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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
wviere isolated. Since these fusions expressed alkaline
phosphatase (AP), the product of phoA, the genes
into whicli pho/4 was inserted apparently specify pro-
teins located in the bacterial periplasm or cell mem-
brane, the compartment in wiich AP has activity.
These genes were psiA and genes upstream of psiA
(psiA is required for normal nodule development and
strains with multicopy 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 genss were
located at the cell surface. Using gus fiisions to psiA
and pssA, we found that the former was expressed in
N,-fixing tean root nodules but the latter was not.

introduction

In the symbiont of Phaseolus beans, Rhizobium legu-
minosarum biovar phaseoli (R.1. bv. phaseol)), as in other
strains of Rhizobium (see Long, 1989; Young and John-
ston, 1989), many genes needed for nodulation, nost-
range spacificity and the ability of the bacteria to fix N, are
on larga ‘symbiotic’ (Sym) plasmids (Hawkins and John-
ston, 1988; lamb et al, 1985; Quinto ef al, 1982;
Borthakur and Jchnston, 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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accounts for the mucoid appearance of many species, is
important for the bacteria to noaulate and/or to fix nitro-
gen. Dilferent mutant strains defective in their ability to
make this polymer have been shown, variously, lo be
unable to nodulate, to induce nodules that are devoid of
bacteria and therefore fail to fix N, or, in some cases. tc
be unaftected in their ability to induce normal N,-fixing
nodules (reviewed by Gray and Rolfe, 1990). Despite the
imporiance of the production of the EPS. it has been
shown thal at least in some species of rhizobia the Sym
plasnud is not required tor the production of this polymer.
The specias of Rhizobium leguiminosarum comprises
Ihree biovars, namely, viciae (which nodulaies peas,
vetches and lentils), bv. trifolii (nodulates clovérs) and bv.
phaseoli (whose hosts include Phaseolus beans); in this
species, the hcst-range specificity is delermined by
genes onr the Sym plasmid of each biovar. In R. legumi-
nosarum strains that have lost their Sym plasmid, he
quantity and quality of the EPS does not difter from that of
wild-type strains (Borthakur ef al., 1988; J. A. Duwnie, W
Dudmen and V. M. Marris, personal communications;.
Nevertheless. in both Anizobium melhioti (whose hosts
include altaita) and A.L bv. phaseoli, there are genes on
the Sym plasmid 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 (Muiligan and Long, {089). In
AR.l. bv. phaseoli, iwo regions on the Sym plasmid do
affect the amount of EPS that is made and genetic alter-
ations of these reqions have major effects on symbiotic
N, fixation ability (Borthakur and Johnston, 1987).
Borthakur et al. (1985) identified a gene termed psi
(polysaccharide [nhibition) with the fullowing properties. it
is on Sy plasmid pAP2JI of a strain ot A.1. bv. phaseot;,
near nod and nif genes. When present in multicopy plas-
mids in A./l bv. phaseolior A.l. bv. viciae it prevents pro-
duction of EPS and virtually abolishes nodulation ability of
their respeclive hosts (Borthakur et al., 1985). psi mutant
strains induce nodules on Fhaseolus beans which are
completely defective in Ny fixation ability (Borthakur et af.,
1985). Thus. psi is required for nodule development but
ils precise role in ine process is unknown. psi was
sequenced and was deduced to gncode a prolein ot M,
10kDa with a hydrophobic N-terminus and a hydrophilic



2108 J W. Latchiford, D. Borthahur and A. v/, B, Johnston

C-terminus. suggesting that the product of the sequenced
pst gene is located in ona of the bactenal memtranes. Il
was tound by deletion analysis that the promoter of psi
lies at least 800 bp upstream ol its translational start and
that insertional mutations upstream of the sequenced psi
gene aboiish the inhibitory effects of cloned psi, presum-
ably via a polar effect on psi (Borthakur und Johnston,
1987).

