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Tolerance of Rhizobia to Acidity, Aluminum, and Phosphate' 

H. H. KEYSER AND D. N. MUNNS2 

ABSTRACT observations on relative tolerance of the species agree 

Low levels of phosphorus and high levels of aluminum are with studies in acid soils (Damirgi et al., 1967; Jensen 
important soil acidity factors for the growth of higher plants; 1969). Within each species, important strain-to-strain 
however, very little is known about their effects on the soil variation has been demonstrated (Graham and Park­
rhizobia. The present study was conducted to determine the rela- er, 1964; Munns, 1965a). 
tive effects of acidity, P, and Al on rhizobia. Tolerance of low Besides low pH per se, acid mineral soils have low 
pH (4.5), low P (5-10 p), and high Al (50 01) was assessed levels of phosphorus and high levels of aluminum 
for 10 strains of cowpea rhizobia by detailed growth studies in (Kamprath, 1973; Pearson, 1975). There has been lit­
defined liquid media. Tolerances to these factors were deter- tie research on the effects of these two soil factors on 
mined for 65 strains of cowpea rhizobia and Rhirobiun jaoefin 
cum by a rapid method based on attainment of turbidity from rhizobia. An early study of effects of P on rhizobia 
a small inoculum. Strains varied in response. Low P (as com- showed positive growth response to P additions in soil 
pared with 1,000 uM) limited total attainable population den- (Truesdell, 1917). Kamata (1962) related the ability 
sity to 5 X 101 cells/ml, and slowed the growth of some strains, to nodulate P-deficient soybeans with the rhizobial 
Acidity generally increased lag time or ,;,ved growth of most strains relative response to P in culture media. Werner 
strains, and stopped growth of about 50% of them. Tolerance of and Berghauser (1976) demonstrated that three strains 
acidity did not necessarily entail tolerance of Al. Aluminum of Rhizobiurn were better than two other common 
(50 ILM) increased the lag time or slowed growth of almomt bacteria at taking up P from very low concentrations in 
all strains tolerant of low pH. It virtually stopped growth of solution. Recent studies (Rerkasem, 1977; de Car­
40% of the strains. 

With our system the rhizobia had to make 1,000-fold growth valho, 1978)3.4 have shown that some rhizobia can in­
in the stress media before they could significantly raise pH deed survive high Al concentrations at low pH in 
and precipitate Al. A valid rapid screening can be based on both solution media and soil. However, there is still 
ability to attain visible turbidity in culture under acid or Al- insufficient evidence to establish Al-tolerance in rhizo­
stress, so long as initial density is small (<<I cells/ml). The bia as distinct from tolerance of low pH. There are 
cowpea rhizobia tended to have more tolerance to Al than R. no ,'ata concerning effects of Al on rhizobial growth 
japonium and overall Al was a more severe stress than low rate 

or low P. The objectives of this investigation were (i) to de-
Additional Index Words: acidity, phosphorus, aluminum, termine the effects of low P and high Al on the su.,.vival 

rhizobia, cowpea miscellany, Rhizobium japonicum. and growth rate of some rhizobia at low pH, (ii) to 
Munns, D. N., and H. H. Keyser. 1979. Tolerance of rhizobia examine the relationship between acid-tolerance and 
to acidity, aluminum, and phosphate. Soil Sci. Soc. Am. J. 43: Al-tolerance, and (iii) to rate the piobable importance 
519-523. of the three stresses (acidity, P, and Al) according to 

their inhibitory effects on rhizobial growth. 

EFFEC OF ACIDITY on species of Rhizobium are well MATERIALS AND METHODS 
documented. Pure culture studies (Graham and Rhizobia 

Parker, 1964) have shown the critical low pH range for 
growth is from about 4.0 to 6.0, with the slower grow- The 65 strains of Rhizobiumn were obtained from three sources:ing R. japonicum, R. hupini, and cowpea miscellany University of Hawaii NifTAL Pioject. Paia, Hawaii; CSIRO

Division of Tropical Crops and Pastures, Brisbane, Australia;
being in general more acid tolerant than the others, and USDA Cell Culture anti Nitrogen Fixation Laboratory, 
and R. ineliloti being the most acid sensitive. These Beltsville, Maryland. Of the strains specifically identified ins 

this report, those with a prefix TAL. IQ, or N1 are fromn NifTAL, 
Contribution of the Department of Land, Air and Water 

Req., University of Calif. Davis. Partly supported by grants B. Rerkascm. 1977. Differential sensitivity to soil acidity of 
from Agency for International Development (NifTAL Project) legume-Rhizobium symbioses. Ph.l). Thesis. Univ. of %V. Aus­
and NSF/Rann. Received 21 July 1978. Approved 6 Feb. 1979. tralia. Nedlands. 

