecn soil phusp'iorus and atility to 
sL'rvive dry-;g. It also appejrcd that lui soil phl nade a Rhi:ohim strain for 
pt.iut arid R. laponium riore suscptihle to drying Pant and Iv aran, I470; 
1972). An earlier report indirectly in pliated low pt| in the suseptiblhty of 
R. jja'vnicum arid cowpea Rhi:o,ium to desiccation (Rich "ond. 1926) 

Some eidence exists that stc,'e soils present no safer haen for ,urvival of 
rhi,ohia to dr) ing than nonsterik soils MIcdlin and Ne.'ton. 194S). and bacterial 
capsules appear to provide no prte.lion ag3inst the ctns iauencci of d ing. 
The strinmofR.iapomiun recocred by Sen and Sen (1956) after 19 years from 
dry soil had no capiule. iirshhy arl M.trshall (719 7 a) state that cipsulated stua:ns 
of R. trI;fidi, were not cor ,itntl) better protected against dr)uig than their 
noncap'11.atet .,ailns,aih,,oh the data presented in th.t rep,,rt do n(ot uphold 
their ,t.11c11t nit. 

Spccrc, differences o Iriig hase also been estabhshed Foulds (1971) 
fiind R. .. ifli it)he much inme resistant to dr)in in soil ithan K.,rt'hloi or 
the bacteria ndulating Loiurs The tesult oi Pefa-Cabriales (1978) des-rS'ej 
above pmt iono species ditferences during dr)ing, but to polential differences 
in drot'h1 tI,nrc it ,corm'.nrr low sod uioiare. lluihb, arid %larshal; I 1977a) 
showed tiar unitE sir.ains Of si.hu,, ,llinrhi.,b:a R.lR. icu,. . Ipini, and 
the c pe* Iho,,hta ) ur,,ued shrt-:erm dr,)ng beterthan rihe fast growers 
(R. milu ti,R. IC'Min,sanna. and R. rnfliu), altliough wthin each group 
th'rc was much varistiaon. To the ct tary, hio.c,,er, l)chn (1971) rubsc r d hnt 
a strain of R. m,'Id,,i cmk eik'.ht-fold I rger it,be re'duced to I- of its initial 
number on glass heads tlan strains of R. japonicum or R. Iupini 

Certalm treatmnnts ha,,e hcen claimed .,increase resistar,:e to drying. Dein 
(.971) holds a patent On a metl ,d to :o.lruce rhiibial stiauns resistant to 
desiccation. lie selected strains that required seven tmies as 1,r, as the parent It) 
die off iu 1 -of the initial number on glass beads. Cher. and Alexander (1973) 
repored that bacterial grovth in solutions of low water activity could confer 
drought resistance. Buihby and Marshall (1977a), on the other hand, found nu 
relatonship between the abdli:y to grow in solutions of low water activity and 
resistance to desiccation, although the methods used for drying sod were quite 
diffeicnt. 
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All told, the mechanism relating sod water loss to the numbers of rhizobia 
suriving desiccation is just beginning to come to light. The bacteria appear more 
susceptible to the effects of drying in sand than in heavier textured soils, and 
certain clays such as montmorllonite and a number of sugars can often provide 
protection. Susceptibdilty does not decline in sterile soil, so other soil micro. 
organisms are not a factor. Evidence, not entirely consistent, suggests that the 
group of sloA.gro ing rhizobia is more resistant to drying or survives better .
dry sod than the fast.growing rhizobia. Bacterial capsules are reported to afford 
no protection to drying. 

3 3 2e. ii:g; Tcnipcrirnire. Soil temiperatures in some parts of the tropics
and esen in sk.ne temperate areas have been found to be quite hi'"compared 
to the oserl. mg air; e g.. 65.5"C at 2.5 cm below the suiface (Marshall and 
Roberts. IQ63). SuvisaJ of thrhiba in sod at high temperatires is s:rongly 
c,,:.Jtii.ned t. %khtheror not the soil is wet or dry, and. whereas survival at 

,'Jerr ter::Crature %% soil is .',.oist (Foulds, 1971, DansLu andis greater hen 
\L'\arde . 1Q'4). s.zrvial at temperatures abose 40 0 C is greatest wien soils are 
d-. Poor noJilat on of %arious lcgunte seedlings in southeastern Queensland 
foiiot ine id. to laie-summer rains was obsered by Bov'en and Kennedy 
(p) 5)). athFJ %%.terim: st ra:ns of the same bacteria onto rows seeral weeks 
la%-r . Id nodulat:,on Since .bsence of moisture and nutrition were not 
proh.: '::.' tar:.,s, tl;ey decimed to test survival at high temperatures, w:,ich 
IL) U,.fic apkon eanng the iuiaimrlun temperatures th.! allowed growth in 
culture. These ,ai.lna as well as those reported by lshizaM.. (1953) and Mendez. 
Castro and Alexander (1976) are given in Table II. 

Table If. Maximum Temperature for Growth of Rhi:obium in Three Studies 

Ca+Il+. 

and 
Bowcn .nd Kcnrcd)' lshiza'a Alexander 

ti959) (1953) (1976) 

Number M+ximum Nurnber Mammum Maxiinum 
('ics-imocultmron of zange of range range 

Poup s1rams (* ) Aert4e strains CC) C.) 