The inhibitory etfects of multicopy psion nodutation and
EPS production were overcome when the baclena also
contained cloned coples of one of two other Rhizobium
genes. One of these, which is also on the Sym plasmid,
was termed psr (polysaccharide restorat:on). The intro-
duction of cloned psr DNA into strains with multicopy psi
restored the mucoid, EPS® colony morphology and the
ability of these strains 10 nodulate. This 15 because psr
fepressed transcription of ps/ (Borthakur and Johnston,
1987). Another gene, pssA (corresponding to ORF Il in
Borthakur et al.. 1988) and which is r.ot on the Sym plas-
mid, when cloned in a plasmid vector and introduced into
a strain with multicopy psi also overcame the inhibitory
eftacts of multicopy psion EPS production and nodulation
ability. pssA is required for the synthesis of EPS: ruta-
tions in it (and in DNA upstream of it} abolish production
of the polymer (Borthakur et al., 1986). Sequence analy-
sis revealed that the product of pssA like Psi, has a
hydrophobic N-terminus and it was suggested tat PssA
might also be membrane-associated and that there might
be an interaction between PssA and Psi such that when
both were overproduced, the relalive concenltrations of
the two proteins would be close to normal and that this
would account for the ability of muiticopy pssA to over-
come the inhibitory elfects of multicopy ps:.

Gray et al. (1990), working with a wide host-range
strain (NGR234) of Rhizobium, reported a similar phe-
nomenon to that which we had observed concerning the
interaction between psi and pssA. They identitied and
cloned a gene, exoY, which was required for EPS synthe-
sis, and found, by sequence analysis, that it was similar to
pssA. Furtherrnore, exoY was shown to be lunctionaliy
equivalent to a gene in the exoF locus of A. melloti (Zhan
et al, 1980). Closely linked to exoY was anolher gene,
lermed exoX, which had similar properties o psiin that,
when cloned in multiple cogies, it inhibited EPS produc-
tion; however, this effect could be overcome wien exoY,
like pssA, was also present in muiliple copies. The
deduced product of exo had some striking similariies to
that of psiA: both are small polypeptides (M, of approxi-
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 have
little or no'homology at the primary amino acid level (Gray
et al, 1990). Thus in Rhizobium strain NGR234, multiple
copies of exoY can overcome the inhibitory effects of the

cloned exoX gene, just as pssA, when cloned, can coun-
leract the inhibition of EPS synthesis by the cloned psi
gene. Simiiarly, Reed et al. (1991) lound genes equiva-
lent o exoX and exoY in A. mefiloti and showed that they
had the same behaviour relative to each other as the cor-
responding genes in strain NGR234. Note, though, that in
R.I. bv. phaseoli, psi and pssA are unlinked, psi being on
the Sym plasmid anct pssA being on a separale replicon;
in strain NGR234, however, and in R. meliloti, exoX and
exoY are adjacent.

Here we show that the products of psi and pssA are
associated with the bacterial membrane and that novel
gunes upstream of ps/ and pssA aiso encode proteins
located in the biacterial membrane or periplasm. The evi-
dence for this conclusion came from: the use of an engi-
reered transposon, TnphoA (Manoil and Beckwith,
1985). TnphoA is derived from Tn5 and contains, near
one end, a truncated version of the Eschericiia coli phoA
gene specilying 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
exponted to the periplasm (the compartment in which AP
has activity). Thus, insentions of TnphoA only exhibit AP
activity if the transposon 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 fusion protein is exposed to the
periplasm. TnphoA has bean used in A. meliloti (Long et
al., 1388) to identify genes whose products are associ-
ated with the r.iizobial membrane and which are involved
in EPS synthesis in that species.

Studies ol the interaction between the psi ano pss
system were also made.

Results

Isolation of TnphoA insertions in the psi region

As judged by the deduced extremely hydrophobic nature
of the Nternunal half of the psi geile product, this region
was proposed lo insert into one: of the surface mem-
branes of Rhizobium {Borthakur and Johnston, 1987). In
an attempt 1o confirm this, we isolated psi~phoA fusiong
and determined whether or not they expressed AP acliv-
iy.

Recombinant plasmid plJ1098 contains approximately
30 kb, including the sequenced psi gene, of Sym plasmid
PRP2JI or A.l bv. phasecli strain 8002 (Lamb et al.,
1985). Foilowing mutagenesis of plJ1098 with TnphoA
(see the Experimental procedures), the plJ1098::TnphoA
mutant plasmids were mobilized en masse into Rhizo-
biurn strain 8401 and ftransconjugant 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
mucoid colonies was replicated to medium containing ¥-P
(5-bromo-4-chlo;o-3-indolyl phosphate, a chromogenic
indicator fcr AP activity); two of them were bright blue,
indicating that phoA was fused to a gene whose product
is associated with the bacteria. membranes und/or the
periplasm.