' Postgraduate Research Scientist and Professor of Soil Science, I M.I. tIe Carvalho. 1978. A comparative study of the 
respectively. Senior author is currently with Cell Culture & response of six Sltyloanihes species to acid soil factors with par-
Nitrogen F'ixation Lab., USD.A-SEA-AR, BARC-V, Beltsville, ticular reference to aluminum. l'h.l). Thesis. Univ. of Queens-
Md 20705. land, Australia. 
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Table 1-Media. 

Basal solution: mannitol 10 g/liter; salts AM) MgSO, 300, CaCI, 300, ferric 

EDTA 100, KCI 10, MnCI, 1, ZnSO, 0.4, CuCI, 0.1, Na,MoO, 0.02, 

Co(NOJ, 0.002, distilled water.4. 

Experimental treatment Additions to basal solution pH 

Experiment A 

(a) Full, defined, acid 500 AM KHPO, + 500 W K,HPO, + 4.6t 
Na glutamate (1.1 g/liter) 

(b) Low P, acid r)pM KHPO, + 5 AM KH,PO, + 750 4.6 
KJMK,SO,Nagluatmate(1.1 gliter)+ 

(c) High Al (b) above + 50 AM A1K(SOJ, 4.6 

ExperimentB 

(a)Yeast 500,MKH,PO, + 500,MfK,HPO, + 6.3 
yeast extract (1 gliter) 

(b)Full, definedt 500 phfKHPO, + 500;LMK,HPO, + 6.3 
Na glutamate (1.1 gltUUr) 

(c) Low P 5pMKHPO, + 1,500p KCI + 6.3 
Naglutamatell. g/liter) 

(d)Low P. acid as (c), Exp. B. above 4.5 

le) High Al as (d), + 50 IM AIKISO,h 4.5 

t Media acidified to pH 4.5 or 4.6 with HCI. 
$ Some strain" -equired growth factors far good growth in d'-..,. media. 

When necessary, 1 ppm Thiamine, 1 ppm Ca.panto',rEnate, and 0.1 ppm 
biotin were included. 

and those with a prefix CB are from CSIRO. Most of the 
strains were effective onl at least one legume host. 

Culture Media 

The media, all liquid, are described in Table i. Acid media 
wasautoclaving. Aluminum 


added after autoclaving as 5 mM AIK(SO,), or 

were acidified with HCI before 

AICI, solution 

sterilized by filtration. Measurements of pH just prior to 

inoculation showed that neither autoclaving nor addition of Al 

changed the pH. Aluminum and phosphate levels were designed 

to avoid precipitation of aluminum phosphate (Munns, 1965a). 

Samples of uninoculated medium (c) in experiment A (Table 1) 

were taken for analysis after centrifugation ( ,unns, 1965b) 

and analyzed for P by the colorimetric method of Watanabe 

and Olsen (1965) and Al by the 8-.uinolinol method of Frink 

and Peech (1962). The analyses indicated 95% of the added P 

and all the added Al recoverable in solution in the supernatant. 

Experiment A 

Six strains from the cowpea miscellany were selected for 

growth studies in defined liquid media at pH 4.6. Three 

treatments were imposed (Table 1). Media were indispensed 

duplicate 100-ml volumes into 250-ml Erlenmeyer flasl s, plugged 

with cotton, covered with a small beaker, and autoclaves *or 20 

min. Bacteria from agar slopes of similar age were suspended 

and dilted so that I ml would provide an initial density of 

10' to 10' cells per ml of media. The diluent contained equiva-

lent concentrations of NlgSO, and CaCI2 at an ionic strength 

similar to that of the media. The cultures were incubated on 

a slowly reciprocating shaker in a constant temperature room 

at 25"C. 

