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Summary 

Trans!ational fusions between a mutant phoA (lack-
Ing its promoter, ribosomal binding site and signal 
peplide sequence) and Rhizobium 'symbiotic' genes 
were isolated. Since these fusions expressed alkaline 
phosphatase (AP), the product of phoA, the genes 
into which phoA was inserted apparently specify pro-
teins located In the bacterial periplasm or cell mem-
brane, the compartment in which AP has activity. 
These genes were psiA and genes upstream cf psiA 
(psiA is required for normal nodule development and 
strains with multlcopy psiA fail to make exopoly-
saccharide (EPS) and to nodulate). Fusions between 
phoA and pss (exo) genes, which are required for 
EPS production, also resulted in the expression of AP 
indicating that products of these pss genes were 
located at tha cell surface. Using gus fusions to psiA 
and pssA, we found that the former was expressed in 
N2-fixing Iean root nodules but the latter was not. 

Introduction 

In the symbiont of Phaseolu.s beans, Rhizobium legu-

minosarum biovar phaseoli (R.L bv. phaseoh), as in other 
strains of Rhizobium (see Long, 1989; Young and John-
ston, 1989), many genes needed for nodulation, host-
range specificity and the ability of the bacteria to fix N 2 are 
on large 'symbiotic* (Sym) plasmids (Hawkins and John-
ston, 1988; Iamb et al., 1985; Ouinto el al., 1982; 
Borthakur and Johnston, 1987; Borthakur e! al., 1987). 
The ability of strains of Rhizobium to make a high molecu-
lar-weight acidic exopolysaccharide (EPS), which 
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accoi.,nts for the mucoid appearance of many species, is 
important fo! the bacteria to noaulate and/or to fix nitro­
gen. Different mutant strains defective in their ability to 
make this polymer have been shown, variously, to be 
unable to nodulate, to induce nodules that are devoid of 
bacteria aid therefore fail to fix N2 or, in some cases. tc 
be unaffected in their ability to induce normal N2 -lixirig 
nodules (reviewed by Gray and Rulfe, 1990). Despite the 

imporiance of the production of the EPS. it has been 

shown that at least in some species of rhizobia the Sym 
plasmid is not required for the production of this polymer. 

The specis of Rhizobium /eguminosarumcomprises 
three biovars, namely, viciae (which nodulates peas, 
',etchas and lentils), by. trifo/ii(nodulates clovers) and by. 
phaseoli (whose hosts include Phaseolus beans); in this 
spezies, the hcst-range specificity is determined by 
genes on the Sym plasmid of each biova,. In R. legumi­
nosarun strains that have lost their Sym plasmid, Ihe 
quantily and quality of the EPS does not differ from that o! 
wild type strains (Borthakur el al., 1988; J. A. Downie, W 
Dudii in and V. M. Morris, personal communications;. 
Nevertheless. in both Rnizobium meh-oti (whose liosts 
include alfalfa) ind R.I. bv. phaseol there are genes on 
the Sym plasmil which affect the synthesis of EPS. In the 
former, mutations in a gene, syrM, which is involved in 
regulating nod gene transcription, cause an enhanced 
level of production of the succino-glycan EPS for reasons 
that are not clear at present (Mulligan and Long, '0 89). In 
R.I. bv. phaseoi, two regions on the Sym plasmid do 

affect the amount of EPS that is m3de and genetic alter­

aions of these regions have major effects on symbiotic 
N., fixation ability (Borihakur and Johnston, 1987). 
Borthakur et al. (1985) identified a gene termed psi 
(12olyt.accharide inhibition) with the following properties. It 
is on Sym plasmid pFPP2JI of a strain of R.I. bv. phaseoi, 
near nod and nifgenes. When present in multicopy plas­
naids in R.I. by. phaseoli or RI. bv. vic;ae it prevents pro­
duclion of EPS and virtually abolishes nodulation abilily of 
their raspective hosts (Borthakur et aL, 1985). psi mutant 
strains induce nodules on Phasoolus beans which are 
completely defective in N., fixation ability (Borthakur etal., 
1985). Thus, psi is required for nodule development but 
its precise role in ne process is unknown, psi was 

sequenced and was deduced to encode a protein of M, 
1UkDa with a hydrophobic N-terminus and a hydrophilic 
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C-terminus. suggesltir that the product tof ie sequenced 
psi gene is located iniona of the bacterial membranes. II 
was found by deletion analysis that the proaioter of psi 
lies at least 800 bp upstream ot its translational start and 
that insertional mutations upstream of thu sequenced psi 
gene aboiish the inhibitory effects of cloned psi, presum-
ably via a polar effect on psi (Borthakur ,Liid Johnston, 
1987). 

