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Factors Affecting Survival of
Rhizobium in Soil

HENRY S. LOWENDORF

1. Introduction

Legumes are already widely used as on extre nely important source of protein for
hurtan and snimal consumntion and of sitrogen to maintain soil fertility. Cow-
peas. lentils, gram (usually chick-peas or mung beans), and pigeon peus are majos
crops wsed for edible sceds (pulses). beans. peas. peanuis (grourdauts), and soy-
beans are important vegetahle or idustrial crops Clovers. alfalfa (lucerne). and
Jupines stand out as cominon pasture plants. whercas Centresema. Desmodium,
and Sty osenthes are becoming increasingly umporiant in the tropics. Enormous
land areas are devoted to production of pulses and oils. In protein-poor locali-
ties, legumizs are especially impertant because they are excellznt suirees of pro-
te:n, and the crude protein content often ranges as lash as 3477 (asir warged
bean: sce National Academy of Sciences, 1975) compared to 57 in zrasses.

Because of their symbiotic relationship with Rhizobium, the roct-nodule
bacterium which fixes atmospheric nitrogen, lerumes are often sble 10 fulfill
their own nitrogen requirements and therefore require the addition of little or
no nitrogen fertilizers. Where these fertilizers 21¢ tov <ostly for the farmer, espe-
cially the small farmer, legumes are of substantal benefit both in producing focd
and also in adding usable nitrogen to the soil, thus benefitiig the r.ext crop.

Despite the actual and potential advantages of legumes to tropical azricul-
ture, there are many serious problems in growing them. Often excellent nitrogen
fixation and :rop yiclds are found in areas adjacent to farms getting poor yields.
Large acreages produce small yields, and often farmers apply nitrogen fartilizers
to legumes rather than dep .don symbiotic nitrogen fixation.

HENRY S. LOWENDORF e Department of Agronomy, Cornell University, lihaca, New
York 14853,
87
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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 homologous pair. Scientists constructed cross-inaculation groups to: in.
tergenenc homology, but the validity of thess groups was severly questioned be-
cause both bacteria and plants were sometimes found to be pronuiscuous in theis
relationships (Wilson, 1944).

Effectiveness tefers to a successful symbiosis in which the host plant pro-
vides nutrients that the microsymbiont requites, the bacteria in return provide
fixed nitrogen i.e., assimilate or “fix™ Ny, converting it 1o a form the plant uses.
Effectivesiess is measured by assessing the weight of inv:ulated plants, total ni-
trogen uptake by the plants (compared to untnoculated fegumes or to plants
grown on mlrate or ammoniun), or by deternunations of nitrogen-fixation ac-
vty using '"N-N; or the acetylene-reduction technique. Effectivercss :s a rela
tive term because plant vigor is quite variable, because there is a continuous spec-
trum of symbiotic efficiencies, and because a given varicty of legume (or strain
of Rhizobium) forms an effective symbiosis with some but not necessanly all of
1ts homologous rhizobia (or legume hosts) (Vincent, 1954; Bjalfve, 1963).

2.2. Mecthods

Detatled methods for studying ..-e ecology of Rhizabiwm are provided in
Vincent's (1970) manual. Rhizoha are generally grown on yeast extract-
manmtol medium (YEM), and their numbers, aither in culture or from sternile
sotl, ruay be counted on YEM apar plates. Dilution-nodulation is 3 method de-
vised by Wlson (1926) to assess the number of rhizobia in nonstenle so.l. Serial
dilutions of the soil are made and inoculated into sterile soil. After 10-14 days
to allow for colonization of the soil, sutface stenlized host-legume seeds are
planted. At the appropriute tine, the legurie rous are obsenved for nndulstion.
Presence of nodulation s presumed to indicate at least one viable Riuzobim in
the original sample, and from the greatest dilution leading to nodulation, the ap-
pioxamate number of thizohia in the soil can be ubtained. This method has been
simplified by growing the test plants on agar or in sand v gravel culture, and
most-probable-number (MPN) tables can be used to improve the precision of
numeriaal estumates (Tuztmura and Watanabe, 1961 Date and Vincent, 1962;
Brockweil, 1963, Weaser and Fredenick, 1974). These same analyses have shown
that one or two thizobia present in the tube receiving a soil dilution are suffi-
cient to initiate nodulaton. Thompson and Vincent (1967) have, however,
pointed out that this method may fail when large populations of cther organisms
interfere with wodulation. The MPN technique also suffers from being time con-
sunung and laborious.

A second method, which is much quicker and easier 10 carry out than the
above, has been devised to count rhizobia that have been introduced into non-
sterile soils. It is based upon the selection of antibiotic-resistant mutants
(Cbaton, 1971; Danso er al., 1973; Schwinghamer and Dudman, 1973), adding
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them to the natural soil, and then following changes in population density by
plating senal dilutions of the soil onto YEM agar containing the antibiotic and
counting the colomes that appear. This methed cannot be used 1o do field sur-
veys unless the resistant rhizobia wers earlier introduced. It can potentially be
used to count each 1n 3 nuxture of strains of bactenia if varivus markers (eg.,
mutations to resistance to different inhibitors) are used to distinguish between
strains. Because fast-growing rhizobia (in general, R. trifuiii, R. meliloti, R. le-
guminosarum, and R. phasenlr) develop to visible colonies on agar plates within
about 2 days. the growth of fungr usu.lly presents no problem in enumerating
the bacteria, provided the rhuzobia are present in large numbe:ss. However, with
slow-growing species (R. lupini, R. 1aponicum, and cowpea-type rthizobna), or
with sails containing few thyzobra, fungi may overprow the olates before bacte-
na' colonies appear. under these conditions, an antifungal compound such as cy-
chilieninude is used. Tt may prove ipertant o melude a more potent fungicide
Goroseveral anuivegal compounds) because cycloheximide is not always com.
pretely effectne in suppresaing the growth of tungi. Also it is important 1o test
anubonlic-restant mutants 1o assure that infectivity and effectiveness are net
unpatred (Schwimghamer and Dudman, 1973),

