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PROJECT OVERVIEW 

One of the most pressing agronomic concerns with legume cultivaton is the inability of 
selected inoculant strains to establish in the soil and compete successfully with indigenous rhizabia. 
This problem is confounded in the tropics where stressful soil conditions, such as high acidity and 
the presence of toxic levels of aluminum and manganese, affect survival of the inoculus. 
Alternatively, the indigenous Rhizoblum strains are well-adapted to the prevailing stresses found in 
these Isoils. 

In Rhizabiu , tolerance of soil acidity and acidity- related factors taluminus, manganese, 
etc.), isa trait that varies markedly fros strain to strain. Some strains within the same species 
cannot withstand the stress, while others have been found to function at levels equivalent, if not 
higher than those found inmost acid tropical soils iKeyser and wunns, 1979a,b,; Date and, Halliday, 
1979). These highly tolerant strains represent a valuable geree2as. to be exploited for genetic 
manipulation. 

In many bacteria, the ability to tolerate h:gh levels i' toxic metals and antibiotics isknown 
to be directed by genes carried on extrachromasomal elements known as plasaids (Davies and Smith, 
1978; Summers and Silver 1978; Reanny, 1976; Davey and Reannv, i980'. Itisalso well established 
that many of these traits :arbe easily transferred within and between species, even genera, of 
bacteria (Reanny, 1976; Susers and Silver, 1978). Inthe fast-growing rhizobtia many of the genes 
encoding host specificity, nodulation and nitrogen fixation are found on large extrachroaasosal ele­
ments of DNA called Sys(biosis] plasmids -- pSys. Some of these plasaids are self-transmissible and 
are transferable to other strains of Rhizobius and alter their host range and possibly, even improve 
their stabiotic properties. 

A*sajority of the DNA piasaids *os.c ur 'ast-groving rhizobiaof pSyms and the other is 
cryptic. That is, what the DNA encodes is unknown. However, as with genes for heavy metal resistance 
which are located on plasmids, instress tolerant rhizob:a plassids say harbor genes for aluminum 
rP515ta-CE, inaddition to those for the symbiosis. 

The iaprovecent of the tropical legumelRhizobius sesmioss will require a aultifaceted 
aoproach: At host varieties must be selected that can better witsstanc the prevailing stresses; 8) 
better svmb:otic bacte'ia must be developed to nodulate the appr: iate host and improve its nitrogen 
nutrit;on. The goal of this proJect is to improve the systmotic :erlcru;,ce of the microsymbiont 
partner -- F.Eizobus. 1 propose to (P determine the role o the S inalutoum resistance and to 
:nvesti;ate physiological se:hanisms involved in alumirms restate:0 witl could lead to 
:teAt:':cat:or of the gene's- :nolved .!11 tc corstruct stess-'w arin ±1.:a 4or a:terNate host 
.ejumes via Sym-olasmid trars'er. 



7 
t 

INTRODUCTION AND BACKGROUND
 

The vast majority :t the lard poc.entiAllv useful for food 

and bler-eE -rocuctcr, ir t1E tr::::r l; g:i.j1c and therefore 

sub iect t- ne 3tresses Associatea with d .:1 1 S'atnche 

ic7h: H-lvc i-S80 . Am.-'ng these -rgEse- -re poor air -water 

-- t I , -- u n 

,is~- -:.4olat±J-i'..-. :-J i--r1~ n--ans-ichdig tontoe1std 

d er-r o+ m:crc- 'C'.M asal --:i cror~utri entE 

E-1r '. 

3 ct-. Z: - - rt*--a-rn d +3c en, Ir. 

~?qL.".E< u- Ore$'Eritlinf F.- rccdlt: "*.r' et al.. l,8l;. 

k u p-l-,.ct .tactors aS theThe ee-erit- -, t ce -treE ospen-


:crcantration c.-=- ; .*m r.u. :r. ll lan, tI: EC iC s t legume.
 

n.: i e e- l - C-eoi Er~l- t -1. . I. 3 B r n 

l- c.- - -r - I- ----- : =-.at.1". :- --- = 5 c e _. .. . , l o 

lnEctCl;7 . rr;:c-cB i th. Eci. -: ILS -E 1-n Er- rcwr. 

I L' - 7 --- 7w o-- *. H =er e r 

me*- cz r 1-r-:12.--c .- rc-wtt ,-1f F r..t-: :4 ecumes -- irnc'-oh 

- t * ­

it, 3- -. i-, '.-^-se:.]d-. &m. s:rt a e - .- - -o-'t-..-..E iId 

.. _.1 '.;i e Pu rw s as4--d s --- .- 5 -r f.- -C-es 

... , . :crale .r-- Cr c t.in ---- - :- ---- 1 -- as 

---$: -e-:--:-~ --...:-?rI - --oe--r c,?-t -8 P *n . 

1 7. . Me i Est .a, 1,cane t-lahti -. ~ =zr-~e Tt-~fchu~ 

-1­

http:p-l-,.ct


(10
 

:pecies can grow well t crt 4.' pro.-tded they are ,tppli ?d 

wt-itr- combined nit-aoen ard -dequate leYals 01 calcium tCooper 

-- - 178 , . . -. ­m~a l m tacome more sen-iti. -, tz 

of alum1num ii the, Gepend upon 

:2&tlotr n , n ftr then combined (fertilizerstI1ti:fI cn 
Itdolic 'end eirh -ee: 

in t'-c lterzturc spEcificali-. 

ta] effects Of aluminum in 
Thoi'O'-s 'u re -=m 

c7.1c I . bacteria. Ecth the rate tf 

-t :t dr --atter .:e:d oa strin o f 

S1 mecaer . r E- r ducd -.. t d ion o+ betwee­

:. Zppm: tDG. _H _ pm alrnirlU tc the growth med)um 

* s.T- 5uos a tri-,Lt E Id th Ct 

- -. r t c 1i ter ,"C'..? z *-: . 1 -4-fr *t'gt'3E "- =t. ? 1T" l,. 