These two mutant plasmids were isclated from the Rhi-
zobium strains and were put into E. coli strain 803 by
transformation and were then re-introduced into Rhizo-
bium strain 8401; the Rhizobium transconrjugants were
EPS* and, on mediur supp!emented with XP, were blue.
The locations of the Treho# insertions in the mutant plas-
mids were determingd by restriction mapping and it was
shown that one was ir: the previously identified psi gene,
towards the 3' end of the gene. i.e. duwnstream of the &'
region which encodes the hydrophobic M-terminus of Psi.
In this insertion, phoA was in the same orientation as psi.
The other TnphoA was in the same arientatior:, approxi-
mately 700bp upstream of the transiational start of psi.
This insertion was within DNA in the same transcriptional
unit as psi but which was not requi.ed for Psi function
{Borthakur «nd Johnston, 1987). Presumably the Psi™
phenotype caused by this insertion was due to a polarity
effect of the transposon on transcrintion of psi. These
observations indicated that the Psi is indeed associated
with the bacterial envelope and that upstream nf psithere
is anothes gene, with no known function, which also
encodes a polypeptide that is located in one of the mem-
branes or the periplasm. This gene was termed psiB and
the psi gane originally described and sequenced is now
termed psiA.

Using /acZ tusions, it had been shown (Borthakur and
Johnston, 1987) that transcription of psiA and the DNA up
to 800bp upstream of it is depressed by introduction of
multicopy psr. Plasmid plJ1426, which contains psr
cloned in pKT220, was mobilized into the two derivatives
of strain 8401 coniaining the psi:TnplioA mutant deriva-
tives of plJ1098. Introduction of the cloned psr gene on
plJ1426 substantially reduced the activity of the psi-phoA
fusions (Table 1). Thus, as expected, expression of these
TnphoA fusions is under the same type of control as the
previously isolated /ac fusions in the psiregion.

pssA and genes upstreari of pssA ericode proteins
associated with the cell surface

Comparison of the sequence of pssA with exaY of Rhizo-
bium strain NGR234, which is required for EPS synthesis
in that species, shows that these two genes zre related,
having products with approximately 40% sequence iden-
tity (Gray et al.. 1990). Borihakur et al. {1988) showsd
that the N-terminus of PssA. deduced from the sequence
of pssA, was hydrophobic, suggesting that PssA might be
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Table 1. The etact of cloned psron the actvities of psf.:TnphoA fusions.

Alkaline Phaosphatase Activities of
Strains Containing:

Rhizabium

strains no additional plasmid piJ1426

8401 plJ1837 (psiA::TnphoA) 340 t14 48 +3
18510 26 25

8401 piJ1838 (psiB::TrphoA)

located in the bacterial membrane. In an attempt to con-
firm that pssA specifies a protein that is Iocated in the
rhizobial cell surface, a recombinant plasmid, plJ1427,
which contains 30kb of A./. bv. phaseoli DNA including
pssA, was mutagenized with TnphoA and the mutant
derivatives were transferred to strain 8401 and plated on
medium containing X-P. Of 2500 such derivatives, six
gave bright blue colonies. Plasmid DNA was isolaied from
each of these strains and iniroduced into £. coli by trans-
formatior.. It was found by restriction mapping that one of
the insertions was in tha vector. iwo were in pssA in the
same orientation as that gene, and three insertions were
in DNA upstream of pssA, the phoA again being in the
same orientation as pssA. Each of the derivatives of
plJ1427 which expressed AP and which had insertions in
the cloned DMA was transferred to a non-mucoid deriva-
tive of A.. bv. phaseoli containing a pssA::Tn5 mutation
whose EPS™ phenotype is corrected by plJ1427; in all
cases the transconjugants were non-mucoid. From this
we decuced that these new TrphoA insertions were in
genes required for EPS production and that these were in
the same- transcriptional unit as pssA, i.e. the failure of the
mutant plasmids witih the insertions in the region
upsiream of pssA to correct the pssA mutant strain is pre-
sumably due to a polar effect on the transcription of pssA.
The fact that these 'new’ inseitions were in pss genas
was confirmed by introducing each of them by marker
exchange into the genome of a wild-type A.1. bv. phaseoli:
in all cases, the homogenotes were completely non-
mucoid. With the fusions to pssA, the sites of the inser-
tions of TnphoA were downstream of the 5' ragion of pssA
that encodes the hydrophobic part of PssA (Borthakur et
al.. 1988). We deduce from ihese resulls that not only is
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
whose products are also located at the cell surface.