Serolozical metheds mav be used for Wentifying strains of Rhizobium. One
of theve ethods, the :'.u.ucsccm~..m:!mdy technique (Schiadt ef af., 1968;
Jorov and Rasl 1972 cansenve for countig bacteria and visualizie. . mn
seil The prodlens of venspecttic adsorption and 2utofluorescence associated
with thes method e sold (Nutman, 1973) seemis 10 have veen overcome with
proper counterstanung (Boliool and Schmidr, 1968). However, the instrumenta-
ton 2ad suprorine faalites are often not svailable i the poorer countries
(Alevander, 9775y

A sevond serolosical miethod s immunogel diffusion (Vincent, 1970 Dud-
£ i TH Bothvof the scrologieal techintques are used pumanly to identify iso-
Htes. particulatly from root nodules. Because of antizen-antibody specificity,
serolerival techiniques are well suited 1o distinguish between many ditierent
straies. Thus, the serological techmques and the antibiotic resistant techniques
complement each other. Brockwell of af. (1977) have compared the antibictic re-
sstanee and celditfusion procedures in field studies over 3 years and demon-
strated that both were cqually and highly reliable for identifying strains recov-
ered from soil.

3. Factors Affecting Rhizobial Survival

3.1. Obsencd Persistence in the Field

Although legumes have been recognized for thousand; of years as crops
whhaniprove the soil, only since the late 19th century has Rhizobium been
krown 25 the agent of \he improvement and of nitrogen fixation (Fred er al.,
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1932). It is obvious that these bacteria have survived in the soil for untold ages,
yet direct cvidence of field persistence has come, of course, only in about the
last half century. For example, in several studies, R. leguminosarum, R. lupini,
R. joponicum, R. meliloti, and R irifolit have been found to survive atlesst 10-
125 years after the culiivation of their respective homologous host (Morman,
1942, Jensen, 1969; de Escuder, 1972; Nutman, 1975). In particular, Nutman
(1969) tested samples of soil taken in 1968 that had grown wheat continuously
since 1843, Following serial dilutions of the soil, he checked nodulation on rep-
resentative hust plants. He found R. leguminosarum to be the most abundant,
averaging 28,000/g dry soil, and all were effective fixers. R. trifolii was the next
miost abundant, averaging 320/g, but 10 were poor fixers. R. lupini occurred
sparscly and sporadically, averaging 310/ in 13 of 20 plots in which jt was
found, and ail but one stramn were effective. R. meliloti was the most spars2, he-
ing absent in neary half the plots, and the average was 13/g in the rest, more
than half of the strains were fully effective.

Nutmze and Ross (1970) found reughly the same survival in fields under
continuous root crops since 1843, They also determined the numbers oi rhizobia
in fields mamntamned fallow for & years: here, the numbers of R. tafolii fluctuated
between 1000 and 1000C0-g, R. legumnzisamm Muctuated between 10 and
1000. and R. melilon tuctuated considerably but seemed 1o be Cechiming to
zero These results were obtained at two separate sites in Grest Beizan.

Norman (1942) ubserved soybean vield and nodulation in ticlde that had not
been planted to soybeans for over 29 years. His results with g less fertile and
partly eroded sandy loam and a more fertile loam showed no sipntficant differ-
ence between nembers of nodules un the plants or vields, whetker of not the
sceds had peen nocu'ated, but h. did not Jook gt numhars of Rhzobium. Thus,
R. japonicum had persisted in these sotls for over 24 years i nwnhess hizh
enoupht to be sgeonomically sienificant. Weaver er al (1972) determumed MPY
counts of R japoumrcum i 52 low s tields and reported that numbers were largely
correlated with whether or not suyheans had teen grown at the site (within the
previous 13 years), 557 of the fields which had at zpy tune been cropped tu soy-
beans had over 100,000 R. japonmicum!g soll, whereas only 3% of the ficlds
which had not heen cropped to soybeans had that many mot-nodule bacteria.
However, no sigmificant correlation was found between rhizobial numbers and
the length of time since the last crop had been grown (even if present at the time
of sampling) or between thizobal population and the number of times 50 -beans
were grown. Elking ef al (1976) reported comparable results. Tuzimure and
Watanabe (1959a), on the other hand, found that R. fapunicum numbers de-
creased in the Cbsence of the host.

It thus seems that R. jaoonicum can survive quite well in the absence of its
host legume. The contrary has been reported with certain strains of R. trifulii
(sce below), which in many regions of Australia were incapable of persisting in
high enough numbers to reinfect a clover crop seeded in the sccond 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 given species of Rhizobium may be found in
significantly higher numbers under plants than in unplanted svil (Wilson and
Lyvon, 1926; Wilson, 19343). The question of the influence of the growth of the
lecume host, nonhost legume, and nonlegume on the numbers and persistence of
Rhizobuam has been studied in an extensive series of experiments by Tuzimura
and Watanabe (1962a.b) and Tuzimura ¢f al. (1966).