:c -co.. -E&cSri -c- s' -O ;r M ----. 

..- ±e- rdc01±. :r.c-i1 -ed obtre r.e1 s L,11 r lt 

-- 1 E -2t- 01 * -t -- E -- -- C.L -.-- 'l . _'1 G l" 

F~.W .a.. *.a * --- - - T - C - 3 e1 * 

. ,. _ - . ~ .l. - . rA .. 

r T 

.(; 1 0 t *E~JECflEE~ je i=.I, LiT:stT. --U 'L 10. -- r .. ­

- -. ec .. - --- . -a a -, r: .- r - . ?-.1-. T ­

- *- r : - - - - -- -- r- .--- - r- - -cu -- t c -, \- 1~ 

c~e.a--on3:1961 Ple tiv ly, -:M cn 1 er tes tol tlrez~e t 

-2­



t-npoutndc of le'ser to';citv that escape trom the qrowth 

1n f it-qrowlro rhi:cobia men, o4 the genes encoding host 

2E~c:ficit, cf n.cuIation (Hsn) and nitroger fi':ation (Nxf. 

F1-i lr- ]ccmtcd on larqe plasmids called oSvrns tfor review 

RC L-rae -F:- rnd -r..,-lv. 1-736,. Deer.r:rrts cf bacterIocIr. 

- --.- ir-I 	 .j.r, re-.3 5fl-.r TiE W.? a C Co Eade or tne-E olasmiid a 

(Iratt C t Il. . However, since much of th& DNI An 

'- -.. r-talI *-mtaIr.r ..- :. cenes rncodang 
c- C-= 	 -n o ' 

n- c-3t -nc c.-chani m mi cinht rEo Dr. tn. ee pS .TS. 

nJ,'Lr .39ted the role S.m. p; miht play in 

- - n fast-growIcg n : ch:c ,a. or irvestiqated 

1. 	 Role of Symblosis Plasmids in Aluminum Resistance
 

D n-ce:. -1B I ace f this crI
 
T 

_ Fe C-T' F ir:bxu trom I'-;ar:u DUE : I acreerned tness 

LturEE, - weli aS Mranv I n o.-r 0-7, -:L .n for re-s-itarc e 

n- 7-:t tn 	 frcm MC,. 

-cen--st ?t-a Ee-ai di-i-erErt mEaC?.:	 i w. r am F,z 

:. roiLng h b	 - -- !a; r- were C 

t- OF TIL E 

4i zt cr,d c -ur owi g r haz:b a ra'c~re form~ulatec 

-3­



my own medI-~m, MAM. This TEdium contained aporo:-tamtelv the 

sam ncrqan ic Salts as e,,Ser -. d Murns f*49"9b), used 

-- ci.t..r-?te -A r,,trojcr -o-..rze e.Ser and Munns, 1?7;th. 

FP-F--ETA in. Iron source aewser ,d urna. I~9b), the E 

;,1.fin niac-in, thiamine and pantcthenate. and enpLoved 

.o a carbon sou-ce. Both fast a-C SIcI- .rOWfrC
 

:zbawre able to orow ,n tni= medui.m. -- e oH of thr­

:d't remir..ed stab]E wher a'toc]e .'ed.
 

he resulti C+ some of the strair z r t:C are 11>-.ac 

sr EZle 1. Due to ite hah :e-/tele c, H ;rs alCnTIfLIm 

rnlstance I chose the fast-Crowina F. Dr. Seol strain CIAT 

? or further work. For some e:'perimerts tre strains Pr2 

*. rLcava ncsaruai and USEA T-Oa9 5hiroIb: 7-r, ;nn. for 

.11c ese- - were u-Ecd asOH tclsrsrt Ltt ;-lvx-.-.v senls:ta." 

-£r-&:rE. H:4w.Er. the C&-:olEr-rEfE :7 _.rE -m-. -: re:ve. > 

. a et o and addi..o..ll..:t...........r..- to .- : 

:~ra:stent -zrowth. The-s-f-r IF -r-cs: pE--1tErtE I elow~.ec 

rT,_-2ia as tine alum] -urm -En-1ta ;ea-sin. <ci:S strd11n :. 

-. -t , a - mi e st e tr c . 

1. 	Genetic Studies
 

-. .e- . irc the ro e :-' :z .-'- - -r--t is Ltanze
 

'.----.: DT'.re. ',a C rr - - ,c - I ------ - t tie-- S -- Ett - n. 

thc ce of tnE pSyim z.ct c r-t cazc- thait the rcSviT-enccieG3 

http:elow~.ec


Table 1: Response of so 
a low PH SO pa41 

FAST-GCOWERS
 

Rhizobium sp. (C. arietinum)
 
TAL-263
 
TAL-480
 
TAL-620
 
Nitragin 27A3
 
Nitrogin 27A16
 
USDA 3HOa9
 

R. leguminosarum
 
Nitragin 92A3 (M'z5I(0r
 
Nitragin 175P1
 
Nitragin 128C53
 
Z 4202
 
LK 3005
 
12
 
141
 
142
 
F24
 
Allen 311
 
Allen 344
 
Pre
 
TA101
 
NZP 2089
 
NZP 5262
 

R. phaseoli
 
CPAF 23
 
CNPAF 26
 
CNPAF 43
 
Semia 4002
 
CIAT 899
 
CIAT 2545
 
Bel 7.1
 
NZP 5097
 
NZP 5232
 
NZP 5260
 

R. meliloti 
NZP 4013
 
L-530
 

R. trifolii 
T-12
 

R. lupini
 
CC 814
 
WU 425
 

ast- and slow-growing 

SOURCE/ORIGIN 

NifTAL 

J. Burton, Nitragin
 

D. Weber, USDA 

J. Burton, Nitragin 

D. Bezdicek 

Yorocca 
NifTAL 

Rothamsted 
Australia 

New Zealand 

Brazil 

CIAT 

E. Schmidt 

New Zealand 

New Zealand 
B. Rolfe 

B. Rolfe 

Australia 

rhizobis bjected to 

GROWTH 

P14.5 p4.S + 50 uM Al 

-a 

>b +
 

+c
 

+ 

(cont'd.) 