Interaction between pss and psi genes

The presence of cloned pss genes avercomes the
inhibitory effects on EPS synthesis and nodulation due to
multicopy psi (Borthakur et al., 1988). This was not
because pss inhibits transcription of psi (Borthskur et al.,
1988). As shown here, the products of psiA, a gene
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Fig. 1. Sections of Phaseolus nodules induced by wild-lype /A) and psiA mutant (B) strains of R./. by. phaseoli. Note the absenca of bactena in the calls in

tne laiter case. epc; empty plant cells, bcz; bacteroto-contairung zone.

upstream of psiA, pssA and other pss genes upsiream of
PssA appear to be membrane-associated. It seemed pos-
sible, therelore, that there is some interaction between
the products of PsiA (and/or the gene upstream ol psiA)
and Pss genes within the membrane and thal the pres-
ence of multiple copies of psiA or psiB might atiect the
efficiencies with which the products of the PSS genes are
largeled 1o the cell surtace (and/or vice versa).

To test this, we used the pssA-TnphoA and psi:
TnphoA fusions described above. The logic was that it
pss attected the targeting of PsiA or vice versa, tius nught
be reflected in a drop in the activity of AP from the appro-
priate fusion because of reduced efticiency whereby AP
part of the fusion was targeted to the periplasnirc spuce or
membrane.

The psi::TnphoA insertions were each transterred by
marker exchange from the appropriate pld1098 mutant
plasmids into the Sym plasmid pRP2JI. Then a recombi-
nant plasmid, pld1427, containing approximately 30 kb of
cloned DNA including pssA and the additional nss genes
identified here was introduced into these mutants. In addi-
tion, a mutant derivative ot plJ1427 (plJ1471), containing
a pssA-Tn5 mutalion was transferred to the two
psi:TnphoA mutant strains. AP activities in each of the
lransconjugant strains were assayed. In the strain with
the psiA::phoA fusion. levels of AP activity were un-
aftected by the introduction of plJ1427 or its pssA mutant
derivative, plJ1427, relative 1o the conltrol containing no
recombinant plasmid. In contrast, with the mwani sirain
conlaining the TnphoA upstream of psiA, the level of AP
was increased approximately fourfold by the presence of
plJ1427 (Table 2). This increase did not occur when
pI1471 was present, showing that pssA was responsible
for this increase in AP activily in this fusion. Since mulii-
copy pssA does not affect the transcription of psi
{Borthakur et al, 1988), this observation indicates that
multicopy pssA somehow increases the efficiency with
which the product of the gene upstream of psiA is directed

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

To do the 'reciprocal’ experiment, i.e. to test i¢ muiticopy
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 plJ1427 to the
genome of R.. bv. phaseoli strain 8002. Then into these
mutants we introduced p!J1393, which contains psigenes
cloned in the vector pKT230. This plasmid had no effect
on the leve! cf AP activity from any of the PssA-TnphoA
tusions, indicating that psi genes had no effect on the effi-
ciency with which these pss gene products are targeled to
the bacterial cell surface.

Symbictic effects of psi:: TnphoA mutations

Previously isolated A... bv. phaseoli strains with muta-
tions 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 transferrad into pAP2J! Ly marker exchange and
the resulting mutants were used to inoculate Phaseolus.
beans. Consistent with the earlier findings with Tns-
induced mutations in this region, these mutants induced
small white nodules that failed to fix nitrogen, as deter-
mined 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, bactervids and infection threads.

Table 2. EHect of cloned pssA on the activity ol psi::TnphoA tusions.

Alkahne Phosphatase Activiies of
Strains Contaiming:

Strain no ﬂ&dl;’ﬂ}lﬂl 6':’.]5"’"(1 pl:; 12—7 le 1471
4292 psiA-:TnphoA 32:25 3013 33125
4292 psiB.. TnphoA 911.5 3316 10 13




Flg. 2. Section of Phaseohs root nodulns containing 1 /. bv. phaseoli gus tusions 1o pssA (A) or psiA (B). The nodules wore stained with X-Gluc as
dascribed in the text. Note the active staining with the psi-uidA fusion and the absence of staining with the pss fusion. nc, nodule contex; bez, bacteroid-

contuimng rnne (Saa in cnlour on the cover of this issue.)

