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ABSTRACT

ISOLATION AND CHARACTERIZATION OF SYMBIOTICALLY DEFECTIVE
MUTANT STRAINS OF RHIZOBIUM TRIFOLII AND RHIZOBIUM MELILOTI

by

Alicia E. Gardiol

Three classes of mutants were obtained after Tn5

mutagenesis of Rhizobium trifolii 0403 rif. Strains 738 and

755 (defective in nitrogen fixation) and 251 (partially
defective in nitrogen fixation) produced the same plasmid
pattern as wild type upon electrophoresis whereas 43 and 308
(unable to nodulate) contained a deletion in the sym
plasmid. 251 attached better and 43 and 308 attached less to
clover root hairs than did the wild type. Strain 251 with a
single Tn5 insertion in the sym plasmid was agglutinated
better and 43 and 308 less by trifoliin A than wild type.
Strain 251 capsular polysaccharide (CPS) differed in
depolymerization rate and non-carbohydrate substitutions
from wild type CPS. These results indicate that CPS non-
carbohydrate substitutions are important in R. trifolii 0403
rif attachment to clover root hairs and lectin-binding
ability.

CPS was isolated from R. trifolii 843 and Tn5 mutants
in nodulation genes of the symbiotic plasmid. CPS from
mutants in region I(Hac) differed from wild type CPS 1in

depolymerization rates and levels of pyruvic and acetic acid
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substitutions and mutant strains had a significantly lower
ability to bind the clover lectin.

An in vitro assay to measure CPS pyruvyl transferase
activity (CPT) in R. trifolii was developed. Pyruvylation
occurred at the 1lipid-bound oligosaccharide intermediate
stage. CPT was measured for two wild type and symbiotically
defective mutant strains. CPT was affected by Tn5 mutations
in the sym plasmid and by clover root exudate suggesting
that functions related to CPS pyruvylation may be encoded in
this plasmid.

The effect of succinate metabolism on growth and

bacteroid differentiation of Rhizobium meliloti was

investigated with wild type (L5-30) and succinate
dehydrogenase mutant (UR6). UR6 was defective in bacteroid
differentiation (Bad ) in vivo. In vitro succinate effects
were concentration dependent. At low concentration,
succinate was utilized preferentially before glucose. At
higher concentration, succinate decreased growth yield and
induced bacteroid-like cell morphology in 15% of the cell
population. These effects were observed for L5-30 but not
for UR6 strain, suggesting that a functional TCA cycle is

necessary for these in vivo and in vitro succinate effects.
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INTRODUCTION

Stages in the symbiotic process

Rhizobium is a genus of gram-negative soil bacteria
that can infect and nodulate legumes. The establishment of a
functional symbiosis 1is a multi-step process. Rhizobium
motility and chemotaxis may be important in interstrain
competition for nodule sites on the root (5). Plant root
hairs are deformed early in the infection process by unknown
substances made by the bacteria (110). After recognition and
attachment of the rhizobial symbiont to root hairs (28,26)
the bacteria specifically infect the host cells, presumably
by enzymatic degradation of the root hair cell wall (19). A
tubular infection thread confines the invading bacteria as
they enter the host cell (24). The infectibility of legume
root hairs 1is transient and maturing root hairs are
important infection points in clover while in soybean,
cowpea or alfalfa infections occur more frequently in newly
emergent root hairs (13). The infection thread branches at
the base of the root hair, penetrates the outer cortex of
the root and stimulate the proliferation and enlargement of
the inner cortex cells (66). This results in the formation
of differentiated nodule tissue infected intracellularly by
rhizobia released from the infection threads and surrounded

by a peribacteroid membrane of plant origin. The bacteria

1



then differentiate 1into bacteroids and fix nitrogen
(transform atmospheric nitrogen into ammonia) which is
excreted into the «cytosol of the host «cells to be
assimilated by the plant. In this symbiosis the bacteria
receives photosyntates from the plant (24). The phenotypic
code used for the different stages of this developmental
process are: root colonization (Roc), attachment to root
(Roa), root hair curling (Hac), infection thread formation
(Inf), nodule initiation (Noi), bacterial release (Bar),
bacteroid differentiation (Bad), nitrogen fixation (Nif),
and nodule persistence (Nop) (108).
Rhizobium - lectin interaction

Lectins are sugar-binding proteins or glycoproteins of
non-immune origin which agglutinate cells and/or precipitate
glycoconjugates (51). It has been hypothesized that lectins
are regulatory molecules, being receptors for a signal
molecule that then elicits a response in different systems
(28,73,76,79,82). Trifoliin A is a clover 1lectin which

specifically binds to Rhizobium trifolii (33). This

glycoprotein contains approximately 6 mol reducing sugar/mg
protein, has a subunit molecular weight of 53,000 and an
isoelectric point of 7.3 (33). The interaction between
lectin and sugars has been studied by different methods
including agglutination of bacteria (90), affinity
chromatography (78), and binding to radioactively labeled
saccharides (74). Trifoliin A agglutinates R. trifolii by

interacting with the capsular polysaccharide (CPS) (25) and



lipopolysaccharide (LPS) (58). 2-deoxy-D-glucose and the -
isomer of quinovosamine are haptens (27,58) of this lectin.
Rhizobium polysaccharides that bind the clover lectin
Isolation, purification and characterization of
Rhizobium polysaccharides have recently been reviewed
(20,42). There are several published structures of acidic
heteropolysaccharides and homoglucans secreted by strains of