Rhizobial population density was determined by the agar 

pour plate method for total viable cells. Viable counting. 

though tedious. was necessitated by the low population densities 

required to maintain control of pH and Al (see below). 

At intervals throughout the first 12 days of the trial, all treat-

ments were sampled for measurement of rhizobial density and 

pH. 

Experiment B 

Sixty-five strains of rhizobia, 52 from the cowpea miscellany 
and 13 fioa I?. japonicutr, wele tested for lesponise to low pH, 

low 1'. and high Al in liquidi media. Five treatments were 
applied (Table I). n alddition. tile strains of I?. japonicurn 
were also sci'etetd in inedium (l) (Table I), adjusted to pH 4.8. 
a nd a medtiuln ( t he sare composition with 25 pf Al at pH 
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Fig. I-Growth and pH change in liquid media for strain 

CB756. P and Al levels given in uM. 

4.8. All strains were examined twice daily for detectable (by 
eye) turbidity, over a 25-day period. A few strains were selected 
for detailed sampling for viable cell count and pH change over 

an 18-day period. A complete listing of the strains is too lengthy 
to present here, but is available upon request from the senior 
author. 

Media, inoculation, growth conditions, and counting were as 

in Experiment A, except that 50 ml volumes in 100-ml flasks were 

used for the cultures subject to detailed sampling, and the rest 
of the units were 5-ml volumes dispensed into 10 by 135-mm 

culture tubes. These tubes were incubated in a slanted screw-cap 

position on the shaker.
 

Visually Detectable Turbidity as a Measure of Growth 

This screening trial required a reliable measure of growth less 

cumbersome and time-consuming than viable-counting. Ne­

phelometry would be too insensitive, requiring densities of the 

order 107 per ml or higher (Vincent, 1970). It was assumed, 

however, that if a culture inoculated at only 101 or 10' cells/ml 

attained visually detectable turbidity, this would indicate con­

siderable growth. A significant pH change would not be ex­
pected before considerable growth occurred. It was necessary to 

establish these assumptions: (i) the correlation of cell density 

with visual turbidity, and (ii) the dependence of pH change 

on the increase in cell density. The first relationship would 

yield an average cell density associated with attainment of 

turbidity. The second would indicate whether any change in 

pH occurred before attainment of turbidity. Therefore matched 

counts, pH, and turbidity observations, were taken in both 
with growth,experiments, A and B. In studying pH change 

13 separate pairs of samples were taken from 6 different acid 

media for 7 strains . Attainment of visual turbidity was as­

sessed by eye inspection against a diffuse-light background of 

inoculated units as compared to an uinoculated unit. For 

measuring cell density attained at turbidity, 19 separate samples 

were taken from 5 different acid media for II strains. The 

acid media here included a low-Ca medium (50 pM Ca) and a 

high-Mn medium (200 /Ap Mn), atboth pH 4.5. 

Not all 65 strains were screened at one time: a trial usually 

included 15 to 20 strains. To test consistency of treatment ef­

fects in time between trials, strains TALi74N and TAL.209 were 

included in all treatments in each screening trial. They con­
same a givensistently become turbid at about the growth time in 

treatment. 

Sub-Experiment 

To verify that the effect of AIK(SO,), was due to the Al moiety, 

its effect on TAI.174N was compared with that of ACI,. Me­

ditim (d) (Table I) of experiment it. modified by supplying 

Fe ,s IFcC., (5 pdll) instead of Fe(III)EIDTA, received no Al (ri 
additions of 25 and 50 p#u as either -""31 or AIK(SO,)2 (Fig. 4). 

'I rea t ments were in triplicate. Culture volume was 5 ml. 
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Fig. 2-Response of 6 cowpea miscellany strains to P and Al, the most severe stress. 

gien in -. l.agperiods in low P media were usually less than 
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Figure 4 shows the results of adding Al as two sources 
on growth of TALI17tN. The equal effect of both 
sources verific-s that the inhibitory effect of the Al 
COtfl)Otnd(S was life to Al. 

