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The patterns of O-acetylation of the exopolysacchar-
ide (EPS) from the Sym plasmid-cured derivatives of
Rhizobium leguminosarumbv. trifolii strain LPR5, R.
leguminosarum bv. trifolii strain ANU843 and R. leg-
uminosarum bv. viciae strain 248 were determined by
'H and '*C NMR spectroscopy. Beside a site indicative
of the chromosomal background, these strains have one
site of O-acetylation in common, namely residue b of
the repeating unit (Fig. 1).

The O-acetyl esterification pattern of EPS of the
Sym plasmid-cured derivatives of strains LPR5,
ANUS843, and 248 was not altered by the introduction
of a R. leguminosarum bv. viciae Sym plasmid or a R.
leguminosarum bv. trifolii Sym plasmid. The induc-
tion of nod gene expression by growth of the bacteria
in the presence of Vicia sativa plants or by the presence
of the flavonoid naringenin, produced no significant
changes in either amount or sites of O-acetyl substitu-
tion. Furthermore, no such changes were found in the
EPS from a Rhizobium strain in which the nod genes
are constitutively expressed. The substitution pattern
of the exopolysaccharide from R. leguminosarum is,
therefore, determined by the bacterial genome and is
not influenced by genes present on the Sym plasmid.
This conclusion is inconsistent with the suggestion of
Philip-Hollingsworth et al. (Philip-Hollingsworth, S.,
Hollingsworth, R. 1., Dazzo, F. B., Djordjevic, M. A.,
and Rolfe, B. G. (1989) J. Biol. Chem. 264, 5710
5714) that nod genes of R. leguminosarum bv. trifolii,
by influencing the acetylation pattern of EPS, deter-
mine the host specificity of nodulation.

In the past few years, attention has been paid to the
possibility that rhizobial exopolysaccharide (EPS)! is involved
in nodulation. Several authors described the isolation of mu-
tants affected in the synthesis of EPS that also showed defects
in nodulation ability. Leigh et al. (1985) described numerous
Exo™ mutants of Rhizobium meliloti that all induce non-
nitrogen-fixing nodules. Diebold and Noel (1989) described
the isolation of Exo™ mutants of R. leguminosarum bv. phas-
eoli and R. leguminosarum bv. viciae. Since the R. legumino-

sarum bv. phaseoli Exo™ mutants induced nitrogen-fixing
nodules on beans, while comparable mutants of R. legumino-
sarum bv. viciae failed to nodulate their host plants, they
concluded that the requirements for EPS in nodulation de-
pend on the cross-inoculation group concerned (Diebold and
Noel, 1989).

More direct evidence for a role in nodulation of EPS was
described by Djordjevic et al. (1987), who reported that puri-
fied EPS from R. leguminosarum bv. trifolii strain ANU843
could restore the nitrogen fixation ability of a mutant defi-
cient in the synthesis of EPS. Further evidence for a biological
role of EPS in nodulation was described by Skorupska et al.
(1985). They described that nodulation could be inhibited by
incubation of pea roots with EPS prior to inoculation with R.
leguminosarum bv. vicige. In their system, deacetylated EPS
did not block nodulation.

That the pattern of O-acetylation in the EPS could be
important for the outcome of the nodulation process was also
described by Philip-Hollingsworth et al. (1989b), who reported
that the acetylation pattern of the EPS isolated from R.
leguminosarum bv. viciae strain 300 is influenced by a plasmid
harboring several nodulation genes isolated from R. legumi-
nosarum bv. trifolii. They suggested that changes in the O-
acetylation pattern determine the host specificity of nodula-
tion.

In this paper we describe the distribution of the O-acetyl
and 3-hydroxybutanoy! substituents in EPS synthesized by
several R. leguminosarum biovar strains.

MATERIALS AND METHODS?

RESULTS

Basic Chemical Structure of the EPS of R. leguminosarum—
The structure of the EPS of R. leguminosarum bv. trifolii
strains LPR5 and ANUB843, as well as R. leguminosarum bv.
vicige strain 248 has been reported (McNeil et al.,, 1986;
Hollingsworth et al., 1988; Canter Cremers et al., 1991 respec-
tively; Fig. 1, A and B). In order to study the influence of
expression of nodulation genes on the structure of EPS syn-
thesized by R. leguminosarum biovar strains, we first estab-
lished the basic chemical structure of the EPS isolated from
Sym plasmid®-cured derivatives of strains LPR5, ANUS843,
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Fic. 1. Sugar sequence of the repeating units of EPS iso-
lated from R. leguminosarum biovar strains. The non-stoichi-
ometric ester substituents are not shown. A, strain LPR5, RBL5515,
and ANUS845; B, strain RBL1387 and 248. Fragments obtained by
the action of phage depolymerase have 4-deoxy-a-L-threo-hex-4-en-
opyranosyluronic acid in place of glucuronic acid residue a.

and 248 by both 'H and **C NMR spectroscopy.

The EPS of a Sym plasmid-cured derivative of R. legumi-
nosarum bv. trifolii strain LPR5, namely strain RBL5515,
was depolymerized with phage RL38 and purified. After de-
esterification of the repeating unit of the EPS thus obtained
in the NMR tube by the addition of aliquots of 100 mM NaOD
in D,0, the structure was studied. The 'H and *C spectra
obtained from the depolymerized and de-esterified EPS iso-
lated from Sym plasmid-cured R. leguminosarum biovar strain
RBL5515 (Fig. 2A) were indistinguishable from those of
strain ANU845, indicating an identical sugar sequence.

The *C spectrum of the de-esterified repeat units of EPS
of strains RBL5515 and ANU845 was assigned as follows.
Graded acid hydrolysis of purified EPS from strain ANU845
was used to generate oligosaccharide fragments, which were
then separated as described previously (Canter Cremers et al.,
1991). The '*C NMR spectra of these fragments were assigned
by comparison with the reported spectra for similar oligosac-
charides (Bock et al., 1984) and by comparing the spectra of
larger fragments with those of smaller fragments derived from
them (Djordjevic et al., 1986). The set of fragments (Table 2)
was sufficient for the assignment of carbons in residues b, ¢,
d, e, and f of the known structure (Hollingsworth et al., 1988;
Philip-Hollingsworth et al., 1989b).