GROWTH 

pH4.5 + SOuM Al 

+
 

+
 

+
 
+
 

+ 

+
 

CULTURE 

FAST-GOWERS 

Rhizobium sp. (L. 
TAL-582 
TAL-1145 
NGR-234 
RL-18 
RL-52 

RL-72 

SLoW-GROWEnS
 

R. janonicum 

USDA 31
 
USDA 310
 
USDA 138
 
Nitragin 61Al8
 
Nitragin 61Al48
 
TAL-183
 
C81809 (TAL-379)
 
WB64
 
WB68
 
2859 
2860 
2861 
2864 

Rhizobium sp. 
CB756
 
CB1024 

TAL-420
 
3211
 
PDD3722
 

a- no growth 

> "cheater" 

c+ growth 

r SOUICE/ORIGIN 

p4.5 

leucocephala) 
+
 

NifTAL 
Austral ia 

Hawaii
 

+ 
D. Weber, USDA
 

+
 
+
 

J. Burton, Nitragin
 
+
 

NifTAL + 

> 

+ 

+
 
New Zealand
 

.­

+ 

+ 

(cowpea misc.) +I 

Australia + 

+ 
NifTA.L 
G. Elkan 

+ 

New Zealand 

reaised pH of medium 
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transposon also marks the site of the mutation in the genome
 

(for a review on Tn5 see deBruijin and Lupski, 1991). This 

makes finding the segment of DNA, for Cloning purposes, 

relatively easy. 

Aluminum-resistant CIAT 899 was mated with E. coli S-17-1 

carrying the Tn5 suicide vector pSUP2021 (Simon et al, 1983), 

Lanamycin resistant clones arose at a frequency of 5 X 10­

per recipient. 1,200 Tn5 containing (Fmr) CIAT 899 colonies 

were patched onto master plates of rich medium and then 

replica plated onto minimal media to screen for au::otrophs. 

Out of the 1,200 clones, no au::otrophic mutants were obtained. 

This was probably due to insertion of Tn5 into CIAT 899's two 

plasmids. All of the 1,200 colonies grew on media containing 

80uM aluminumfi, none became aluminrum sensitive. 

(C) Plasmid Curing. To determine whether aluminumn resistance 

gene(s) reside on the Sym plasmid in CIAT 899. a number of 

attempts were made to cure tne CIAT 8390 pSym using various 

agants or techniques. Several concentrations of acridine 

orange, ethidium bromide, novooliocin at ambient temperature 

t24-C) , as well as growtt. at elevated temperature (4GoCf Eno 

chemical agent present] failed to cure CIAT 699 of its 

olesmids. However, the combination of elevated temperature 

(z70C) and 1uq.mi acridine orange cured CIAT 899 of one of 

its two plasmids. The cured mutants were Nod- on beans, and 

are rough (E:o:0 when plated onto yeast e:tract mannital 

medium, in contrast to the Cummy parental culture (Exo*). The 

-6­



rough mutants continued to react with CIAT 999 fluorescent 

antibody.
 

One of the cured mutants (UHM-5) C = CIAT 899(pSym- ), 

E::o-3, and the parental culture, were grown in liquid media 

containing 0, 80 150, 250, 300, 400 and 500uM aluminum at 

pH 4.45. TAL-1472 was employed as an aluminum sensitive 

control (0 and ROuM Al treatments only). The results of these 

growth e::periments are illustrated in Figure 7a to 3g. Strain 

UHM-5 grows equally well as strain CIAT 899 at all 

concentrations of aluminum. This implies that the pSym 

carries no determinants for aluminum resistance (or there are 

additional copies located elsewhere). In addition, the loss 

of e::tracellular polsaccharide production had no apparent 

effect upon the crowth of UHM-5 ir aluminum containing media. 

The psym of another aluminum resistant strain ANU1171 (R. 

trifolli, resistant to 25uM Al), was cured by incubation at 

elevated temperature. Unlike UHM-5 the cured mutant remained 

as gummy as the parental culture when grown on plates of YEM. 

However, as with CIAT 89c the pSym of ANU117Z was not 

responsible for determining aluminum resistance. Figures 4A 

to 4D illustrate the growth of ANU1173, two pSym-cured 

isolates of 1171, and the aluminum-sensitive control strain 

TAL-1472 in OuM, Al, pH4.5 'A), 25u Al (B), 50uM Al (C), and 

80L'A Al (D). All ANUlIIT cultures behaved identically in all 

Four lek els of al1UminUI'. Therefore the pSy-m does not encode 

stress resistance mechanisms. 

-7­



Figure 3.	 CompariM of aluminum resistance beeeu W 599 sn& a 
pSy-cured, Exo" derivative (MS) in seven levels of aumoinum. 

9
 
P 

KEY 

- CIAT 899
 
.16
 

s., 

TAL-1472	 C - . - *­
(aluminum sensitive = 

DO2

control)	 A. OUM Al 

0 2 6
4 8 10 12 14

DAYS 

9
 
7
 

~48 
Vt 

9
 7
 

U)

-46

-i 

8 	 1-,cA	 w 

LA- ­

-C 

C. 150uM Al a D. 250uM AlB. 80u}IAl1 
0 

IL 

5
 
10 12 Ae
 02 468
 10 12 14
DAYS 0) 2 4' 	 6 B 10 12 14
 

DAYS
 

7, 

0' .7
 

I) 

r 

21 E. 3 00uN Al -2n	 SG. 500uM Al 

0 2 46 8 61 12 
 14
 u2 45Y 20 12 14
 0 2 4
DAYS	 6 8 10 12 14
DAYS DAYS 



Figure 4. Comparison of aluminum resistance between ANU1173 and two 
pSym- derivatives at four levels of aluminum. 
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Summary. Transposon mutagenesis and Sym plasmid curing of 

CIAT 899 failed to produce any aluminum sensitive mutants. 