In one set of experiments, Tuzimuia ef al. (1966) placed nonsterile volcanic
ash soil an poicelsin pots, planted erther ladino clover, alfalfa, soybeans, toma-
tozs, of Sudan grass, and noculated cach with suil containing both alfalfa and
clover rhizobia. They then tested samples of inner-rhizosphere (root zone) soil
and soil without plants using ladino clover or alfalfa to provide MPN values.
Ther results revealed that clover thizobia were stimulated by clover, alfalfa, and
tomato plants, whereas alfalfa rhizobia were stimulated only by alfalfa plants.
They also counted numbers of rhuzotia in the svils 2 months after the plant tops
had been removed and noted that the abundance of clover bacteria was higher in
Fots whichi had grown clover, alfalfa, or soybeans than in sotl without plants.
The numbers of altalfa rhizobia were higher only in soil which had grown alfalfa.
Thus, the authors concluded that certain hosts, nonhost legumes, and nounle-
puantes can be stmlatory to the growth of some but not all species of Rhizo-
Eirrr cnd that the sod ender inquiry was more favorsble to the clover than the
aialta thizabia,

In a second set of eaperiments, Tuzunura e al. (1966) observed the effects
of the presence or absencs of plants on thizobial numbers in two different soils,
ihe voleame ash ol used in the previouddy described exgerinent (pH 5.5), which
inatially had counts of less than 10 clover thizobia per gram and no detsctable
altsita duzobia, and an altunial clay 1lozm from a well-dramed paddy ficld
(el 6.2 whuch amtially had 80 clewer rthizobia per gram and also no detectable
altalta rhizobia, The sails weire inoculated with strains of R. trijolii and R. meli-
foti and left Dallow or planted separately with ladino clover, alfalfa, wheat, red
radish (Rharis satngs). o1 common vetch (Vicia sativa). In both fallow soils,
counts of clover rhicabia were nearly constant for the 3.5-month experiment,
fluctuating between 2 and 80/g: slthough counts of alfsifa thizobia varied in the
fallow clay loam between 7 and 300/g. they seemed 1o increase in the voleanic
soil from 240 to T000/g. The authors found that alfalfa and clover sumulated
both Rlizobium species in the two soils, but the populations were stimulated

ore Jdramaticaily under the homslogous host, often to greater than 10° or
10%,¢. Vetch stimulated both cpecies in the two soils. Wheat, however, pro-
moted the developinent of alfalfa rhizobia in both soils (4 to 7 X 10%/g, 62 days
after seeding) but stimulated clover rhizobia only in the clay loam (1.4 X 10*
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compared to 8/g in the volcanic ash). Thus, the stimuiatiot by wheat depznded
both on Rhiznbium species 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, ciover did nut enhsnee the proliferation of alfalfa rhizobia in the ash soil,
but in the second experiment it did; however, the background counts in un-
planted soil were both high and variable, and the Rhizobium stiains may well
have been different.

Robizzson (1967) reported ficld results similar to those of Tuzimura e? al.
(1966). Thus R. trifolii was found :n high nun:bais {up to 180,000/g) in soil near
the host plant (Tafolium subterrancum), nonkost legume (Medicago sativa), and
nonlegume (Poa ausiralis). R. mehioti, on the other hand, was found in high
numbers only near roots of its host (M. sativa) and the nonlegume (P australis)
and was nct detected under T subterrancum. Jensen (1969) found R. trifulii
densities of 100 200/g of suml 1n many ciover-free fields, but sumlar densities of
R. meldon wer: confined to existing alfalfa fields. According to the results of
Hely and Brock vell (1962), the appatent numbers of R. melioti at different
sites in Australia depended on the species of Medicago ueed as test host. This in-
dicated thar the populatton density varied with particular strain and soil. The
bactzas were often found in appreciable numbers 1n the absence of the host, and
in sui te cases the presence of the host plant did not lead to an increaced popula-
tion. Grasses also ususlly stimulated the prohieration of R. meliloti.

it would scem from the above discussion that R. trifotii is more generally
stimulated by nonhost plants than R. mneliloti, slthough stisin and soil differ-
ences seem to play a major role in their responses to plants. The reasons for
these ditferences are unknown,

Wilsor (1934b) found no relationship between the numbers of R trfolit, R.
leguminasarum, ot R. faponicum and the crop on the soil. Elkan (1962) reported
that there ;e differences in thizosphere stimulation between a nodulating and
nonnodulsting hine of soybean, and he noted that detecting a stimulation o in-
hibiton of R. japonicum depended on when after germination the sampies were
collected.

Peters and Alexander (1906) found no specificity regarding the stimulation
of vatious species of Rhizobitem when testing legumes grovang in solution cul-
ture. Vincent (1967) made simular observations. Hence, while rhizobia are
favored by the presence of plant roots, the degree of stimulation depends on
plant vanety, soil type, Rhizobium species, and even strain. Furthermore, there
is sull controversy concerning the extent of specificity of the staulation,

The effect of plant species un the density of rhizobia in the soit 1s ubviously
important to the farmer. It also has sume important consequences for the inves-
tigator studying survival in the ficld. For example, de Escuder (1972) noted that
in ficlds 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 her results that R. trifolii persisted in high
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numbers under rye grass and barley must be considerably tempered because
many host plants were also present. It is worth pointing out that Nutman (1969)
and Nutman and Ross (1970), in the studies previously mentioned, looked for
the presence of leguminous weeds in the ficlds that had grown wheat or root
crops for 120 years. They ieported that there wvas no record of leguminous
weeds in the fields with root crops, and the distribution of rhizobia in the wheat
Geids did not correspond with that of the legununous weeds. Thus, their results
are noi complicated by the presence of the hust legume. However, in a survey of
2 meadowland cut for hay for aver 100 years, Nutinan and Ross (1970) found a
“stnhing cottespondence” between the occurrence of Rhizobium species in the
soil of each plot and the presence of its host legume.