Ah'.ifa 8 36.5-42.5 41.0 28 39-42.5 
C0,cr 9 31.0-38.4 33.2 5 35-37 38-39 
Pea 2 32.0-32.7 32.3 8 35-37 
Co N'a ir.,up, 

etc. 
Lupine 

68 30.0-42.0 sj. 49 
9 

32-42.5 
32-33 

.o bean 10 32-35 42-43 
Bcan 8 35-37 
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There are clea differences in maximu- lemperatures for growth, and to 
date alfalfa rhizobia show the highest averagt Accordingly, Bowen and Kennedy 
(1959) chose 40OC at which to test survival, and they found that in moist sand 
only alfalfa rhizobia survived 24 hr, vheeas all other strains tested had lost 
viability or were dying off in that tune. They also found that, of two Rhii:obium 
strains which nodulated Centrosiena pubcscens, the one with the higher maxi. 
mum temperature for growth (38.5 0C) apparently survived at 400C better than 
one with a lower maximum temperature for growth (35.2 0C); in this expenment, 
however, they measured nodulation and not numbers of bacteria. 

In order to test adaptation to different chimatic conditions. Wdkins (1967) 
took sod1s, all containing nliiobia, from warmer and cooler regions of New South 
Wales and subjected then to 'ugh temperatures. Although she measured nodula
lion and not: counts, she concluded that ihilohia from warner remins sur ived 
higher temperatures better than rhizobia from cooler regions: the conclusiun is 
questionable, however. since initial rhlzob:D l numbers in these different sods 

may not have been the same On the other I, -,d. 1er co.mprisins ,of survival 
at high temperatures under loist and dry conditions are note.crihy. In m1oist 
soil, alfalfa rhizobia were found to survive 50 but not 55'C for 5 hr. In dry sod. 
by contrist, these bacteria surived over 100°C for 5 hr. Psorilcarhiiu ba sur. 
vSea 00 C in moist soil for 5 lir, but some cells were still ,.ahle at ICi°C in dr) 
soil for the same period of time. Moisture, wshich protects mot-oi(u!c bacteria 
at inroder.ite temperature. is thus a deleterious factor at elevaed l:niperatures. 
The same conclusion isreached by a consideration of routine sctrihiatior proce
dures used in the laboratory. Meatns to amend moist soils it) proiect rhitobla 
from high temperatures ha,,e not been sought, but Bo .en and Kennedy (195 ') 
lowered temperatures significantly by coverig soil t ith a plant canopy or planit 
residues. 

,Marshall has extenmively studied rii, obal surxial at high tempcratures in 
dry soil and has not only found amicndmntcnis that protect bhi,.,,;a,hut he also 
tried to explain how they, work. Marshall I19o4) first demonstrated that R. tn'
fiht TAI was much less susceptible to hiyh temperatures in dry, s' :rde. nun
problem soils than in problem ("second year mortality"') soils of We'.1tmn Aus. 

-tralia, noting that after 5 hr at 70°C, rhi/,hial counts were 102 10) greater in 
the nonproblem soils Clays such as montinonillohite and dlhw r.notected (gave 
10-fold greater counts), but kjolnite did not. Simila ly., of the iron oxides 
tested, haematite protected rhiiiobia but goethite did not. Siontmorilionite .-so 
protected against four or more exposures to 50°C In addition. Ma;shall showed 
that fast-growing R. incdloti SU47, like R. trifulii TAI. was protected by mont. 
morillonite o fly ash. but that slow-growing strains R. japonicurn QA372 and R. 
lupini CPI survived in high numbers in the absence of these clays and 'Aere not 
protected further by their addition. 

In a serie' of experiments, Marshall (1967, 1968a,b, 1970) and Bushby and 
Marshall (1977a.b) attempted to elucidate the mechanism by which montmoril
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'lonite protects RhIzoblum against heat in dry soils. Initially, Marshall (1967,
1968b) sought to determine whether montmoridlonite absorbed preferentially
to the fast.grwing rhizobia. This was accompUlshed by measuring, through i 
microscope, the time it took suspended bacteria to drift a given distance across 
an electiophoretic cell ?with a known voltage, with and without added mont. 
morionite. Furthermore, by varying the pH of the bacterial suspension and not. 
ing any changes in mobility, MauisalU dtermined at what pH values chemical 
groups on the bacterial surface became associated with H* or dissociated, thus 
pro-iding infomnaiion on the surface charge. te concluded that (1) two types
of surface groups characterized the many hizoba, a simple carboxyl surface 
found'on-ali.-the fast-growers tested except-one (R......fo TA 1)andacomlex
carboxyl.anino surface found on all the slow growers and R. -rifofii TAI; and 
(2) at the highest montmorillonite densities, the strains with the simple carboxyl
surface held about twice as much clay per unit area as the others. He then postu.
lated that 3 closelypacked clay envelope conserved cell water and protected the 
bacteria front drying out. 

A number of criticisms can be raised against these conclusions. First is the 
anomaly of R. tifolii TAI. This strain-which sometimes did not survive in soil 
(thereby resulting in second.year clover mortality), was sensitive to drying and 
hich :cmperatuies, and was protected from the cffects of high temperatures by
nionttmorillonite-lhad a surface charge and responded to nontmtorillonite, just 

i:as did the slow.growing strains which resisted drying, high tenperatures, and the 
protetion of clay: Second. these experiments were cond.zited at 250C, a tem
perature at iAhich montmorillonite is only slightly effective. Third, nio comparable
experiments have been reported using kaolinite, which does not protect R. trifolil 
front high temperatures. An additionl criticism relates to the previously discussed 
findin:ns that rhirobia are tore resistant to heat when in dry than in moist soils. 
on" nriknt expcct that protection from the effects of heat would be greater if
 
dw pro ectant lielped remove moisture frot the cells rather than if it preserved

the cell water, as Marshall proposed.
 

