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Growth of Rhizobium Strains at Low Concentrations of Phosphate1 

K. G. CASSMAN, D. N. MUNNS, AND D. P. BECK2 

ABSTkACT 	 efficient. One strain could barely grow at P con:entratlon belo 4 
1 uM; this strain could have difficulty colonizing P-deficieitY 

A technique was developed for assessing effects of P on soils or normal rhizospheres. 
growth, in defined liquid media at orthophosphate concentra. Large differcnces in tolerancr -,j low P among strains may 
tions comparable to those in soil solutions. Phosphate was be agronomically important. The technique could be simplified 
supplied in sorbed form on iron oxide (goethite) separated from for routine screening of strains; and its operation at submicro
the liquid medium by a dialysis membrane. Depending on the molar concentrations could be improved for research on nu
level of sorbed P, concentrations in solution were established trition and requirements of P.efficient rhizobia and other 
in the range 0.05 to 30 pM. Analytical monitoring indicated organisms.
 
that concentrations above 0.1 AM were buffered against de
pletion by call growith until populations exceeded 101 cells per Additiona2 Index Words: legumes, limonite, microbial nutri
ml. tion, nodulation, nitrogen.
 

The system was used to compare P responses of seven strains 
of soybean and cowpea rhizobia grown from P.depleted ino- Cassman, K. G., D. N. Munns, and D, P; Beck. 1981..Growth of 
cula at initial densities of 10' cells per ml. Two P-efficient Rhizobium Strains at low copcentrations of phospHate. Soil 

strains grew as rapidly at the lowest concentration (0.05 pM) Sci. Soc. Am. J. 45:520-523. 

as in a control medium at 2,000 uM. They would seem un
likely to be P-limited in the field. Other strains were less 

'Contribution froai Dep. of Land, Air, and Water ltesources, T HERE HAS BEEN much research on phosphate nu-
Univ. of California, Davis CA 95616. Received 22 Aug. 1980. .. trition of legumes but virtually none on phos-
Approved 12 Dec. 1980. 

'Postgraduate Research Scientist. Professor, and Graduate phate nutrition of Rhizobium (1). The little relevant 
Research Assistant. data imply that Rhizobium can grow at low concen
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trations of dissolved orthophosphate, somewhere below
10 t±M (5, 10). This ability would be expected; phos-phate is typically between I and 10 AM in soil solutions
(7) and it may fall below 0.1 1±M in rhizospheres (4,
6). Rhizobia can produce effective nodulation on P-
deficient plants. Yet sometimes P fertilization im-
proves nodulation and nitrogen fixation (1, 3), per-
haps because some strains of Rhizobium lack adapta-
tion to normal low-P conditions. Loss of adaptation
might, for instance, result from prolonged culture in
conventional-culturei,000 to media with P at ioncentrations10,000 times higher than in soil solutions. 
Whe0 to is,000a ibesa higherconcenaonl stins.When it is available at high concentration, strains dodiffer in ability to store P internally and use it for later
multiplication under deficient conditions (2). But it 
seems likely that a strain capable of invading rhizos-
pheres would also need efficient P uptake from verylow ambient concentration. This property might also
differ between strains. 

In soil, release of P from the solid phase more orless buffers P in solution at low concentrations,
Growth of organisms in P-deficient soil should thendepend on the concentration maintained in the solt.
tion in contact with the organism. It will depend only
incidentally on total P in the soil. Experimenls in 
simple media will not be relevant if one simply addsdifferent amounts of soluble P and allows them to rnn 
out. Concentrations must be maintained. This could
be done in chemostat or flowing culture, but the
large concentration ratio between organism and me-
dium would cause difficulty, and screening of large
numbers of strains would be awkward. 

Accordingly, we developed an "iron oxide dialysis
culture" system in which P is held in solution at con-
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Fig. l-Phosphate-sorption and -desorption isotherms for go-

ethite (Ward's 'limonite"). Sorption isotherm (circles) byanalysis of 0.01M CaCl2 solution-phase at end of loading pro-cedure. Desoa-pton isotherm (triangles) by analysis of growth
medium 3 days after addition cf phosphated goethitt with
autoclaving. Black and open triangles indicate separately
purchased and processed batches of go thite. 

stant concentrations by desorption and diffusion from
phosphated iron oxide powder. For convenience
analysis and counting, the iron oxide is separated

of 

from the liquid medium by a dialysis membrane. The 
purpose of this paper is to describe the procedure and
to present evidence for large differences between
strains in their ability to grow at low external P con
centrations. 

