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ssp. nigra by Exopolysaccharide-Deficient Mutants
of Rhizobium leguminosarum bv. viciae
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Exopolysaccharide-deficient mutants (Exo mutants) of
Rhizobium leguminosarum bv. viciae are usually impaired
in root nodule formation on their host plants. However, we
found that Vicia sativa ssp. nigra (vetch) could be nodu-
lated by such mutants if ethylene production by the host
plant root, resulting from rhizobial inoculation, was
minimized. Under these circumstances, Exo mutants in-
duced delayed formation of partially infected nodules. Exo
mutants did not induce abnormally large amounts of eth-
ylene in host roots nor showed abnormal production of
lipo-oligosaccharide Nod signals; thus, impaired nodula-
tion could not be ascribed to these features. The nodula-
tion ability of R. leguminosarum bv. viciae Exo mutants
only affected in EPS synthesis could be restored com-
pletely by coinoculation with a Nod™ Exo* strain, indicat-
ing that impaired nodulation is indeed caused by the ab-
sence of EPS. Our results are consistent with the following
hypothesis: In addition to other nodulation-related phe-
nomena, rhizobial Nod signals also induce ethylene for-
mation in host plant roots. By influencing root cell growth,
ethylene inhibits proper root infection by rhizobia. In case
of delayed nodulation, for instance, due to EPS deficiency,
ethylene formation precedes root infection and as a result
nodulation is impaired.

Additional keywords: defense, lipopolysaccharide, symbiosis.

One of the best-studied examples of a relationship between
microorganisms and plants is the symbiosis between Rhizo-
bium bacteria and legumes. Rhizobia induce formation of
nitrogen-fixing nodules on legume roots in a host-specific
way, and factors determining this specificity are of particular
interest. Host plant-specificity of nodulation is determined by
the structure of Nod factors, acylated N-acetylglucosamine
oligosaccharides carrying specific decorations (Lerouge et al.
1990; Spaink et al. 1991). These Nod factors are produced by
rhizobia and elicit formation of nodule primordia in the host
plant root. In addition, surface polysaccharides produced by
Rhizobium, such as exopolysaccharides (EPS), capsular poly-
saccharides (CPS), and lipopolysaccharides (LPS), play a role
in the nodulation process. The acidic EPS of R. legumi-
nosarum is a polymer containing glucose, glucuronic acid
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and galactose in the ratio 5:2:1 (McNeil et al. 1986), and
usually consists of high molecular weight and low molecular
weight (a few repeating units) fractions. CPS of R. legumi-
nosarum is a large neutral gel-forming polysaccharide con-
sisting of glucose, galactose, and mannose in the ratio 1:4:1
(Zevenhuizen and Van Neerven 1983), which was found in
many different R. leguminosarum strains (Zevenhuizen 1984).
LPS of R. leguminosarum usually appears in two different
forms: LPS-I is the long-chain LPS consisting of O-antigen
attached via the core to lipid A, and LPS-II only consists of
core-lipid A molecules (Carlson et al. 1987).

The symbiotic importance of EPS and LPS has been the
subject of many studies, and has been reviewed recently
(Leigh and Walker 1994). Indications that EPS might have a
host-specific signaling function have been obtained by
Djordjevic et al. (1987), who found that nodulation induced
by Exo mutants of Rhizobium sp. strain NGR234 and Exo
mutants of R. [. bv. trifolii in their respective hosts Leucaena
and clover could be restored by addition of homologous EPS
or EPS-derived oligosaccharides but not by addition of het-
erologous EPS. Likewise, the symbiotic deficiencies of Exo
mutants of R. meliloti could be overcome by the addition of
low molecular weight (LMW) EPS at the time of inoculation
(Battisti et al. 1992; Urzainqui and Walker 1992). High mo-
lecular weight (HMW) acidic EPS did not promote invasion
of Exo mutants of R. meliloti, and of the LMW EPS fractions
only the tetrameric form of the repeating EPS unit was active
(Battisti et al. 1992). It was also found that nonsuccinylated
LMW EPS could not promote root infection of alfalfa by Exo
mutants of R. meliloti. Therefore, it was hypothesized that
(LMW) EPS is actively involved in root infection by Rhizo-
bium, for instance, by specifically activating enzymes in-
volved in root hair curling or infection-thread initiation and
growth (Battisti et al. 1992). EPS may also act as a suppressor
of the plant defense system during nodule development. Evi-
dence for this was presented by Niehaus et al. (1993), who
found significant plant defense responses in root nodules of
alfalfa induced by an Exo mutant of R. meliloti.