The last criticism was dealt with by Bushby and Marshall (1977a,b). The 
authis measured water sorption isothernis (that is. the amount of water held by
bacte.ia. or Ca montnorillonite, at numerous different relative vaporwater 
pressures) at 40C. They found that at moderate and low relative vapor pressures,
fast-growing bacteria absorbed more waler than slow growers, although less than
Ca montmorillonite. They also calculated that the water sorbed per gram of cells,
and the warer.absotbing surface, was twice as great for the fast growers as for 
the slow growers. Thus, the temperature.sensitive fast growers retained water 
better. 

Since montmorillonite had a greater affinity for water than the root.nodule 
bateria, they proposed that the clay envelope lowered the equilibrium water 
held by rhizotia, rather thvi slowing its removal as suggested by Marshall 
k196&b). The basis for this Iproposal is subject to a number of criticisms. (I) 

http:bacte.ia
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Because the effect of montmorlllonite on water absorption by bacteria was not 
delermined, the authors have no evidence that the clay does in fact lower the 
amount of water retained by the organisms. (2) The authors also have no data on 
the effect of montmorillonite on ratei of water losc by the rhizobia. (3) Funher. 
more, the apomaloiztr-jn, R. tifolil TAI, was not included in their measure
mens or water adsorption. I would be of interest to know whether R. hfohiI 
TAl-which issusceptible to drying and high temperatures and isprotected by
montmorilonite (like other fast growers) but has a surface charge and affinity
for montmorillonite like the slow growers-has an adsorption isotherm like the
other fast growers or like the slow growers. It should be pointed out that Bushby

and Marshall considered that montmorlonite -pr d Uit t-rhii-bi'frm-' 
desiccation, but the most convincing data relate to protection against heat in 
dry soil. 

Bushby and Marshall (1977b) also demonstrated, that the intracellular osmotic 
pressure of the fast growers was consistently lower than in the slow growers;
therefore, the greater water.holding capacity of the fast growers that they found 
did not result front agreater intracellular solute concentration. 

Despite unresolved questions on the michanism of protection by some 
materials, it isclear that certain clays and iron oxides do protect some rhizobia 
front high temperatures in dry soils, that fast growers are more susceptible to 
heat in dry soils, and that heat in moist soil is much\more detrimentalto the 
root-nodule inicroorganisis',S titan in dry soil. 

3.3.2f Low Tenipeatire. Low temperatures are of no concern in the 
tropics but are important to farmers in temperate regions. Rhizobia found in
fields year aftcr year in northern climates obviously survive frezing. Few stuis 
of this qu stion have been carried out, but Fred (1920) has shown that these 
bateria do live through the winter. Furthermore, Wilson (1930) did nodulation
dilution counts of R. trifoli and R. leguminosanim during a winter in Ithaca, 

. N. Y. fields, and he, found no obvious decline. Fk-Jander and Fahraeus (1971)
conapared strains otR. trifolil isolated from northern and southern Scandinavia 

!and ,otser ,d that cultures of R. tnifolli isolated in the north grew better at 10"C 
o, u c and gave earlier nodulation at that ter perature. "lhese results, along

: (th t osc-of Wilkins (1967), Bowen and Kennedy (1959), and others, are clear
indici: mns that resistance to emperature stress isan adaptable characteristic of 
RhLobidnmn and should be considered in choosing inoculant strains. 

3.32g.Rlo I jing. Flooding of soil as a stress tc rhizobia has hardly been 
tested. and~early reports seemed to indicate that it isnot a problem (Vandecaveye,
1927; Tuzitaura and Watanabe, 1959b). More recent sit-dies lead to the same 
concluslon:'O sa-Aflaha (1979) characterized two strains ofRhizobium, one each
of R. :nji and R. japonkum, for susceptibility to flooding in a silt loam, pH
6.6. Roth'asiains survived well in flooded soils at 30C. Although both strains 
declined ovei a 6.week period when inoculated at rather high densities, 10' 
ceUs/i of dry soil, their numbers leveled off at about 1OIg for a.mfolii and 

i4,i 
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107/g for R./aponkum. These final densities were irdependnl~i of initial inac. 
ulum size (down to at least 101/g). At 4*C, flooding was no' eater stress to 
survival than other moisture regimes tested (10. 22 35. and ftSWater h, ld/g 

of dry sol). Maximum water.holding capacity for this sol w"Is 45%, AtWC 

die.off of both strains was more rapid for moist than for air-dry Oil (see Section 

3.3.2e), although R. japonkcum seemed less sensitive to these combined stresses 

than did R, rrifolii. 

3? 3.3. Biotic Stresses 

I- As-reported with physical-and-chemical streses such as-pit, drought, and 

high temperature, rldzobia have certain limits beyond which they survive poorly 

not at all. This is true both in culture and soil, although the boundaries ofor 
often do differ between the two. In the case of stresses onsurvival may and 

Rhi:obim biouht about directly or indirectly by other organisms, however, 

the limits are less clear, and conflicting results have usually been obtained in 

culture medium and in soil (Vandecaveye et al., 1940; Robison, 1945; Fogle and 

Allen, 1948: Anderson, 1957;l olland and Parker, 1966; Chhonkar and Subba. 