Expression of psi and pssA in nodules

Since mutations in the psi transcriptional unit abolished
normal nodule development, it was apparent ihat the psi
region must be transcribed during the infection process.
To monitor expression of psi in the nodule. we made
transcriptional fusions between psi and the uidA (Gus)
gene in essentially the same way in which the
psi::TnphoA mutations had been isolated. piJ1098, the
plasmid containing the psi genes, was mutagenized with
Tn3gus (Experimental procedures) 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-
poson had inserted into psi DNA. It was confirmed by
rasiriction mapping that in these mutant forms of plJ1098,
Tn3gusA was in psiA. and that in three of these cases, it
was in the same orientation as this gene. It was further
found that these psiA-gusA fusion plasmids specified
low-leve! (¢. 50 units) glucuronidase activity in free-iiving
cells and that the introduction of the cloned psr DNA
caused a further fivefold reduction in the levef of enzyme
activity (not shown). On media containing the chramo-
genic indicator X-Gluc, the colonies containing these
psiA.gusA fusions were very pale blue. The Tn3gus in
psiA was introduced Ly marker exchange into the corres-
ponding nasilion i pRPZJ!; the resulting mutant, as
expecter., induced non fixing ‘empty’ nodules on Phaseo.
lus bediis. Since this mutant induced nodules that were
devoid of bacteria. it was obviously impossible to estimate
the Invels of glucuronidase in such strains within the nod-
ule. Therefore, plJ1098, which contains psi cloned in
pLAFR 1, was intreduced into this strain in order to correct
its Fix' defect. The resulting transconjugant was Fix' on
Fhaceolus heans and the nodules were examinad histn-
chemically for the presence of |} glucuroridase. As shown
in Fin, 2, iti< cliar that i the bactaroid “oNMNINING xnne of

these nodules there is abundant enzyme aclivity, showing
that psiA is expressed in these forms of the bacteria.

We also wished to determine whether pssA is
expressed in the bacteroids. In essentially the same way
as was described for the isolation of the psiA-Tngus
mutation, we mutagenized plJ1427 (which contains 7ssA)
with this transpason, and transferred the mutagenized
plasmids er masse to a pssA mutant strain of A./. bv.
phaseoli. Non-mucoid transconjugants were purified and
the mutant plasmids were introduced into E. coli by trans-
formation; in one such mutant piasmid, plJ1724. which
was used for further study, gus was confirmed as being in
the same grientation as pssA, and the derivative of strain
8401 containing plJ1724 had constitutive, high-level (646
units) fl-glucuronidase activity in free-living cells. The
pssA:Tn3gus in plJ1724 was introduced by marker
exchange into the corresponding location in the genome
of A./. bv. phasaoli strain 4292. As expecled, the mutant
was EPS” and, as described earlier, for other pssA
mutant strains of this biovar (Borthakur et al, 1986).
induced N,-fixing nodules on Phaseolus beans. These
nodules were seclioned and examined for f-glu-
curonidase aciivily. As shown in Fig. 2, the bacteroids in
such a nodule did not stain following exposure of the nod-
ules to the chromogenic indicator, X-Gluc.

Discussion

The data presented here provide new information about
the psi and pss (e«o) genes of A.l. bv. phaseoli. Using
transposon TnplicA, it was shown that the product of the
praviously identified psid gene is associated with the bac-
teual membrane or periplasm. Talen tegether with the
nxtremely Fydrephobic N-terminis of psiA, we favour the
view that F'sin i5. in lact, anchored in one of the niem.
tranes. coagislent with its possassion of an exiremaly
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hydrophobic N-terminus (Borthakur et at., 1987). We did
not establish, though, i the 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 this 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 ossA gene, but this is not
due to a reduction in the transcription of Psicaused by the
extra copies of pssA (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 ths efficiency with which the PsiA is
directed into the membrane(s) or periplasm is not altered
by overproduction of the pssA gene product. The fincing
of active fusions between pssA and phoA heiped to con-
firm the membrane location of PssA (something which
had been predicted from sequence analysis; Borthakur et
al, 1988). The exoY gene of A. maliloti is similar in
sequence to pssA and to exoY of strain NGR214; (Gray et
al. 1990; Reed ot at, 1991). It was shown, also using
PhoA lusions to exoY, that the product of this gene, 100,
was likely to be associated with the cell surface (Long et
al., 1988). Some novel genes, involved in EPS produc-
tion, which fay upstream of pssA and which are probably
in the same transcriptional unit as that gene were also
shown to exprass AP when phoA was fused to them.
Long et al. (1988) also found that more than one gene
involved in EPS synthesis in the exoF region of R. meliloti
was associated with the cell surface, as deduced from the
use of the same TnphoA transposon. Reuber et af. (1991)
reported that active insertions were also found in fusions
1o the exoP, exoQ, and exoA gene products.