Ethylene is known to play an important role in the regula-
tion of plant defense responses of plants infected by incom-
patible pathogens (for a review, see Ohashi and Ohshima
1992). Furthermore, ethylene was found to inhibit nodulation
of both Pisum sativum and Vicia sativa ssp. nigra (e.g., Lee
and LaRue 1992a; Lee and LaRue 1992b; Zaat et al. 1989). In



the present project, we tested the working hypothesis that the
inability of EPS-deficient R. . bv. viciae mutants to nodulate
V. sativa ssp. nigra (vetch) and P. sativum is correlated with
an inhibitory action of ethylene. We describe the nodulation
behaviour of several Exo mutants of R. leguminosarum on
two different hosts, common vetch and 7. repens (white clo-
ver). It will be shown that Exo mutants of R. leguminosarum
are able to nodulate vetch only if ethylene formation is re-
pressed.

RESULTS

Synthesis of EPS, CPS, and LPS.

Mutants of R. leguminosarum strain RBL5515 affected in
exopolysaccharide synthesis (Exo mutants) were obtained by
transposon mutagenesis (Canter Cremers et al. 1988). Cell sur-
face polysaccharide synthesis by R. leguminosarum RBL5515
and three of these Exo mutants, exo4, exoB, and exo344, has
been recently described (Breedveld et al. 1993). By using the
same methods, we studied cell surface polysaccharide syn-
thesis by three other mutants, exo2, exo5, and exo0370. The
combined data of these studies are listed in Table 1 (for extra-
cellular polysaccharide [EPS] and capsular polysaccharide
[CPS]) and shown in Figure 1 (for lipopolysaccharide [LPS]).

Exo mutants of R. leguminosarum strain RBL5515 could
be distinguished with respect to several characteristics. Mu-
tants exo5 and exo370 were not able to produce a detectable
amount of EPS, whereas the other Exo mutants produced 5 to
20% of the amount of EPS produced by the parental Exo*
strain RBL5515. Mutants exo2 and exo4 produced EPS con-
sisting of the same repeating units as does EPS from
RBL5515, but exo2 is producing slightly more EPS than exo4
(Canter Cremers 1990). EPS synthesized by mutants exo344
and exoB lacked galactose (Breedveld et al. 1993; Canter
Cremers et al. 1990). The gelling neutral CPS (Zevenhuizen
and Van Neerven 1983) appeared to be produced in normal
amounts by each mutant strain with the exception of exoB
(Canter Cremers et al. 1990) and exo0370. After electropho-
retical analysis, mutants exo2, exod4, exo5, and exo344
showed an LPS profile identical to that of parental R. L bv.
viciae strain RBL5515 (Fig. 1). Introduction of Sym-plasmid
pRL1JI::Tn1831 (lane 8) or pSym5::Tn1831 (not shown) did
not alter the LPS profile. The LPS profile of the parental

Table 1. Cell surface polysaccharide production by Rhizobium legu-
minosarum RBL5515 and six Exo mutants

EPS produc- EPS struc- CPS produc-

Strain tion® ture” tion®
RBL5515¢ ++ WT +
exo2® + WT +
exo4de + WT +

exo5 - +
exo344¢ + gal” +
ex0370 - -
exoB¢ + gal”

* ++, Wild-type EPS production; 4, 5 to 20% of wild-type EPS pro-
duction; —, no EPS detectable.

Y WT, wild-type EPS structure of R. leguminosarum RBL5515 (Breed-
veld et al. 1993; Canter Cremers et al. 1990); gal~, EPS lacking galac-
tose (Canter Cremers et al. 1990).

¢ +, Wild-type CPS production; —, no CPS detectable.

9 Data from Breedveld et al. (1993).

¢ Data from Canter Cremers (1990).

strain consists of two components, LPS-I and LPS-II. LPS-II
presumably consists of lipid A and core LPS, whereas LPS-I
contains O-antigen in addition (Carlson et al. 1987). In con-
trast to the other mutants, exoB (Canter Cremers et al. 1990)
and ex0370 lacked the O-antigen containing LPS-I.