Depolymerization changes residue a into 4-deoxy-a-L-
threo-hex-4-enopyranosyluronic acid. The H-1 and H-4 reso-
nances for this residue occur sufficiently downfield to permit
location of H-2 and H-3 by difference decoupling. Using the
chemical shifts of these four protons it was possible to meas-
ure the chemical shift for C-1, C-2, C-3, and C-4 from the **C-
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'H heteronuclear chemical shift correlation spectrum for the
repeat unit. The shifts for C-5 and C-6 were unmistakable.
The assignments of residues g and h were obtained by com-
paring spectra of samples with and without galactose (Canter
Cremers et al., 1990), as well as by comparing the effect of the
carboxyethylidene substituent on chemical shifts. The assign-
ments of the *C spectrum are summarized in Table 3.

The spectra of the depolymerized and de-esterified EPS of
strain RBL5515 are entirely consistent with the basic chem-
ical structure published for strain LPR5 (McNeil et al., 1986;
Fig. 14). We use the latter code given in Fig. 1 as reference
for the various sugar residues.

The sugar sequence of the depolymerized and de-esterified
EPS isolated from a Sym plasmid-cured derivative of R.
leguminosarum bv. viciae strain 248, namely strain RBL1387,
is different (Fig. 1B), and the determination of this structure
will be reported elsewhere. However, the structure of the
backbone of the EPS, namely residues a, b, ¢, and d (Fig. 1)
is identical to that of strain RBL5515 (Fig. 1, A and B).

Sites of Esterification in the EPS of Strain RBL5515—
Information about the sites of esterification in the depolym-
erized EPS isolated from R. leguminosarum strain RBL5515,
was obtained by comparing the **C NMR spectra before and
after de-esterification (Fig. 2, B and A, respectively). Shifts
caused by acetylation were distinguished from those due to
hydroxybutanoate substitution by examining the octasac-
charide repeating units from strains RBL5515 and ANU845,
which have different proportions of acetyl and 3-hydroxybu-
tanoyl groups. Chemical shifts for all the protons on residue
a were located by homonuclear difference decoupling. In the
'H spectrum of repeat units from RBL5515 EPS, the triplet
due to H-3 of the 3-0O-acetylglucuronic acid (residue b) which
is found slightly upfield from the H-1 resonance of H-1 of
residue a (Hollingsworth et al., 1988) is reasonably well sep-
arated from other signals (Fig. 3). Difference decoupling,
starting with the H-3 resonance, was used to locate H-1, H-
2, and H-4 of acetylated residue b. The locations of H-2 and
H-4 were in agreement with those reported previously (Hol-
lingsworth et al., 1988) and conformation of the H-1 resonance
position was obtained by relayed conherence transfer (Eich et
al., 1982) to H-3 following selective excitation of H-1.

The major site of acetylation was the 3-position on the
glucuronic residue b, not residue ¢ as previously suggested
(Kuo and Mort, 1986). Although spectroscopic differences
between glucose and glucuronic acid are not great, there are
three independent pieces of evidence for this conclusion.

1) The presence of acetate causes a reduction in the inten-
sity of the C-6 resonance for residue b at 176.2 ppm and the
appearance of a new peak at 175.9 ppm (Table 4A; Fig. 4, A
and B).

2) The intensity of the peak at 80.9 ppm is affected by
acetylation. This peak is assigned to C-4 of residue b (Table
3) because it was the furthest downfield of all the C-4 reso-
nances and the C-4 resonance for the internal glucuronic acid
residue of the hydrolysis fragment 8-GlepA-(1—4)-8GlcpA-
(1—4)-Glcp, is significantly downfield (82.0 ppm) from C-4
for the reducing terninus a-glucose (79.9 ppm) or 8-glucose
(79.8 ppm). The C-4 resonance for glucuronic acid occurs at
82.0 ppm in the spectra of three other related hydrolysis
fragments, but in the octasaccharide, in which residue a has
changed from glucuronic acid to 4-deoxy-a-L-threo-hex-4-
enopyranosyluronic acid, the resonance moves upfield to 80.9
ppm. Since the other C-4 resonances do not move (and are
still 1 ppm upfield from the resonance in question), the carbon
whose resonance frequency is affected by the change in residue
a must be on residue b. Final confirmation of the assignment
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was provided by a fortuitous accident during the preparation
of depolymerized repeat units from EPS synthesized by mu-
tant strain RBL5515,ex0112::Tn5. Phage depolymerization of
EPS of this strain was performed three times: on two occa-
sions the material obtained was spectroscopically indistin-
guishable from repeat units of strain RBL5515, but on the
third occasion residue a was completely absent. The reason
for the loss of this residue a is unknown, but microbial
contamination followed by enzymatic degradation must be
considered as a possibility, In the **C spectrum of the modified
sample, the peak at 80.9 ppm had disappeared, while a new
peak had appeared at 72.9 ppm. The other C-4 resonances
were unaffected.

3) Philip-Hollingsworth et al. (1989b) reported that the
resonance frequency for the H-1 nucleus in 4-deoxy-a-L-
threo-hex-4-enopyranosyluronic acid residue a was shifted
slightly by the presence of acetate. In the present study, it
was found that at 30 °C the resonances for all the protons in
residue a are affected by acetylation. Samples that contained
approximately equal amounts of acetylated and unacetylated
material were used, so that measurement of the shifts was not
affected by changes in sample conditions. All the shifts were
less than 0.05 ppm and were temperature dependent (Fig. 5)
and were therefore too small for the acetylation to be on
residue a. They are presumably examples of conformational
transmission of substitution effects (Dabrowski et al., 1980).
A simple hard sphere repulsion model (Rees and Skerret,
1970) would predict no effect of acetate at C-3 of residue b on
the extent of rotation around the interresidue bonds connect-
ing residues a and b. We suggest, therefore, that acetate affects
hydrogen bonding between the residues (Rees and Skerret,
1970) and that the hydrogen bonding, in turn, affects the
average conformation of the whole hexenoic ring.

As discussed above, identification of the site of acetylation
depends on correct assignment of the resonances in the una-
cetylated oligosaccharide. We have nevertheless attempted to
assign *C resonances for the acetylated species. Since the
chemical shift for the H-3 proton on acetylated residue b was
known, the frequency of the *C resonance for C-3 of the same
residue could be obtained from the two-dimensional correla-
tion spectrum (Fig. 6 and Table 3). The acetylation shift of
+1.2 ppm obtained by comparing this frequency with C-3 of
the corresponding residue in the unacetylated hydrolysis frag-
ment B-GlcA-(1—4)-8-GlcA-(1—4)-Glc was slightly smaller
than the normal range of 1.5 to 4.0 ppm (Bock and Pedersen,
1983), but part of the change can be related to the altered
nature of residue a.

