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ABSTRACT

A study wes conducted te determing the conditions io uns mended vell
that favered growth of Rbitobism. Meisicuing & éry soil resulted lo
growth of R japoaicom sad s sirnin of Rbitobinm nodulating cowpens
but aot of R mwliloti. The extent of decline resuiting from desiccation
was womnlly greater then the incresse following wetting. The extent of
growth varied ameng soil. A freczing-thavwing cycle did net promeote
growth of R phaseoli and the conpes Rbizodism The latter bacteriom
was more lederast (0 8 freesing-thawing cycle than the forwer. Rbi.
todism jeposicam and R phesreols grew readily in the presonce of gov-
minating seeds sad dereloping ree! systems of soybesan, hidney beoas,
rod clover, compens, oals, wheal, snd corn. the popuintion slze raried
emeng the plast species, ond legumes were 80 mere stimudotory than
ssalegumes. The sumbers o R pheseeli ia the rhizonphere of several
planes doclined ln | week. the abundsnce of R joposicam (ell after 6
words ln the soybeea rhisesphere, but the popuintion size of (ke cowpee
Rbitodiam was high for ot rast 10 veeks. Counes of R japosicom |
soll lmcrensed sfter the soll wes amended with soyboan aodubes. 1 is
suggested that appreciodie rhisebiam growth lo snsmended soll occuny
oady la the presrace of grrminating seeds. groviag reocts, sad decom-
posing soduiee.

Additionsl lades Werds: ecology, rhitesghore, soed silmmintion,
érylng.

Pens Cabrisles, J ). and M Alesander 174) Growth of Rhizobium
nungmended sl Suorl W Swx Am ) 4781 B4

A. THOUGH rhizobia are common inhabitants of soil,
evidence that they grow in this eavironment s
santy This 1s surprising because of the importance of
these bacteria 10 the growth of legumes und the nitrogen
cconomy of many sinls However, Chowdhury (4) dem-
onstrated that two species of Khizobium responded to
carbon and mitrogen additions to sail. but no growth was
evident 1n unamended, nunsterile sl Chatel et al (2.
3)showed that R {upini perausted longer and waca better
colonizer of sandy souls than K trife-fir. and they found
corsiderable dhiferences in the ability of strains of R
trifolu to colomze soils Growth rates 1n soil were deter-
mined by Bohlool and Schoudt (1) and Schande (16),
who estimated that the duubling tumes of a strain of K
japonicum in (wo soils were 240 and 168 b Growth of
RAhrzobtum alvo occurs in the thizonphere of legumes as
well as nunleguminous plants (18), and Tuzimura and
Watanabe (20) showed that rhizobia of different crims.
inoculation groups were present in the rhizonphere of
plants the bactena could not safect On the other hand,
R melilot has been reported to be unable 10 wolonize
the clover rhizonphere (14)
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governing the growth of Rhizobium in soil. Consideration
was given 1o circumstances possibly leading to increases
in the availability of nutrients for the growth of rhizobia,
specifically drying and wetting, freczing and thawing, and
the presence of roots

MATERIALS AND METHODS

The soils used were | ima nili feam (fine loamy, mized, mesic
Glmsoboric Haptudalf, pil 7 2. 4 2% organic matter) from Au-
rora, N Y . Williamson silt loam (coarse milty, nused, mesic
Typrie Fragiochrept. pH 6 3, 2 9% organic matter) from lthaca,
N Y . an unclassified histosol (phl 6 2. 31F organic matter)
from Seneca Falls, N Y | Holopaw sand no 1 (luam, siliceous,
hyperthermic Grossarenic Ochraqusll, pll 6 8, 062% organic
matier) from a pasture tn Citra, Fla . and Holopaw sand no 2
(pH 6 4.6 4 organic matter) from s hardwood forest in Citra,
t1a The soils were collected from the surface 15 cm and passed
through a 2-mm sieve

Spontancous mutanisof K japuarcum ATCC 10324, R mel-
ton YDOa20, and Rhizobrum S37, 1he last being an 1solate
from Trinidad that nodulales compeas, revstant 1o 10 mg of
mcﬁlomy. 2 and 50 ug of crythromycin per inl were ohtained
by the method of Dansu et al (3) RAizobium phaseol 1IKI1D,
which was obtained from C Ramirez Martinez, was already
resistant to these sntibiotics The hacleris were grown in yeast
catract mannitol (YEM) broth or ager (21) To count RA(-
todium. YEM agar was amended with 3 4L of 95% ethanol
contatning 0 $% bromthymol dlue. | 0 mg of streptomycin sul-
fate, 30 x3 of erythromycin, 300 g of cycloherimide, and 100
ug of nystatin per ml.