Rao, 1966). This is partly a consequence of the fact that the two habitats are 

acting both on Rhii:obiun and its living antagonists. In addition, ti")effects of 
b.en comantagonistic organisms on rhizobial survival in culture have generall. 

pared in the soil environment to nodulation or plant growth. Thus, attempts to 

establish whether antibiotics, predators, or parasites aff.ct rhizobial survival in 

soil are complicated by effects on the host plant'and on the rhizobia-legume 

symbiosis. Sonic investigations have pinpointed effects on rhizobia, and for the 

purpose of this report these studies will be emphasized. 
3.3.3j. Plant.Associatcd Toxins. The seeds of subterranean clover, and to 

lesser extents white cloerand alfalfa, contain a material toxic to R. trifolil 

TA I on agar plates (Thompson. 1960). This toxin is extractable from the seed 

coat but not the enbryo. Field tests showed that soaking seeds prior to inocula. 

tion. applying the inoculum directly to soil, or separating the rhizubia from seeds 

by coating the latter with an inert material eliminated the influence of the toxin., 

Plants important in te pioneer stages of old.field successions inhibit growth 
of vaious species of Rhi:obht on agar and in some cases reduce nodulation 

and freslh weiglit of plants (Rice, 1964, 1968). The inhibition of rhizubia by 
roots and root extracts of nonnodulating legumes has been reported by Ranga 
Rao et aL (1973): thus. Cassiia fisnda roots inhibited the rhizobia of ajanu$ 
cajan on agar plates, and root extracts ofC flunda, C occidentalis, and Leucaena 

keucoceplala suppressed thizobia in broth, although pea roots stimulated pea 
rhizobia. 

Microorganisms in the rhizosphere of a nonnodulating line of soybeans were 

compared with those under a normally nodulating near.isogenic line (Elkan, 
1962). During the first 40 days after seedling emergencc, the rhizosphere of non

p P 
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nodulating soybeans supported mute rhizobia. actinomycetes, and to:al micro

organisms, but the stimulation disappeared until, %hen the soybeani reached 

maturity, the thizosphere of these plants contained considerably fewer total 

microorganisms. Differences in nutrition of the bacteria were also observed be

tween the two rhizospherc communities. In none of the above cases, however, 

have specific toxins yet been isolated and tested in soils, and thus the state of 

knowledge on stresses from plant toxins on Rhizobiuni is quite limited. 

3.3.3b. Microbial Toxins. The "second year mortality" prcblerr.s of sub

terranean clover in Westcrn Australia resulted primarily from the numbers of 

R. trifolii falling off in the second and subsequent years. No such mortality was 

found for lupines and serradellas or for R. hlpini (Chatel el al.. 19681. The 

major cause of R. trifolii TA I die-off was traced to a water-soluble .oil factor 

which strongly inhibited R. trifolii TAI and R. meliloti SU47 but h.d no such 

iffect on R. hpini WLU7. The extracted factor was removed from soil by centri

fuging the soil sample oser a micropore filter. The toxin was found in the grow

ing season in soils drying out afet a light rain. and the inhibitory substan,.es 

were quite labile, lasting usually I day. Of 59 microorganisms isolated frum 

aflected soils. 9 (including an actinomycete an! many fungi) inhibited both 

R. rifiouii and R. hjlw;i, on agar plates and 19 inhibited R. trifolii alone. 

No isolate inhibited R. hipini without also inhibiting R. triftlii. Based on 

these datu. it was postulated that the "second year clover mortality" problem 

resulted from a microbial toxin inhibitory to R. rrifdii TAI The problem was 

solved by isolating strains of R. infolii which survived in these fields and using 

them fir the pleparatiin of inoculants. The toxins or extracts are not known 

it)have been tested av.,inst the presumably resistant strains or to determine tL..ir 

effect on the survival of bacteria in soil. 

Beggs (1961, 1964) dewc:ibe, another problem of clover establihiner, .1 

certai-i soils in New Zealand. "rhe prohlem was related to oversowing of seeds on 
"sunl- .ached" silt loaml iils, especially in the presence of danth(inia plants, 

a]though clover could be cstablihed by cultivating and liming the sod or steriliz

ing it with forualii. Parle (1964) added nitr.'en fertilizer and got go.od clovcr 

growth until the available nitr, 2cn lccl fell.lie found that the problem was 

related to danthoria plants present in the area. with live danthionia present, 

clover failed to nodulae, and no clover Fhizobia could be found illthe soil. 

When til..- removed. observed that 237live dinathiunta plants were Parle (1964) 

of tile *,et cloer plants nodu!ated and 1670 rhzobia were present per gram of 

soil; with only dead plants present. 45,T of the test clovers were nodulated and 

there were 14,300 rhizobia pet giant of sod. Thus, there was apparently a potent 

toxin against Rhizobium in the dantluonia rhtzosphere. 

Parle (1954) compared a Rhizobiun strain from a small patch of clover 

established in the problem fields with the commercial strain. In pot experiments, 

he found 2-3 times as mzny nodules formed by the new isolate un the presence 
of inof danthonia. Extracts of danthonia roots and adhering sod gave a zone 

http:substan,.es
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hibition on agar plates We,greater with the commercial strain than with the 
isolate. It is not known how this toxin acts against the rhizobia or whether it is 
formed by the plant roots or from microorganisms associated with the roots. 