We are, however, left with a set of shifts for other carbons
that fall well outside the usual range whatever combination
of assignment is made. Qur preferred assignments for the
peaks that are seen only when acetate is present are given in
Table 3. The carbon resonance at 81.1 ppm is correlated with
a proton resonance that has a similar chemical shift to that
for H-4 of residue b in the unacetylated repeat unit (Fig. 6)
and is therefore assigned to C-4 of 3-O-acetylated residue b,
despite the fact that this implies a small positive shift rather
than the expected field shift of between 1 and 5 ppm (Bock
and Pederson, 1983). The other possible assignments, C-5
and C-2, are not favored because they would mean downfield
shifts of 4.6 and 6.1 ppm, respectively, for the carbon signals
and the H-2 resonance should be further upfield. Similar
arguments were used in arriving at the assignments in Table
3.

The difficulties encountered in assigning the acetylation
shifts would have been exactly the same if acetate had been
on residue ¢ or any other 1-4-linked glucose residue. A pos-
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sible explanation for the unusual substituent effects is that
the average confirmation of glucuronic acid may be sensitive
to changes in the amount of inter- and intraresidue hydrogen
bonding. All the **C resonance frequencies in glucuronic acid
are slightly dependent on the degree of ionization of the
carboxylate group and the resonance for C-5 varies by as
much as 1.8 ppm (Pfeffer et al., 1979).

In agreement with previous studies (Philip-Hollingsworth
et al., 1989a) we found methyl proton resonances indicating
that there was also 2-O-acetate on residue b (Table 4B). The
13C spectral evidence is consistent with this conclusion, but it
would not, by itself, be conclusive.

The '*C spectrum also contained evidence for another acet-
ylation site, which could only be on residue d (Table 4D), the
reducing terminus of the octasaccharide (Fig. 1). In addition,
the 'H spectrum (Fig. 34) contained the methyl resonances
previously reported as being specific for acetate on residue d
(Philip-Hollingsworth et al., 1989a).

In conclusion, O-acetyl groups are found on residue b and
d of EPS of R. leguminosarum strain RBL5515.

Sites of Esterification in the EPS of Strain ANU845—The
'H (Fig. 3B) and ®*C NMR spectra (Fig. 2C) of the repeating
unit of the EPS isolated from R. leguminosarum strain
ANUB845 contained all the peaks assigned to the presence of
2- and 3-O-acetates on residue b (Table 4, A and B; Fig. 4C).
The same was true for the galactose resonances affected by
3-hydroxybutanoyl (Table 4E), but the amounts were some-
what greater than for strain RBL5515.

No evidence was found for acetate on residue d, but there
was instead a small amount of acetate at the 2- and 3-positions
of residue a, as indicated by the appearance of C-1 peaks at
108.2 and 107.9 ppm (Fig. 2C; Table 4C). Furthermore, there
were small changes in the resonance frequencies for C-4, C-
5, and C-6 of residue a (T'able 4C) and for H-1 and H-4 of the
same residue.

In conclusion, apart from 3-hydroxybutanoyl groups at
residue g, O-acetyl groups are found on residues a and b of
the repeating unit of EPS isolated from R. leguminosarum
strain ANU845 (Fig. 1).

Sites of Esterification in the EPS of R. leguminosarum
Strain RBL1387—The *C NMR spectrum of the purified
nonasaccharide-repeating unit of the EPS isolated from Sym
plasmid-cured R. leguminosarum biovar strain RBL1387 (Fig.
2D), contained the characteristic resonances indicating the
presence of 2- and 3-0O-acetyl substitution on residue b (Table
4, A and B; Fig. 4D). In addition to the methyl proton
resonances for the acetates on residue b, the 'H spectrum
contained a second pair of acetyl methyl resonances that were
not observed in the spectra of material from either of the
other strains. As we reported elsewhere (Canter Cremers et
al., 1991) these resonances were assigned to acetylations at
C-2 and C-4 of residue f (Fig. 1B). Apart from the acetylations,
EPS of strain RBL1387 also contains 3-hydroxybutanoyl
groups, esterified to residue h and i.

Effect of Sym Plasmids on the Esterification Pattern—To
test whether the presence of Sym plasmids influenced the
esterification pattern of the EPS, we first introduced the R.
leguminosarum bv. viciae Sym plasmid pRL1JI into strains
RBL5515, ANU845, and RBL1387. The ‘H and “C NMR
spectra showed no change in the sites of 3-hydroxybutanoyl
and O-acetyl esterification in either strain. In each case there
were 2- and 3-O-acetyl groups on residue b plus the second
acetate indicative of the chromosomal background, on residue
a in strain ANU845 pRL1JI, on residue d in strain RBL5515
pRL1JL, and on residue f in strain RBL1387 pRL1JI. Any
variation in the amount of the substituents fell within the
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range encountered between different batches from the same
strain.

Introduction of the Sym plasmid of another cross-inocula-
tion group, namely the R. leguminosarum bv. trifolii Sym
plasmid pSym5, did not influence the site or amount of
esterification in either one of these strains.

Also the introduction of either the R. leguminosarum bv.
viciae Sym plasmid pHim or the R. leguminosarumbv. phaseoli
Sym plasmid pSym9 in R. leguminosarum strain RBL5515
did not affect the esterification present on its EPS.

In conclusion, the presence of a R. leguminosarum Sym
plasmid by itself does not influence the site or amount of
esterification present in the EPS in any of the Rhizobium
strains tested.

Influence of Plasmid pRt290 on Esterifications in EPS of R.
leguminosarum Strain RBL5515 pRLI1JI—Philip-Hollings-
worth et al. (1989b) reported that the introduction of plasmid
pRt290 in R. leguminosarum bv. viciae strain 300 influenced
the site of O-acetylation in its EPS, especially when the nod
genes in this strain were not induced by flavonoids. To check
whether this also occurs in the R. leguminosarum bv. viciae
strain we use, we introduced plasmid pRt290, which harbors
the R. leguminosarum bv. trifolii nodulation genes nodF, E, L,
M, N, in strain RBL5515 pRL1JI and, as a control, in strain
RBL5515. The *H and *C NMR spectra obtained from the
depolymerized EPS isolated from the resulting strains showed
no change in site or amount of esterification with O-acetyl or
3-hydroxybutanoyl groups compared with that of strain
RBL5515 (Fig. 2B). Thus, the presence of plasmid pRt290
does not influence the site of O-acetylation in R. leguminosa-
rum bv. viciae strain RBL5515 pRL1JI.