Table 2 lists toleraItes to tite variotus factor (om-
binatiotns fot. all tlaills. Ihe data were(l il)itilel 
frOlit CX. )Criittit , .AA;itll B. 1:01t the '0"I;k!IIII L l ' CIIII 
with 5 ,Af P1. the Ivel;IA time11 to racAh tuhidit, 
was 8.3 d ,s it 1)11 1(.2 das it p)l 1.5, anld 13.1 
davs at pi1 1.5 -_ 50 , .\I. Ilct-se v;llties ate diet 
oniv from the ltiins, that gtcw itl lieivcn miediui 
within 25 d\s. lot R, pontm um at :5 Al P, the aver-
age time to achicve tu itdit, ,, , 7 .) l a s at 1)11 6.3, 
11.3 das at lt 1.8. 17.S dla s :it tId1 .8 -4- 25 /Af \l, 
and 15 days at pil .1.5 5- , AfAI \. Itt \catst and( (ot-
trol defined ntielia, the tiies wee 5.2 and 7.3 davs, 
tespectivt li. 

I)ISCLSSION 

The dtai show, that .., is :a potent stress to the 
growlh of free living tli oh1i;. Even for tolet;Itt
strains, Al redt(ed growth taic, mtid t elt leitiiiotlS(mslt t t 

lag phase. The tma vtlifv rCclnt evidetle tllit sottc 
strains of slow-g owil thi/i)bia (ain survive Iigh ton-
centtations of AI (lRerkasetn 1977; lhe Carvalho 
19 78 ):1. b u t th e I i-ge red u tio n ill g ow th tte s othw it 

h ere ou l be c itil( a l t rl( o lon iitat ion o ) so il mi t ;ti ­

zosphtete, antd for intuciton (f notilation (,su tins, 
1968; \'iti(ent. 1971) .\lut inuttt hts been h lV 
,htow t to inhibil)ii tl)llll;itiot of Stvlow ttthr.s spp. (dC' 

IPhe .AI (o)iit(.im )tons, implosud inl twce trials we(re,c 

tlh)Slil limit1 data of dislia(c .,ol]uti ons', l acmid soil',
(1).'ir',)n, I197: Pem ston and .Adams,, 196)(7 . .AI-), 111(-

:"))-,),I ( lu to ,an A'I ,Iiti of(()lt(n trit l( ol ded)lt(t il\ 

21.8 	 .I3 ( ul;|tACl 11oUi th tilt-st l)tllxi)llatitii I0d 
~ye-liu(kct r ( m)t((Adl;itns. 197t), andt tilt,, activity 

is well w.it hinit I aln ltg tittd ill aid soil solutiotn 
(1e;rsoni. 19175). lts, tile ,1-,,Al Al levl isa rt;i listi(
one that t hi/()bial might (.ll(o)lfitt-I ill ;1(i(l so(il. 

w ;s a SevIe stress, 1)1( tClltillg row t 
o f Ac i((iolitvlit I o f tIll( 1 hi /1 " o lt o+(I ;m(id it vl o itse1 "-tlfh i ld o l i; . h ) l) t 

nli( c ss ,ri l v ( ( n fe l to l tr a tie of A I; a l to it .1( 1,d id n o t 
o f tlte strain s to lrI t lit o f p ll I 5 (o tl l tno t toleta te th e 

Tahle 2-Tolhrance (if p11, 1 fnd Al Ntress among 65 mtritini 
of rhizubia.) 
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Al toxicity that would norntai' lbe ass ,ialted with tlle 
acidif ' in soil. 

i'olcrame to both acidity and Al wa, rated at low 
(5.10 p,1( ) bIe(uase the high (I,O00 /,,) P totlttntra-

I ,I prctc ltte.tle C.xistl(te of toxi( \l (0 ()ll ttaliOll 

.. I is not likely in soil.to exist , 
'te low 1 (ol1eltl all titse ibthilted gl owth of 