The inhibitory effects of multicopy psion nodulalton and 
EPS production were overcome when the bacteria also 
contained cloned copies of one of two other Rhizobium 
genes. One of these, which is also on the Sym plasmid, 
was termed psr (poly accharide restoration). The intro-
duction of cloned psr DNA into strains with multicopy psi 
restored the mucoid, EPS' colony morphology and the 
ability of these strains tconodulate. This is because psr 
repressed transcription of psi (Borhakur arid Johnston, 
1987). Another gene, pssA (corresponding to ORF II in 
Borthakur et al., 1988) and which is rot on the Sym plas-
mid, when cloned in a plasmid vector and introduced into 
a strain with multicopy psi also overcame the inhibitory 
effects of multicopy psion EPS production and nodulation 
ability. pssA is required for the synthesis of EPS; rnuta-
tions in it (and in DNA upstream of it) abolish production 
of the polymer (Borthakur etal., 1986). Sequence analy-
sis revealed 'hat the product of pssA. like Psi, has a 
hydrophobic N-terminus and it was suggested that PssA 
might also be membrane-associated and that t here might 
be an interaction between PssA and Psi such that when 
both were overproduced, the relative concentrations of 
the two proteins would be close to nornal aid that this 
would account for the ability of rnuiticopy pssA to over-
come the inhibitory effects of mu!ticopy psi. 

Gray et al. (1990), working with a wioe host-range
 
strain (NGR234) of Rhizobium, reportEd a similar plie-

nomenon to that which we had observed concerning the
 
interaction between psi and pssA. They identified and
 
cloned a gene, exoY which was required for EPS synthe­
sis, and found, by sequence analysis, that it was similar to 
pssA. Furthermore, exoY was shown to be fuictionally 
equivalent to a gene in the exoF locus of R.,neloli(Zhan 
et a/., 1990). Closely linked to exoY was another gene, 
termed exoX, which had similar properties to psi in that, 
when cloned in multiple copies, it inhibited EPS produc-
lion; however, this effect could be overcome wien exoY, 
like pssA, was also present in multiple copies. The 
deduced product of exo had some striking similarities to 
that of psiA: both are small polypeptides (M, of approx,-
mately 10kDa)and have very similar hydropnobicity pro-
files. However, apart from a short tract of 18 amino acids 
in the central regions of the proteins, exoX and psiA h,se 
little or no'homology at the primary amino acid level (Gray 
et al., 1990). Thus in Rhizobium strain NGR234, multiple 
copies of exoYcan overcome the inhibitory effects of the 

cloned exoX gene, just as pssA, when cloned, can coun­
teract the inhibition of EPS synthesis by the cloned psi 
gene. Siiliiarly, Reed et al. (1991) found genes equiva­
lent to exoX and exoYin R.meliloti and showed that they 
had the same behaviour relative to each other as the cor­
responding genes in strain NG,234. Note, though, that in 
RI. by. phaseoli, psi and pssA are unlinked, psi being on 
the Sym plasmid and pssA being on a separate replicon; 
in strain NGR234, however, and in R.meliloti, exoX and 
exoYare adjacent. 

Here we show that the products ol psi and pssA are 
associated with the bacterial membrane and that novel 
genes upstream of psi and pssA also encode protemiis 
located in the bacterial membrane or periplasm. The evi­
dence for this conclusion came from the use of an engi­
neered transposon, TnphoA (Manoil and Beckwith, 
1985). TnphoA is derived from Tn5 and contains, near 
one end, a truncated version of the Escherichia co/iphoA 
gene specifying alkaline phosphatase (AP) which lacks a 
promoter, ribosomal binding site and the 5'end of the 
gene encoding the signal peptide required for AP to be 
exported to the periplasm (the compartment in which AP 
has activity). Thus, insertions of TnphoA only exhibit AP 
activity if the tfansposon inserts, in frame, into a trans­
cribed gene that specifies a protein that is periplasmic in 
its location or which is associated with the membrane(s) 
such that the AP in the fision protein is exposed to the 
periplasm. TnphoA has becin used in R.meliloti (Long et 
al., 1988) to identify genes whose products are associ­
ated with the r.iizobial membrane and which are involved 
in EPS synthesis in that species. 