3.3. Soil Factors

In the preceding section, consideration was given tc ways in which various
plant specivs influence numbers and persistence of rhizobia. In this section are
discussed the cffects on Rhizobium of general and specific soil factors.

23.1. Soil Manceement

Walker and Brown (1933) investigated the nfluence of seil-management
practices on rhizobia, fowa fiehds (origimal sml pH 5.7) which were cropped in
Jaear retatens (corn, oats, and red clover and altalfa) wee compared to fields
cropped o comn and oats i 2y ear rotations. The fields either were not fertilized
or were treated with venous combinations of manure, limestone, rock phos-
phate. and crop residues Rhizobial density was determined using Wilson's
Glanon-nedalitien technngue. The results showed that the numbers of R, tn-
Jolsand Rooodlon were approvniately 100000 greater i the 3-year rotation
(o ctos e ke dunae srowth ol g soalegume crop) than e the 2-year rota-
tien. The authors also noied that soil amended wath manure, lune, and rock
phosphate (pH 0.9) contained 100- 10 1000-fold srore ehizobia than fields with.
out these mmend: s regardless of ihe kind of rotation. They therefore con-
cluded that, although the hind of rotaion atfected the rooi-nodule bactenia, soil
marsooment wos e mpartant n promoting high rhizobial numbers than the
freqacey of the host crop.

Numerous other reports, on the etaer hand, have indicated no significant dif-
ferences in rluzobual populations as a result of various types of soil-management
practices (Wilson, 1931, 1934h; Wesver eral., 1972). However, the effect of soil
manazement on thizobial sumaval has not been systematically studied.

3.3.2. Physical and Chemical Stresses

3.3.2a. Acidity. Because many agricultural soils are naturally somewhat
acdic and because large tracts of tropical soils are often highly feached and
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acidic, the effect of low pH on the survival of Rhizobium is of considerable
impottance.

Bryan (1923) has done the most comprehnsive experiments in this regard.
He treated five acid suils (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 tubes
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 weceks, the presence of nodules was assessed. The study dicclosed
that no nodules appeared on alfalfa inoculated with soils below pH 4.6-5.0, on
red clover from soils below pH 4.5-4.9, and on soybeans from soils heiow pH
3.5-4.2. Above these pH values, nodulation occurred. Bryan (1923) tested al-
falfa rluzob:a further on fine sand, peat, and silt loam and recorded the same re-
sults. He then concluded that the above pH ranges were critical for sumival of
the respective thizobia (Table I). Since Bryan (1923) made no bacterial counts,
the imtigl rthizobial densities, the rate of decline or increase in pupulation, and
whether nodulation reflected the presence of one or many rhizobia are
unknown.

The cuncal pH values are similar to those found for pure cultures by Fred
and Do caport (1918), howeser. These investigators inoculated a defined,
taniiol-wuits medinm wath 33,000 cells/ml, and they obscrved that diffeseat
steans did not geow below a cnucal pll value. For alfalfa and sweet clover thi-
zobig, the cntical pll was 4.9 for garden pea, field pea, and vetch, pll 4.7; for
ted closer and common bean, pH 4,15 for suybean and velvet bean, pH 3.3; for
lupines, plt 3.2. Thus Fred and Davenport's (1918) results for slfalfa riizobia in
pure culti ~e correspond o those of Bryan (1923) in soil, and their vesults for
red closer and soybean give catical pHovalues shightly below the respective values
found by Beyan (1923). On the other hand, Grabam and Parker (1964) showed
that sensitivaty of a given species of Rhizobium to pH in culture varied up to |
pH unit according to individual strain.

Additional valies tor the lower pll Lot to duzobial growth or survival are
given in Table [ All but Bryan (1923) and Vincent and Waters (1954) derived
the Tt for growth by using culture media. The latter authors inoculated sterile
soils and vhserved growth of R trifolii between ptl 5.5 and 8.0 and luss of via-
bility below pll 5.5,

Jensen (196Y) carried out laboratory studies on survival in soils of varying
(znd somewhat vanable) pll tor up to 159 days. At pH values of about 6.1 and
abuve, the numbers of both R. tnfolit and R. mehiloti appeared stable (3000-
100,000/2) for this period. At about pH 5.5 and below, the abundance of both
specics decreased with time, but R. meliloti appeared to decline more quickly
than R. trifolii; the lower the pH, 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™ pH for R. meliloti
would be 4.5-4.9 and, for R. trifolii, just below pH 4.5. Jensen (1969) actually
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Table 1. pH Below Which Rhizobium Does Not Grow or Survive

Lower pH for growth o1 survival

Fred Mendez-
and  Holding vastro  Vincent Graham
Daven- and and and and
Bryan port Lowe Jensen  Alexander Waters  Pasker
Ba:tenum (1923) (1918) (1971) (1942 (2976) (1954) (1964)
R. melilon 4.6-5.0 49 $.3-5.5 4.5-5.6
R. tnfolis 4.5-49 4.2 4.5 5.1-5.3 4.6 5.5 4.5-5.0
R legumin.
oLIrum 4.7 4.0-5.0
R. rhescoli 4.2 4.0-5.0
R. Lapin 3.15 4.0-5.0
R, spomcum 1.5-4.2 33 4.2-4.6 3.5-4.5
Rlizobuon sp, 33

wehvet bean)?