some stlainls, hut witih less sevtit\ 111 mid of \l. 
M ost soil solutiots (ttltil) P at (to u( Iftrttti(t I--I "M 
(R istluiet ltclii). Soils, tuttlik( ti(- test iitldii, Atc 
111ft-t(Icd ,il t tIl(( Ito lste5 1 ()tiv itt lhthlratorvrsiti Ltt. 
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teintIev Ilioi (01( tIttiati l l I t() ), ,A . 
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tolela lt to Al tIthat ssfeall 11i,,jia. Ilo ev'v , tl1t(' 
wlt , ll t ) f , sttrAiis mttwhih it) ud t P". 
I.)al i t i .l N i(lilth Iets,,t, both igo ts show Si i lat Ica 
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sa t t i l t)tO ;Illt ; stc( o! i(S, i( ill il I A d() Al 
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it woultd 1n()t iitlire witill av;t ill litv oif lP , .hteras
lFc(;:j (m iuldlc'x~tcud ltc so)lu ilil\ oll lFc(()]l),ll .,l)L 
(Norvel, 1972). Iil ,ttitiith lltii ',t I I Fet 1 I-)T ,.\ 
slo It )I(g II III 11.11 I I )I t I at ("llt l itlh. lo 
lt..\I ( osl x ,,I dlht hi11n1:5 il il I..") lNl .' Ie, 1a72e . 
1 ,\'(,I, ;it' I In( inq sLII i(itin ,I ow tI if t li ies' o'(I .I h ') i,~~~ n i h ,' a ;(: ; tl :1sil 

­

e Il l t Il l (I I 1 I Io i it Int iu st Ne as Ic n astlll 

IItI()l1 hll tFe II)tll I. I 1() tol1 luxil) tAl lls l.,<. li: u , )I I) . ,' thl li i i,) tl t l.(t )
11l ,ld , Il o f,,I\ 	 i(. c i ( s o 

II t (it 111])pol t;,n1( c( f ()I',l)1)11\ tIIf (on l cml c ill I hi/o­

lii I1;)', buI) l) clltII l'i,'tr( I1 ( Ai c(l ct A1. ( I96S). Ill­
I')d u[I(',IlI ),I I('I II ()1d(WI] ;II(cI i I I cI (' I) I ( det; I(c lti(
 

Mi Al o~ti( ,1 ",'. . ill ; I|( V..' (lli ilo)lillilll (. h × l ~ r
 
1h'1uli i ( al itt 1 1 ',Italti1 of it lzt.ob lutn 11;1vinl 

"H pr 4)1~i~1()](.I j n c1( 1| 0 i( i l t a I] s tIt (!cN ",(c' I i l; b e( :1 s le pI 
,

l ( V ,'; I ( i s i t11 i I I l',,l ( m u o ll ( ' ' t llt ( NS i fuIlNI h1 l cI c I 

illoo)ttllh tll s [Il ,,m tI mtll 'tic( '.)ils.. It Im(w I~'t l I ll.)( 

l '.l it )]~ lIh/ fI( 1vs11It) .1fi(tit,. It( 1o 1'. ill pi) 1r 

( t111 11( If]l flt' I() fII il I (h -1 llt (c Ill Sol~ . 

http:o)iit(.im


52.3 

ACKNOWLEDGMENTS 

The atahors wish to thank Drs. Deaie Weber, Joe Burton, 
Victor Reves, Tom Wacek, and Dick Date for supplying strains 
of dhizoiha, and Julia Hohenberg. David l.auter. and Peter 
Von ich for tweir valtiable technical assistance. 

LITERATURE CITED 

I. Adams, F. 1974. Soil solution. p. .141-181. fi F. W. Car-
Soil (ed.) The plant root and its enmirolnnent. 1niv. Press
of 	 Virginia, Charlottesville. 

2. 	 \lexander, NI. 1971. Microbial ecology. John iWiley &-Sons, 
York.New 

3. 	Andrew, C. S., A. 1). Jihnsin, and R. I.. Sandland. 1973. 


Effect of alumim oi tie growth and ciem ical ci posi-

ltion of some tropical aid temperaIi, pasture legunes. A.\st. 


J., Ag. Res. 24:25-329. 
4. Chatel, 1). L., R. M. Greenwood, amid C. A. I'arker. 1968. 

ill 	 theSaprophytic cimpetence as ami importait chatacter 

selection of Rhi:obium for inoculation Int. Cong. Soil Sci., 
11:65-73.rrans. go, (.delaide) ~~.ti* ~ ~ 

5. 	Dainitgi. S. NI.. L. R. Frederick, and I. C. Anderson. 1967. 


S rogrotilts tf 1iiobin apoici i ,llheaitnitdtiles as 

affected by soil tl)es. Agion. J. 59:10-12. 