The fact that no auxotrophs were obtailed from among the 1,200 

Ymr clones indicated that Tn5 most likely entered the 

plasmids, especially the pSym. Symbiosis related genes are 

unexpressed in the free-living state, unless induced by host 

plant root and/or seed extracts (NodD is an exception; it is 

eipressed in both states) (Innes et al.,1985; Long et al, 

1985; Mulligan and Long, 1985; van Brussel et al, 1986), 

therefore a TnZ insertion would not produce an altered 

phenotype. The curing of the pSyms of CIAT 899 and ANU1173 

indicates strongly that no aluminum-related determinants 

reside on these plasmids. The lac of e:tracellular 

polysaccharide in the cured strain UHM-5 had no detectable 

effect on the aluminum resistant phenotype. 

2.Physiological Studies 

Since the pSym does not carry the genetic information 

encoding aluminum resistance (1) , and transposon mutagenesis 

was not successful in creating aluminum-sensitive mutants (2), 

the followirng sets of -exnperiments were designed to help focus 

in on the mechanism of aluminUm resistance in CIAT 899 as an 

aid in locating the genes involved. For e- ample. if a protein 

were to me induced in response to aluminum, this protein could 

be isolated and either: 11) antibodles produced against it, 

the antibodies then used to precipitate the protein as it is 

transcribed, mRNfA recovered. a cDNA copy of the mRNA produced 

and used as a probe of a gene ban[ of CIAT 899 to find the 

-8­



gene; or (2) the protein could be partially sequenced, a 

synthetic oligonucleotide corresponding to this protein 

sequence produced and used as a probe. 

(A) Aluminum Binding. Both aluminum-resistant and aluminum­

sensitive cells were found to bind aluminum and remove it from 

the medium. The change in the aluminum concentration in the 

medium was followed by using a colorimetric assay employing 

eriochrome cyanine, which forms colored complexes with 

aluminum under acid conditions. Since there was no apparent 

difference in this aluminum binding/removal between resistant 

and sensitive strains further experiments were designed to try 

to explain why some strains were tolerant of high levels of 

aluminum. 

(B) Pre-Conditioning of Media. In this set of experiments 

aluminum-tol-erant strain CIAT 899 and two aluminum-sensitive 

strains Pre (R. lequminosarum) and USEDA 3HOa9 (Rh. for 

chickpea) were grown in acid media at pH 4.7. supplemented 

with 0.0017. yeast e!tract (control, all strains grew) and acid 

medium plus 8OuM aluminum (only CIAT 819 grew). The cells 

were removed from the media by centr:fugation and the spent 

media were resterilired by filtration, the pH was readjusted
 

to pH 4.7 and the levels of aluminum were readjusted to 80uM. 

The three cultures were freshly inocula-ted into these spent 

media conditioned by the other strainS. The results are 

summarized in Table 2. 

-9­
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Table 2.	 Extracel lular Sol uble Pro ducts: Strains 
were ino culated into rredi a (Part A) at 
1 x 106 cel is/m and later remov ed by 
centrifu gation a nd filtra tion. In Part 
8 aliquc ts of fi 1ter-ster ilized, pre­
conditio ned medi a (from Part A) were rE­
inoculat ed and strains al lowed t o grow. 

Part A 

Media 
80uM Al 

Strains pH 4.7 pH 4.7 

CIAT 899 (Al-tol.) 	 + + 

Pre (Al-sens.) 	 + 

USDA 3HOa9 (Al-sens.) -	 + 

+ indicates turbidity/growth
 
- indic ates no growth
 

Part 8 

1st In oc lum I 80uM al 
2nd Inoculuma P4 4.7 pH 4.7 

89S/Pre +
 

899/3HOa 2 +
 

899/899 + +
 

Pre/899 + +
 

3H0a9/89S + +
 

al st inG cuilum removed by centrifug atio n and
 
filtrat n, media was re adjusted to ori­
9 iral c ations of Al and pH (1. e.,
 
8OuM.Al oHh 7). Media were rest er il ized
t.. 

by asec	 : 4. tratio . A11 strain s WE re in­
0culate 

d . 

at 1 x 10 6 cell s/mI. 



Growth of CIAT 899 in medium plus aluminum did not 

alleviate the toxic effects of aluminum for the sensitive 

strains Pre and USDA 3HOa9. 

(C) Co-Culture Experiment. Although CIAT 899 did not
 

detoxify the medium and allow for the growth of the aluminum 

sensitive strains, growth of CIAT 899 together in the same 

flask with an aluminum sensitive strain might alleviate the 

toxic effects of aluminum and allow the sensitive strains to 

grow. For example, a component of the growing cell's surface 

might be involved in aluminum resistance. Also, readjusting 

the level of aluminum in the medium to BOuM might have 

potentially overwhelmed any excreted product. 

Figure Sa illustrates the growth of the strains by viable 

counts (strains grown separately, three replicates) and 

demonstrates the aluminum-sensita vitv of strains Pre and 

USDA :HOa9. Fioures 5b and Sc are the results of the co­

culture etperiment where oc'pulations were followed by 

membrane-filter immunoluorescence enumeration. In co-culture 

All strains grew under acid conditions (OuM Al, pH 4.7) 

hiowe-ver, 'onl- CIAT '899 qrew when 'iedia contained SouM 

alumi num. 

(D) Cell Free Extract of CIAT 899. Since nothing liberated 

by CIAT 899 into the growtt medium (1), or potentially on the 

surface of growing cells (2) coulo alleviate aluminum to icity 

for the sensitive strans, an internal componantis, might be 

involved in aluminum resistAnce cf CIAT 899. Such ta) 
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component(s) could potentially eliminate aluminum toxicity for
 

the sensitive strain TAL-1472 if added to the growth medium.
 