Nodulation tests on vetch and white clover.

Previously, it was reported that mutant exo4 containing the
biovar viciae Sym plasmid pRL1JI::Tn1831 failed to induce
formation of root nodules on vetch, whereas the same mutant
containing the biovar trifolii Sym plasmid pSym5::Tn1831
instead of pRL1JI was able to induce formation of nitrogen-
fixing nodules on white clover plants (Canter Cremers 1990).
To test if other Exo mutants were specifically disturbed in
their ability to nodulate plants of the pea cross-inoculation
group, nodulation tests were performed on vetch and white
clover using mutants harboring Sym plasmid pRL1JI::Tn1831
and pSym5::Tn1831, respectively. When vetch plants were
grown in the standard way with the roots in the light, only
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Fig. 1. LPS profiles of Exo mutants of Rhizobium leguminosarum by.
viciae. 1) exoB, 2) ex0370, 3) exo344, 4) exo5, 5) exod, 6) exo2, 7)
parental Exo* RBL5515, 8) parental Exo* RBL5515 pRL1JI::Tnl1831.

Table 2. Nodulation by Exo mutants of Rhizobium leguminosarum har-
boring Sym plasmid pRL1JI::Tn1831 of vetch roots under different plant
culture conditions, as compared to white clover nodulation by these mu-
tants when harboring pSym5::Tn1831

Nodulation of vetch®

Roots Roots
Roots in the Roots in the

Nodulation
of white clo-

in the light + in the dark +  ver, roots in

Strain light AVG dark AVG the light
RBL5515 ++ ++ ++ ++ et
exo2 ++ ++ ++ ++ ++
exo4 - + + + +
exos - +- +- +/— +-
exo344 - + + + +
ex0370 - - - - +/—
exoB - - - - +—

? ++ = Normal nodulation, large nitrogen fixing nodules, + = delayed
nodulation, large nitrogen fixing nodules, +/- = delayed nodulation,
small non-nitrogen-fixing nodules, — = no nodulation.
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grown in the standard way with the roots in the light, only
mutant exo2 was able to induce formation of nitrogen-fixing
nodules. In contrast, mutants exo2, exo4, and exo344 were
able to induce formation of nitrogen-fixing nodules on white
clover grown with the roots in the light, whereas the other
Exo mutants were able to induce formation of small non-
nitrogen-fixing bumps on these roots (Table 2). In comparison
with nodulation by exo2, nodulation of the other Exo mutants
on white clover appeared to be slightly delayed (3 to 4 days).
These results suggest that white clover is more permissive
with regard to nodulation by Exo mutants of R. legumi-
nosarum than vetch.

Zaat et al. (1989) have shown that nodulation of vetch is
impaired due to induction of ethylene formation, yielding the
“thick and short roots” (Tsr) phenotype. To test the possible
influence of ethylene on nodulation ability of Exo mutants of
R. leguminosarum, nodulation tests were performed on vetch
using plant culture conditions with a suppressive effect on
ethylene production. This was done by adding the ethylene
inhibitor aminoethoxyvinylglycine (AVG) to the plant growth
medium or by growing the vetch plants with the roots in the
dark in a specially devised system (dark glass containers).
Previously it has been shown that the Tsr phenotype of vetch
could be suppressed by shielding the roots from the light,
which resulted in an improved nodulation by R. L bv. viciae

(Van Brussel, unpublished results). We found that mutants
exo4 and exo344 were able to induce formation of nitrogen-
fixing nodules in vetch roots under these conditions, whereas
mutant exo5 was now able to induce very small non-nitrogen-
fixing nodules. Nodulation by exo4, exo344, and exo5 was
delayed about 7 days when compared to nodulation by
RBL5515 pRL1JI::Tn1831 or exo2, while a smaller number
of nodules was observed. When AVG was added to vetch
roots grown in darkness, mutant exo5 induced slightly larger
non-nitrogen-fixing nodules. However, mutants exoB and
ex0370 were not able to induce nodules on vetch, not even
when the plants were grown with the roots in the dark in the
presence of AVG. These data have been summarized in Table
2.