To study the effect of drying srd <ubsequ.nt wetting, the
bacteria were added to 10-g portions (dry weight) of Lima silt
loam contained 1n 120-ml. milk dilution bottles The soil was
allowed to dry a1 29°C with the bottles in 8 horizontsl position.
After 21 d. the so1l was maistened with 20 ml. of sterile water,
snd the buttles were closed with s rubber stopper and incubated
vertically for 3 10 4 d Counts of rlizobis were performed on
tnphcate soil samples A similar procedurc was used for other
soil types, but the length of the dry period was 10 d and 90
ml. of water was added to the Mstosnl

Corn {Zea mays 1. ), oats (.4vema sativa 1. ), wheat (/18-
vum aesiivum), cowpeas ( Viena unguiculata (1. ] Walp ) (var.
Whippocrwill), kidney beat.s ( Phaseolus sulgaris 1. ) (var. Red
Kioud). red clover (Trifolium pratense 1.) (var. Arlington),
and soybeans (Glycine max [1.] Merr) (var Corsoy) were
used to study the response of R phaseoli and R japoaicum 10
germinating seeds and growing rools Lima silt loam (30 g)
contained 1n 8 plastic conlainer (6 containers/plant species),
20 cm top diameter and 20 cm in height, was thoroughly mized
with g cell suspension of RA/sobium. and the r.outure content
was adjusted 10 2R (wi/wi) with sterile wat.r The surfaces
of the seeds were sterilized by the method of Vincent (21), and
10 sceds were planted  <ach o ntaner st 8 depth of 2 cm.
The snls were incubated at 24 10 26°C, and counts were made
of three seedhings at regular intervals Fefore making the di-
lutions, the plant material was shaken for | min in a solution
contaiming 0 OR% K,HPO, and 002% KH,PO, The root sys-
1em and sdhering soil were dried at 105°C for 24 h, snd counts
ate capressed per unit weight of dry materisl Counts of bac.
teris 1n san) are slso eapressed on the basis of dry weight.

[+ study the duration of the thizmphere effect. cowpeas and
wybeans were grown in the suinmer in the greenhouse under
natural hight 1 ims sli luam mized with vermiculite (¢ °, v/")
was added 1o plastic pots (23 cm top Jismeter, 21 cm in height),
20 kg/pot. and inaculated with 8 cell suspension of the ho-
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mologous RhAizobium. The inoculum was thoroughly mixed 1n
the soil using 8 dry blender (Patterson Kelly Co., East Strouds-
burg, Pa.), and two surface-sterilized seeds were planted in cach
pot. The temperatures were 27°C during the day and 21°C at
night. At regular intervals, the root systems in three pots sclected
at random were removed anrd gently shaken for 1 min in a
solution contairing 0.08% K,HPO, and 0.027 KH,PQ,. and
then counts were made.

To assess the eflect of defoliation, cowpeas were grown for
4 weeks in Lima silt loam that had been inoculated as deseribed
above. The acrial portions of some of the plants were then cut
off. At regular intervals thereafter, counts were made of the
antibiotic-resistant rhizobia on the root systems in three pots
of soii using both defoliated and nondefuliated plants.

In studics of the survival of rhizobia derived from nodules,
approximately $ g of fresh nodule tissue from 4-wcek-old soybean
plants was crushed with a mortar and pestle in S0 ml. of a
stertle solution containing 0.08% K,HPO, and 0.02% KH,PO,
This homogenate (1 0 ml.) containing the antibiotic-resistant
R. japomcum was added 10 bottles containing moist Lima .ol
or sterile sand cquivalent 10 10 g of dry material. The moisture
content of the sorl and sand after inoculation was 23 and 12%
(wt/wt), respectively The bottles were incubated at 29°C, and
counts were made on triphcate bottles at different times. A
similar procedure was used 1n tests with uncrushed soybean
nodules, in which case nodule tissue or approximately three
nodules (coataining about 0.29 g of tissue) were added per
bottle.

