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A study was conducted to determine wheth.i the survival of Rhizobium 
phaseoli in acid soils could be predicted on the basis of the tolerance of the 
organism to acidity in cultv -. Of 16 strains tested, all grew in culture at pH 4.6. 
but only those that grew at p- 3 8 survived in soils having pH values of .1 to 4.6. 
Strains that tolerated the lowest pH values in culture were tolerant of the highest 
aluminum concentrations. In one acid soil. an acid-tolerant strain w.'s unahlc to 
survive in numbers greater tharn :00/g. but the poo. survival was not rel:ited to the 
level of extractable aluminum or manganese in the soil. Reproduction ol a iiciJ
tolerant strain of R. phaseoli was enhanced in the rhizosphere of Phose,,!,,f 
vulRaris in both acid and limed soils, but stimulation of an acid-sensiiive strain by 
the plant occurreJ only in the limed soil. rhese results indicate that cul:ural tests 
can be used to predict the abitity of R. phaseoli to suivive in acid soil. 

The common bean. Phaseolus vtlgaris. is an however, than an R. phaieoli strain that grows 
important food in tropical regions of Nort', and in culture medium at pH 4.4 survives poorly in 
South America. Asia. iand Africa. Pc, copita acid soils, although a strain that nodulates cvA. 
consumption of beans is estimated to average peas and grows in culture at pH 4.2 survives well 
between 5 and 25 kg/year in tropical North and (14). 'his paper is concerned with the sensitivity 
South America. for example, and this legume of R. phaseoli to soil acidity. The results indi
provides 20% or more of the ':otal prote:in intake .ate that simple cultural methods can be used to 
per person (17). Beans in Latin Amenca are d:stinguislh strains tolerant of soil acidity from 
typically grown on infertile acid soils, of which -.trains that are sensitive. 
over 10 ha (10'3m') have been identified (8. 19). 
Worldwide, nearly 1.6 x 10v hu (1.6 x i0" mZ) MATERIALS AND METHODS 
of tropical soils are classed as highly infertile. R.pjieoli 523 was onginally obtained from i. C. 
,scid Oxisols or Ultisols (19). Burton as strai- 127KI7.R. phoseoli 6-3 was isolated 

To obtain satisfactory yil:ds of P. vulKaris on from a rJcw York soil tpH 7.6). and R. phaseull strains 
such acid soils, varieties are desired that are C12.C09. CAR36. 442. and CIAT 161 were providee 
tolerant to the stresses associated with these by R. H. Miller. Antibiotic-resistant isolates deriveJ 
soils. These stresses irclude low pH and high fr.m these strains were obtained by transfemrn ; 
levels of aluminum and manganese. Some bean lions of dense culturts Ipov'ng Cceiy in yealt 
cultivars produce far higher yields than others in extract-manni:ol (YFM) broth (211 to plates of YEM 
aluminum-rich, acid Oxiols with lower lime ,:ar containing 1.0 mg of streptomycin sulfate per ml. 
inputs (20). which indicates that breeding beans Colonies isolated from hese plates were inoculate 1 . 

or after growth in YEM broth. ot.tofor cultivation in these soils can provide better either directly
YEM aW containing 1.0 mig of streptomycin and 50

adapted varieties. In addition, to oblaii, maxi- pg of erythromycin per ml. Mutamnts resistant to both 
mum yields and optimum rates of biological antibioli.s (named by addi, g SE and a nur.ber after 
nitrogen fixation from the symbiosis betwen P. the parent strain designation) were inoculated onto P. 
vulgaris and Rhizobium phaseoli, strains of :he vularis var. Red Kloud growing in disposable plastic 
root nodule bacteria must be found that not only pouches (American Scientific Products. Rochester. 
are active in nitrogen fixation but also survive N.Y.) to determine whether the infectivity anO effec
well in the acid soils, multiply in the rhizosphere tiveness of the parent culture were maintained. The 
of the growing plant. rnd infect its roots when parent cultures were maintaint "onYEM agar. and the 
competing with indigenous microorganisms. mutlans were maintained on YEM agar supplemented 
Liten is n nouthefctosoladis y with !h. approprutite antibiotics. In contrast to the
Little is known about the effect of soil acidity rstilts of Date and Halliday (4). who found that some 

on this economically important Rh;.:nbium -ise' 'rains nodulatinS .5tylosonthes spp. grow only in an 
cies or about the ranges of soil acidity tolerance acid medium, all strains used in this s.'Jdl grew well in 
that exists among strains. It has been noted, YEM at neutral pH. although some grew better at pH 
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TABLE 1. Chemical and physical properties of soils used
 