The results of these experiments show that the nodulation
ability of Exo mutants of R. leguminosarum on vetch is
strongly dependent on the plant culture conditions. Suppres-
sion of the ethylene-dependent Tsr phenotype of vetch (Van
Brussel et al. 1986) allowed infection and nodulation by sev-
eral Exo mutants of R. leguminosarum, most notably those
producing residual amounts of EPS.

Nodules formed on vetch by parental RBL5515
pRL1JL::Tn1831 and mutants exo2, exo4, exo344, and exoS
were fixed, sectioned, and examined by light microscopy.
Photographs of representative sections are presented in Figure
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Fig. 2. Light microscopy of 7-um sections of vetch nodules. (A) Eighteen-day-old vetch nodule induced by parental Exo* Rhizobium leguminosarum
RBLS5515 pRL1JI::Tn1831. (B) Eighteen-day-old vetch nodule induced by R. leguminosarum exo2 pRL1JI::Tn1831. (C) Twenty-four-day-old vetch
nodule induced by R. leguminosarum exo4 pRLUJI:Tnl1831. (D) Twenty-four-day-old vetch nodule induced by R. leguminosarum exoS
PRLUJL:Tnl1831. Bar indicates 0.1 mm, ne = nodule endodermis, ic = infected cells, m = nodule meristem, ¢ = nodule cortex, np = nodule parenchyma.

Starch granules in noninfected cells are indicated by arrowheads.
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2. A nodule induced by exo2 is similar to a nodule induced
by parental RBL5515 pRL1JI::Tn1831. An active dividing
meristem can be observed and most of the cells in the nitro-
gen-fixing zone of the nodule are infected by Rhizobium. A
part of the noninfected cells contain starch granules. In com-
parison, nodules induced by both mutants exo4 and exo344
show a well-developed meristem, but less infected cells in the
nitrogen-fixing zone. Furthermore, many noninfected cells
contain starch granules. Nodules induced by mutant exo5 are
usually much smaller than nodules induced by RBLS5515
pRL1JI::Tn1831, exo2, exo4, or exo344. They contain fewer
dividing cells in the meristematic zone, only a few infected
cells in the nitrogen-fixing zone, and many noninfected cells
containing starch granules. The infected cells of nodules in-
duced by exo5 contained bacteroids, but apparently these do
not fix nitrogen.

Ethylene production.

It was unclear whether the differences in nodulation ability
of the Exo mutants on vetch plants are caused by differences
in induction of ethylene production in the roots. Therefore, we
examined ethylene production by roots of vetch when inocu-
lated by pRL1JI::Tn1831-containing Exo strains and com-
pared it with ethylene production in the presence of parental R.
leguminosarum strain RBL5515 harboring pRL1JI::Tn1831
and noninoculated vetch roots. Inoculated vetch plants were
cultured with the roots in the light, the condition under which
maximal differences in nodulation behavior could be ob-
served. Roots were harvested 2, 3, 4, and 5 days after inocu-
lation, respectively, and ethylene production was measured
after incubation of the roots in small vials under reduced
pressure for 2 h at room temperature. The results have been
listed in Table 3.

Roots inoculated with R. leguminosarum produced signifi-
cantly more ethylene than did noninoculated roots, with a
maximal production at 48 h after inoculation. At this time
point, vetch roots inoculated with either parental RBL5515
pRL1J::Tn1831, exo02, exo4, exoS, exo344, exo370, or exoB
produced about 2.0 times more ethylene than did noninocu-
lated roots. These results are consistent with the observation
that mutants exo2, exo4, exo5, exo0344, ex0370, and exoB
induced a Tsr phenotype identical to that induced by parental
R. leguminosarum RBL5515 pRL1JI::Tn1831 in vetch roots.
Significantly, roots inoculated with RBL5522 (a strain with
an extensive deletion in Sym plasmid pRL1J1::Tn1831 which
removes many essential nodulation and nitrogen fixation
genes [Pees et al. 1986]) produced about the same amount of
ethylene than did noninoculated roots, and did not induce the
Tsr phenotype. Roots inoculated with parental RBLS5515
pRL1JI::Tn1831 in the presence of AVG produced signifi-
cantly less ethylene than did noninoculated roots, demonstrat-
ing that AVG indeed is inhibiting ethylene production in this
system. Inoculated roots which were shielded from light pro-
duced about the same amount of ethylene than did noninocu-
lated roots, indicating that this shielding indeed results in
reduced ethylene formation. Spaink et al. (1991) have shown
that the Tsr phenotype is induced by rhizobial Nod factors.
Likewise, these factors induce the INI phenotype, that is pro-
duction of additional flavonoid inducer molecules by the host
plant root (Van Brussel et al. 1990; Spaink et al. 1991). By
using the same methods, we were able to show that all six