Influence of Induced nod Genes on Esterifications in EPS of
R. leguminosarum—To investigate whether expression of nod
genes influenced the amount or site of esterification, we
isolated the EPS from strains RBL5515, RBL5515 pRL1JI,
and RBL5515 pSym5 grown in B~ minimal medium at 28 °C
for 3 days in the presence or absence of 4 ug/ml naringenin,
which is a potent inducer of nod gene expression in both R.
leguminosarum bv. viciae and R. leguminosarum bv. trifolii
strains (Djordjevic et al., 1987; Zaat et al., 1987). In either
case the 'H and **C NMR spectra obtained from the depoly-
merized and purified EPS showed no difference in site or
amount of esterification.

The R. leguminosarum strains RBL5515, RBL5515
PRL1JI, and RBL5515 pSym5 were also grown in the pres-
ence of V. sativa roots. In respect to site and amount of O-
acetylation, the 'H and >*C NMR spectra obtained from the
depolymerized EPS isolated from these cultures were indistin-
guishable from that of strain RBL5515 grown in minimal
medium (Fig. 2B). In EPS isolated from these cultures there
was 3-hydroxybutanoyl esterification of O-2 and O-3 of resi-
due g, but the amount was significantly lower than that
present in EPS of strain RBL5515 grown in B~ minimal
medium. When EPS was isolated from a culture of RBL5515
grown in the same medium as used for the V. sativa plants,
namely J** medium, the amount of 3-hydroxybutanoyl was
comparable to that found in the EPS of strains grown in
presence of the V. sativa plants. This difference in the amount
of 3-hydroxybutanoyl substitution thus seems dependent on
the medium used. The presence of flavonoids and other sub-
stances secreted by the plant roots seems not to influence the
amount or site of esterification in the EPS of the strains
tested.

Finally we isolated EPS from a R. leguminosarum bv. viciae
strain in which the nod genes are constitutively expressed,
namely strain RBL5515 pRL1JI,nodD2::Tnb harboring plas-
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mid pMP604, on which a hybrid nodD gene is present. The
NodD protein derived from it is able to induce all the pro-
moters in front of the inducible nod genes present on the R.
leguminosarum bv. viciae Sym plasmid pRL1JI in the absence
of flavonoids (Spaink et al., 1989a). The 'H and "*C spectra
obtained from the enzymically depolymerized EPS of this
strain were indistinguishable from that of strain RBL5515
(Fig. 2B). We therefore conclude that neither the presence
nor the induction of nod genes influence the site or amount
of esterification present in the EPS of R. leguminosarum bv.
viciae strain RBL5515 pRL1JL.

DISCUSSION

In this paper we described the esterification patterns of
EPS isolated from three R. leguminosarum biovar strains,
namely RBL5515, ANU845, and RBL1387.

3-Hydroxybutanoyl Substitutions—In all three strains, 3-
hydroxybutanoyl groups are ester linked to the 2- and 3-
positions of the terminal galactose residue in the side chain
of the EPS (Fig. 1). It is also present on glucose residue h in
EPS from strain RBL1387. Like galactose residue i, this
residue carries a 4,6-0-(1-carboxyethylidene) group.

The amount of 3-hydroxybutanoyl groups present in the
EPS depended on the growth medium, which is in agreement
with the findings of McNeil et al. (1986). When the bacteria
were grown under indistinguishable conditions, there were
consistently more 3-hydroxybutanoy! groups present on EPS
from strain RBL1387 and ANU845 than there was on EPS
from strain RBL5515. This may simply be a reflection of the
metabolic states for the different strains in the chosen me-
dium. Alternatively, the amount of 3-hydroxybutanoyl ester-
ification may be a consequence of the chromosomal back-
ground studied. Neither the presence of Sym plasmids nor the
induction of nod genes had any effect on the level of hydrox-
ybutanoyl substitution.

In addition, both R. leguminosarum bv. viciae strain
RBL1387 pRL1JI with a high level, as well as strain RBL5515
pRL1JI with a lower level, of hydroxybutanoyl substitution
were able to nodulate the same host. It is therefore unlikely
that this substituent is involved in determining host specific-
ity within the R. leguminosarum biovars.

0-Acetyl Substitutions—In EPS from all strains examined,
we found O-acetyl groups esterified to residue b (Fig. 1) of the
repeating unit. Furthermore, all three R. leguminosarum
strains RBL5515, ANU845, and RBL1387 showed an addi-
tional O-acetylation site dependent on the chromosomal back-
ground studied.

Our results for strain ANU845, which indicate that it has
O-acetyl groups esterified to residues a and b (Fig. 1), confirm
and extend those of previous workers (Philip-Hollingsworth
et al., 1989a). The O-acetyl group on residue a of EPS from
R. leguminosarum biovar strain ANU845 has not previously
been reported. Apparently, this acetate does not prevent de-
polymerization by the phage trans-eliminase, as the phage
was able to depolymerize the EPS.

Evidence, although not conclusive, was found for acetyla-
tion at both C-2 and C-4 of glucuronic acid residue f in the
EPS of R. leguminosarum biovar strain RBL1387. Base-cat-
alyzed acetyl migration has been offered (Hollingsworth et
al.,, 1988) as an explanation for the presence of both 2-O-
acetylation and 3-O-acetylation of residue b in repeat units
isolated from strain ANU845. Such migration requires the
presence of an adjacent free hydroxyl group and cannot,
therefore, be the explanation for the acetylation sites on
residue f of EPS from strain RBL1387. In analogy, it is
possible that the two acetylation sites of residue b in EPS of
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R. leguminosarum strain ANU845 and other comparable
strains are not due to migration.