To determine if this was the case', a cell-free extract
 

was made from strain CIAT 899 grown in six liters of medium 

containing 500uM aluminum. The cells, harvested by 

centrifugation, washed 3X at pH 4, were passed through a 

French Press at 4-C. The extract was sterilized by filtration 

and frozen. Aliquots of this extract (0.5ml) were added to 

50mls of MAM with and without aluminum. There were three 

replicate flasks per treatment and a total of eight treatments 

(e.g., two strains in media with or without aluminum and/or 

etract). Growth of the strains was followed by viable 

counts. The results are illustrated in Figures 6a and 6b. 

Addition of the cell-free extract of aluminum-grown 

CIAT 899 did not decrease the to;ic condition of MAM 

containing BOuM aluminum for TAL-1472, and may have even 

accelerated the die-off. 

(E) 	Growth of CIAT 899 -- Influence on Aluminum 
Concentration in Liquid Media. 

Figure 7a illustrates the effect of CIAT 899 on the pH 

level ir, 50mls of liquid medium (in triplicate). The pH level 

of the control flasks tno cells) remained constant for the 

eight-dev duration of the e:ueriment. Growth of CIAT 899 did 

not alter the pH o-f the medium until after stationary phase 

was reached. Marimum cell numbers were reached on Day 7 and 

the pH did not charge during Ico growth (compare 1a with 7c). 

The 0.2 pH unit increase is still well within the solubility 

range of aluminum Ealuminum solubility drastically decreases 
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above pH 53. Although the level of available aluminum in the 

medium decreased from approximately SOuM at Day 0 to 

approximately 60uM at Day 8, the decrease is purely a chemical 

phenomenon. The control flasks, without cells, decreased at 

the same rate as those containing CIAT 899. 

From these experiments I concluded that CIAT 899 did not 

take up aluminum from the medium, at least at levels 

detectable by the assay used, and only binds aluminum at 

detectable levels when high cell numbers are used (experiment 

2A). I
 

(F) Summary. CIAT 899 is an e:xtremely aluminum resistant 

strain. Nothing liberated by this organism into the growth 

medium, or associated with the growing cell, or soluble 

internal components alleviated aluminum tovicity for the 

sensitive strains growing in media containing 8OuM aluminum. 

EThe results of some of these physiological experiments were 

presented at the 1985 Annual Meeting of the American Society
 

for Microbiology (Abstract N107, Proceedings of the Annual 

Meeting of the American Society for Microbiology. 1985.).] 

3. Physiological aspects of Aluminum Sensitivity
 

Since the preceding sets of experiments provided no 

readily apparent explanation for a mechanism of aluminum 

resistance ir. CIAT 899, I decided to take the opposite 

approach and iniestigate the physiological basis for aluminum 

sensitivity in R. phaseoli strain TAL-1472. 

(A) Concentration of Aluminum. Figure E? illustrates a set of 

experiments to determine the level of aluminum sensitivity of 
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Figure 8. Growth of TAL-1472 in MAM containing 5uM phosphate at eight concentrations of aluminum. 
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TAL-1472. TAL-1472 grew in the presence of 0, 5 and 10M' Yi 

aluminum (pH4.5). However, the strain was sensitive to 

alLiminum concentrations > 15uM. Therefore, unlike strain 

CIAT 899 or its derivatives, which grew at concentrations of 

aluminum ' Z00uM, TAL-1472 was sensitive to low levels of 

aluminum. 

(B) Concentration of Fe-EDTA. Davies et al. (1971) indicated 

that aluminum interfered with iron uptake in a strain of 

Bacillus megaterium; and Keyser and Munns (1979b) as well, 

found a strain of cowpea Bradyrhizobium spp. (TAL-174N) to be 

more sensitive to 50uM aluminum when FeCl was used as an iron 

source, than when Fe-EDTA was employed. Although the poor 

growth effect was due to a lack of iron, they attributed this 

effect to Fe-ohosphate precipitates (Fe(OH) 2 H PO.) rather than 

to a direct competition of aluminum with iron, as was the case 

with the former report. Keyser and MunnE state that the 

stability constant of FezzzEDTA greatly exceeds that of 

AlrzzEDTA, such that essentially no Al-EDTA complex should 

form at pH 4..5 (Keyser and Munns, 1979b; Novell, .1972). Their 

data (keyser and' Munns, 1979) indicate essentiallv no lag 

phase when TAL-174N crows in the presence of 5OuM aluminum 

when using Fe-EDTh, and starting from 10 cells/ml reaches a 

final cell number of 10/ml in 15 days. When they employed 

FeCl , a lag phase of -four days occurred prior to log phase 

and the final cell number was reduced to 10/ml after 13 days 

growth. 
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Since iron might play an important role in aluminum 

sensitivity in TAL-1472, I designed an experiment to explore 

the e++ect of iron on strain TAL-1472 when grown in the 

presence of SOuM aluminum. Figure 9A illustrates the growth 

of TAL-1472 employing three levels of Fe-EDTA under acidic 

conditions (control, pH 4.45). There was no influence on the 

growth rate of the cells with either a low level of iron IOuM 

Fe-EDTA, = l/I amount present in standard medium (i.e., ZOuM)l 

or at an elevated concentration of Fe-EDTA ESOuM Fe-EDTA3. I 

chose this quantity since it was equimolar with the level of 

aluminum (in those treatments containing aluminum, Figure 9B). 

As illustrated in Figure 9B altering the level of Fe-EDTA had 

no significant effect upon the response of TAL-1472 in the 

presence of SOuI aluminum (pH 4.451. The die-off rate between 

the three treatments WaS 2sentiellv identical: after four 

days of growth the cultures reached the lower limits of cell 

detection ( 1 X 10- cells/ml). From this ea-periment I 

concluded that the level of iron in the medium was not a 

iactor in aluminum sensitivity of R. phaseoli strain TAL-1472. 