Table ] -Effect of drying and wetting of L.ima silt loam
on Rhizobium.

No of cella » 10 g sl

Day R jopomicum  Cowpea Rheeobium I melilots R phasend)
0 N30 (L) 1.100 00

21 217 36 s « 0]
22 X] 570 091 <01

2 "” JI6d) 067 <01

F{ 9 Jin 0 %0 <01

Table 2--Growth of cowpea Hhizobium in soils expoaed to s
drying and wetting cycle.

No of cella o 10 g amnd

Holopaw sand
Wilhanison

Nay silt lnam 1hatasol Noo ) No 2
10 10 1% 010 1
1l 35 an 1h In
12 47 Ty 16 12

RESULTS

Drying and subsequent rewetting of soil hac different
¢ffects on the four rhizobia. The dry soil was remoistened
on day 21, at which time R. japonicum and the cowpea
Rhizobium grew, the former increasing in number about
fivefold and the latter about 15-fold in the st day after
the dry soil was moistened (Table 1). This higher count
was then maintained in the moist soil. In contrast, no
giowth of R. meliloti was cvident when the soil was re-
moistened. Rhizobium phaseoli was particularly sensitive
to desiccation, and the number of cell surviving the drying
period was below the sensitivity limits of the counting
procedure.

Sails varying in organic matter content were inoculated
with the cowpea Rhizobium (10* cells per g) and allowed
to dry. On day 10, water was addcd to bring the soil to
ficld capacity. An appreciable incrcase in cell number
was not dctected in the histosol or in the sample of Hol-
opaw sand (no. 1) with the low organic matter content
{Table 2). However, the numbers rosc by more than three-
and scvenfold in Williamson silt loam and Holopaw sand
no. 2, respectively (significant at @ = 0.05), these soils
having organic matter contents of 6.3 and 6.4%, respec-
tively.

A study was conducted ot the cffect of freezing and
thawing because freezing-thawing cycles increase the
availability of organic nutricnts in soil (18). A sample of
Lima silt loam was mixed with the inoculum, stored at
= 29°C for 14 d. and then incubated at 20°C. Under
these circumstances. no increasc in cell pumber was de-
tected with the two test rhizobia (Table 3). It is cvident,
however, that ti.c cownca Rhizobium was more resistant
to the freezing -thawing siress than R. phaseoli.

In tests of the influence of germinating secds and
emerging roots on Rhizobium. the initial counts were 2.5

Table 3—FEffect of freezing and thawing Lima ailt loam
on Rhizobium.

No of cells x 10%g soil

Dey Cowpea iAizobium R phaseoli
0t 4R0 Jio

14 290 0 60
th " <01

16 kP <01

t Beloro freeting Subsequent counts were after soil had thawed.

Table 4—(irowth of HAizobium in the presence of germinaiing seeds and emerging roota of dilferent plants.t

No ofeelleaf R phucenls s 10 g

No of cellsof I juponicum = 104g

Plami ey 2 ey 3 Dayh
Red clover 28 74 2
Oatevar Garry RE.3 2) (1]
Oatavar Aslrg [} 20 0384
Cowpens 31 0 17
Wheat var Tuonderiga 4 aon 00
Wheat var Iimver 14 [} e
Kidney beane 6 15 023
Soyvheane 16 16 40
Cotnvar Daannicen Republic ' 17 LX)
Ceen hinecenaa ARIIXE4 1 n 217 24
Cornvar Cornell 281 il 17 10
None (sl only) 04 030 065

t Two means sre aignifwently different 1.,

of toat end sdhering sl

of root and sdbering sml

Day 7 Ihay 2 Pay 34 Iayh
047 ah 1] Hht 230
on hh hi LI} 41
L 240 1 a2 19
(1] 22 2 (¥} 20
(1} 40 4h 76 IR
I K 1.400 1500 100 [X]
043 ato azn AR 7
Hha 4 [ 1) 21 180
40 1 1 12 21
LY Q) 420 400 410 130
a0 740 620 6 450
042 i ZHn hHi) LN ]

008 1 one ia 1) Limes Jarger than the other for It phaseols and 12 Gan for I8 juponicum
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X 10% cBlls of R. phaseoli and 4.1 X 10* cells of R.
japonicum per g of soil. Seed germination of all plants
was cvident 3 d after planting. The germinating sceds
and developing roots brought about considerable rhizobial
growth (Table 4). Most of the increase in population size
took place in the first 2d. In many instances and especially
‘vith R. phascoli, a decline in numbers in the rhizosphere
was apparent after several days. This decline was some-
times quite large. The legumes as a group and cven the
homologous host legumes were not more stintulatory than
the nonicgumes.