Presence of Acetyl Groups on Residue b of the EPS of R.
leguminosarum Biovars—The *C NMR spectra demonstrate
unambiguously that one of the sites of acetylation is the same
in EPS from all three strains with different chromosomal
backgrounds examined. While this is contrary to one of the
conclusions drawn in a previous study (Philip-Hollingsworth
et al., 1989a), there is no conflict with their and our experi-
mental data. Two of our strains, namely strains ANU845 and
RBL5515, are similar to ones examined by Philip-Hollings-
worth et al. (1989a). They also found that the site of acetyla-
tion in EPS from ANU845 was the glucuronic acid residue b,
but they reached a different conclusion with respect to EPS
from strain LPR5035, which is closely related to our strain
RBL5515. Philip-Hollingsworth et al. (1989a) found acetyla-
tion of residue b in EPS from R. leguminosarum bv. trifolii
strains ANU845, NA-30, and TA1. The last two were also
studied by Kuo and Mort (1986), who believed that they had
developed a modified methylation analysis procedure that
would permit the location of acetate substituents. Kuo and
Mort’s conclusion that the acetyl groups were on residue c in
the EPS of strains NA-30 and TA1 was in direct conflict with
the later NMR evidence of Philip-Hollingsworth et al.
(1989a). Our results for strain ANUB845 support the conclu-
sions of Philip-Hollingsworth et al. (1989a).

Philip-Hollingsworth et al. (1989a) also studied EPS from
strains LPR5035 and 128C53, which they found to be spec-
troscopically identical, but they were unable to locate the
characteristic triplet for the H-3 resonance of 3-O-acetyl
residue b in the 'H spectrum of the repeat units. We, too,
found that in a number of cases, the H-3 signal was distin-
guishable only upon close inspection, but there was no such
difficulty with the characteristic '*C resonances. In the ab-
sence of other evidence, Philip-Hollingsworth et al. (1989a)
accepted the finding of Kuo and Mort (1986) that residue ¢
was acetylated in EPS from strain 128C53 and extended it to
strain LPR5035, even though they had overturned the same
conclusion of Kuo and Mort (1986) concerning EPS from
strains NA-30 and TA1, as described above. Our results
strongly suggest that the methylation analysis of Kuo and
Mort (1986) gave the wrong conclusions for these strains as
well, since in EPS of a strain closely related to strain
LPR5035, namely strain RBL5515, acetylation occurs to res-
idues b and d.

Influence of nod Genes on the Site of Substitution—Philip-
Hollingsworth et al. (1989b) reported that the acetylation
pattern of the EPS synthesized by R. leguminosarum bv. viciae
strain 300 changed markedly after the introduction of a high
copy number plasmid harboring R. leguminosarum bv. trifolii
nod genes nodF, E, L, M, N, which are involved in determining
host specificity. They, therefore, suggested that the acetyla-
tion pattern was involved in determining host specifity.

Neither the introduction of Sym plasmids of various R.
leguminosarum biovars into the Sym plasmid-cured strains
RBL5515, ANU845, or RBL1387, nor the growth of strains
RBL5515, RBL5515 pRL1JI, and RBL5515 pSym5 in the
presence of either V. sativa roots or the flavonoid naringenin
had any effect on the esterification pattern of the EPS. In
addition, EPS isolated from strain RBL5515 pRL1JI,
nodD2::'Tn5 pMP604, in which the nodulation genes are con-
stitutively expressed, was indistinguishable from that of strain
RBL5515. Also no change in the acetylation pattern was
observed in the present study, when the multicopy plasmid
pRt290 used by Philip-Hollingsworth et al. (1989b) was intro-
duced into R. leguminosarum bv. viciae strain 5515 pRL1JI.

Esterifications on EPS of Rhizobium

The reported changes in acetylation are therefore specific for
either R. leguminosarum bv. viciae strain 300 or for the
conditions used.

Role of EPS in Nodulation—Three bacterial strains with
different host specificities, namely R. leguminosarum bv.
phaseoli strain RBL5515 pSym9, R. leguminosarum bv. trifolii
strain RBL5515 pSymb, and R. leguminosarum bv. viciae
strain RBL5515 pRL1JI, were found to have EPS with the
same O-acetylation pattern. Furthermore, three strains which
induce nitrogen-fixing nodules on V. sativa plants, namely R.
leguminosarum bv. viciae strains RBL5515 pRL1JI, ANU845
pRL1JI, and RBL1387 pRL1JI produce EPS with qualita-
tively different substitution patterns. Hence, neither the var-
iation in the sugar sequence of the side chain, nor the chro-
mosomal background dependent esterifications sites cause
discrimination between these strains. We therefore find it
highly unlikely that EPS is a determinant of host specificity.
Our conclusions are consistent with those reported by McNeil
et al. (1986) which were based on EPS isolated from nonin-
duced Rhizobium strains only. Experimental data described
in the present paper allow us to extend this conclusion to
Rhizobium strains from which nod genes, including those that
determine host specifity (Spaink et al., 1989b), were induced.

These conclusions do not preclude the possibility that a
common feature of the EPS is required by all R. leguminosa-
rum biovars for successful symbiosis. The common features
of EPS from strains ANU845, RBL5515, and RBL1387 are
1) the backbone sugar residue sequence, 2) the carboxyethy-
lidinated glucose and galactose residues at the end of the side
chain, and 3) a substantial degree of 3-O-acetylation of glu-
curonic acid residue b. The degree of acetylation is known to
affect the rheological properties of EPS (Holzwarth and Og-
letree, 1979), but whether this can be related to symbiotic
efficiency is unclear.

Finally on the basis of our results, we conclude that the
acetylation pattern of the EPS of R. leguminosarum is deter-
mined by the bacterial genome and is not influenced by the
expression of nod genes, the expression of other genes present
on the Sym plasmid, or factors present in the root exudate of
V. sativa plants.
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Distribution of O-acetyl Groups in the EPS
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Materials and Methods

Bacterial strains and plasmids used

All bacterial strains and plasmids used are listed in Table 1. Bacteria were grown in B' (Van Brusse!
et al, 1977) or J°* medium, which is Jensen medium (Vincent, 1970) supplemented with 20% B
medium. If required, antibiotics were added in concentrations as described previously (Canter
Cremers et al, 1988). In order to be able to transfer Sym plasmids from one strain to another, we
used Sym plasmids marked with transposons in regions that did not affect nodulation ability,
namely R.lequminosarum bv viciae Sym plasmid pRL1J1:Tn1831(3) (Priem and Wijffelman, 1984),

R.leguminosarum by trifolii Sym plasmid pSym5::Tn5 (Hooykaas et al., 1981, R.lequmingsarum bv
phaseoli Sym plasmid pSym9::Tn5 (Hooykaas et al., 1981) and R.legumincsarum bv viciae Sym
plasmid pHim::Tn5 (Spaink et al., 1987).

and

puri of EPS

A supension of Rhizobium bacteria in water was used as an inoculum. In order to make this
suspension, bacteria were pelleted from a freshly grown culture in B° minimal medium by
centrifugation, resuspended in H,0, once again pelleted by centrifugation and resuspended in
H,0.In order 1o isolate EPS, bacteria were grown at 28°C on a rotary shaker in erlenmeyers
containing 500 mL of medium for three days after inoculation to A, 0.05 from a bacterial
suspension in H,0. Whenever a comparison is made between induced and non-induced bacteria,
the cultures were grown at the same time, using the same rotary shakers and climate rooms to
obtain comparable culturing conditions.