(C) Concentration of Phosphate. Acid tropical soils, in 

addition to their soil acidity-related stresses such as 

increased solubilities of alvalnum and manganese, usually have 

low levels of aevailable phosphorus, generally :.1uM 

tResienauer, 1966). AE kex.ser and Munns (1979b) showed, low 

ievels o4 phosphorus in -hizobi~al culture media alone, without 

added aluminum, can be a severe stress for some strains. 

Also, when formulating media the phosphorus concentrations are 
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important since a variety of aluminum-phosphate precipitates 

form. The type of precipitate formed depends upon the 

aluminum:phosphate (A1:P) ratio, the nature and ratio of 

other components of the solution, the temperature and the pH 

(White et al, 1976; Cooper et al, 1983). Since TAL-1472 grew 

well at aluminum:phosphate ratios of 1:1 (5uM Al:5uM P) and 

2:1 (10luM Al:5um P) but not when the ratio was 3:1 or greater 

(Figure 9, in Experiment 3,A), I decided to investigate this 

phenomenon. 

In the experiments summarized in Figure 8 (E:periment 3A) 

the concentration of phosphate was held constant at 5uM whiLe 

the level of aluminum ranged from 5um to SouM. Since an 

aluminum-phosphate interaction might have influenced growth 

decided to investigate the effect of concentrations of 

phosphate ranging from 5uM (standard concentration, = -control) 

to BOuM phosphate while keeping the ;lumin um concentration 

constant at 20uM. Under acidic conditions (pH 4.45, OuM Al> 

increasing the level of phosphate from SuM to SuM did not 

influence the -growth of TAL-1472 (Figure 10A). The cells in 

all treatments grew at essentiallx. the same rate reaching 

maximum cell numbers on Day 2. In contrast, the level of 

phosphate in media containing S0uM ?lucunum kFigure 1-OB) 

markedly affected the growth response of TAL-1472. When the 

Al:P ratio was l:1 (either SCuM Al:5uM P, or 12SOuM Al: 80uM 

P) the cells were killed within four days. As the ratio of 

Al:P decreased from 8:1 to 2:1 the cell die-off abated. 

However, unlike the results illustrated in Figure 8, where 
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TAL-1472 grew at a 2:1 ratio of Al:P (10uM Al:5uM P), In this 

experiment (three replicate flasks) TAL-1472 continued to die­

off in media with a 2:1 ratio of Al:P *(BOaM Al:40uM P), 

although at a slower rate than for higher ratios of AI:P. As 

with experiment SA, when the Al:P ratio was 1:1 (SuM Al:5uM P 

in Experiment 3A; SuM AI:80uM P in experiment 3C) the 

zultures reached the same final cell number as the acid 

control flasks. However, a three day die-off preceded cell 

growth indicating that the aluminum level in the medium, at 

least initially, was toxic. 

Although the results of eiperiment 3C clearly indicated, 

an aluminum-phosphate interaction an exact interpretation is 

complicated due to the solution chemistry of aluminum and 

phosphate. In practice, SouM aluminum hould remain in 

solution in the presence ot phosphate up to ZOOM at pH 4.35, 

10uM at pH 4.5 and 5uM at pH 4.65 (Cooper et al.. 1983).' 

Above these levels precipitates will form which, although they 

decrease the available levels of aluminum, lower the phosphate 

concentration as well. I did not observe any obvious 

precipitates in any of the treatments e.:cept for the last 

treatment, a 16:1 ratio of aluminum:phosphate (1280uM Al:OuM 

P). Theorecticelly, no precipitates shoula Form at phosphate 

levels from 5uM tstandard phosphate concentration employed) to 

perhaps 10 - 20uM. in the presence of SOuMt aluminum at pH 

4.45. 

In both evperiments -A and 'C, 1:1 raticn of Al:P
 

(regardless of concentrations employed) allowed TAL-1472 to
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grow. With a 2:1 Al:P ratio in Experiment 3C, where a higher 

level of both aluminum and phosphate were employed, growth of 

TAL-1472 did not occur. This is in contrast to experiment 3A
 

where growth occurred readily in the presence of 10uM Al:5uM P 

(2:1 A1:P). (These concentrations are well within the 

solubility ranges predicted by Cooper et al (1983)). If 

precipitation of Al and P occurred in Experiment 3C, the level 

of aluminum was potentially too great for TAL-1472 to grow. 

Summary. These experiments indicated that TAL-1472 was 

sensitive to low levels of aluminum in the presence of 5uM 

phosphate. If a higher level of aluminum was maintained 

(SOuM), an increased level of phosphate counteracted the 

to:uicity (i.e., die-off took longer). However, this latter 

effect was most likely due to a coTplexation/precipitation of 

aluminum, thereby lowering the overall level present in the 

medium. At this juncture the significance of the aluminum­

phosphate interaction remains unclear. Whether aluminum 

sensitivity in strain TAL-1472 is directly attributable to a 

competition for phosphate or whether other constituents are 

involved remains unkown. Iron, however, does not seem to be 

invol.ed directly. 

CONCLUSIONS: The investigations o4 the ohysiological 

mechanisis of aluminum resistance/sensitivity did not indicate 

an-,- dfinite mechanisms) . Electron microscopic examination 

of thin sections -f aluminum-resistant and al uminum-senstive 

cells, stained to reveal aluminum tWen and Wisniewski. 1985), 

could potentially indicate the fate of aluminum in these cells 

http:invol.ed


(i.e., internal, external, etc.) as well as indicating any 

association of aluminum with particular cellular structures. 

This avenue is not currently-being pursued. The Sym(biosis) 

plasmids of fast-growing rhizobia do not contain 

aluminum-resistance genes, since pSym-cured derivatives grew 

as well as parental cultures in the presence of aluminum. 