KC:-
Otamc Exchangeable cations (meq/100 g) extractable Composition (%)
Soil pH matter

(%) 
Mg Ca 


Mardin 4.3 4.0 0.25 2.38 

Pismo 4.1 1.8 0.25 0.76 

Windsor 4.6 2.6 0.02 0.10 


5.0 (e.g.. R. phaseoli C12). However, like the strains 
nodulating Stylosanthes spp.. those nodulating P. vul-
garis increased the pH of the defined medium from 4.7 
to between 5.1 and 8.1. depending on the strain, 

Soil samples were air dried, passed through a 2-mm 
sieve, and stored at room temperature in double 
plastic bags. The soils used were Mardin channery sill 
loam (fine-loamy. mixed. mesic, Typic Fragiochrept) 
from New York, Windsor loamy fine sand (mixed, 
mesic, T ;c Udipsamments) from New York, and 
Piarco fine sand (fine, sandy, clayey, kaolinitic, isohy-
perthermic, Aquixic Tropudult) from Trinidad. Some 
of the properties of these soils are shown in Table 1. 
The pH values were determined with electrodes in 1:1 
soil-in-water suspensions. The other analyses were 
performed as described by Greweling and Peech (10) 
and Dower and Olson (6). When soils were to be 
sterilized, they were subjected to 10 Mrad of gamma 
irradiation from a 'Co source (14). For some t.%peri-
rnents, samples of the Mardin or Piarco soil were 
amended with 5.0 or 0.79 g, respectively, of Ca(OH), 
per kg of air-dried soil. The soils were autoclaved 
before they were discarded. 

Tests of acid sensitivity in culture were carried out 
6y inoculating R. phaseoli into a defined medium (14). 
Tie initial count was 10) to 104/ml. Growth was 
ietermined by visual assessment of turbidity. The 
lowest pH at which growth was evident within 4 weeks 
was designated the critical pH (7). Aluminum sensitiv-
ity was determined by adding various amounts of 
AICI) to the defined medium, which contained 10 giM 
phosphxite and had been adjusted to pH 4.7 (11, 16). 
The test bacteria were inoculated into duplicate cul-
ture tubes containing the medium, the tubes were 
ir cubated at 29C on a reciprocal shaker operating at 
120 cycles per min, and the presence or absence of 
growth was observed. 

TABLE 2. R. phaseoli critical pH and tolerance of 
aluminum in a defined medium (pH 4.7) 

Strain Critical AId,
pH (iM)* 

6-3 4.6 5 
C1AT 161 4.6 10 
442 4.4 0 
523 4.4 10 
C09 3.86 50 
C12 3 .86 50 
CAR36 3.8b 50 

ions (14/g) 

K H Al Mn Sand Silt Clay 
0.18 18 170 60 26.7 53.4 19.9 
0.08 6 200 1 29.1 49.9 21.0 
0.02 13 83 i 91.9 3.4 4.7 

For survival studies, portions of air-dried soil equiv
alent to 10 g of oven-drieu soil were placed in sterile 
160-ml dilution bottles, the initial water content was 
brought to 10 or 20% (wt/wt) with sterile distilled 
water, and the soil was incubated for 3 to 5days before 
inoculation. The inoculum added to the soil was 
grown, and the boltles were sampled in duplicate by 
the procedures of Lowendorf et al. (14). Rhizobia 
added to the sterile soil were counted on duplicate 
plates of YEM agar incubated at 29°C. In experiments 
with nonsterile soils, rhizobia were counted on YEM 
agar supplemented with (per milliliter) 1.0 mg of 
streptomycin. 50 g±g of erythromycin, 250 pig of cyclo
heximide, Pnd 50 lig of nystatin. In these experiments, 
as few as 13 rhizobia per g of soil could be detected in 
this medium. 

To determine rhizobi. population densities in the 
presence of a growing plant, ?.0g of dry, nonsterile soil 
contained in a dilution bottle was brought to 20% 
moisture (wt/wi). After 5 days. 2.0 ml of a rhizobia 
suspension was mixed with the soil, and a single seed 
of P. vulgaris was placed on the soil surface. The seed 
was covered with soil by gently tapping the bottle. The 
bottles were covered with Parafilm and incube:-d at 

2
24*C and a light intensity of 165 !o 240 gsmol m - s-' 
(photon flux at 400 to 700 nm) under Gro-lux wide
spectrum fluorecent lamps. Control bottles received 
the same treatment without the seeds. A sample 
cotsisted of all soil in a single bottle, and the first 
dilution was made by adding the dilution liquid (14) to 
the bottle containing plant and soil. After this suspen
sion was shaken, the plant was removed, washed free 
of soil, and dried at 110"C for 15 to 18 I.Root and 
shoot weights were then determined. All treattments 
were conducted in duplicate. 