Because attempts to extract toxins from ground danthonia roots were unsuccess
ful. whereas colonies of bacteria associated with the roots were antagonistic to 
rhizobia, Parle (1964) suggested that the to, in %%asof microbiological origin. 

These two examples of problems presumably caused by microbial toxins 
,pFear "ohave been solved by finding strains of rhizobia which survive where 
the originally ino,:ulated strain did not. A third case of difficulty in establishing 
clover has been described by Holland (1962) and holland and Parker (1966). On 
certain newsly cleared fields in Western Australia, subterranean clover failed to 
nodulate when inoculated %%ithR. trijoitistrains Na30 and TAI. |loweser, when 
the soil %:as fallo%%ed oi cropped to cereals for 3-5 years, normal nodulation 
.oxk pla e. The sod %%asa g:ey sand (p!I 6.S) over a bright.yellow clayey sand. 
Aqueous e\trac;s froni newly cleared fields applied to agar plates seeded with 
R fri';!ii shovsed the presence of a tOXill, but this finding was obtaiiled only 
Ms, itl certainty; ho cver. the toxin could also be extracted from leaves ofice 
affezted cloer plants. v,lich had turned purplish red. 

The .- :lhors compared nodulaton, growth of inoculated clover, and rhizo. 
bi.. coints in nonsterili.ed soil and stil previously tieated s,ith a fuuiniant. In 
th 'se pot expa :nteirs. 42 of 42 plaints ,iodulated in the tlealtiLi hilt only:oil 
4 of 43 %kere n,Joated in the untreated control. The numbers of rh,lob. ili the 
u.,,t:eated and fuica:mgated soil %%ere0 .nd 3000,'g. respect.sely. Of a large number 
o" i;,croo,,an:-s isclated fIloii the problem awd nonpioblemn fields, 27' ftrom 

:Ic fields and only from established clover fields pioduced alca:ed 10" 
to\mn ae.ist R trit ,Iii. When these muic roiganisms were inoculated along with 

Sto sand culitlies of clover, nodulation aind growth %.%erenor
niz!. ,mid io*l;%,iita obhered. Ilosss i. if or straw was added to 
K trifihr 1:i10 llle 

is sucrose 
11r iSi$, Man>manylroreimi ollthe s.iid %%,1tclihi inhJiduail ti;gis'it.r seli in-

L 'It:iI: and ilodutillln and to cause puiphshred leaves to deselop oilthe 
oh%..None of mi. fotilon11rool'r.nimszs estahlsled Jler fields inhibited the 
closer. oile those fromt the newl) cleared fields. Chatel and Parker (1472) 
porinled out it reiams io tic tile soi, txin are produced andihai shtv,i thai 
inhibit riu' i'a litilnaimended soils (or that tile problein "ields are coiliparable to 
thie .. icned e\periioren ral soils) amid that the substancs iemicrobial mietabolites. 

IlIy c"il. (IlS 7i \%ere unable to identify a preUiied microbial antagonist 
to closer rhizobma at another location in Australia. but the), obtained good results 

by steni,ine the sod or amending it with charcoal (100 lb/acre). It seems as if 
problenis resulting front microbial toxins have been especially proinintit with, 
or perhaps even himited to, newly cleared fi:lds and fields newly cropped to 
legumes, at least in the case of clovers. The estabhshed microbial populations 
may be antagonistic to newly inoculated rhizobia. 
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Fungi There ate numerous studies of fungal toxins against rhizobia, but the 
information gained is ,,ncially not directly related to field prohlems. Thus. 
Thornton et al. (149) isolated strains of Penicillium which inhibited R. mehluti 
on agar plates. Chhonkar and Subba-Rao (1966) found that some species of 
fungi isolated from nodules of common I-gumes produced toxins against several 
species of Rhi:obium on agar, and they demonstrated that one fungus inhibited 
growth and nitrogen fixation of inoculated Trifolium alexandrinum. 

Actinunyceles. Van Schreven (1964) tested 24 actinoinycetcs on agar
against many strains aid species of Rhizobiuni and reported th;:t some of the 
bacteria were susceptible to antibiotics produced by the actinomycetes. Ahdrl-
Ghaffer and Allen ( 1950) tested 30C strains of Streptom).ces for antagonism to 
several species t,f Rhi:obium in culture. ilowever, they werc unable to demon. 
strate the p,, duction of antibiotics in soil cona.ni.g many streptomn>) etes. 
Landerkin and Lochhead (1948). Fogle arid Allen (1948), Damirg and Johnson 
(1966). and others also found actinomycete antagonism in culture and in some 
cases iihibition of nodulatlion in soil Varn Sdireven (1964) has summarized the 
early literature. 

Ilactena. Soil bacteria have been isolated which produce toxins or antibio. 
tics to rhtoba in culture (llattingh and Louw, 1969; Smith and Mller. 1974). 
Rliiohia thenselves may synthesie bacteriomins and antibiotics (Roslycky, 
1907, Sch imghanier arid Belkengren I,,68: Schwinghamer, 1971). No con
vincing eidence exists that one species of Rhi:obium is more susceptible to 
microhial mntagonism than another (Landerkin and Lo.kihcad, 1948; Foz!e 
and Allen. 1948; Ab !el-Gh..fer and Allen. 1950; Van Schreven, 19.4;Chhonkar 
and Subba.Rau, 1466). Moreover, no evidence was given in any of these papers 
that micrL.',ial antagonists in question have any effect on rhizobial survival 
in soil. 