6. 	 Frink, C. R.. and NI. Pleccli. 1962. )etcmination of al iami­

num iii soil extracts. Soil Sci. 93:317-32-1. 
7. 	 (;ahain, 11. If., and C. A. Parker. 1961. )iagiostic features 

ill the characteriiation of root iocln'e bacteria of legumes. 
Plant Soil 20:383-396. 

8. 	Jensen, -I. L. 1969. The (listribution of Iticerne and clover 

rhizobia ill agricultural soils i elllenark. Tiddskr. Iltanteav'. 

73:61-72. 


9. 	 Katiata, E. 1962. Norpl.ological and pisiological studies 
oi nodule formation ill legotinous crops. 7. Variation in 
notlle forming capacity ill strains of Rlhizobium iapoiticum. 
(In Japanese, English summary). Proc. Crop Sci, Soc. Japan 
31:78-82. 

10. 	 Kamprath, E. J. 1973. Soil acidity and liming. p. 126-137. 
In P1.A. Sanchez (ed.), A review of si ils rtesearch ill tropical 
l.atin America. Nith Carolina Ag. Exp. Sta. Techi. mlil. 

219. 
11. 	 Ntunts. I). N. 1965a. Soil acidity and giowth of a legume. 

I. 	 .\ist. j. Agr. Res. 16:733-41. 
12. 	 Munns, 1). N. 19651. Ibid. Ii. %list.1. \gr. Res. 16:7.12-755. 
13..\ lntlns. 1). N. 1968. Nodulaiion itf Aiedicago saliva ill sitlu­

tion cultuie. I. Acid-sensitkie steps. Plant Soil 28:129-1-16. 
14. 	 Norell, W.\. 1972. lijilibria of netal clielates ill soil 

J, . Nlit( t-It, I'. NI. Giordano.solution. p. 115-138. In 
and W. .. L.indsay (eds.), Miciontitrients ill agriculture 
Soil Sci. Soc. Am.. Madison, Wis. 

15. 	 Parker, C.. \. 1971. The significance of acid and alkali
production hv ihimohia on laboiati ii media. Ilioc. .Ith Aust. 

lgimit Nodulatimi Conf., 	 Canbelia, Australia. CSIRO, 

16. 	 Peatson, R. W. and F. Adams (editors). 1967. Soil acidity 
12. 	 Atier. Soc. Agron. N1adison.and li:,iotg.. .grlinov No. 


Wtis.
 
17. 	 P1earson, R. W. 1975. Soil acidity and liming iii the htmii 

tropics. Cornell Inteinational \gtic. Boll. 31. Ithaca, New 
York. 

solution.18. 	 Reisettaier, II. NI. 1966. Minieal nutniets ill soil 
and . 5. Dittman (eds.),p. 	 507-508. ta li P. Fed. Soc ietics x penimen­1:mts irmitmet hItbioltgy.... \hltmnAliter. fur 


tal Biology.
 

19. 	 Troesdell, 1-1.XV. 1917. Tie effect of phosphorus ott alfalfa 
ati alfalfa bacteria. Si Sd. ::77-98. 

20. 	 Vincent. J. NM. 1970. A manmal fur the practical study of 
the root-noduile bacteria. 11111handlook no. 15. Blackwell 
Scientific Iubl., Oxfotd. 

21. 	 Aicent, J. M. 197-1. Root-nodule ssillioses with Rhizo. 
bihn. In A. Quispel (ed.), The biologv (if nitilogen fixa­
tiiiii. Frontiers of Biology Vi l. 3. Noirth-Holland l'ublish­
ing Co., .\isteldail. 

'22. 	Watanale, F. S.. and S. R. Olsen. 1965. Iest of al ascorbic 
acid method for deterininiig phosphorns ill water and 
NatICO ,extracts froin soil. Soil Sci. Soc. .\l. Incic. 29:677­
678. 

23. 	 Werner. ).. and K. Berghatser. 1976. )iscrimination of 
lhi:obiumia mnicum, R. lupiii, R. Irifolii, R. egumiosa. 
rumn and of bacteroids Ilv Uptake of 2-ketiglutaric acid, glit­
tainic acid and phisphiate. Arch. Micio. 107:257-262. 