The results of a study of the duration of the root stim-
ulation by soybeans and ~owpeas arc presented in Table
5. Cell densities of about 107 cells per g of dry soil plus
roots were reached in the Ist week for both rhizobia.
Thereafter, the populations of both species increased
slowly with time. Rhizobium japonicum dceclined in
abundance after about weck 6, and this decline continued
until a small number of viable cells remained by week
15. The decrease in rhizobial cclls in the soybean rhi-
zosphere preceded the decline in number of nodules. By
week 13, senesced nodules represented about 75% of the
total nodules, but young, small, pink nodules were also
present throughout the roct system; at this time, all the
leaves were chlorotic, and the pods had become brown
and dry. The cowpea Rhizobium, on the other hand, did
not decline appreciably in abundance, and its population
remained relatively constant from week 5 to 15; at week
20, the pods and 60% of the leaves were drv and brown,
and the total number of nodules had declinea even though
the rhizobia were still abundant. However, the insides of
most nodules werc green, and only a few were still pink
at week 20.

Table 5—Duration of the rthizonphere effect of soybeans
and cowpean.

No uf cells x 10%g of roots

o1xd adhering soul
No ol nidules per plant
R Cowpes
Week sopomicum  Rhiiobium Soyhcans Cowpras
0 217 12 NIt ND
1 100 R ND ND
2 130 16 ND ND
3 240 24 ND ND
4 520 280 62 ¢« 11} ND
5 640 1.400 9 ¢ 21 ND
[} SR0 | .R(X) Rl s 7 180 ¢ 13
10 il ND 9K ¢ 20 ND
13 44 1,200 25 o« 12 165 ¢ 12
18 016 2.900 e 5 200 + 47
20 ND 630 ND Th ¢ 10
t Not determined
$ Mean & SE

Table 6—Effect of cutting the aerial part of cowpean on the
population of cowpea /thizobium in the rhizanphere.

Aerial part removed Acnial part not removed

Days No ofcrlla x No of cells =

sfter 10-g of roots Nodules 10" of roots Nodules

cuttitg and adhering s0il per plantt  and schering soll pwr plant?
0 290 180 4 10 320 191 » 25
4 140 157 ¢ 12 1.700 168 2 16
1 1.500 60 ¢+ 14 2.500 173 419
12 2,400 2. 1 1.30m) 10+ 13
18 1.700 05+ 07 2.6I0 165 ¢ 12

1 Mean number per plant ¢ SE

After the above-ground part of 4-weck-old cowpeas
were removed, the rhizobial population in the rhizosphere
increased (Table 6). The population was maintained at
a high level for a period of at least 18 d after removal
of the acrial parts. The number of nodules, on the other
hand, was appreciably reduced by removing the foliage.
This decline in number of nodules was pronounced after
the 4th day fullowing cutting.

After adding soybean nodules to soil or sterile sand,
R. japonicum proliferated and reached farge numbers
(Table 7). This population was still large at day 30. Fol-
lowing the addition of a nodule homogenate to nonsterile
soil, however, the population declined until only 1% of
the initial number remained at day 30. In contrast, much
better survival was observed when the homogenate was
added 10 sterile sand.

DISCUSSION

Because organic carbon in a form readily available to
bacteria presumably is provided in soil by drying and
subszquent wetting, freczing and thawing, and root ex
cretions, experiments were conducted to determine
whether the nutrients thus made available could be used
to support the proliferation of Rhizobium. Growth of
certain rhizobia occurred when the soil was moistened
after a period of desiccation. It has been reported that
the amount of nutricnts made available during cycles of
drying and wetting depends on the organic matter content
of the soil and on the length of the drying period (17,
18). However, following drying and rewetting, Rhizobium
was not found to grow significartly in the soil with the
highest organic matter content. As a resu'. of drying,
morcover, not only is there presumably a gicater avail-
ability of nutricnts resulting from changes in the organic
fraction of the soil, but the surviving rhizobia face a mi-
croflora somewhat smaller in numbers (19). Nevertheless,
the potential for growth of Rhizobium in remoistcnied
soils. ever with the greater availability of substrates and
reduced number of competitors, should be interpreted
with some caution beciause the magnitude of the decline
in the rhizobial populations during desiccation may be
greater than the increase in numbers after the soil is
moistencd. The marked decline in rhizobia as soii« dry
is well established (9, 11).