The EPS was isolated from the Rhizobium cultures by first pefleting the bacteria by centrifugation
for 15 min at 11.000 rpm in a Beckman JA14 rotor. The supernatant was then dialyzed and
concenirated in an Amicon hollow fiber apparatus fitted with a HSP100-43 carridge, which has a
100.000 Da cut off as described previously (Djordjevic t al, 1986).  After freeze drying, 0.150 g
EPS was dissolved in 20 mL 25mM phosphate buffer pH 7.0, and depolymerized by adding 10"
plaque forming units of phage RL38 (Buchanon-Wollaston et al,1979) or phage 4S (Hollingsworth et
al, 1984). After 7 days at 28°C, the remaining EPS polymer molecules were pelleted by
centrifugation for 10 min at 10.000 rpm after adding two volumes of 96% ethanol to the EPS-phage
solution. The ethanol in the supernatant was removed by roto-avaporation at 45°C followed by
freeze drying. The material obtained was sequentially purified over Sephadex DEAE A25, Bioget
P2 and Dowex S0WX2 columns as described previously {Djordjevic et al, 1986).

From the culture supernatants of the R.Jeguminosarum strains oligosaccharides, that
appeared identical in structure to the repeating units obtained by phage assisted depofymerization
of the EPS, could also be isolated according to the method described by Djordjevic et al (1986).
This indicates that also the R.equminosarum bacteria themselves can also synthesize a
depolymerase {endo-lyase). The quantities of repsating unit present in the culture supernatants
were however so iow, about 2 mg per L, that it was more efficient 10 use phage depolymerized
EPS.

Partial hydrolysis of the EPS

A solution of EPS { 50 mg/mL) from strain RBL5515 in M trifluoroacetic acid was heated for
1 hour at 100°C for 1 hour.
isofated and purified by sequential ion-exchange and gel-filtration chromatography (Djordjevic et al.,

The TFA was removed by freeze drying and the cligosaccharides

1986). The size of the fragments was estimated by their eiution pattern from a Biogel P2 column in
comparison to that of model mono-, di-, tri- and tetrasaccharides as described by Djordjevic et al
(1986).

Bloassay

The supernatants of cultures of strain RBL5561 pMP604 and other cultures induced with
naringenin {Zaat et al, 1987) were checked for biological activity by monitoring the response of
plants to the culture supernatants. relevant cultures was first
sterilized for 10 min at 120°C before being placed in tubes with V.sativa plants supported by a

metal rack as described by Van Brussel et al (1986).

Therefore the supernatant of

After 4 days, the plants were assayed for
root hair deformation and curling with a microscope. This bioassay was performed on the same
supernatant from which the EFS was isolated.

NMR analysis

Oligosaccharide samples were dissolved in 99% D,0O and spectra (200mHz for 'H, 50.3 mHz for
°C) waere recorded on a Varian XL-200 spectrometer. The temperature was 20°C, uniess otherwise
indicated. In the 'H spectra, the chemical shifts were measured relative to internal
trimethylpropanesulphonate at 0 ppm. In the ""C NMR spectra methanol at 50.01 ppm was used as
internal standard. The resonance at 72.6 ppm assigned to C2 of residue b in presence of 3-O-
acetate at residue b {Table 3A) was only found in EPS of mutant strains that failed 1o incorporate

galactose in their EPS (Canter Cremers et al., 1990). 'H-"C heteronuclear chemical shift

correlation spectra were obtained using the pulse sequence described by Bax and Morris (1981),
which permits quadrature detection in both domains. Spectral widths of 3 kHz (2048 points} in the
carbon domain and 600 Hz (256 points) in the proton domain were employed. Spectra were
displayed n absolute mode and Lorentzian to Gaussian lineshape conversion was performed in

each domain.

Isolation of EPS of Rhizobium grown in the presence of V.sativa plants.

For plant assays, V.sativa seeds were surface sterilized by subsequent washing in concentrated
H,S0, and hypochlorite as described by Van Brussel et al (1982). After germination at 4°C (Van
Brussel et al, 1982), aliquots of about 100 V_sativa seedlings with an average root length of 1 ¢cm

were placed on a metal rack in beakers containing 1 L of J** medium each as described previously
(Zaat et al, 1987). The beakers were then placed on a magnetic stirrer in our plant growth cabinet,
the conditions of which were described previously (Canter Cremers et al, 1989).
medium was inoculated with appropriate Rhizobium bacteria suspensions to an Ay, 0.05. The