Rizzobiam spp. 4.0-5C

ARmizobium from the cowpea-type cross-inoculation group is designated for clarity as
Rhzobium sp. In parentheses is given the plant species f[rom which the strain was isolated.

concluded that the “critical” pH for R. meliloti was | pH unit above that for R.
trifelii.

Jensen (1969) also took samples from 214 field sites in Denmark. He re.
poiied that R rrifulii was almost ubiquitous in cultivated soils. In 27% of the
samples, the dens:ity of R trifolii was 100,000/ or more, and only a minor frac-
ton of these samples came from clover fields. Similarly high densities of R. mcli-
loi, however, were confir:d to existing alfalfa fields of pH above 6.0. Below pH
6.0. the occurtence of R meliloti was sporadic, and its pupulation did not seem
to exceed 1000 g,

The ahove differences in R. melilotd and R. irifolii population densities in
the ricld have been underscored by Rice eral. (1977). They found that bacterial
numbers under host plants were between 100,000 and 1,000,000/g of suil at ap-
proximately neutral pH and fell off sharply below pH 6.0 for R. meliloti and 4.9
for R trifolis.

Peterson and Goodding (1941) sampled 316 Nebraska soils to establish the
etffect of pH on R. mchiloti. Samples of the soil were 1dded to stenie sand
planted to altalta, which was then observed for nodulation. In these studics, 40%
of all samples contained rhizobia. When the percentage of samples contajning
thizobia was plotted against the pH of the soil, a straight line resulted, running
from pH 5.6 (107 contained rhizobia) to pH 8.6 (100% contained rhizobia).
Thus, the frequency of R. meliloti occurring in thes. soils was directly related to
the pH. It is worth notiny that all the pH values ia this stuly are above the criti-
<al 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 numberss of rhizobia in the coil nut is it
possible to establish how long the thizobia inhabited the soil. From their results,
one can conclude that the higher the soil pH, the greater is the probability of
finding surviving alfalfa ront-nodule bacteria.

Wilsen (1934a) similarly sampled soils of different pH values, but he counted
R japonicum by the dilution-nodulation proceduie. He found no correlaiion be-
tween pH and the number of soils with R. jeponicum. Ar was the case with the
soils used by Peterson and Goodding (1941), all of Wilson's samples were alinost
2 pH units above Bryan's critical pi{ value (>5.0 vs. 3.5-4.2). Yet the two sets
of results are quite dissimilar, possibly reflecting differences between B. japoni-
cum and R. meliloti.

Liming of acid snils often enhances rhizobial survival. For example, Vincent
(1958) failed to find R. meliloti in soil of pH 5.3-5.7, whereas counts of 10¢-
10° /g were found if the soil pH had been raised to 6.8. He also found that R. ¢ri-
Jolii failed to spread seyond rows of lime- and superphosphate-pelleted Jover
sceds, presumably because the environment between the rows -was too acid.
From such data, 1t it not pussible 1o determine if raising the pH leads to growth
or just favors persistence. 1- other cases, adding lime or superphosphate in-
creased nodulation (Robson and Loneragan, 1970), but again no information
was obtained about survival of Rhizobium.

On the other hand, Mulder ef al. (1966) found much higher numbers of R.
trifolii under red clover in a soil at pll 5.1 than n a soil which had been limed
(7R00,¢ v». 0) but was unplanted. Thus, the rhizosphere may protect rhizobia
from the harmful effects of acidity.

Norris (1965) advanced the hy pothesis that slow-growing or “tropical’ rhi.
zubia are nore resistant to aadity in soils than fast-growing or temperate rhizo-
bia. However, no supporting evidence exists apart from the results of Bryan
(1923). For example, the work of Loustalot and Telfurd (19:4R) on tropical
kudsu was cited by Norns (1939) as indicating that tropical rhizobia survive at
low pH values; however, although kudzu grew better and contamed a ligher per-
centage of nitrogen at pH 4 than at higher pH values, Loustalot ang Telford
(1948) provided no ewidence that rhizobia survived outside the nodules at that
ptl or even that nodulation can take place at pH 4 since the plants were trans-
plcated to sand at the appropriate pH when they were 3 months old.

The results described above lead to the conclusion that strains of R. meliloti
are less towcrant of acid soils than those of other rhizobial species, few of which
have been studiad in any detail. The definition of “eritical” pH 15 not clear. One
can imagine that the rhizobia either grow or at least persist in reasonebly con-
stant numbers above sow» acid pH value. Below this value, the bacteria probably
decrease in numnbers, very hxaly with greater rapidity as the pH decreases, It is
important to establish this critica! pH and to know the extent of survival in soils
of lower pH values. If the soil pH is vclow the critical level but is high enough to
allow sufficient rhizobia to persist into the next growing season, the bacteria
may still brirg about adequate nodulation the following years.
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Certain clays protect a number of species of Rhizobium from the effects of
drying at temperatures Letween 20 and 30°C. Other substances also give protec-
tion or alter susceptibility to drying. In the experiments of Bushby and Marshall
(19773), polycthylene glycol 6C00, glucouse, sucrose, and maltose (2077 solutions)
mixed with soil 1n a satio of 11 (v/v) resulted in count, after drying of 6,920,
30,900, 45700, and 41,700, respectively, compared to 676/g for unamended
soil. Polyvinyl pyrrolidone 40,000 (207) and glycerol (57) afforded no prowec-
tion, and polyethylene glycol 400 or 1500 (each 207 y were actually detrimental
to survival. Vincent of al. (1962) also found that mal*ose pi1stected thuzobia
against the cffects of drying on glass beads.