MATERIALS AND METHODS 
RIALSCultures AND Methof Rhizobiurn jponicum were obtained from the 

U.S. Department of Agriculture collection at Beltssille, Maryland. The cowpea Rhizobium strainobtained CB756 (=TAL309) wasfrom CSIRO Cunningham Laboratory St. Lucia, 
Queensland through Universitythe of 11awaii NiiTAL Project.
Paia, Hawaii.slants.CulturesBeforewere supplied and kept on )eastnitol agar use as inoculum, man
tured in low-P each strain was cul(<0-'M) galactose-arabinose glutamate medium 
to deplete stored P and adapt to the new carbon source. 

The liquid experimental medium contained 3 g arabinosc!, 3 
g galactose, and 1.1.g monosodium glutamate per liter of dis
tilled water, with inorganic nutrientsmolar concentrations: K2 

at the following micro-SO, 250; CaCI2 300; MgSOt 300; FeEDTA50; MnSO, 2; ZnSO, 1; CuSO, 0.5; NaMoO, 0.1; and CoCI20.02. The pH was adjusted to 5.5 with HCI. Phosphate waL 
added either as KH.I'0, to concentration 2,000 IiM (high-P
control medium) or as a dialysis bag containing iron oxide appropriately preloaded with P.The oxide was powdered limonite (Ward's Natural Science
Establishment. Rochester. New York). According to x-ray dif
fraction analysis, it contained mainly goethite (aFeOOH), with 
minor quartz, kaolinite.in mica, and150-g lots by shaking 6 days in 1.5Tht oxide was phosphatedlitir of 10-mM CaC, withthe appropriate amount of KH-IP0, (Fig. 1), followed by filtra
tion and air drying. The adsorption isotherm was determined 
at the end of the 6 days by analysis &f the filtrate.
 

We used "Spectrapor" standard cellulose dialysis 
 tubing,m.w. cutoff 12,000 to 14,000, diametermm (Spectrum 16 mm, thickness 0.02Medical Industries, Los Angeles, Calif.). To set 
up a culture, 3 g prepared oxide followed by 4 ml water werepoured into a length of moistened tubing that had been knottedat the bottom. Air bubbles were remtoved while the slurry was 
mixed in the tube. The tube was then knetted at the top.One bag of oxide with 37-ml liquid medium was put intoeach 100-ml Erlenmeyer culture flask, autoclaved 30 min, and
left 3 days at 25-261C to equilibrate. The desorption isotherm(Fig. 1) was determined at the end of this time by analyses of 

liquid media. 
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Fig. 2-Buffering of P concentration in relation to cell popu.lation density, showing failure of buffering at 10'-cells per
ml. Paired counts and P-analyses were made during growth
in cultures inoculated at 10' cells per ml. 
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Phosphate concentrations were determined as phosphomoly'-

date reduced with ascorbic acid (8). Mannitol suppressed color 

development, but in galactose-arabinose medium we could de
tect no interference either by making analyses after standard 

additions or by varying sample size. 


Experiments were inoculated from slightly turbid cultures 

(10' cells per ml) that had grown 3 days in arabinose-galactose

medium .'ithout added P (2). Inoculum size was adjusted to
 
provide 10 to 10' cells per ml of experimental medium at die 

zero. Viable cells were counted in 41-pldrops on plates oi yeast

mannitol agar (19). At each time, 6 replicate drops were count-

ed from each triplicate culture. Analysis of variance was done 

on log,, transforms of the counts. 


There were three sets of experiments: 

1)Tests of buffering performance. Cultures with limonite pre-


loaded at 125 and 400 pg P/g oxide were inoculated with

strains CB 756 and USDA 142. Then on day% i,2, 4, znd 6, 
samples were counted and centrifuged and analyzed for P 
(Fig. 2). Similar results were obtained in a preliminary test 
with strain USDA 110. 


2) Growth curves. Strains USDA 110, USDA 142, and CB 756 

were counted daily after inoculation into media with oxide 
loaded at four levels of P. For USDA 142, a 2,000-pM con-
trol treatment was included. (Fig. 3).

3)	Preliminary screening. Growth over 72 hours was determined

by daily counting, for six strains of R. japonicum inoculated 

at 10' cells per ml into oxide media at two selected levels of 
P (Table 1). 

RESULTS AND DISCUSSION 

Concentration of P in solution depended on the 
amount added with the iron oxide '(Fig. 1). The 
minimal measured concentration, 0.05 ji.M, can be 
attributed to desorptiou of endogenous P from un-
treated limonite, and possible error due to Si. 