3.34. Parasites and Ih,'laturs 

3..? 4a. Bictcruphages. Ilcteriophag s can rapidly decimate a host bacterial 
population in laboratory niedha, but no data exist t, show convincingly that thee 
parasites do appreciable hlri to rhizobia in soil. Fatigue of alfalfa s,,ils has been 
ascribed to a bacteriophagc which attacks alfalfa rhizolia, and Dcjnolon ind 
D1inez (1935, 1939) isolated a hacteritophage. resistant Rhi:ubium %%hich in some 
-ears as much as doubled the alfalfa yields on problem sods in France. However, 
no evidence was offered that the beneficial effect of the r istant strain was 
attributable to its bacteriophage resistance. An attempt by Vandccavee et al. 
(1940) to repeat these experiments in Washington failed; thus, inoculation of 
alfalfa with R. meliloti resistant to a bacteriophage isolated from fatigued fields 
did not improve yields, although nitrogen fertilizer resulted in nearly a three. 
fold increase in yield. Bacteriophages against R. melloti have been isolated in 
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Ievery alfalfa field examined in New York, and these viruses appear to be corn. 
mon in such fields but rare in land not cropped to alfalfa (Katznelson and Wilson, 
1941). Bacteriophages active against clover and pea rhizobli were isolated from 

soil in England maintained for 100 years in clover and yet no "clover sickness" 
appeared, and these viruses were like bactenophages found in pots with "sick" 

clover both in numbers and host range (Keczkowska, 1957). Bacteriophages 

active against the Rlaiobiuri nodulating Lotus and other rhizobia appear equally 
xithout effect in soil(Bruch and Allen, 1955; bird, 1932). It thus seems 

that baceriOphages parasitic on Rhizobium threaten no immediate harm to 

growth of legume crops in the field, 
-33.4brdelOrib~io. Another parasite,-Bdellovibrio, has-been -found-to re*

duce thizob-al density in culture. Despite this, however, rhizobia persist in rela. 

tively large numbers in the presence of this parasite in both culture and soil 

(Keya and Alexandei, 1975). Furthermoie. this parasiie has so far not been 

implicated in problems of growing legumes (Parker and Grove, 1970). 
3.3.4c. P ofto:oa. Predation is one of ihe many ways rhizobial populations 

are decreased in soil. and predation by protozoa in liquid culture ad in sterile 

and nonsterile soils has been studied extensively at Cornell University (Danso 

et al.. Q75: Danso and Alexander, 1975; liabte and Alexander 1977, 1978). 

In culture and in soil. neither of two test protozoa, Tetrahno napyrifonnis 

or Colpopl sp., was able to reduce the initially high numbers of R. japonicum 

(109-_i010 cells per milliliter or per piam) to fewer tIan 10s-107 in 1-4 weeks 

(llabte and Alexander. 1978). Although these nunerical reductions are signifi. 

cant. the renaining rltizobia arce probably sufficietly abundant to nodulate 

soybean seeJlings (Weaver and Frederick, 1974). liabte and Alexander (1978) 

determined that the persistence of rhizobia did not result from a decline in the 

rate of protozoan feeding caused by rhizobial excretions or by the lack of energy 

for the predators. Rhibobial persistence also did not come about because of the 

availability of alternate prey or because of the inedibility or the surviving bac

teria. Rather. su:~val of the rhi7obia appeared to reflect asteady state retuiting 
from reduction of the thizobial populationtby predation and replacement of the 

cells thus consumed through reproduction by: the remaining population. This 

%as demonstrated in sterile soil by preventing rhizobial reproduction upon addi. 

tion of chloramphenicol: in the absence of predators, R. japonicurn numbers 

remained high, but in their presence, the bacterial density fell to 102 /g or less. 
in natural soil without inibitor, moreover, R.Ajaponicum dropped slightly from 

2 X l0 to 6 X 106/g in I month; in the presence of chloramphenicol, the 

bacterial abundance dropped to 6 X 10'/g because the protozoa continued to 
feed whereas the bacteria could no longer reproduce. Hence, rhizobia appear 

- capable of reproducing in natural soil, and as long as this is possible, the root. 

nodule bacteria can remain in substantial numbers in the presence of protozoan 
predators. 

The evidence to date points to microbial and perhaps plant toxins as being 
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major biotic factors governing rhuzoblal survival, at least in certain soils. Methods 
of overcoming thc-se stresses include removal of plant parts (physicaly or by 
burning). adding charcoal to newly cleared fields (Hely et al., 1957; Turner, 
1955; Beggs, 1961, 1964; Holland and Parker, 1966), and especially the selec. 
tion of toxin-resistant Rhizobium strains (Parke, 1964; Chatel ef al., 1968; 
Schwinghamer and Belkengren, 1968). The importance of selecting strains of 
Rhizobium which survive well in sois newly cropped to the host legume will be 
discussed in the next section. 