Freczing and subscquent thawing, which also increase
the amount of readily available carbon in soils (18), were
not associated with increases in Rhizobium numbers.
However, the declines occurring as a result of this stress
were different for the two rhizobia tested.

Growth in the presence of germinating sceds or root
systems of even nonleguminous plants was appreciable.
Large numbers of rhizobia have previously been noted

Table 7—Mumbers of fthizobium japonicum in Lima silt loam or
aterile nand amended with intact snybean nodules or
nodule homogenates.

No cells = 10° g of soil or «and

From whole nodules From nodule homogenates

Day Sml Sterdle sand Swl Sterile sand
0 0010 0016 100 1no
3 012 017 140 120

10 06l 10 L] 180

20 [LE B 57 LR 170

30 {} 4K EAU 10 150
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in the rhizosphere (13, 20). In fact, it has been proposed
to use the rhizosphere effect of nonleguminous crops to
enhance the establishment of a given strain of Rhizobium
in soils not fivorable to the colonization of Rhizobium
(6). The two :pecies of Rhizobium tested reached similar
population levels, but the population of R. phaseoli often
declined about the 3rd or 4th day after planting. This
decline has been attributed to predation by protozoa in
the rhizosphere of the host legume (8, 12). The data
herein show that the duration of the stimulation by roots
differs with different plant-rhizobia combinations. Thus,
the -‘zobial density in association with cowpea roots was
mainiained at a high level for a lc..g time, whercas R.
Jjaponicum declined markedly as the plant aged. Reyes
and Lchmidt (13) also noted significant declines in the
R. japonicum populations in the <oybean rhizosphere as
harvest time approached.

Nodule; represent a potential source of rhizobia in soil.
However, the time and pattern of nodule growth, decay,
and shedding are not the same for all legumes. For alfalfa,
the nodules remain attached to the root system, and their
growth occurs after each clipping of the crop. In clover,
in contrast, the nodules disappear after clipping, and new
ones appear further down the root system. In soybeans,
the nodules usually decay as the plants senesce (22). The
loss of nodulr - may result in increases in the rhizobial
POpUIatIONS in Suiis, s snown here. Wilson (23) also con-
sidered the nodule as a significant source of rhizobia in
soil, and Paau et al. (10) proposed that persistent infection
threads of senescing nodules may provide rhizobia to allow
for perpetuation of the species. In the present study, it
was observed that additions to soil of Rhizobium with
intact nodules led to increases in the rhizobial population,
whereas additions of a nodule homogenate resulted in a
significant decline of the population. This decline probably
occurred because protozoa reduced the large numbers in
the homogenate and had no effect on the small numbers
derived from nodulzs. However, the sizes of the final pop-
ulations in soil were not appreciably different, whether
they were derived from the homogenate or intact nodules.

Defoliation appears to be a significant factor in nodule
longevity of many legumes (7). However, when the foliage
of nodulated cowpsas was remcved, the rhizobial popu-
lation in the rhizosphere did not Auctuate appreciably,
despite the marked reduction in nodule r.umber. It is
possible that the addition to sail of the rhizobia from
nodules served to balance the numbe: ui bacteria in the
rhizosphere that died because of the lack of nutrients that
would have bheen provided by an actively photosynthes-
izing plant.

Based on the information in this study, it appears that
Rhizobium is usually not capzble of growing in nonrhi-
zosphere soil, where a miajor stress is the lack of available
nutrients. Drying followed by wetting may allow for pro-
liferation in some soils, however. Growth is apparently
chiefly associated with root excretions in the soils studied,
although for brief periods, replication may be linked with
organic nutrients derived from germinating seeds and de-
caying nodules.

Few strains of Rhizobium and few soils were investi-

gated. Hence, additional strains and soils should be stud-
ied to confirm whether the conditions for growth postu-
lated here are applicable under a wide range of natural
conditions.
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