II. 	 Construction of Stress Resistant Rhizabia far Alternate 
Host Legumes via Sym Plasmid Transfer. 

Planned Approach
 

Construction of superior strains of Rhizobium species by 

genetic manipulations has been limited by available 

information on the genetics of the genus. Genetics of the 

Rhizobiaceae is essentially that of the fast-growing species 

R. leouminosarum, R. meliloti R. phaseoli and R. trifolii 

(Schwinghamer, 1977; Beringer et al.. 1980. Prakash and 

Atherly, 198 6 ). With these species, the nitrogen fixation 

iNif, Fin) genes, as well as many of the essential genes for 

infection of the host (Nod) t are located on large indigenous 

p1asmids -4pSym) (-for -revi-ews -see: Nuti et al., 1979,; Stanley 

and Dunican, 1979; Ruvkun and Ausubel, 1980: Prakash and 

Atherly, 19S6). Furthermore, among the symbiosis-related 

genes, those that confer host specificity (Hsn) can be 

mobilized from one species to another (Johnston et al., 1978, 

reviewed b, Pratash and Atherly 198t). The genes responsible 

tor nodule formation have also been transferred to the plant 

tumor-forming bacteriu. Aerobacterium tumetaciens (Hooykaas et 

al., 1981; reviewed by Prakash and Atherly. 1966). 
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It is clear from the findings described in section I(1C) 

that pSyms are not involved in determining stress resistance, 

since the strains (CIAT 899 and ANU117t) remained aluminum 

resistant following curing. The pSym cured derivatives are a 

valuble resource to be exploited for the construction of 

stress resistant rhizobia for alternate host legumes. For 

eiample, CIAT 899 is an aluminum resistant bean Rhizobium, by 

inserting a pea pSym or a clover pSym into the cured 

derivative it should be possible to construct rhizobia for 

peas and clovers which are not only highly effective but are 

stress resistant as well. The benefits of this approach, 

towards improving legume symbioses in tropical areas 

containing acid soils, could be great. 

Sadowsky and Bohlool (19-0) constructed a highly 

effective strain for peas, screened tinder controlled 

conditions, by transferrinq the R. lequminosarum pSym pJB JI 

to a Nod- strain of clover Rhizobium (#2). The primary 

transconjuoants remained Nod- on clover; however, pea nodule 

reisolates gained the ability to nodulate clovers 

ineffectively. This result would imply a qenetic modification 

of the transconiugant during plant passage. Their results 

also andicate the importance of the genotypic background of 

the microsymbiont. The donor strain 6015opJB5JI) is only 

gartiallv effective on peas. while the #2(pJB5JI) 

transconjugant was highly aftective. Dedong et al. (1982) 

improved, under controlled conditions, the symbiotic 

properties of a strain of R. lepuminosarum (pea microsymbiont) 
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by plasmid transfer. The constructed strain reduced
 

significantly more nitrogen than the parent; and it also
 

proved superior to the field isolate from which the plasmids
 

were obtained.
 

Brewin et al. (1983) showed, again under controlled
 

conditions, that pSym content affects the percent nodule
 

occupancy by the host strain. pSym content had no significant
 

effect on the rhizosphere populations of the constructed
 

strains; the population levels were essentially equal Esame
 

Rhizabium background genotype (three strains) containing one
 

of four pSyms, all four transconjugants within the same 

background inoculated simultaneously, in approximately equal 

numbers, on peas (see Tables 2 and 3 Brewin et al., Delow)3. 

Therefore determinants on the pSym, in conjunction with the 

genotypic background of the microsymbiont host, ultimately 

dictated nodule occupancy. What the phenotypic property of
 

the transconjugants is, that results in successful nodule 

occupancy, remains unknown. The authors did not report the 

nitrogen fixation efficiency of the individual Rhizobium/pSym 

combinations, so it is difficult to draw any strong conclusion 

as to why the host plant preferred particular combinations to 

the exclusion of others. One of the pSyms (plJ1016) always 

formed the lowest percentage of nodules regardless of the 

cenotvpic background, while the percent nodule occupancy by 

the cther strain/pSym combinations varied Esee Tables 2&3 

(Brewin et al.. 1983)]. 
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9 
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9 

3617 
3617 

P333039 
PI31016 
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47-4 

3-0 
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61-3 
62-1 

6-6 
84 

97-6 
38-7 

6-0 
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8 
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' The minonty of mixed nodules (containing both Str-r and tif-r bacteria) have noMbeen included in this 
analysis. 

t a. number of replicas. 

Table 3. Analyses ofLariancefor percentage ofstreptomycin-resistant strain (after angular 
transformation) 

The angular trnsfornation is given by arcsin .'percent/100 (in radians). DF. degrees of frecdoni MS. 
mean square value. 

Intoculum Rhizosphcre Nodules 

Source DF MS DF MS DF MS 

Plasmid 3 0-0014 3 0-0075 3 2-6798*" 
Strain 2 0*0308*.. 2 0-79150- 2 29256"* 
Interaction 6 0-0229 6 0-0069 6 0-5567** 
Error 47 0-0028 49 0-0151 96 0-0633 

***Highly significant effects (P < 00005). 

(Brewin et al., 1983) 

Screening System. Ineffective strains, though capable of 

forming nodules on the plant, do so without contributing much 

nitrogen to the economy of the host. Cornsequentiv, plants 

nodulated with these rhizobia turn yellow within two to three 

weeks of growth in nitrogen-free cultures. ,nv improvements 

in the effectiveness of a strain will show-- n i r the aross 

morphology and coloration of the plant nodulated by it. All 

of the genetically-manipulated strains will bte screened on the 
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appropriate host growing in sterile vermiculite moistened with
 

nitrogen-free nutrient solution (for peas and beans); clover 

plants will be screened using an agar plate assay (Rolfe et 

al., 1980). All plants showing growth differences compared 

with the uninoculated controls will be confirmed by acetylene 

reduction. Fresh isolation of the bacteria will be made from
 

nodules of plants that are significantly healthier than the
 

controls. The stability of these strains will then be
 

ascertained by further growth chamber tests.
 