It required, the
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beakers were incubated in the climate chamber for an additional fourteen days, after which the Table 2
growth medium was harvested and spun for 15 min at 10,000 pm. The EPS was isolated from Fragments isolated by partial acid hydrolysis of EPS from R.lequminosarum biovar strain
the supematant as described above. In the growth mecium of sterife grown V.sativa plants, ANU845.
polysaccharides with an apparent molecular weight of 100,000 Da and Qgreater were not detectable.
From the growth medium of V.sativa plants inoculated with a particular Rhizobium strain, about I 8-D-Glop-(1~4)-8-D-Glop-(1~54)-D-Glcp
0.15 g of ides with an molecular weight of over 100,000 Da could be isolated. It B-D-GlopA-(1—4)-8-D-Glop:-(1~4)-D-Glcp
1 a-D-Glcp-{1—4)-8-D-GlcpA-{1-4)-B-D-GlcpA-(1-4)-D-Glep
Results IV B-D-GicpA-(1->4)-8-D-GIcpA-(1—4)-B-D-Glep-(1-4)-D-Gicp.
The “C and *H NMR spectra of depolymerized and de-esterified EPS of the Sym plasmid free V  B-D-GlcpA-{1—4)-8-D-GicpA-(1 —4)-B8-D-Glcp-{1—-4)-D-Glcp
R.leguminosarum strain RBL5515 (Figure 2A) were identical to that of RJsguminosarym strain B-D-Glcp-(1-4)-8-D-Glcp-(1-+6)
ANUB45, which indicates an identical structure (Figure 1A). The °C spectrum was assigned with
heip of oli i (Table 2), by graded acid hydrolysis of the EPS of
strain ANU845. The assignments are summarized in Table 3. The sites of esterification with O- Table 3
acetyl and 3-hydroxybutanoyl groups were determined by 1) comparing the *C spectra of EPS of Chemical shitts in ppm for *C in the nmr sp: of the d
strains ANUB4S and RBL5515 before and after esterification (Figure 2 and 4); 2) interprstation and repeat unit from EPS produced by Rlgguminosarym biovar strain RBLS515.
comparison of 'H NMR spectra of strains ANU845 and RBL5515 at ditferent temperatures {Figures sugar residue
3 and 5); 3) interpretation of a 'H-"C correlation spectrum of the depolymerized EPS of strain carbon a b ¢ da) dip) e t 9 h
RBL5515 (Figure 6). The determination of the general structure (Figure 1B) and the sites of
esterification in the EPS of another R.leguminosarum strain, namely strain RBL1387, will be 1 100.8 | 103.3 | 103.3 93.1 97.1 | 103.3 1103.3 | 1040 103.3
reported elsewhere (Canter Cremers et al., 1991). For comparison, the “C spectrum of its 2 70.4 750 |74.0 723 | 746 ) 740 |742 74.0 727
depolymerized EPS is given in Figure 2D. 3 666 | 753 (753 723 | 75.1 | 750 |753 80.4 66.8
The sites of esterification with O-acetyt groups in the EPS are: for strain RBL5515 residues b 4 108.0 { 80.9 [79.6 79.1 791 | 796 |79.3 75.9 721
and d (Figure 1A), for strain ANUBAS residues b and a and for strain RBL1387 residues b (Figure 5 1457 | 76,5 |75.9 70.1 - 759 |76.0 67.5 75
1B) and presumably residue f. The EPS of all three strains contains 3-hydroxybutancyl groups [} 170.5 | 176.2 | 61.0 68.7 | 68.7 | 61.0 |61.0 65.5 66.0
esterified 1o the terminal galactose residue (Figure 1A,8), whereas strain RBL1387 also contains 3- pyr CH, 256 263
y stanoyt groups ified to residue h, pyrC 102.8 1020
The site or the amount of esterification with O-acetyl and 3-hydroxybutanoyl groups in the pyr CO 176.5 177.4

EPS of these strains does not change 1) upon introduction of a Sym plasmid, 2) upon introduction
of plasmid pAT290, 3) by incubation of the bacteria harbouring a Sym plasmid in root exudate or in
medium containing naringenin or 4) during constifutive expression of the nod genes.

Table 1
Bacterial strains and ptasmids

Strain Relovant characteristics Source
248 Wild type R legumingsarum

bv yiciag isolate Josey et al, 1979
RBL1387 R.leguminosarum bv viciae

strain 248 cured for its

Sym plasmid Priem and Wijtieiman,

1984

LPRS Wild type R. lequmingsarum

bv. trifolii isolate McNeil et al,, 1986
RBL5515 Strain LPRS cured of its

Sym plasmid, str rif Priem and Wijitelman, 1984
LPR5045 Strain LPRS cured of its

Sym plasmid, rif Hooykaas et al, 1981
RBL5561 LPR5045 harbouring

8. lequmingsarum by viciae Sym

plasmid pRL1Jl.nodD2::Tn5, rit Wijtfelman et al., 1985
ANUB4S B. lequminosarum bv trifolii

strain ANU843 cured of its

Sym plasmid, spc Rolfe gt al., 1982
ANUB43 R.leguminogarum bv trifolii

wild type strain Rolfe et al., 1982

Plasmids
pRL1J Sym plasmid of A.teguming-

sarum bv viciae wild type

strain 248 Johnston et al, 1978
pSym5 Sym plasmid of R legumino-

sarum bv trifolii strain

LPR5 Hooykaas et al., 1981
pSymg Sym plasmid of R. lequmino-

sarum bv phaseoli strain

LPR9 Johnston et al, 1978
pHim Sym plasmid isolated from

of R.leguminosarum bv

viciag strain Himalaya Spaink st al., 1989
pRtr43 R.jeguminosarum bv trifolii

Sym plasmid present in strain

ANU843 Rolfe et al., 1982
pMP604 IncP plasmid pMP92 harbouring

a hybrid R.leguminosarum bv

viciae-R.leguminosarum by

tritolii nodD gene, Tc' Spaink et al,, 1989
pRt290 DNA fragment harboring

R.laguminosarum by trifolii
nod genes nodF.E L MN in
Inc Q plasmid Dijordjevic et al., 1986

Str stre in; it ri in; Te' ycti
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Table 4

EHects of esterification in the °C spectrum of ides from EPS sy ised by
R.lequminosarum biovar strains RBL5515 and ANUS4S5, Chemical shifts in ppm are recorded for “C
peaks that disappear when the material is de-esterified, together with suggested assignments. The

substitution shifts are changes in the 'C resonance position relative to the de-asterified molecute.
The 'H chemical shifts for the larger peaks were obtained from the heteronuclear correlation

spectrum.

A) shifts in ppm caused by 3-O-acetate on residue b present in the repeating unit of EPS of
R.Jeguminosarum strains RBL5515 or ANU845

sugar position ¢ ehemical “C substitution 1H chemical
tesidue shit shift shift
a 2 706 +0.2 3.89
a 3 67.3" +0.1 i 4.19
b 1 104.7 +1.4 4.51
b 2 726 ~2.4 3.54
b 3 76.5 +1.2 5.12 u
b 4 81.1 +0.2 3.85 - 15 [
b 5 781 +1.6 3.89
b 6 175.9 -0.3
3 0
c 4 776 -20 381 Chamical Shift (ppmy

8) shits in ppm caused by 2-Q-acetate on residue b present in the repeating unit of EPS of

R.lsguminosarum biovar strains RBLS515 or ANUS4S Figure 2

'3C nmr spactra of rapeating units isolated from the depolymerized EPS of R.lequminosarum biovar

sugar position ¢ chemical C substitution 'H chemical strains.
residue shift shift shift A) B.laguminosarum strain RBL5515 after de-esterification
B) R.Jeguminosaum strain RBL5515
b 1 100.8° ~2.5 4.87 C) RJequminosarum strain ANU845
b 2 736 1.4 D) R.leguminosarum strain RBL1387.
b 3 733 -20 1: C4 of 4-deoxy-a-L-threo-hex-4-enopy luronic acid (residue a); 2: C1 of glucuronic acid
c 4 79.4 05 3.75 residue b; 2 C1 of 2-Q-acetyl glucuronic acid residue b; 3: C1 of the carboxyathylidens residue of