Studies of the interaction between the psi ana pss 
system were also made. 

Results 

As judged by the deduced extremely hydrophobic nature
 
of the Nterminal halt of the psi gei e product, this region
 
was proposed to insert into ono, of the surface mem­
branes of Rhizobium (Borthakur and Johnston, 1987). In
 
an attempt to confirm this, we isolated psi-pho4 fusionL
 
and determined whether or not they expressed AP activ­
ity. 

Recombinant plasmid plJ1098 contains approximately 
30 kb, including the sequenced psi gene, of Sym plasmid 
pRP2JI or RI. bv. phasecli strain 8002 (Lamb el al., 
1985). Following mulagenesis of plJ1098 with TnphoA 
(s ea the Experimental procedures), the p1JI098::TnphoA 
mutant plasmids were mobilized en masse into Rhizo­
bium, strain 8401 and transconjugant colonies were 
screened for any that were mucoid. Of 7000 such 
colonies, 98 were mucoid, indicating that they contained 
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plJ1098::psiTnphoA mutant derivatives. Each of these Table I. The effect of cloned psron the activitieS of psr:TnphoA fusions. 

mucoid colonies was replicated to medium containing X-P Alkaline Phosphatase Activities of 

(5-bromo-4-chloo-3-indolyl phosphate, a chromogenic Rhiz,bium Strains Containng: 

indicator for AP activity); two of them were bright blue, strains noadditionalplasmid pIJ1426 

indicating that phoA was fused to a gene whose product 
8401 ptJ1037(psA::nproA) 340t14 48±3 

is associated with the bacteria. membranes and/or the 
8401 pfJ1838 (psB::TnphoA) 185 ±10 26±t5 

periplasm. 
These two mutant plasmids were isolated from the Rhi­

zobium strains and were put into E. coli strain 803 by 
transformation and were then re-introduced into Rhizo. located in the bacterial membrane. In an attempt to con­
bium strain 8401; the Rhizobium transconjugants were firm that pssA specifies a protein that i.!ocated in the 
EPS* and, on medium supp!emented with XP,were blue. rhizobial cell surface, a recombinant plasmid, pIJ1427, 
The locations of the TnphoA insertions in the mutant plas- whicl contains 30kb of R.L bv. phaseofi DNA including 
mids were determined by restriction mapping and it was pssA, was mutagenized with TnphoA and the mutant 
shown that one was ic the previously identified psi gene, derivatives were transferred to strain 8401 and plated on 
towards the 3' end of the gene. i.e. downstream of the 5' medium containing X-P. Of 2500 such derivatives, six 
region which encodes the hydrophobic N-terminus of Psi. gave bright blue colonies. Plasmid DNA was isolated from 
In this insertion, phoA was in the same orientation as psi. each of these strains and introduced into F.coli by trans-
The other TnphoA was in the same orientation, approxi- formation. It was found by restriction mapping that one of 
mately 700 bp upstream of the translational start of psi. the insertions was in the vector. two were in pssA in the 
This insertion was within DNA in the same transcriptional same orientation as that gene, and three insertions were 
unit as psi but which was not requ'ed for Psi function in DNA upstream of pssA, the phoA again being in the 
(EPorthakur ind Johnston, 1987). Presumably the Psi- same orientation as pssA. Each of the derivatives of 
phenotype caused by this insertion was due to a polarity plJ 1427 which expressed AP and which had insertions in 
effect of the transposon on transcrirtion of psi. These the cloned DNA was transferred to a non-mucoid deriva­
observations indicated that the Psi is indeed associated live of R.. by. phaseoli containing a pssA::Tn5 mutation 
with the bacterial envelope and that upstream of psi there whose EPS- phenotype is corrected by plJ1427; in all 
is anothe,' gene, with no known function, which a!so cases the transconjugants were non-mucoid. From this 
encodes a polypeptide that is located in one of the mert- we deduced that these new TnphoA insertions were in 
brane, cr the periplasm. This gene was termed psiB and genes required for EPS production and that these were in 
the psi gane originally described and sequenced is now the same transcriptional unit es pssA, i.e. the failure of the 
termed osiA. mutant plasmids witih the insertions in the region 