Using these pss-phoA tusions in A.l. bv. phaseoli it
was found that ps: in multiple copy did not 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 muiticopy pssA overcomes the inhibitary
effects of multicopy 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 perplasm;
however, the precise mechanism behind this pheno-

menon is unknown.

Table 3. Strains and plasnuds used 0 this study.

StranvPlasmid  Relevant charactensi~s Source/Reference

E._coystrain

803 Used for routinie transtormation  Wood (1966)

c2t10 polA nal” -used as asource  Slachel ef al (1985)

for TnplioA mutagenesis

A )

8002 Wild-typu A.1. bv. phaseoh Lamb st al. (1982}

8401 R. lagununosarum 8002 cured  Lamb et al. (1982!
of Sym p!asnud, also Str®

Plasmid

pRP2JI Wild-type Sym plasnva of Lamb st al. (1982)
stramn 8002

plJ1098 Contains 30kb of pRP2JIDNA  Lamb et al. {1985)
cloned in pLAFRI and
possessas cloned psi DNA.

plJ1393 Contains pst DNA, cioned in Bonhakur et al (1985)
Q-group plasmid pK~ 230

plJ1837 pid1098: psiA::TnphoA This work

plJ1838 plJ1098: psiB::Tnp10A This work

piJ1426 psr DNA clonedi iri pKT230 Borthakur and

Johnston {1987)

plJ1427 Contains 30kb, including pss ~ Borthakur ef al. (1988)
genes of A.l. bv. phaseol
cloned in pLAFR1

plJ1471 plJ1427: pssA::TnS Borthakur 6! al (1988)

pI1724 plJ1427: pssA::Tngus Thts work

The work presented here confirms the importance of
the psi and ps< 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 phanotype 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 A. maeliloti which are defi-
cient in the production of EPS or of the cyclic 3,1-2 giucan
normally made by these bacteria (reviewed by Gray et al,,
1991). Thus psi mutant strains represent another exar-
ple in which the Rhizobiurt cells outside the root can
induce the formation of nodule-like structures without
actually entering the plant. It is not clear why such rnutant
strains should have lost the ability 10 induce normal nod-
ules; clearly, psi can affect EPS production, admittedly
under the artificial situation in which psiis present in multi-
ple copies. If multiple copies of psi cause a reduction in
EPS synthesis, it may be that a mutation in this gene
causes an overproruction 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 exprassed by
bacteroids within the nodule, as shown here by direct
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cytochemical staining of the bacteroids contaning
PsiA-gusA fusions. Note, though, that psi mutant strains
abort the infection process prior to bacteroid formation, so
its expression earlier in the infection process must be
important for normal nadule development.

It had been shown that bacteroids of Bradyrhizobium
japonicum, the symbiont of soybeans, make very little
EPS in the nodules (Tully and Terry, 1985). Consistent
with this was the finding that expression of pssA—gusA
fusions was undetectable in bacteroids of A./, bv. phase-
oli, whereas this lusion is actively transcribed in free-living
cells. Similarly, Reuber and Walker (1991) found that in
alfalfa nodules exoF was not erpressed in bacteroids but
that there was some expression in the younger infaction
zone. This did not appear to be the case for pssA. This
indicates that there may be some negative control which
represses the transcription of the pss gene(s) in the bac-
teroid state. In A. meliloti, two regulatory genes, exoR and
exoS, which serve to repress transcription of exo genes
have been identified (Doherly et al., 1988) but it remains
to be seen if and how these genes are involved in the con-
trol of EPS production in nodules.