RESULTS 

All 16 strains tested in the defincd medium 
grew at pH 4.6 or above. Representative data 
showed that some grew at pH 3.8, which was the 
lowest pH tested (Table 2). Because th mini

mum pH value for growth of the most acid
tolerant strains was not determined, the value of 

pH 3.8 was taken as the critical value for these 
strains to estimate an average critical pH; in this 
way, the average critical pH for the 16 strains of 
R. phaseoli was determined to 1 e 4.3 (±0.3 
[standard deviation)). This v,'uz ,. :lose to pH 
4.2, the value given by Fred and Daienport (7). 

We further studied the ability of some strains 

rlighest concentrations at which growth occurred, to grow in the presence of aluminum, which is 
b Lowest pH tested. toxic to beans and most crop piants and is 
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TABLE 3. Survival of R. phaseoi in two ,,Icn1 

soils 


Limed Mardir si,. Windsor Soi. pit 4 6 
pH 6 3 

Stur.'nr ntil us'n 
S n 	 ino nT Sur,,i,,nl I-nital no "t surviving 

(x hu"/) it !o d.'. ) t X d. t aO' 

I-3 35 290 3 t 
CIAT 161 17 470 76 5. 
442 1it) 79 69 U 79 
523 200 30 50 02 
C09 310 46 120 22 
CAR36 3.0 30 130 30 

especially important in a-id soils. The defined 
medium was adjusted with I N HCI to pH 4.7. a 
value at which all strains grew in the absence of 
aluminum, and the phosphate concentration was 
reduced to 10 IM to avoid precipitating the 
aluminum. AICI% was added to achicvc a final 
concentration of 0. 5. 10. 25. 50. or 100 I.M. 
Some strains did not grow at 5 p.M AICI. somc 
prolieraled at 10 but not at 25 .M AICI,. and 
some grew at 50 but not .t 100 I.M AICdI (Ifable 
2). Strains thait grew at the most acid pH values 
also grew in the prcsence of the higher concen-
trations of aluminum. In addition, aluminum did 
not substantially increase the lag time or the 
doubling time of the aluminum-tolerant stra.n%: 
the appearance of turbidity, which was evident 
at 3days in the absence of aluminum, was either 
not delayed at all or delayed at most until 4 days 
after inoculation in the presence of50 pM AI0. 

To determine how physical and chemical 
charactenstics of the soils affected rhizobial 

0 

U. PIARCO. LIMED. PH 6.80 

C 

NMARDIN 

x 	 PIARCO. PH 4. 

-J WINDSOR. pH 46/ 

7 14 21 28 

survival. six of thc strains were inoculated into 
sterilized soils at a final moisture content of 30% 
(wt/wt). In a soil adjustCd to p; '.3. all strains 
survived well after 20 days of incubation at 29°C 

(Table 3). No pnpulation declined below 30% of 
the inoculated number, and R. phaseoli CIAT 
161 and 6-3 increased in abundance. When these 
.ix strains were i:'oculatcd into a highly acid 

soil. however, survival of somc was grcatly 
reduced. In only 8 days. populations of the I.iur 

strains more ,ensitive to acidity in the defi:,ed 
medium (6-3. CIAT 161. 442. and 523) were 
reduced to 0.78 to 5.3% of the initial count. On 
the other hand. rumbers of the two ,tram more 
toler~at of acidity and aluminum in culture medi
um were only reduced to 22 or 30'; of the 
numbers inoculated. Thus. it appears that the 
strains m..re tolerant of acidity anC aluminum in 
culture are also better able to survive in sterile 
acid soil. 