Using lacZ fusions, it had been shown (Borthakur and upstream of pssA to correct the pssA mutant strain is pre-
Johnston. 1987) that transcription of psiA and the DNA up sumably due to a polar effect on the transcription of pssA. 
to 800 bp upstream of it is depressed by introduction of The fact that these 'new' inserions were in pss genes 
multicopy psr. Plasmid plJ1426, which contains psr was confirmed by introducing each of them by marker 
cloned in pKT230, was mobilized into the two derivatives exchange into the genome of a wild-type RI. by. phaseoli: 
of strain 8401 coniaining the psi::TnphoA mutant deriva- in all cases, the homogenotes were completely non­
tives of plJ 1098. Introduction of the cloned psr gene on mucoid. With the fusions to pssA, the sites of the inser­
plJ 1426 substantially reduced the activity of the psi-phoA lions of TtphoA were downstream of the 5' region of pssA 
fusions (Table 1). Thus, as expected, expression of these that encodes the hydrophobic part of PssA (Borthakur et 
TnphoA fusions is under the same type of control as the aL, 1988). We deduce from these results that not only is 
previously isolated lac fusions in the psi region. the product of pssA associated with the membrane, but 

that pssA comprises part of a larger transcriptional unit 
which has other genes required for EPS production and 

associandg s uteal psuface pwhose products are also located at the cell surface.
associated with fthecell surface 

Comparison of the sequence of pssA with exoYof Rhizo- Interaction between pss and psi genes 
bium strain NGR234, which is required for EPS synthesis 
in that species, shows that these two genes -'re related, The presence of cloned pss qenes overcomes the 
having products with approximately 40% sequence iden- inhibitory elfects on EPS synthesis and nodulation due to 
tity (Gray et aL. 1990). Bonhakur et al. (1988) showed multicopy psi (Borthakur et al., 1988). This was not 
that the N-terminus of PssA. deduced from the sequence because pss inhibits transcription of psi (Borth,-.kur et al., 
of pssA. was hydrophobic. suggesting that PssA might be 1988). As shown here, the products of psiA, a gene 
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Fig. 1. Sections ofPhaseolusnodules induced by wildilype !A)and psiA mutant (8) strains ol R.I.by. phaseoih. Note the absence orbacteria in thecells in
ihelatter case. epc; empty plant cells, bcz: bacleroi-containring zonie. 

upstream of psiA. pssA and other pss genes upstrean of 
pssA appear to be membrane-associated. It seemed pos-
sible, therefore, that there is some interaction between 
the products of PsiA (and/or the gene upstream of psiA) 
and Pss genes within the membrane and that the pres-
ence of multiple copies of psiA or psiB might affect the 
efficiencies with which the products ot the pss genes are 
targeted to the cell surface (arid/or vice versa), 

To test this, we used the pssA-TnphoA and psi::
TnphoA fusions described above. The logic that ifwas 
pss affected the targeting of PsiA or vice versa, this inght 
be reflected in a drop in the activity of AP from the appro-
priate fusion because of reduced efficiency whereby AP 
part of the fusion was !argeted to the periplasniiL space or 
membrane. 

The psi:;TnphoA insertions were each transferred by
marker exchange from the appropriate pIJ1098 mutant 
plasmids into the Sym plasmid pRP2JI. Then a recombi-
nant plasmid, plJ1427, containing approximately 30 kb of 
cloned DNA including pssA and the additional pss genes 
identified here was introduced into these mutants. In addi-
tion, a mutant derivative of ptJ1427 (plJ1471), containing 
a pssA-Tn5 mutation was transferred to the two 
psi::TnphoA mutant strains. AP activities in each of the 

transconjugant strains were assayed. In the strain with 

the psiA::phoA fusion, levels of AP activity were un-
affected by the introduction of plJ1427 or its pssA iiutaiit 
derivative, plJ1427, relative to the control contaiunig no 
recombinant plasmid. In contrast, with the inulanil strain 
containing the TnphoA upstream of psiA, the level nf AP 
was increased approximately fourfold by the preseice of 
plJ1427 (Table 2). This increase did not occur when 
plJ 1471 was present, showing that pssA was responsible
for this increase in AP activity in this fusion. Since 
copy pssA does riot affect the transcription of psi 
(Borthakur et at.,1988), this observation indicates thalti, 

to the membrane(s) or periplasm, or in some other way 
enhances the level of exposure of AP to the periplasm. 