Exo mutants produced Nod factors in about the same amounts
as did the parental strain, and that these factors induced the
INI phenotype at the same level (data not shown). Taken to-
gether, the results are inconsistent with the hypothesis that
impaired nodulation by Exo mutants results from induction of
an abnormally high amount of ethylene.

Coinoculation experiments on vetch.

Previously, it has been reported that a mixed inoculum
consisting of an Exo™ Nod* strain and a Exo* Nod~ strain
could normally induce formation of nitrogen-fixing nodules
on clover (Rolfe et al. 1980) and pea (Borthakur et al. 1988).
To test if impaired nodulation by the Exo mutants used in this
study was caused by the lack of EPS, coinoculation experi-
ments were performed on vetch using strain RBL5522 as an
isogenic EPS* Nod~ strain. Coinoculation experiments were
performed on vetch plants with the roots in the light, repre-
senting the most disadvantageous condition for nodulation. It
was found that coinoculation of either exo4, exo344, or exo5
(all harboring pRL1J1::Tn1831) with RBL5522 resulted in the
timely formation of normal nitrogen-fixing nodules on vetch.
Reisolation of bacteria from 10 single nodules of each sepa-
rate coinoculation experiment showed that each nodule was
occupied by both coinoculation partners. In contrast, the Nod™
phenotype of mutants exo370 and exoB could not be rescued
by coinoculation with strain RBL5522. Apparently, coinocu-
lation is not sufficient to complement for the lack of CPS and
the O-antigen containing LPS-I. However, coinoculation of
these strains with RBL5522 resulted in the formation of non-
nitrogen-fixing nodules, if the plants were grown with the
roots in the dark. These small, underdeveloped nodules were
only formed at the site of emergence of lateral roots, and rei-
solation of bacteria from these nodules showed that they were
solely occupied by RBL5522. These results show that resto-
ration of nodulation by Exo mutants by addition of an
isogenic EPS-producing strain also applies to the vetch sym-
biotic system.

DISCUSSION

Several studies have demonstrated that acidic exopolysac-
charide (EPS) is required for an indeterminate type of nodu-
lation of legumes by Rhizobium bacteria (Chakravorty et al.

Table 3. Ethylene production by inoculated vetch roots relative to ethy-
lene production by noninoculated roots (All plants were grown with the
roots in the light, unless indicated otherwise)®

Strain 2days 3days 4days 5days
ail a.i. a.i. a.i.
Noninoculated 1.0 1.0 1.0 1.0
RBL5515 pRL1JI::Tn1831 2.3 1.5 1.3 1.4
RBL5515 pRL1JI::Tn1831 0.2 0.2 0.1 0.2
+AVG
RBL5515 pRL1JI::Tn1831 0.9 1.0 0.9 1.0
(dark)
RBL5522 (Nod” 1.0 0.9 1.1 1.0
exo4 pRL1JI::Tn1831 2.1 1.4 1.3 1.4
exoS pRL1JI::Tn1831 2.1 1.3 1.6 1.8
exoB pRL1JI::Tn1831 2.0 1.8 1.2 1.4
ex0370 pRL1JI::Tn1831 22 1.4 1.1 1.3