To study the survival of R. phn.roli in non
sterile soils, two antibiotic-r:sistant isolates 
were used. These bacteria had the same acid 
tolerance in medium as did the parert cultures. 
The organisms weri. grown in YEM broth, and 
the cells were inoculated into one limed and 
three highly acid soils. [he final soil moisture 

7content was 20'1 (wt/wt). R. ph.,iiroli 523SE5 
was acid sensitive and CI2SEI wa acid toi. rant 
by all tests described above. In the soil of high 
pH. the numbers of R. pha ircI 523SE. in
creased about 10-fold before reaching a reason
ably constant density (Fig. 1). In the three acid 
soils. the population of this strain decreased 
rapidly by 3or more orders of magnitude in 2 to 
4 weeks. Thus, in nonsterile soils, as well as in 

C', ? 14 21 2"8 

DAYS
 

FIG. 1. Changes in populations of two R. phas.olai strains inoculateii . to four nonstenle soils.
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o MARDIN, LIMED. pH 6.3,0) 
/MAROIN, pH 4.4(o) 

0't 

0 

0 
a 
Mr 
a. 
:_
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-: 
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Z WINDSOR, pH 4.6 
0 
-

14 21 28 35 
DAYS 

FIG. 2.Changes in populations ,facid-tolerant R. 
phaseoliC09SEI in nonsterile acid and limed soils. 

sterile soil and culture medium. R. pha.seoli 523 
and the antibiotic-resistant isolate derived from 
it did not tolerate high acidity. In contrast, the 
abundance of R. phaseoli CI2SEI remained 
essentially constant for 4 weeks in the limed soil 
or the soils at pH values of 4.1 and 4.5. Howev-
er. in acid Windsor soil, strain CI2SEI dcclinezd 
rapidly by 2 orders of magnitude. Thu. this 
strain survived well in most but not all of the 
acid soils tested. 
Two of the other acid-tolerant isolates of R. 

phaseoli, strains CAR36SEI and C09SEI. be-
haved similarly to strain CI2SEI: they survived 
well in limed or unlimed Mardin soil and poorly 
in Windsor soil (all at 30K, mdsture). The popil-
lation changes of one of the strains are shown in 
Fig. 2. Hence. a stress in addition to acidity is 
present in Windsor soil but not in the other acid 
soils examined. 

It was shown above that small numbers of the 
acid-sensitive R. phaseoli 523SE5 survived in 
acid soils for at least 28 days. The bacteria may 
have survived in soil microsites at pH values 
higher than the pH of the bulk soil (14). Howev
er, this persistence is not prolonged. Bacterial 
numbers fell continuously in acid Piarco soil at 
20A (wt/wt) moisture from an initial density of 
107/g to undetectable levels at 9 weeks (Fig. 3). 
The sensitivity limit for counting was 13 cells per 
g of soil. In contrast. R. pha.seoli 523SE5 in 
limed Piarco soil and strain CI2SEI in acid and 
limed Piarco soil maintained relatively high pop-
ulation ',ensities for the same period of time. 

APPL. ENvIRON. MICROBioI.. 

A !tudy wa', performed to determine whether 
roots of a growing bean plant cculd protect the 
acid-sensitive strain ofR. phac.oli from elimina
tion inan acid soil. The plant yields were notsignificantly different in acid and limed soils. and 

the mean weights wcre 317 and 305 mg, respec
lively. n thc limed soil in the absence of a plant. 
acid-scnsitive strain 523SE5 numbers remained 
essentially constant for the 12 days of the experi
mcnt (Fig. 4). In the presence of a plant, the 
abundance or this strain increased about 10-fold.
In the acid soil, however, the density of this 

strain declined slcauily in the absence or pres
ence of its host plant. Therefore. the host plant 
did not pro!cct this strain in the acid soil. In 
contrast, the population of acid-tolcrant R. pha
seoli CI2SEI remained large in the absence of 
plants in both acid and limed soils, and growth of 
the bacteria was stimulated by the plant in both 
soils. 

C12SEI
 
7
 

0 LIMED. pH6.6 
6I
 

_ UNLIMED, pH 4. 
0 U5 

- _ ,_ _ _ _ 

oL0 523SE5 
0 7 

cc LIMED 
W 

--6 
o 
N 
xM 5• 

z o 
9 4 
0
 
"j
 

3 

2 

14 28 42 56 
DAYS 

FIG. 3. Changes inpopulations ofacid-tolerant and 
-sensitive strains of R. phaseoli inoculated at high 
densities into acid and limed Piarco soils. 
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C12SE! 
,to 

S6 UNLIME
aunknown. 

U3 

NT 

a 
O 6 NO PLANT 

LIMED 
_ 

523SE5 

Strains that survived in other acid soils failcd 
survive in the Windsor soil. Hence. this soil 

has an additional stress. the identity of which is 
The concentrations of KCI-extract

able aluminum and manganese did not seem to 
be responsible for the inhibition because the 
levels of these cations were greater in the two 

other acid soils, both of which permitted surviv-
Al of the acid-tolcran. R. plas.oli. The concen-

N L 

ME 3 
NO PLANT ' 

z 5-

PLANT(') 

NO PLAN t(a)


48 12 

DAYS 

FIG. 4. Effects of P. vidguri.s growth on popula-

tions of acid-sensitive and -tolerant %trains of R. 
pha.reoli in acid and limed Mardin soils. 