To do the 'reciprocal'experiment, i.e. to test ifmulticopy 
psi affects expression of the pss-phoA fusions, each of 
the pss-phoA fusions described above was transferred 
by marker exchange from its position on pfJ1427 to the 
genome of R. bv.phaseoli strain 8002. Then into these 
mutants we introduced ptJ1393, which contains psigenes 
cloned in the vector pKT230. This plasmid had no effect 
on the level cf AP activity from any of the pssA-TnphoA 
fusions, indicating that psigenes had no effect on the effi­
ciency with which these pss gene products are targeted to 
the bacterial cell surface. 

Symbi(ticeffects ofpsi::TnphoA mutations
 
Previously isolated R.I. by. phaseoi strains with 
muta­
fions in psiA or in DNA upstream of psiA induced aber­
rant, non-fixing nodules on Phaseolus beans (Borthakur 
et al., 1985). The psi:TnphoA mutations described here 
were transferred into pFAP2Jl Ly marker exchange and 
the resulting mutants were used to inoculate Phaseolus 
beans. Consistent with the earlier findings with Tnf.­
induced mutations in this region, these mutants induced 
small white nodules that failed to fix nitrogen, as deter­
minedJ by acetylene-reduction assays and the pale green 
colou: of the leaves. 

These Fix nodules were sectioned and examined by 
light microscopy; as shown in Fig. 1, they were devoid of 
bacteria, bacteroids and infection threads. 

Table 2. Effect ofcloned pssA onthe activiyo ps::TnphoA fusions, 

Alkaine Phospiiatase Actiiii 
.rj,, ,oadditonaipiasmnid piJ-127 ptJt47l 

Siulli- g s 

mullicopy pssA somehow increases the efficiency with 4292 pstA :TnphoA 32 12.5 30±3 33 12.5
which the product of the gene upstream of psiA is directed 4292 psiB..Tnphio., 9 tI .5 33 t6 1013 
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Fig. 2. Section of Phasels rootlfnodutns containing /RI bv. phaseoli gus fusion.s to p. .A (Al or psiA (8). The nodules wore stained with X-Gtuc asdeticribed in ttir text. Note fle active stainingj with the psi-uidA fusion nnd the abhsence Ofstaininig with the pss fusion nc, n~odule cortex: bcz, bacteroid. 
contlnnq 7nnP lSE in ':.nifir on the cOver of this; issue.] 

Expression of psi and pssA in nodules 

Sintce mutations in the psi transrcriptional unit abolished 
normal nodule development, it was apparent that the psi 

regitr nscibedn mst bdurng t e i fecion roc ss. 
To monitor expression of psi in the nodule, we made 
trarnscriptional fu|sion.,s between psi and Ite uidA (gus) 
gene in essentially the same way in which the
psi::TnphoA mutations had been isolated. plJ11098, the 
plasmid containing the psi genes, was mutagenized with 
Tn3.gus (Experimentanlprocedu~res) and, following transfer 
of the collection of mutant plasmids into strain 8401. 25 
derivatives that had lost the ability to inhibit EPS synthe-
sis were isolated, indicating that in these cases, the trans-

poso intha ps DN. byinsrte Itwascenfrme 
restrictio~n mapping that in these mutant forms of plJ 1098. 
Tn3gusA was in psiA. and that in three of these cases, it 
was in the same orienitation as this gene. It was further 
found that these psiA-gusA fusion plasmids specified 
tow-level ic. 50 units) glucuronidase activity in free-living 

these nodules there is abundant enzyme activity, showing 

that psiA is expressed in these forms of the bacteria. 
Weas wihdtdtrmn wehrpsA s 

expressed in the bacteroids. In essentially the same way 

plasmids 

a a ecie o h slto ftepi-nu 
mtainwmuanidpt12(hchotis sA 
wtiti rnpsn n rnfre h uaeie 

en masse to a pssA mutant strain of R.I. by. 
phaseol. Non-mucoid transconjugants were purtfied and 
the ,'nutant plasmids were introduced into E. coliby trans­
formation: in one such mutant plasmid, pfJ1724, which 
was used for further study, gus was confirmed as being in 
the same orientation as pssA. and the derivative of strain 
8401 containing pItl724 had constitutive, high-level (640 