3.4. Rhizobium Strain Differences 

The soil and the legume host, singly and. together, effect a great selective 
pressure on the Rhizobitam synibiont. It is possible to select Rhi.obium strains 
in the laboratory that are resistant to drying (Delin, 1971), antibiotics (Obaton, 
1971; Datso el al., 1973), and high salt concentrations, low pH values, and 
moderately high tcmperaturcs (Mendez.Castro and Alexander, 1976). Ntural 
conditions, howevcr, are much more complex than culture media, and in any 
field newly planted to a legune, it is not clear what characteristics must be selec. 
ted for. The traditional criterion for choosing an inoculant strain, effecti,,ness, 
has in the past beeni quite narrowly defined and. as Brockwell eIal. (1968) and 
Chatel et al. (1968) have shown, must be supplemented by several more criteria: 
ability 1,oinvade the roots in competition with ineffective, indigenous strains; 
ability to grow outside the rihitosphere; and capacity to withstand environmental 

extremes and persist in the soil in adequate numbers. It th114uld be clear from the 
previous sections that strains meeting these criteria frequently are unavailable in 
commercial inoculants. An obvious question then is how to find these strains. 

In consideration of the importance of the above-mentioned criteria, it is 
worth stressing that the inoculation of legumes with a presumed effective strain 
does not always lead to good nitrogen fixation. In part, this may result from a 
mismatch bctween host legume and Rhizobiwn strain. For example. Vincent 
(1954) found that rli.obia isolated from red and while clovers in a field survey 
were effective on red and white but ineffective on subterranean and crimson 
clovers. Effective isolates from subterranean and crimson clovers, on the other 
hand, showed variable effectiveness on red and white clovers. Brockwell el al.. 
(1968) tested rhizobia isolated from subterranean clover grown in the Mediter. 
ranean region on several varieties of that clover used in Australia. and they ob
served that effectiveness varied cnsiderably depending on variety of.clover, 
rhizobial isolate, and temperature. It has also been shown that indigenous white 
clover in Ireland and Scotland rave higher yields when inocu1z:,'1 with rhiiobia 
isolated tiom the wild ecotypes than when inoculated with commerical clover 
strains (Lowe and Holding, 1970;Sherwood and Masterson, 1974). Thus, crucial 
to high yields is proper matching of the two symbionts. 

* An effective Rhizoblum strain may be unable to compete with indigenous, 
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inefrective strains for nodulation. In experiments with subterranean clover,

Iarris (1954) inoculated seeds with a combination of two effective and two in.
 
effective strains. One effective strain in all combinations gave good nodulation
 
and growth in the presence or absence of the two ineffective strains. In contrast,

the second strain, wdch was effective when inoculated alone, gave poor nodula.
 
tion and growth %hen the two ineffective strains were added at the same time.
 
Robintn (1969a.b), however, ftund that clover plants tended to select for

effective Rhiobiumz strains in agar, even when die e"ective strains were out
numbered by a factor of 10,000. Bell and Nutman (1971) were able to suppress 

- effective- native strains of R. ,inloti byearfor only - by- massive inoculation---
(50.000 rlizobia/seed) of alfalfa with, ineffective rhizobia. In the second year,
the indigenous, effective strains had overgrown the plots. Brockwell et al. (1972)

reported similar results. In all probability, when more than one infective strain
 
is present, factors in addition to effectiveness play a role in determining which
 
strains predominate in nodulation, but effectiveness very likely plays an inipor
tant role. 


It is also possible that an inoculant strain gives excellent nitrogen fixation for
 
a short time, but thn it declines in abundance. Such was the case with R. trifolil
 
TAI iroculated 6nto subterranean clover in Australia, its inability to persist in
 
certain soils leadin;,g to "second )ear clover mortality" (Chatcl et al., 1968).

,Utiough Brockwell et al. (1968) recommended early nodulation asonccriterion
 
for strain selection beCause early nodulation is corre!ated with high initial yields,
 
itmay be inore important to determine yields for a long period, especially for

those annuals wiuch ate planted seasonally but the growth of which is interrupted

by winer, summer drought, or other conditions unfavorable to the plant (Lie,

1971). Some evidence has been gathered that yields of clover Mulder et al.,

1966; Sherwood and fasterson, 1974) and soybean (Scudder, 1975) improve

with tirne, yet 
no clear connection between yields and thizobial effectiveness or 
survival hAs been usade. 

Cert.iin "volUntCer*" Strains of R. Pifaoii have provcn to survive better in the 
field and give better y'i.lds than commercial i.nocula (Chatel C1 al., 1968; Gibson 
et a!.. 1976: Roughley et al.. 1976). Gibson oral.(1976) inoculated clover with
five serolo-izall) distinct strains known to foint effective symbioses with 7"r
folium subterranoun and they sampled nodules present on the plants for four 
sezsons. No naturally occurring strains were evident the first year. By the third 
season 10',- arid by the fourth season 9% of tie isolates were not identifiable as 
any of the inoculant strains. Of the newly appearing rhizobia, over three-fourths 
were as effec:ive or nore effective than the bacteria used for inoculation. The 
authors suc.ested three sources for these new strains: (I) they were present at
the begnning of the experiment in undetectable numbers and responded to a 
favorable environment in die rhizosphere; (2) genetic changes in the indigenous 
ineffective population; or (3) contamination from xternal sources. In addition,
the inoculated strains may have changed their effectiveness and serological pat. 