DISCUSSION 
The development of procedures for testing the 

behavior of R/hizohiutm strains in soil is consid-
ered to be important (2, 9. 12. 13). but attempts 
to screen fast-growing rhizobia for use on crops 
grown in acid soils have not been successful 0. 
3. 14. 18). The results presented here indicate 
that survival of R. pla.seoli strains in at least 
some acid soils can be predicted from the ability 
to grow in defined, acidified medium. Thus. the 
only strains that survived well in a sterilized soil 
of pH 4.6 wcrc those that had grown at pH 3.8 in 
culture, although all strains grew at pH 4.6. in 
contrast, two strains o' R. meliloti survived arid 
multiplied in sterilized soils at pH values below 
the critical value for these strains, possibly 
because of microsites of higher pH in which the 
bacteria proliferated (14). Although microsites 
of higher pH probably exist in the soils used in 
this study. the strains of R. phaseoli with I 
critical pH of -4.4 were unable to grow in thl.,. 
Alternatively, some factor other than the hydro-
gen ion concentration governs the survival of R. 
phas'oli in highly acid soils. 

The only strains that survived in nonstcrile 
acid soils were those that grew at p1l 3.8 in 
culture and survived well in sterile acid soil. The 
less acid-tolerant strain, 523SE5. did not survive 
in any of the acid soils and, even at high inocu-
lum levels, disappeared from the acid soil in 9 
weeks. As a consequence of these findings, a 
procedure for screening strains of R. pha.seoli 
for ;urvival in acid soils can be based on ability 
to grow in culture at pH 3.8. 

SPAtrations of the extractable aluminum and manga
nese in the limed soils were less than 1.0 gg 

(data not shown). Nevertheless. the extractable 
aluminum and manganese may not accurately 
reflect concentrations affecting the bacteria. The 
Windsor soil is also notable because it contains 
the highest proportion of sand of the soils stud

icd. Rhizobial survival is reported to be poor in 
sandy soils subjected to drying or high tempera
tures (13). and perhaps soil texture also affects 

the tolerance of the root nodule bacteria to soil 
acidity. 

It may be possible to use differences in surviv
al resulting from liming to determine the factors 
responsible for the decline of the sensitive rhizo
bia. R.. phaseoli CI2SEI. which was generally 
tolerant of acid soils, survived better in limed 
than unlimed Piarco soil but more poorly in 
limed !han unlim:d Mardin soil. However. the 
cause of such differences in survival resulting 
from lime-induced chatiges in soil properties is 
still unknown. 

The behavior of the more acid-sensitive R. 
phaseoli strain was not tested in soils of pH 
values between 4.6 and 6.3. Therefore. we do 
not know the soil pH below which survival o" 
ihe acid-sensitive R. pl.ascoli is likely to be 
poor. However, the survival of an acid-sensitive 
strain of R. phaseoli has been found to improve 
as the pH of a sterile acid soil is raised with 
incremental additions of lime (14). 

The poor survival of the acid-sensitive R. 
phaseoli in acid soils in the presence of growing 
P. vulgari.s contrasts with the results of Mulder 
et al. (15). who found that the numbers of 
rhizobia in acid soils are higher in the presence 
of legume roots than in their ab.cnce. In the 
presence of '. vulgari.s roots, R. phaseoli 
523SE5 was still subject to the stress of the acid 
soil. although strain C12SEI was able to multi
ply under the same conditions. Similarly. strains 
of R. meliltoti that do not survive in acid soils do 
not persist in the rhizosphere of Aldica o sao
thu (14). Thus, there is presently no way to 
predict the strains of Rhi-ohititn for which the 
stresses in acid soil are alleviated by roots. 

Nodulation of and nitrogen fixation by bean
 
plants were not tested in this study except to
 
confirm the effectiveness of the bacteria. How
ever. bean plants are nodulated abundantly in
 
soil at pH values as low as 4.2 (3). and Spain et
 

5 
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al. (20) reported high yields of black bean in soils 
at pH values of 4.3 and 4.7 and exchangeable 
aluminum levels of 3 and 2 meq/100 g, respec-
tively. Because the plants tolerate such pH and 
aluminum stresses, it is of practical importance 
to identify strains of R. phaseoli that are also 
tolerant. 
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