- iwXunits) (i-gtucuronidase activity in free-living cells. The 
pssA::Tn3gus in plJ1724 was introduced by marker 
exchange into the corresponding location in the genome 
of R.I. bv. phaseali strain 4292. As expected, the mutant 
was EPS- cnd, as described earlier, for other pssA 

cells and that the introduction of the cloned psr DNAmuat tri s of hs bovr ( o ha r et a, 19 6 
caused a further fivefold reduction in the level of enzyme inueN-fignolsonhaou bn.Teeactivity (not shown). On media :'ontaining the chromo- nodules were sectioned and examined for fI-glu­
genic indicator X-Gluc, the colonies containing these crnds ciiy ssoni i,2 h atrisi 

were verpsiA gus fusonspae ble. he T~ gu in such a nodule did not stain following exposure of the nod­
psiA was introduced L~y marker exchange into the corres- ue otecrmgncidctr -~c 
ponding nosition in pRP2JI: the resulting mutant, as 
expec~ted, induced non fixing 'empty' nodules on PhaseoDicsso 
his. be i;ts. Since this rntjtant indticed nodules that were 
devoid of hacteria, it was obviously impossible to estimate 
the lvels of g!ucuronidase in such trains within the nod-
uile. Therefore, ptlO108, which contains psi cloned in 
pL.AFR I. wa.s introdtced into this strain in order to correct 
itS Fix defect, T'he resullirig trans'conjugari! was Fix' on 
P~1:1°'.eoh,, he.aris arid the nodules wrere eo:'mined thistr-
chemically, for t'he preserict' of (i, qk|.curor~idn,.e. As shown 
in Fin. 2. it i c~lar tha't Itt lhl' Ihar~tnrnid corlli i :nre, ,tf 

Dsuso 
The data presented here provide new information about 
the psi and pss (exo) genes of RI, by. phaseo.li. Using 
tmnnsposon TnphcA. it was shown that the product of the 
previottsly ide~ntified ps"1 gne is associated with the bac 
tittat nermhrane or periplasm. Taken togethe~r with the 
extremely hydrcrhobic N-termuinus of psiA, we favour the 
view thcl f'si'\ '. it l ;I, anchored in one of Ie mert 
I 'altt"g. cco, i.;leon ... tlt its. posse.s.'ion of 3n extremely 

/ 
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hydrophobic N-terminus (Borthakur et al., 1987). We did 
not establish, though, itthe protein was localed in the 
inner or outer membrane of the bacteria. Furthermore, it 
was clear that there is another, novel gene upstream of 
psiA which also specifies a protein that is either in one of 
the membranes or in the periplasm, since a translational 
fusion of TnphoA into th's gene expressed AP activity. 
The function of this gene remains unknown; mutations in 
it abolish the effect of multicopy psiA on EPS production 
and prevent nitrogen fixation but this could be due simply 
to a polar effect of such insertion mutations on the trans­
cription on psiA itself. It is known that the inhibitory effect 
of multicopy psiA on EPS synthesis can be overcome by 
the introduction of the cloned pssA gene, but this is not 
due to a reduction in the transcription of psicaused by the 
extra copies of p.5sA (Borthakur et al., 1988). Also, as 
shown here, the presence of the cloned pssA did not 
affect the activity of AP determined by psiA-phoA fusions,

indicating that the efficiency with which the PsiA is 
directed into the membrane(s) or periplasm is not altered 
by overproduction of the pssA gene product. The finding 
of active fusions between pssA and phoA helped to con-
firm the membrane location of PssA (something which 
had been predicted from sequence analysis; Borthakur et 

al., 1988). The exoY gene of R. meli/oti is similar in 
sequence to pssA and to exoYof strain NGR2J4; (Gray at 
at. 1990; Reed et aL., 1991). It was shown, also using 
phoA fusions to exoY, that the product of this gene, too, 
was likely to be associated with the cell surface (Long at 
al., 1988). Some novel genes, involved in EPS produc-
tion, which lay upstream of pssA and which are probably 
in the same transcriptional unit as that gene were also 
shown to express AP when phoA was fused to them. 
Long at al. (1988) also found that more than one gene 
involved in EPS synthesis in the exoFregion of R. meliloti 
was associated with the cell surface, as deduced from the 

use of the same TnphoA transposon. Reuber etal. (1991) 

reported that active insertions were also found in fusions 

to the exoP, exoQ, and exoA gene products. 


Using these pss-phoA fusions in R.L by. phaseoli it 

was found that psi in multiple copy did riot affect the activ-

ity of phoA fusions in pssA or of other fusions between 

phoA and the other, newly described, pss genes. It is still 

not clear why multicopy pssA overcomes the inhibitory 

effects of rnulticopy psiA. It was striking though, that the 
presence of multicopy pssA actually enhanced expres-
sion of AP from the fusion between phoA and the gene 
upstream of psiA; this was not due to an increase in the 
rates of transcription (Borthakur et al., 1988) so must 
reflect an increase in the efficiency with which the product 
of that gene is targeted to the membrane or with which the 
AP part of the fusion protein is exposed to the periplasm; 
however, the precise mechanism behind this pheno-
menon is unknown. 