2 
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tems, 4though the results of Brockwell i a. (1977) tend to rule this out, Chatelef at. (1968) suggested that the ultimate source of the indigenous & m"oU inAustralia (legumes with fast-growing rhizobia not being native) was the firstsetitlers from Europe, and that therefore these strains had 130 yeats to adapt andbe selected in the soils. Regardless of their ultimate source, the volunteer strainsshow characteristics that fit the more complex criteria for successful inoculantstrains (Brockwell el a/., 1968; Chatel etaI!., 1968), including the ability to.olonize the rhizosphere and infect legumr.s, participate in an effective symbiosis,and persist. The factors that allow strains to persist in these sods are at present

alnostentrely unkn ;- -
Because o; tle co'nsiderable variation in tropical soils, weather patt rns, andlegume cultivars, an imPortant concern ishow to select and isolate sucl :uccess.

ful volunteer strains simply and rapidly. Can persistent strains be selected inlaboratory experiments? In field experiments, should one sow uninoculatedseeds and wat for a few vigorous plants to appear, or should the seeds be inoculated with an effective nonpersistent strain? Of 18 new isolates of P. tuolifound by Gibson er at. (1976) in the fourth season on uninoculated plots, all were as effective as or more effective than the commercial strains they used. Also, of10 new isolates found in plots originally inoculated with a fairly persistent andeffective strain, all were effective. Of I I isolates recovered from plots originally
inoculated with a poorly persisting strain, 5 were effective and 6 ineffective,T'Lus, tile preceding evidence does not provide a clear strategy to use in tryingto find high-performance Rhizobium strains. Nevertheless, such a procedure orset of procedures rhould be developed. Screening procedures have been made ahigh priority in some regions (Brockwel el al., 1968; Bergersen, 1970; Lie, 1971;Graham and Hubbell, 1975), and possibly it will not be necessary to test every
soil and wait until the third season before effective isolates appear. 

4. Conclusions and Recommendations 

After over three-quarters of a century of study, scientists are still only
beginning to probe Rhizobium ecology. Many reports make no distinction between legume nodulation and ifizobial survival or confuse effects on tl.e hostplant or on the symbiosis with effects on the microsymbiont. Numerous stresseshave been uncovered which potentially limit rhizubial survival, but there islittleconvincing evidence that these stesses are actually responsible for the irricro.organisms" failure to persist. Only a very few studies have Ioked at ca-Ual rela.tionship-. In most cases in which poor establishment of a legume results from poor rhizobial survival, scientific inquiry ended once a persistent strain was discovered. The great potential for determining the mechanism of persistence bycomparing strains which survive with closely related strains which do not has notbeen pursued. Fur regional agricultural reasons, most research on Rhizobium 



ecok'gy has, been ;-,tiled out with k. WitON, R. e)urfod. and R.Japonkwwm,
whereas virtually notfng is known about the survival of the other specks.
expecially the tropical and cowpea-type rhizobia. 

Yet, despite the lack of progress in answering the scientific questions. It is
important to make recommendations for field practice, and thus certain tentative 
conclusions must be drawn from the limited information now available. The 
most serious natural envirornntal threats to rhizobal persistence appear to be: 
(I)pH,especially in the acid range; (2) dIying, primarily in sandy soils; (3) high 
tempratures, particularly in moist or sandy soils; and (4) microbial toxins, 
especially innewlycleared land. : 

Obviously it is important to establish first whether a problem in obtaining
high legume yields can 'e traced to poor rhizobial survival or to some other pos.
sibility. But to avoid expected problems, certain steps 3nd precautions can be 
followed. 

When in do'bt about whether effective strains of Rhizobwm are present,
farmers should be encouraged to inoculate. In choosing an inoculum, priority
should be given to a strain proven to be effective with the plant variety and
known to persist in the soil type under consideration. If the soil pH1 is low (e.g.,
under p1t 5.5-6.0 for R. trifolil, R.nililodi,R. legunifsarmn, and R. plaseoll 
or below pl 5.0-5.5 for R. luiphii.R. japonium, and nembers of the cowpea
group of ihUzobia) and difficulty in establishing the legume isagood possibility,
then the recoamiendalion is to lime the soil or pellet the seed with lime. Ifsoils 
are very alkaline, gypsum might b.recommended. Inocu:jnt strains for legumes
in saline, alkaline, or acid soils should be isolated from effective nodules or plants
growing on similar soils. 

Dry sandy soils are a potential threat to survival of some species of Rhi:o-
H .am, the suggested rcmedies, aside from irrigation, are using a resistantand 
strain of Rhi:obim or, possibly and if practical, adding niontmotillonite, illite, 
ocr 1sto the soil. High temperatures pose a substantial threat, especially if sol 
is likely to be nmist, or in light-textuted soils that are dry. Means ofalleviating
high- tenp.rature stresses on rlizobia are to adjust planting date, to maintain 
3plant cover, or to cover the exposed soil with plant remains. lHowever, caution 
is ir order if the field isnewly cropped to a legume because lcaving plant resi
dues may be counterproductive. Changing the sol nicroflora is not as easy as 
renurning one crop and replacing it with another, and in several instances, enough
mrkroorganisms which colonized a field produced toxins antagonistic to newly
inoculated R. ari'.lii. The old plant residues possibly stimulated the growth of 
these antagonistic -arganisms. Thus, in this case, removal ofplant residues may be
desirable. Of pim'ary importance is defining more precisely the reasons for poor
sutvimal of many rhizobia or of rhizobia in certain circumstances. At the same
time, but paiticularly with this information, strains should be sought that are 
capable of enduring natural stressc., on the root-nodule bacteria so that farmers 
and consumers can get greater benefit front the nitrogen.fixing activity of 
Rhi:0biur living in association with leguminous plants. 
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