Work Plan
 

Strains.And Sym Plasmids. The relevant characteristics 

o-f the strains and plasmids to be used are listed in Table -. 

Plasmid Curinu. The standard methods of curing plasmids 

in Rhizobium (heat curing, acridine orange' will be employed. 

Bacterial Matings. Standard membrane-filter mating 

techniques will be employed (Hirsch et al., 180). Recipients­

for pSym transfer will b-e marked with antibiotic resistance 

markers via standard microbiological oractices (spontaneous 

mutation) to counter-select against the donor strains. 

Screening of Transconiuaants. Fluorescent antibodies 

orepared against recipient strains will be used to screen the 

reSulting transconjugants and assure their purity. To 

demonstrate the presence of pSyms in the recipient strains I 

will use gel electrophoresis. Bac;.crosses of the 
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Table 3. Bacterial Stains and Plasmids used. 

Strains and 
plassids 

STRAIHS 
R. phaseoli
 
CIAT 899 

UHM-11 

R. leQuminosarum
 
6015 

R. trifolil
 
ANU 1173 

UN- 117'3 

A. tumefaciens 
GM19023
 

E. colt
 
1830 (pJB3JI)
 

PN200 

Plaspids 
pJB5J I
 

pSRIAN 

Relevant Characteristics 

Wild-type, Mod* Fix' on beans 
Air (BOuM)
 

CIAT 899 pSym-, Apr Car 
All (S0um) 

CIAT 699, Apr Car Per, 
Nod* Fix-on beans
 

pSym-,phe- trp-


Par 

Air (9OuM)
 

Wild-type, Nod* Fix- on white
 
clover, Alr(25uM)
 

ANU 1173 pSym-* Alr(25um) 

contains R.p.CFN 42 pSym, 
p42d::Tntmob, Kmr
 

pJB3JI is a Ka* derivative
 
of RP4 (YKr Apr Tcr), used for
 
mobilizing Tn5mob containing 
plasmids
 

=HS1101pRtr514a::R6S.45)
 
(R. trifolii pSym cointegrate 

-wi-th 	 -the wide -host-range 
self-transmissible plarmid R6B.45) 

R. leguminosarum pSyi marked with 
TnS, self-transmissible, Nod­
on peas, Nod- on 

pd85Jl derivative 
host-specificity 
Nod- on peas, Nod' 

clover 

with altered 
for clovers 

on clover 

Source
 

D. Munns 

This study 

This study 

B. Rolfe 

B. Rolfe 

This study
 

R. Palacios 

R. Palacios 

C. Pankhurst
 

R. Rolfe
 

B. Rolfe
 

http:HS1101pRtr514a::R6S.45
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transconjugants, to strains cured of their pSym, will ensure 

the integrity of the transferred Sym plasmid in its new host. 

1. Construction of CIAT 899 -Transconiigants. 

The symbiotic properties of several transconjugants of 

CIAT 899, UHM-5 (M5) and the relevant backcrosses to R. 

leguminosarum 6015 are listed in Table 4. None of the 

transconjugants of the plasmid-cured strain UHM-5 were Fix- on 

any host tested. Transfer of the plasmids pJB5JI and pBR1AN 

to the wild-type parent CIAT 899 resulted in transconjugants 

that could generally still nodulate beans effectively but were 

ineffective on the host for the introduced pSym. When the 

various transconjugants and backcrosses were screened by gel 

electrophoresis their plasmid profiles (data not shown) were 

very different. CIAT 899 has an apparent plasmid 

incompetibility with both pJB5JI and pBR1AN since the transfer 

frequency is low and there is e;tensive rearrangement oF 

plasmad profiles. Other evidence for plasmid rearragement is 

the phenotypic data of the various backcrosses, many of which 

. are ;Nod- or Fi:-c 

Construction of successful transconjuqants requires 

strains which do not restrict or rearrance the introduced 

plasmids. Since CIAT 89 is not a strain of choice for these 

types of constructions another pSvm-cured ;luminum resistant 

strmin will be employed - UHM-117Z. 
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Table 4. Symbiotic properties of control strains, transconjugants 
and backcrosses on three host legumes 

STRAIN HOST LEGUME 

controls BEANS 
* 

CLOVER PEAS 

M5 
601S(pJBSJI) 
6015(pBRIAN) 

transconjugants 
MS(pJBSJI)1-
MS(pJBSJI)S 
MS(pJBSJI)10 
'S(pJDSJI)1S */-

ND 
ND 
ND 
ND 

-
-
-
-

backcross 

60l5(pJSJI)BClC 
6015(pJBSJI)BCSB 
6015(pJESJI)BC1OC 
60l5(pJB5JI)BC15B 
6015(pJBSJI)BC1SC 
6015(pJBSJI)BC15E 

-

/t 
-
t 

ND 
ND 
ND 
ND 
ND 
ND 

+/ 
-
-

+/+ 
-

transconjugants 

MS(pBRIAN)3C 
M5(pBRlAN)3G 
MS (pBRlAN) 3J5* 

backcross 
OT1T(pBRAN)3G2 
6015(pBRIAN)3G3 
6015(pBRIAN)3J2 

:/-
-

-­

-
-

4!­

-

transconugants 

CIAT 899(pJBSJI)1B 
i-li. 
.14 

+ 

CIAT 399(pBRIAN)2A 
CIAT 299(pBR1AN12B 
CIAT 899(pBRIAN)2J 

- /4 4I­

4/­

.1­

backcross 
O3d12p)R1AN)2A 
6015 pBR1AN'KB3 
6015(pBRIANIZB4 
60lSpBRIAN XJ1 

-I­

4/­

*(Nodulation/Fixation) 
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