“ Ethylene concentrations are given relative to the amount produced by
noninoculated roots, that is 2.5 pMol.plant™ h™'.
Y a.i., After inoculation.
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1982; Leigh et al. 1985; Borthakur et al. 1986). However, in
some cases it was observed that the same exo mutation influ-
enced nodulation of different indeterminate host plants in a
different way. Diebold and Noel (1989) found that several exo
mutations in R. L bv. viciae caused a Nod~ phenotype on pea,
whereas R. leguminosarum bv. trifolii carrying the same exo
mutations was able to induce small white bumps on clover
roots. Likewise, it was observed that a TnS5-insertion in the
pss gene of R. . bv. viciae, such as in mutant exo4, affected
nodulation of pea but not of white clover, whereas a mutation
in the promoter of the same gene (such as in mutant exo02)
affected EPS synthesis, but did not affect nodulation of both
pea and white clover (Canter Cremers 1990). The results from
the present study suggest that differences between nodulation
behavior of Rhizobium strains on different host plants might
result from a different response of the host plant to Nod fac-
tors, dependent on the culture conditions of the roots. Roots
of vetch plants, when grown in the light, respond to the pres-
ence of rhizobial Nod factors by production of ethylene to an
extent, that root growth as well as nodulation are affected (the
Tsr phenotype; Van Brussel et al. 1986; Zaat et al. 1989).

Exo mutants studied could be classified into three groups,
(i) rhizobia producing residual amounts of EPS, (ii) rhizobia
producing no detectable amounts of EPS, and (iii) pleiotropic
mutants, also affected in production of CPS and LPS. Mutant
exo2 belongs to the first group and is showing in all cases the
same nodulation behavior as parental RBL5515. Apparently
exo2 is producing enough EPS for efficient nodulation of
vetch. Other mutants which are able to produce some residual
amount of EPS, like exo4 and exo0344, induce formation of
nitrogen-fixing nodules in vetch roots only under the proper
conditions, resulting in nodules containing less infected cells.
It should be noted that exo4 is a pss mutant which was previ-
ously reported not to be able to induce nodule formation on
plants of the pea cross-inoculation group (Borthakur et al.
1986; Canter Cremers 1990). In contrast, mutant exo5, a R.
leguminosarum strain which is not able to produce any EPS at
all, induced at most delayed formation of small non-nitrogen-
fixing nodules, in which only few cells were infected. The
same observations were made when other EPS-negative mu-
tants were used (data not shown). The two pleiotropic mu-
tants studied, exo370 and exoB, were not able to nodulate
vetch, not even under ethylene-suppressive conditions. From
these results, it can be concluded that differences in nodula-

Table 4. Rhizobium leguminosarum strains and Sym-plasmids used in this study

tion behavior of Exo mutants of R. leguminosarum preferably
should be tested under ethylene-suppressive conditions (with
roots growing in the dark, in the presence of an ethylene in-
hibitor) in order to optimize performance of the mutants and
to smooth out differences in host plant response to Nod fac-
tors.

Mutants exo4, exo344 (EPS-deficient), and exo5 (EPS-
negative) were normally able to nodulate if coinoculated with
Exo* Nod- strain RBL5522. This strongly suggests that the
nodulation phenotype of these strains is caused by a defect in
EPS synthesis, and that production of EPS by another strain
can compensate for this defect (see also Rolfe et al. 1980;
Borthakur et al. 1988). After coinoculation, nitrogen-fixing
nodules were occupied by both strains. This result does not
corroborate the findings of Borthakur and coworkers (1988),
who reported that coinoculation of a Nod~ Exo* strain and a
pss mutant strain (such as exo4) resulted in nodules solely
occupied by the Nod~ Exo* strain. Coinoculation of the plei-
otropic mutants exoB or ex0370 with RBL5522 only resulted
in nodule formation under Tsr-suppressing conditions. It
should be noted, however, that nodules resulting from
coinoculation of the latter strains with RBL5522 appeared
very late and were poorly developed. Moreover, in these
nodules only the Exo™ Nod~ strain was found. These results
suggest that presence of another strain cannot compensate for
deficiencies in somatic polysaccharides rather than for dif-
fusible exopolysaccharides, and that CPS and/or LPS is nec-
essary for proper infection and nodule formation on vetch. As
several studies have indicated that LPS-I is not required for
infection or nodule formation (e.g., De Maagd et al. 1989), it
can be concluded that the neutral gelling CPS or a related
component might be important for (one of) these processes.
Furthermore, it is obvious from these coinoculation experi-
ments that it is possible to complement for the inability of
RBL5522 to produce Nod factor by coinoculating with a
noninfective, Nod factor producing strain if ethylene produc-
tion by the host plant root was minimized. This would imply
that it might be possible to complement a R. leguminosarum
Nod- strain under certain conditions by adding purified Nod
factor in an inoculation experiment. This is supported by the
recent observation that it is possible to complement Nod mu-
tants of the broad-host-range Rhizobium sp. NGR234 and
Bradyrhizobium japonicum strain USDA110 by adding puri-
fied Nod factors in nodulation experiments (Relic et al. 1994).