4,6-0-(1-carbpxysthylidene)giucose {residue gj; 4: C1 of the carboxysthylidene residue of 4,6-0-(1-
carboxyathylidene)galactose (residue h); 5: C1 of 4-deoxy-a-L-hrgo-hex-4-enopyranosyluronic acid
residue a; 6: C1 of B-glucose residue d and, in spectrum B, C1 of 3-O-acetyl- B-glucose residue d;
6. C1 of 2-Q-acetyl B-glucose residue d; 7: C1 of a-glucosa residue d and. in spectrum B, C1 of 3-

C) shifts in ppm caused by 3-O-acelate and 2-Q-acetate on residue a present in the

repeating unit of EPS of R.lequminesarum biovar strains ANU845

3-Q-acetate 2-O-acetate Q-acetyl-a-glucose residue d; 7°, C1 of 2-O-acetyl a-glucose residue a; 8: C4 of glucuronic acid
sugar position T‘C g ng e residue b; 8' C4 of 3-O-acetyl glucuronic acid residue b; 9: C3 of 4,6-0-(1-
residue chamical Ssubstit, chemical Substit. carboxyethylidene)glucose residue g; 10: C4 of glucose residue c; 10", C4 of glucose residue ¢
shift shift shift shift adjacent to 3-O-acetyl glucuronic acid residue b; 11: C5 of glucuronic acid residue b; 11", C5 of 3-
L ! O-acetyl glucuranic acid residue b; 12: C3 of glucuronic acid residue b; 12°, C3 of 3-Q-acetyl
,T a ¥ 99.0 18 98.4 2.4 glucuronic acid residue b, is situated at the same place as resonance t1 in panel A; 13: Methyl of
! a 2 709 405 72.0 16 4,6-0-(1-carboxyethylidene)galactose residue h; 14: Methyl of 4,6-0-(1-carboxyethylidene)glucose
a 4 108.2 +0.1 107.9 0.1 residus g; 15: Hydroxybutanoyl methyl; 16: Acetate methyls: g: (Spectrum A,B,C) C6 of glucose
a 5 1455 40.2 residues ¢,6 and f; Spectrum D: g, C6 of glucose residues ¢ and ; g”, C6 of glucose residue g.
a & 1704 -0.1
A
D) shifts in ppm caused by 3-O-acetate and 2-O-acetate on residus d present in the i
repeating unit of EPS of R.Iaguminogarum biovar strain RBL5515 !
— el L
2 2
3-Q-acetate 2-O-acotate j
sugar position “C B Y (o) B
residug chemical | substit. chemical substit i
shitt shitt shift shift p il
d{o) 1 83.0 -0.1 90.6 -2.5
d(B} 1 96.8 -0.2 95.3 -1.8
—— —_———
(X3 55 50 23 2z 21 20
Chamical Shitt (ppm)
E) shifis in ppm caused by 3-O-hydroxybutanoyl and 2-Q-hydroxybutanoyl on residue h
present in thg repeating unit of EPS of R Jeguminosarum biovar strains RBL5515 and
ANUS4S Figure 3
'H spectrum at 30°C of the repsating unit of EPS isofated from F.lequminasarum biovar strains A)
3-0-hydroxybut. [ 2-Q-hydroxybut. RBLSS1S and B) ANUB4S.
sugar position e wug 7o) e} 1: resonance of H4 of 4-deoxy-o-L-threo-hex-4-er Y ic acid.
residue chamical | substit, chemical substit. 2: resonance of M1 of a-glucose residue d; 2',2" resonances of H1 of 2-O-acety! o-glucose and 3-
shift shift shift shift O-acetyl a-glucose (residue d).
9 3 80.5 +0.1 81.6 412 3 of H1 of 4-deoxy-a-L-threo-hex-4-enopy acid.
h 1 102.4 —09 4: resonance of H3 of 3-O-acetyl glucuronic acid residue b.
h 3 69.0 +2.2 87.2 +0.4
h 5 70.9 -06 72.0 +0.5
h pyr C 1019 ~0.1
h pyr CH, 26.2 -0.2

" The skift is observed at 50°C but not at 20°C.
@ Obscured by the a1 peak, this rasonance is seen in the heteronuclear correlation
spectrum.
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Figure 6

Pant of the 'H-°C ion sp at 50°C obtained from tha repeating unit from EPS of strain
RBL5515. Resonance assignments are designated using the letter code given in Figure 1, followed
by the position of the nuclei in the pyranose fing. The circled numbers indicate the general region
in which resorances for the carbons in glucose residues ¢,d,e and f are expected. The rasonance
labelted b3-acetyl is that for the C3 and H3 nuclei in 3-Q-acetyl glucuronic acid (residue b).

Figure 4

Carbonyl carbon resonances in the *C nmr spectrum ot the repeating unit ot EPS trom

R.lsgumingsarum biovar strains.

A) R.lequmingsarym strain RBL5515 after deesterification

B) R.legqumingsarum strain RBLS515

C) R.lequminosarum strain ANU845

D) R.lequminosarum strain RBL1387

The proposed assignments are:

1 ylate of 4,6(1- i HA IS y of 2- and 3-O-
yd it | 2: of 4,6(1-car icose; 3: C6 of gl

acid residue b; 3' C6 of 3-O-acstyl glucuronic acid residue b; 4: C6 of 4-geoxy-a-L-threo-hex-4-

enopyranosyluronic acid; 4’ C6 of 3-Q-acetyl-4-deoxy-o-L-threa-hex-4-enopyranosyluronic acid; 5:
acetyl of 3-O-acetyl glucuronic acid; 5° acatyl of 2-Q-acetyt glucuronic acid; §: hydroxybutanoyl of 3-
O-hydroxy 7 oyt of 3-Q-hydroxy ylglucose; f: formate.

y
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Figure 5

Effect of tomperature on the 'H spectrum of the repeating unit of R.lequminosarum biovar strain
RBL5515 at 30°C (A) and 70°C (B). The samples contains approximately equal amounts of
substituted and unsubstituted b residues. The indi are explai in the legend to

Figure 3.