Other factors important in resistance to drying have also Seeniznorted. Pant
and Iswaran (1972) found 1 correlation between soil phosphiorus and aminty to
suriive drying. Tt also appearcd that high soil pH made a Riuzobium stian for
peaniut and R japonicum: more susceptible to Jdrying (Pant and lswaran, 1970;
1972). An cathier report andirectly imiplicated low pH in the susceptiblity of
R. japonicum and cowpes Rhizobuam 1 desicestion (Rich nond, 1926)

Some evidence exists that sters'e sails present no safer haven for survival of
thizobia to drying than nonstenle soils (Hedhin and Newton, 194%), and bactenal
capsules appear to provide no protection aganst the consequences of drying.
The stram of R japonicurt 1ecovered by Sen and Sen (1956) after 19 years from
dry soillhiad no capsule. Bushiby and Musshall (19774) state that capsulated strains
of R tnfolit were not cenustently hetter protected agsainst drying than their
noncapsulated varnants, aithough the data presented i thuat report do not uphold
ther <tatement,

Species differences o dryme have also been estabhished Foulds {1971)
found R. .qfoli to be much moie resistunt ta drying an sal than R melifodi or
the bactena nodulating Lotus. The sesults of Peia-Cabnales (1978) desenbed
above pomt to no species difterences during drying, but to potenual differences
in drought tolerance at constant low soil moistare. Bushiby and Marshali (197 7a)
showed that manry strains of stowgrowang thwzobia (R uponicum, R lupini, snd
the cowpea thizobia) survived short-term deying better than the fast growess
(R. mellcni, R leguminosanam, and R, tnfolu), slthough within each group
there was much vanatton. To the contrary, however, Delin (1971) observed that
a strain of R, meliloqi took eight-fold lorger to be reduced to 177 of its iminial
number oa glass beads than strains of R japonicum or R, lupini

Certan treatmients have heen clanned o increase resistance to drying. Delin
(:971) holds a patent on a3 method 1o produce rhizobal strans resistant to
desiccation. He selected strains that required seven times as long as the parent to
die off iv 19 of the initial number on glass beads. Chen and Alexander (1973)
reported that bacterial growth in solutions of low water activity could confer
drought resistance. Bushby snd Marshall (1977a), on the other hand, found no
relationship hetween the abiity to grow in solutions of low water activity and
resistance to desiccation, although the methods used for drying soi were quire
differcnt.
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All 10!d, the mechanism relating soil water loss to the numbers of rhizobia
surviving desiccation is just beginning to come to light. The bacteria appear more
susceplible to the effects of drying in sand than in heavier textured soils, and
cerain ¢lays such as montmonllonite and a number of sugars can often provide
protection. Suscepuibdity does not decline in sterile soil, so other soil micro-
orgamisms are not a factor. Evidence, not entirely consistent, suggests that the
group of slow-growing rhizobia is more resistant to drying or survives better in
dry sou than the fast-growing rhizobia. Bacterial capsules are reported to afford
no protection to drytng.

33 2e. Higi Temperature. Soil temperatures in some parts of the tropics
and even an seme temperate areas have been found to be quite hig™ compared
o the overlying air; eg.. 65.5°C at 2.5 cm below the suiface (Marshall and
Roberts, 1963). Survival of thizobia in sod at high temperatutes 1s strongly
conditiened by whether or not the soil is wet er dry, and, whereas survival at
nwdenate temperature is greater when soi is moist (Foulds, 1971, Danso and
Alenande | 1974) sarvival at temperatures above 40°C is preatest when soils are
dn . Poor nodulaton of vanous legume seedlings in southeastern Queensland
foilowing mad- 1o late-summer rains was ohserved by Bowen and Kennedy
(1959), althoagh watenne strains of the same bactena onto rows several weeks
later gave pood podiulaton Since sbsence of moisture and nutntion were not
provicinan those trials, they decnded to test survival at hugh temperatures, waich
they Cefined upon exarsining the manimum temperatures tha! allowed growth in
culture. These maxuma as well as those reported by Ishizaw-. (1953) and Mendez-
Castro and Alexander (1976) are given in Table I1.

Table 1. Maximum Temperature for Growth of Raizobium in Three Studies

rondez-
Castio
and
Bowen and Kennedy Ishizawa Alcnander
(19259) (1953) (1976)
Numher Mivimum Numboer Manvimum  Maxisnum
Ciosv-iroculation of range of range range
group strains Q0 Averzge  strains O cO
Alislfa 8 36.5-42.8 41.0 28 39-42.5
Qlover 9 31.0-384 332 5 35-37 38-39
Pea 2 320-32.7 323 8 35-37
Cowpva goup,
ete. 68 30.042.0 354 49 32-425
Lupiae 9 32-33
S0y bean 10 32-35 42-43

Bean 8 35-37
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There are clear differences in maximur lemperatuses for growth, and to
date alfalfa rhizobia show the highest average Accordingly, Bowen and Kennedy
(1959) chose 40°C at which to test survival, and they found that in moist sand
only alfalfa rhizobia survived 24 hr, whereas all other strains tested had lost
viability or were dying off in that tune. They also found that, of two Rhizobium
strains which nodulated Centrosema pubescens, the one with the higher maxi-
mum temperature for growth (38 5°C) apparently survived at 40°C better than
one with a lower maximum temperature for growth (35.2°C); in this expeniment,
however, tliey measured nodulation and not nuimbets of bactena.