Strain or plasmid

Relevant characteristics

RBL5515%
RBL5823¢
RBL5857¢
RBL5851°¢
RBL5858¢
RBL5825¢
RBL5852°¢
RBL5522
pRL1JI::Tn1831
pSym5::Tn1831

PRI AIDAID

leguminosarum bv. trifolii LPRS cured of its Sym plasmid, str rif®
leguminosarum RBL5515 exoB52::Tn5, str rif°

leguminosarum RBL5515 ex02::TnS, str rif°

leguminosarum RBL5515 exo4::TnS, str rif°

. leguminosarum RBL5515 exo5::Tn5, str rif°

. leguminosarum RBL5515 ex0370::TnS, str rif®

. leguminosarum RBL5515 ex0344::TnS, str rif®

. leguminosarum RBL5515 pRL1JI(del)® Spc2::Tn1831, str rif°
pRL1JI Spc3::Tn1831 Sym-plasmid of R. leguminosarum byv. viciae$
pSym5_Spc51::Tn1831 Sym-plasmid of R. leguminosarum bv. trifolii®

 Priem and Wijffelman 1984.

® str, streptomycin resistance gene; rif, rifampicin resistance gene.
¢ Canter Cremers et al. 1988.

4 Pees et al. 1986.

¢ In the text we refer to RBL5823 as exoB, RBL5857 as ex02, RBL5851 as exo4, RBL5858 as exo5, RBL5825 as ex0370, and RBL5852 as ex0344.
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From our results, it can be concluded that rhizobial EPS is
not a prerequisite for nodule initiation on vetch, but plays an
important role in the nodule development as has been de-
scribed before for clover (Chakravorty et al. 1982). The dif-
ferences found before between nodulation behavior of Exo
mutants on plants of the pea cross-inoculation group and
white clover can largely be contributed to the action of ethyl-
ene in plants of the pea cross-inoculation group. This is re-
flected by the fact that the nodulation ability of Exo mutants
of R. l. bv. trifolii is much less dependent on plant culturing
conditions (roots in the dark/addition of AVG). Such plant-
dependent responses might also explain the observation that
an Exo mutant of the broad host range Rhizobium sp. GRH2
is not able to nodulate vetch or clover roots, whereas the same
mutant can nodulate the indeterminate host Acacia cyano-
phylla (Lépez-Lara et al. 1993). It should be noted that differ-
ences in nodulation behavior between Exo mutants of the
three different groups could not be related to the amount of
ethylene production by the host root.

We hypothesize that the Nod factors of Rhizobium act as
elicitors, causing morphological changes (Van Brussel et al.
1992) and hormonal changes in the plant root, including pro-
duction of ethylene. The ethylene produced by vetch after in-
oculation with Rhizobium causes hypertrophy in correlation
with a rearrangement of microtubules in root cortical cells
(Van Spronsen et al., manuscript in preparation; Van Brussel et
al. 1992). By this mechanism, ethylene might inhibit nodula-
tion of parental R. l. bv. viciae RBL5515 pRL1JI::Tn1831 and
totally prevent nodulation of Exo mutants of RBL5515
pRL1JI::Tn1831. Obviously the threshold of vetch against
rhizobial infection is lowered if ethylene production by the
root is prevented. Another explanation could be that ethylene
is positively regulating the host plant defense response and
therefore inhibits nodulation. However, host defense re-
sponses like those found in root nodules of alfalfa induced by
a EPS™ mutant of R. meliloti (Niehaus et al. 1993) might also
be a side effect of ethylene production by the host plant root,
therefore not responsible for the inability of Exo mutants to
form effective nodules.

Our results are consistent with the following hypothesis.
Next to nodule primordia, preinfection thread structures and
other nodulation-related phenomena, rhizobial Nod signals
induce formation of ethylene in host plant roots. By influenc-
ing root cell growth, ethylene inhibits proper root infection by
rhizobia. In case of delayed nodulation, for instance due to
EPS deficiency, ethylene formation precedes root infection
and nodulation is impaired. If root infection is in time, the
amount of ethylene is sufficiently small to allow for proper
infection thread formation.