Experimental procedures

Baclerial strains and plasmids

The bacterial strains and plasmids used in this work are shown
in Table 3.

Microbiological techniques

Growth media and culture conditions for Rhizobiym and E. coli
were as in Beringer (1974). Plasmids were transferred by con-
jugation (see Figurski and Helinksi, 1979).

To mutagenize pld1098 (which contains psi) or pld1427
{which centains pss) with TnphoA, the following procedure was
used. Plasmid pRK602 (a kind gift from Graham Walker; Long
et al., 1968), which is a derivative of 0RK2073 containing
TnphoA. was transierred by conjugation into the E. coli poIA
mutant strain C2110 selecting kanamycin resistance (Kan")
(specified by TnphoA). Since pRK609 cannot replicate iri polA
mutants, such Kan® derivatives arise at low frequency, these
being due 1o transposition of TnphoA from pRKEOY into the
genome of C2110.

One TnphoA-containing derivative of C2110 (C2110/
TnphoA) was purified. Plasmids plJ1698 and piJ1427 were
ntroduced into C2110/TnphoA by conjugation and the result-
ing strains were used as donors in lripaiental crosses (Figurski
and Helinksi, 1979) in whicn R. leguminosarum strain 8401
was the recipient. By plating the products of ths matings on
medium containing Kan (specified by TnphoA) plus tetracycline
(Tet* {speciied by pLAFR1, the vector for the recombinun
plasmids) plus streptomycin (to which strain 8401 ig resistant),
colonies of A. leguminosarum containing derivatives of each of
the plasmids will: random insertions of TnphoA were obtained.

Similarly, to isolat¢ denvatives of p'J1098 and pt.J1427 with
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InuidA insertions into psi and pssA, respoctively, these two
plasmids were introduced by transformation into an E. coli
strain with a chromosomally located insertion of TnuidA (kindly
supplied by B. Staskiewicz) and the same selection into strain
8401 as used for TnphoA was employed except that selection
for the joint transfer of Tat™ and ampicillin resistance (Amp")
(specified by TnuidA which is a derivative of Tn3) was made.
Active insertions were identitied by plating on media supple-
mented with X-P or X-Gus for TnphoA and TnuidA, respec-
tively (these are the ‘X-gal analogues’ for alkaline phosphatase
and f}-glucuronidase activities, respectively). There was no
background signal (i.e. colonies of unmodified Rhizobium con-
trols were white on media containing these indicatars, whereas
strains containing active pli0A fusions were bright blue on the
appropriately supplsmented media).

The transposons were transferred from their locations on
recombinant plasmids to their corresponding locations in the
R.l. bv. phaseoli genome by marker exchange (Ruvkun and
Ausubel, 1981) using the P1-group plasmid, pPH1JI (Beringer
et &', 1978), o eliminate the recombinant plasmid. Alkaline
phosphatase and f}-glucuronidase activities were determined
quantitatively as described by Miller (1972).

Plant work

Phaseolus beans (cv. Provider} were inoculated. grown, and
assayed for N, fixation by the acetylene-reduction technique
as described by Borthakur et al. (1985).

Examination of nodule structure using light microscopy

Nodules were fixed in glutaraldehyde, post-fixed in osmic acid.
and embedded ir LR white resin as described by Vandenbosch
(1986). Sections (0.5 nm) were cut on a Raichert OMU3 micro-
tome, and examined under a Zuiss Universal microscope.

In situ estimation of gus activity (Jeffersonet al., 1987)

Nodules were fixed in 0.3% formaldehyds in 10mM MES.
pHS5.6. 0.3 M mannitol for 45 min followed by several washes in
50 mM NaH,PO, pH7. All fixatives and substrates were intro-
duced into tissues with brief vacuum infiltration. Sections
(50 min) were cut and histochemically stained with X-gluc
(Research Organica Ltd; 1mM in 50mM NaH,PQ, pH7 at
37 C). After staining, tissues were rinsed in 70% ethanol for 5
min, examined using Zeiss Universal microscope, and photo-
graphed using Kodak Ektochrorn 64.

DNA maninuiation

Restriction enzymes, and DNA ligase were used according to
the manufacturers’ instructions. Techniques involved in trans.
formation of E. coli and restriction mapping were essentially as
described by Maniatis et al. (1982).
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