In order to test adaptation to dfferent chmatic conditions, Widkins (1967)
took soils, all contaming rhizobia, from warmer and coolzr regions of New South
Wales and subjected themn to Nigh temperatures. Although she imessured nodula-
tion and no: counts, she concluded that thizobia from wanmer reginns sunived
higher temperatures better than thizobia from cooler regions: the conclusiun is
questionable, however, since imtal rhizovial numbers in thes2 ditferent sods
may not have been the same. On the other Frad, her compansons of survival
at hugh temperatures under moist and dry conditions are notewcrthy . In moist
soil, alfalfa rhizobia were found to survive $0° but not $5°C for S hr. In dry sod,
by contrust, these bactens sunvived over 100°C for S hr. Psoralca thizobia sut-
vived 00°C 1 moist soid for S hr, but some cells were <till viable at 160°C in dry
soil for the same penod of time. Maosture, which protects soot-nodule bacteria
at moderate temperatute, 1s thus a deleterious factor at elevated temiperatures.
The same conclusion is reached by a consideration of roatine stenhzation proce-
dures used in the laboratory. Means to amend maoist suils to proiect thzobia
from high temperatures have not been sought, but Bowen and Kennedy (195%)
lowered temperatures signiticantly by covening soil with a plant canopy or plant
residues.

Marshall has extensively studied thizobal survival at high temperatures in
dry soil and has rot only found amendments that protect thizobia, but he also
tried to explun how they work. Marshall (1963) fizst demonstrated that R, n-
Sohi TAD was much less susceptible to high temperatures m dry, st:nle, non-
problem soils than in problem (**second year mortality™) soils of Western Aus.
tralia, noting that after S hr at 70°C, thizobial counts were 102 -10% greater in
the nonproblem soils. Clays such as montmontlomte and dhte protected (gave
10*-fuld greater counts), but kaohnite did not. Sinntaily, of the wwon oxidas
tested, haematite protected thizobia but pocthite did not. Montmonllonite 2ls
protected against four or more exposures 1o 50°C. In addition, Masshall showed
that fast-growing R. mcliloti SU47, hke R. trifolii TA1, was protecte< by mont.
morillonite o fly ash, but that slow-growirg strains R. japonicum QA372 and R.
lupini CP1 survived in high numbers in the absence of these clays and were not
protected further by their addition.

In a series 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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nodulating soyheans supported more rhizobia, actinomycetes, and tozal micro-
organisms, but the stimulation disappeated until, when the soybeans reached
maturity, the rhizosphere of these plants contained considerably fewer total
microorganisms. Differences in nutation of the bacteria were also observed be-
tween the two rhizosphere 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 texins on Rhizobium is quite limited.

3.3.3b. Microbial Toxins. The “second year mortality” problems of sub-
terrancan clover in Western Austrahia 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. lupini (Chatel er al., 1968). The
major cause of R. trifolii TA1 die-off was traced to a water-soluble soil factor
v'hich strongly inhibited R. trifolii TA1 and R. meliloti SU47 but hzd no such
«ffect on R. lupini WUT. The extracted factor was removed from soil by centri-
fuging the soil sample over a micropore filter. The toxin was found in the grow-
ing season in soils drying out after a light rain, and the inluibitory substances
were quite labile, lasting usually 1 day. Of 59 microorganisins isolated frum
affected soils, 9 (including an actinomycete and many fungi) inhibited both
R. trifolii and R. lupiri on agar plates and 19 intubited R. trifolii alone.
No solate inhibited R. lupini without also inthibiting R, trifelii. Based on
these data, it was postulated that the *second year clover mortality™ problem
resulted from a microbial toxin inlubitory to R grifolii TAY. The problem was
solved by isolating sttains of R. tnfolii which survived in these ficlds and using
them for the preparation of inoculants. The toxins or extracts are not known
10 have been tested against the presumably resistant strains or to determine th2ir
effect on the survival of bactena in soil.

Bepgs (1961, 1964) desczibed another problem of clover establishmen
certain soils in New Zealand. The problem was related to oversowing of seeds on
“<un-bleached” silt loam sails, especially in the presence of danthonia plants,
although clover could be established by cultivating and liming the soil o1 stenliz-
ing it with formalin. Parle (1964) added nitrogen fertihzer and got guod clover
growth until the available mitrozen level fell. He found that the problem was
telated to danthoma plants present in the area; with hve danthonia present,
clover faled o nodulate, and no clover thizobia could be found in the soil.
When the Iive danthonia plants were removed, Parfe (1964) observed that 23%
of the et clover plants nodulated and 1670 rhizabia were present per gram of
soil; with only dead plants present, 45 of the test clovers were nodulated and
there were 14,300 rhizobia per gram of soul. Thus, there was apparently a potent
toxin against Rhizobium in the danthonia thzesphere.

Parle (1954) compated a Rhizobium strain from a small patch of ciover
established in the problem fields with the commercial strain. In pot experiments,
he found 2-3 times as m2ny nodules formed by the new isolate wn the presence
of danthonia. Extracts of danthonia roots and adhering soil gave a zone of in-


http:substan,.es

110 Henry S. Lowendorf

hibition on agar plates SO% greater with the commercial strain than with the
jsolate. 1t is not known how this toxin acts against the rhizobia or whether it is
formed by the plant roots or from microcrganisms associated with the roots.
Because attempts to extract toxins from ground danthonia roots were unsuccess-
ful, whereas colonies of bacteria associated with the rouls were antagonistic to
thizobia, Parle (1964) suggested that the tox in was of microbiological origin.