MATERIALS AND METHODS

Bacterial strains and culture conditions.

A list of the organisms and the characteristics of the plas-
mids used in this study is shown in Table 4. Rhizobium spe-
cies were maintained on solid A* medium (Van Brussel et al.
1977), and grown in TY (Beringer 1974) or YMB medium
(Hooykaas et al. 1979).

Isolation and characterization of polysaccharides.
High molecular weight EPS was precipitated from the su-
pernatant by adding 3 volumes of ethanol, as described previ-

ously (Borthakur et al. 1988). CPS was isolated by alkaline
extraction followed by ethanol precipitation, and quantified
by the antrone-sulfuric acid method (Breedveld et al. 1990).
LPS in crude cell extracts was analyzed by PAGE using 18%
acrylamide gels with deoxycholic acid as the detergent (Krauss
et al. 1988), and was silver-stained (Tsai and Frisch 1982).

Plasmid transfer.

Plasmids were transferred by the method of Beringer et al.
(1978).-

Plant cultures.

Trifolium repens L. seeds (white clover seeds) were surface
disinfected by immersion in concentrated sulphuric acid (5
min) followed by rinsing with demineralized water and im-
mersion in undiluted commercial bleach for 10 min. To re-
move the bleach, at least 6 washes with sterile demineralized
water during 6 h were performed. The seeds were imbibed by
overnight incubation in a 1% dilution of commercial bleach
in water, and germinated on 1% Jensen agar plates at 28°C
after 3 washes with sterile demineralized water. Vicia sativa
L. ssp. nigra (L.) seeds (vetch seeds) were treated like white
clover seeds, with the exception that the incubation time in
concentrated sulfuric acid was 45 min. After disinfection,
vetch seeds were incubated for at least 7 days at 4°C in the
dark to improve germination. Germinated seeds with roots
approximately 2 cm long were used to cultivate plants under
the conditions described before (Van Brussel et al. 1982) in
liquid Jensen medium, a mineral medium without fixed nitro-
gen (Vincent 1970). The germinated seeds were inoculated by
adding 25 pl of a thousandfold diluted bacterial suspension of
an A of 0.1, which corresponds to 1 to 5 x 10° CFU ml™\.
The bacteria used for the inoculations were grown on YMB
plates. The plants were cultured in the usual way with the
roots in the light or in special glass containers in which the
roots were shielded from light. If appropriate, aminoethoxy-
vinylglycine (AVG) was added to a final concentration of 0.1
mg/liter.

The plants were grown in growth chambers (20°C; 70%
relative humidity) at a light intensity at the table surface of
approximately 15,000 to 20,000 Ix (Philips TLF 60W/33
fluorescent tubes). The day length was 16 h.

N,-fixation assays and ethylene production.

Nitrogenase activity was measured with acetylene reduc-
tion assays. Reaction tubes containing six plants were capped
with Suba seal rubber stoppers and 10% of the air was re-
placed by acetylene. Ethylene production was measured with
use of a gas chromatograph, as previously described (Van
Brussel et al. 1982).

Reisolation of rhizobia.

Reisolation of rhizobia from root nodules was done accord-
ing to Vincent (1970). Nodules were immersed in ethanol
96% (30 s), followed by incubation for 2 min in HCl-acidified
HgCl, (1 g liter!). The nodules were washed 6 times with
sterile water, crushed in TY medium, and plated on TY me-
dium. Single colonies (20 to 30) were then tested for their
respective markers on YMB medium.

Microscopy.
Nodules were processed for thin sectioning as described
previously (Bakhuizen et al. 1985), with the exception that
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the first and second fixation periods were reduced to 1 h and
45 min, respectively. Transverse serial sections of 7 um were
made of 18- or 24-day-old nodules and were investigated by
light microscopy.

Bioassay for nod gene-inducing activity.
The presence of nod gene inducers in the root exudate was
quantified as described by Van Brussel et al. (1990).

Isolation and detection of Nod metabolites.

The production of Nod metabolites by the R. legumi-
nosarum strains was analyzed as described by Spaink et al.
(1992).
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