Table 3.Strains and plasmids usad ,nthis study. 

-__a___a__delevnt___aa__ns ____ourc__erenc
 

.
 
routine transformation 

C2110 polA na/" - used as asource Slachel ela/(1985) 
803 used for Wood (1966) 

forTnphoA mutagenesis 

Rhizobiumstra n 
8002 Wild-typu RI. by. phaseoi, Lamb etal. (1982)8401 R.legunnosafum8OO2cured Lamb etal.(1982 

of Sym pasnid. also StO" 

pRP2JI Wild-type Sym plasmia ol Lamb etal. (1982) 
strain 8002 

plJ1098 Contains 30kb of pRP2JI DNA Lamb etal. 11985) 
possesses cloned psi DNAcloned inpLAFsI and 

plJ1393 Conlainsps DNA conj iii eorlhakureta/ (1985) 
Q-groupplasmidpK, 230

plJ1837 plJt098: psLA::Tnph'JA This work
 
plJ1838 plJ1098:pjB::Tnpg.oA This work
 
plJ1426 psr DNA cloneod i pKT230 Borhakur and
 

Johnston (1987)plJt427 Contains 30kb, including pss Boflhakur etal.(1988) 
genes of RI. by. phaseoh 

cloned inpLAFRI 
plJ1471 pU1427:pssA::Tn5 Bortlhakuretal (1988) 
plJ1724 pU_1427:p.s4::Tngus Thiswork
 

The work presented here confirms the importance of 
the psi and psr genes for symbiotic nitrogen fixation. psi 
mutant strains are not detectably altered in their ability to 
make EPS and, to date, such mutant strains have no 
obvious phenotype in free-living bacteria. However, the 
nodules that are induced by such strains completely fail to 
fix nitrogen and they are very aberrant relative to Phaseo­
lus nodules induced by wild-type strains. No bacteria 
were seen within these Fix- nodules and there were no 
infection threads. Thus, these nodules resembled those 
that are induced by strains of R. meliloti which are defi­
cient in the production of EPS or of the cyclic P,1-2 glucan 
normally made by these bacteria (reviewed by Gray etal., 
1991). Thus psi mutant strains represent another exarn­
pie in which the Rhizobium cells outside the root can 
induce the formation of nodule-like structures without 
actually entering tho plant. It is not clear why such mutant 
strains should have lost the ability to induce normal nod­
ules; clearly, psi can affect EPS production, admittedly 
under the artificial situation inwhich psiis present in multi­
pie copies. If multiple copies of psi cause a reduction in 
EPS synthesis, it may be that a mutation in this gene 
causes an overproduction of the polymer. Altnough such 
a phenomenon is not observed in free-living bacteria, it is 
conceivable that this might oczur during the infection pro­
cess and that this is detrimental for normal nodule devel­
opment. It is certainly the case that psi is expr3ssed by 
bacteroids within the nodule, as shown here by direct 

http:pjB::Tnpg.oA
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cytochemical staining of the bacteroids containing [nuidA insertions rito psi and pssA. respectively, these two 
psiA-gusA fusions. Note, though, that psi mutant strains plasmids were introduced by transformation into an E. coli 
abort the infection process prior to bacteroid formation, so strain with a chromosomally located insertion of TnuidA (kindly 
its expression earlier in the infection process must be supplied by B.Staskiewicz) and the same selection into strain
important for normal nodule development. 8401 as used for TnphoA was employed except that selectionfor
the joint transfer of Tatn and ampicillin resistance (Ampn)It had been shown that bacteroids of Bradyrhizobium (specified by TnuidA which isa derivative of Tn3) was made.
japonicum, the symbiont of soybeans, make very little Active insertions were identified by plating on media supple.
EPS in the nodules (Tully and Terry, 1985). Consistent mented with X-P or X-Gus for TnphoA and TnuidA, respec­
with this was the finding that expression of pssA-gusA lively (these are the 'X-gal analogues' for alkaline phosphatase
fusions was undetectable in bacteroids of RI. by. phase- and (-glucuronidase activities, respectively). There was no 
oi, whereas this fusion is actively transcribed in free-living background signal (i.e. colonies of unmodified Rhizobium con­
cells. Similarly, Reuber and Walker (1991) found that in trots were white on media containing these indicators, whereasstrains containing active phoA fusions were bright blue on thealfalfa nodules exoFwas not eypressed in bacterods but appropriately supplemented media). 
that there was some expression in the younger infoction The transposons wore transferred from their locations on 
zone. This did not appear to be the case for pssA. This recombinant plasmids to their corresponding locations in the
indicates that there may be some negative control which R.I. by. phaseoli genome by marker exchange (Ruvkun and 
represses the transcription of the pss gene(s) in the bac- Austubel. 1981) using the Pt-group plasmid, pPHIJI (Beringer
teroid state. In R. mefiloti, two regulatory genes, exoR and et a!.,1978), to eliminate the recombinant plasmid. Alkaline 
exoS, which serve tu repress transcription of exo genes phosphalase and 13-glucuronidase activities were determined 
have been identified (Doherty et al, 1988) but it remains quantitatively as described by Miller (1972). 