These two examples of problems presumably caused by iicrobial toxins
appear o have been solved by finding strains of rhizobia which survive where
the originally 1noculated strain Jid not. A third case of difficulty in establishing
clover has been descnibed by Holland (1962) and Hoelland and Parker (1966). On
certain newly cleared fields in Western Ausiralia, subterranean clover failed to
nodulate when noculated with R, rrifolii strains Nal0 and TAL. However, when
the soil was fllowed or cropped to cereals for 3-5 years, normal nodulstion
ook place. The soil was a grey sand (pt 6.8) over a bright-yellow clayey sand.
Aqueous extracis from newly cleared ftields applied to agar plates seeded with
R tritolii showed the presence of a toxin, but this finding was obtained only
twice with certamnty; however, the toxin could also be extracted from leaves of
aftected clover plants, wiach had tumed purphsh red.

The authors compared nodulation. growth of inoculated clover, and rhizo-
biad counts i nonsterntized soil and soil previously tieated with a fumigant. In
these pot evpenients. 42 of 42 plants nodulated in the treaicd soil but only
4 of 43 were nedudated in the untreated control. The numbers of thizobia i the
untreated and turngated sol were 0 and 3000/g, respectively. Of a large number
of mictovrzannis isclated fron the problem and nonproblem fields, 277 from
newiy ceared fields and only 1077 1rom established clover ficlds produced a
tonia avainst R grifolif. When these microniganisms were inoculated along with
R trijodiinto stenle sand cultures of clover, nodulation and growth were nor-
mz!.and no tovcity was obsenved. However, af sucrose o1 straw was added to
the sarad tezether with imdwvidual microorgamsms, many fuag were seen to in-
L crowth and seduiatton and to cause pinphsh-red leaves to develop oa the
clover, None of the nicroorganisias om established clover fields inhibited the
clover, oely those from the newly cleared ficlds. Chatel and Parker (1972)
puirted out that 1t rerans 1o be shown that the soi toxins are produced and
infubit thryoh in unamended suoils (or that the problem “ields are comparable to
the cnended experisiental sonls) and that the substances zee microbial metabolites.

Hely er al. (1957) were unable to identify 3 presumed microbial antagonist
to clover rhizobia at another location in Australia, but they obtained good results
by stenthizing the sod or amending 1t with charcoal (100 Ibfacre). 1t seems as if
problems resulting from nmicrobizl toxins have been especially prominent with,
or perhaps even hinuted to, newly cleared fizlds and fields newly cropped to
legumes, at least in the case of clovers. The established microbial populations
may be antagonistic to newly inoculated rhizobia.


http:nonsterili.ed

Survival of Rnizobium in Soll 1t

Fungi There are numesous studies of fungal toxins agairst rhizobia, but the
information gained is gencially not directly related to field problems. Thus,
Thornton et al. (1949) isolated strains of Penicillium which inhibited R. mehloti
on agar plates. Chhonkar and Subba-Rao (1966) found that some species of
fungi isolated from nodules of common lsgumes produced toxins against several
species of Rhizobium on agar, and they demonstrated that one fungus inhibited
growth and nitrogen fixation of inoculated Trifolium alexandrinum.

Actinomycetes. Van Schreven (1964) tested 24 actinomycetes on agar
against many strains and species of Rhizobium and treported that sume of the
bacteria were susceptible to antibiotics producea by the actinomycetes. Ahdrl-
Ghaffer and Allen (1950) tested 30C strains of Strepromyces for antagonisin to
several species of Rhizobium in culture. However, they were unusble to demon-
strate the paoduction of antibiotics in <ol contaming nuany streptomy cetes.,
Landerkin and Lochhead (1948), Fogle and Allen (1948), Dumirg and Johnson
(1960), and others also found actinomycete antagonism in culture and in some
cases mhihition of nodulation in soil. Van Schreven (1964) has summarized the
carly hiterature.

Bacteria. Sod bactena have been isolated which produce toxins or antibio-
tics to rhizobia in culture (Hattingh and Louw, 196Y; Smith and Mller, 1974),
Rhizobia themselves may synthesize bacteriocins and antibiotics (Ruslycky,
1967, Schwinghamer and Belkengren, 1968; Schwinghamer, 1971). No con-
vincing evidence exists that one species of Rhizobium is more susceptible to
microbial antagonism than another (Landerkin and Lo.head, 1948; Fogle
and Allen, 1948; Ab lel-Ghafter and Allen. 1950; Van Schreven, 1954 Chhonkar
and Subba-Rau, 1566). Moreover, no evidenice was given in any of these papets
that micribial antagonists in question have any effect on rhizobial survival
in soil.

3.3 4. Parasites and Predators

3.2 da. Bacteriophages. Bacteriophages can rapidly decimate a host bacterial
population in laboratory miedia, but no data exist to show convincingly that these
parasites do appreciable harm to thizobia in soil. Fatigue of alfalfa soils has been
ascribed to a bacteriophage which attacks alfalfa rhizobia, and Demolon and
Bunez (1935, 1939) isolated o bacteriophage-resistant Rhizobitem which in some
ears as much as doubled the alfalfa yields on problem soils in France. However,
nu evidence was offered that the beneficial effect of the resistant stiain was
atintbutable to its bacteriophage resistance. An attempt by Vandecaveye er al.
(1940) 1o repeat these expeniments in Washington faiied; thus, inoculation of
alfalfa with R. meliloti tesistant 1o a bacteriophage isolated from fatigued fields
did not improve yiclds, although nitrogen fertilizer resulted in ncarly a three-
fold increase in yield. Bacteriophages against R. meliloti have been isojated in
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