Phosphate was buffered against depletion by grow-
ing bacteria until population density exceeded 105 
cells per ml (Fig. 2). Buffering was less effective at 
low P than at high P, but was still sufficient for de-
termination of P-dependent growth in experiments 
lasting 2 to 3 days when initial inoculum levels were 
low .(103 to 10W cells per ml). Nephelometry would be 
too insensitive for enumeration at these levels; drop. 

8 	 / 8 
USDA 11O 

S/,The 

"3-agronomically 

2 A, 	 0 
USDA 14P 

C8756 
>_ 6 - 6 

// /

Z /KEY 

5 - Initial 5 
Z / A9qP/g A&MP 
t_ / O ide Solution 

< 0- 2000 
J 4 *400 6 4a. 0 2240 0.7 
0 *220 0.7 

'L 	 120 0.1 
o 0 0.03 

3 I I I I I 
0 2 4 6 0 2 4 6 

CULTURE rIME (days) 
Fig. 3-Effect of P concentration on growth curves for two 

P-efficient strains (left) and an inefficient strain (right). 
Note lack of P-response by P-efficient strains USDAIIO and 
CB756 until large population caused P-demimd to exceed 
buffering of the culture system at 3 to 4 days. 

J., VOL. 45, 1981 

counting was convenient, precise, and free of uncer
tainties about dead cells and effects of strain, treat

ment, and gum production on calibration factors [P 
nutrition has large effects on gumminess and cell 
length in some strains, not others (2)].

Spurious growth responses developed when cell 
population exceeded the cultue system's buffering 
capacity. The differences that became apparent after 
day 4 (Fig. 3), with more than 107 cells per ml, simply
reflect differences in release rate from the oxide de
pending on differences in the amount of sorbed P. 
They were not du - to exhaustion of the reserve of 
sorbed P. This was checked by analysis of ceils from 
cultures at 4OO-/Lg P/g oxide. They contained 1.5% 
P (dry weight). In a 100-ml culture with 107 cells per
ml this amounts to <' 2 [g P, and is negligible in rela
tion to the adsorbed reserve even at the low level of 
50 pg/g (150 pg/culure). 

With P concentrations under control, before day 4,
strain CB 756 and USDA 110 grew at identical rates 
at 	all P concentrations tested (Fig. 3); and as rapidly
as 	in conventional media (5). By contrast, from the
beinnntin USda 142 g y at lo Pcn 
beginning,strain USDA 142 grew slowly at low P con
centrations. This comparison establishes that strains 
differ markedly in external P requirements for growth.

Earlier work (2) has shown that Rhizobium grown 
in media at conventional "high" P concentration (2,000 
LM) stored P sufficient to support 3 to 5 generations 

in unbuffered low-P medium. To eliminate storage 
effects, all cultures in the present experiments were 
inoculated with P-depleted rhizobia. Strains differed 
in their ability to store P at high external concentra
tion (2), as well as the ability to grow at low external-
P concentration. Both properties might be important 
in adaptation to natural varying P environments. 

A further screening of six strains of R. japonicum 
(Table 1)indicates a range of variation in sensitivity 
to low P. These six rhizobia grow at similar rates at 
2,000 A'l P. Theii ranking in Table I resembles their 
ranking in ability to nodulate and to establish early 
nitrogen fixation on Clark soybean in low-P sand 
culture (Cassman and Munns, in prepaiation), as well 
as 	their ability to accumulate stored P when grown in
high-P media (2).

strain differences seem large enough to be 

significant. These differences might be 
one reason for conflict between reports on effects of 

on legume nodulation. The efficient strains EnSDA 
110 and CB 756 Fhould tole rate P deficiency in the 
field. Indeed, both are successful commercial strains. 
By contrast, strains as sensitive as USDA 142 might 

Table 1-Growth of six R. japonkeumstrains in a limonite 
dialysis-cultmv medium buffered at two phosphorus 

concentrations. 

Initialcell Generations after 76 hours growth 
Strain density 4x10'MP 6x10"MP 

Cells per ml number 

USDA 138 940 6.9* 9.3 
USDA 110 
USDA 6 

910 
840 

6.4 
5.3 

6.5 
8.4 

USDA 136 1,220 4.8 5.7 
USDA 122 1,280 4.6 .6 
UEDA 142 1,170 2.4 3.9 
* L.S.D (p = 0.05) for comparison of means of one strain at different P 

levels or strain differences at the same PI.-rl are 0.5 and 0.3, respective
ly.
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