to be seen if and how these genes are involved in the con- Plant work
 
trol of EPS production in nodules.
 

Phaseolus beans (cv. Provider) were inoculated, grown, and 
assayed for N2 fixation by the acetylene-reduction technique 

Experimental procedures as described by Borthakur et af.(1985). 

Bacterial strains and plasmids Examination of nodule stricture using light microscopy 
The bacterial strains and plasmids used in this work are shown Nodules were fixed in glularaldehyde, post-fixed inosm;c acid.
inTable 3. and embedded ir.LR white resin as described by Vandenbosch 

(1986). Sections (0.5 nm) were cut on aRaichert OMU3 micro­
tome. and examined under a Zeiss Universal microscope.

Microbiological techniques 
Growth media and culture conditions for Rhizobium and E. coli In situ estimation of gus activity (Jefferson et al., 1987)
were as inBeringe, (1974). Plasmids were transferred by con- Nodules were fixed in 0.3% formaldehyde in 10mM MES. 
jugation (see Figurski and Helinksi, 1979). pH 5.6. 0.3 M mannitol fo, 45 min followed by several washes inTo mutaganize ptJ1098 (which contains psi) or plJ1427 50 mM NaH 2PO4 pH 7.Allfixatives and substrates were intro­
(which contains pss) with TnphoA, the following procedure was duced into tissues with brief vacuum infiltration. Sections
used. Plasmid DRK609 (a kind gift from Graham Walker; Long (50 mm) were cut and histochemically stained with X-gluc 
et al., 1988), which is a derivative of pRK2073 containing (Research Organica Ltd; ImM in 50mM NaH 2PO4 pH 7 atTnphoA. was transferred by conjugation into the E. coli polA 37'C). After staining, tissues were rinsed in 70% ethanol for 5 
mutant strain C21 t0 selecting kanamycin resistance (Kann) min. examined using Zeiss Universal microscope, and photo­
(specified by TnphoA). Since pRK609 cannot replicate inpolA graphed using Kodak Ektochrori 64.
 
mutants, such Kan R derivatives arise at tow frequency, these
 
being due to transposition of TnphoA from pRK609 into the
 
genome of C2110. DNA manipulation

One TnphoA-containing derivative of C2110 (C2110/ Restriction enzymes, and DNA ligase were used according toTnphoA) was purified. Plasmids plJ1098 and plJ1427 were tlhe manufacturers' instructions. Techniques involved in trans.
introduced into C21 10[TnphoA by conjugation and the result- formation of E. coliand restriction mapping were essentially as
rig strains were used as donors in triparental crosses (Figurski described by Maniatis etal (1982).
arid Helinksi, 1979) in whicn R. leguminosarum strain 8401 
was the recipient. By plating the products of the matings on Acknowledgements 
medium containing Kan (specified by TnphoA) plus tetracycline
(Tet, (specified by pLAFRI, the vector for the recombinant This work was supported by the Agricultural and Food
plasmids) plus streplomycin (to which strain 8401 is resistant), Research Council. D.B. was in receipt of a Commonwealth
colonies of R.legumitiosarum containing derivatives of each of Fellowship, and J.W.L. was supported by Shell U.K. We are
the plasmids will; random insertions of TnphoA were obtained. gratenl to Allan Downie and Elmar Kannenberg for useful dis-

Similarly, to isolate derivatives of pJ1098 and pl.J1427 with cus.mnris. 
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