Rhizobium trifolii and other rhizobia. Complete structures

of Rhizobium lipopolysaccharies are not yet known, mostly
because of their exceedingly complex sugar composition. The
first structure proposed for a rhizobial acidic
extracellular polysaccharide (EPS) was a repeating
octasaccharide of R. meliloti (60). Subsequently, saccharide
structures for EPS of R. trifolii U226 and R. trifolii 0403
were proposed (61,81). The same saccharide structure was
also proposed for an EPS from two strains of R.

leguminosarum and R. trifolii NA-30 (81), and also for one

strain of R. phaseoli (43). A slightly different saccharide
structure has been proposed for an EPS of R. trifolii 4S
(4). Glycosyl composition and non-carbohydrate substitutions
of R. trifolii 0403 oligosaccharide repeating unit obtained
by cleavage of CPS with a polysaccharide depolymerase system
has recently been reported (56, R. Hollingsworth, manuscript
in preparation). CPS and EPS of plate-grown cultures of R.
trifolii 0403 are not identical since they differ in degree

of non-carbohydrate substitution (2).



Rhizobium polysaccharides have different non-
carbohydrate substitutions including pyruvate (41), acetate
(41), 3-hydroxybutanoate (55), methyl (74), and succinate
(54). These substitutions can change with culture age
thereby changing the ability to be bound by 1lectins. The
methylation of galactosyl residues of R. japonicum CPS
during stationary phase of growth results in a reduction of
its interaction with the soybean lectin (74). The levels of
non-carbohydrate substitutions of the CPS of R. trifolii
0403 change with culture age and the lectin binding ability
corresponds to these changes (2,91). The neutral glycosyl
composition does not vary with culture age (91). Binding of
trifoliin A to R. ¢trifolii LPS 1is also culture age-
dependent, being optimal in early stationary phase (58). A
compound which increased when the LPS was able to bind
trifoliin A was 2-amino-2,6-dideoxyglycose (quinovosamine)
(58) . Pyruvate and acetate substitutions in the EPS of R.
trifolii L158 and other fast-growing rhizobia have also been
shown to change with culture age (18). These culture age-
dependent changes in the ability to bind the host lectin

have been shown for R. japonicum (74), R. leguminosarum

(107), and R. trifolii (32,58).

The Rhizobium-lectin interaction can also be affected
at the plant level (by addition of fixed nitrogen to the
plant growth media), and by interactions between the plant

and bacteria (12,31).



LPS of R. trifolii 0403 (58) activates a host response
in white clover seedlings which triggers root hair infection
(29). At l‘ﬂg/seedling, these lectin-binding polymers bind
to clover root hair tips and significantly enhance infection
thread formation by R. trifolii 0403 when applied to
seedlings. At 10 Mg/seedling, the LPS suppressed root hair
infection (29). LPS from a serologically unrelated strain of
R. trifolii (strain 2S-2) also stimulated root hair
infection of white «clover by R. trifolii 0403 at 1

/g/seedling, whereas no stimulation of infection was obtained
by pretreatment with LPS from R. meliloti F28, or from E.
coli. CPS from R. trifolii 0403 at 2.5 /4g/seedling
stimulated the formation of infection threads in white
clover using a similar assay, and inhibited formation of
infection threads in clover root hairs at higher
concentrations (2). The EPS from the same culture of R.
trifolii 0403 which was unable to bind the lectin did not
display this biological activity on the infection process
(2). CycliC/é(l-Z)glucan from the periplasmic space of R.
trifolii 4S also was able to increase the number of
infections (1).

Attachment to clover root hairs

The time-course and the orientation of attachment of R.
trifolii to root hairs on white clover seedlings inoculated
with encapsulated bacteria which bind trifoliin A uniformly
has been examined. Specific reversible interactions

involving trifoliin A (Phase I) were followed by



irreversible interactions involving extracellular
microfibrils (Phase II). A similar sequence of reversible

and irreversible phases of attachment of Agrobacterium

tumefaciens to plant cells has been proposed (70).

Phase I attachment can be subdivided into 3 steps (30).
Phase 1A is the clumping of cells in random orientation at
root hair tips. Phase 1B involves erosion of the capsule of
unattached cells by enzymes in root exudate. 1C at£achment
is initially randomly oriented and then predominantly polar.
Granular, electron-dense aggregates and trifoliin A can be
detected at the interface between the bacteria and the root
hair surface in 1A and 1C attachments.

The enzyme(s) in clover root exudate which alter the
capsular polysaccharide of R. trifolii during Phase 1B are
antigenically unrelated to trifoliin A (31).
Immunoelectrophoresis studies (31) suggest that the capsular
polysaccharides of R. trifolii are cleaved into smaller,
dialyzable fragments. Bhuvaneswari and Solheim (14) have
proposed that these enzyme-mediated cleavages result in
oligosaccharide products which induce <clover root hair
branching.

Within hours R. trifolii displays a pattern of
attachment combining 1A + 1C attachments on the same root
hair. This attachment pattern is symbiont-specific and 2-
deoxy-D-glucose inhibitable, and is present on approximately
93% of the infected root hairs examined 4 days after

inoculation with R. trifolii 0403 (30). This orientation may



provide the optimal distribution of bacteria for marked
curling and successful infection of the root hair (44).

The hapten 2-deoxy-D-glucose can inhibit the attachment
of trifoliin A-binding R. trifolii cells to clover root
hairs (27,30,112). Cells remain attached to clover root
hairs when exposed to the shear forces of high-speed
vortexing after 12h of incubation, what suggested a Phase 1I1I
of firm attachment. At Phase II, extracellular microfibrils
associated with the bacteria attached to the root hair
surface can be seen by SEM. These are probably bundles of
cellulose and/or fimbriae. Host-specific attachment has been
demonstrated in R. trifolii - <clover, R. Jjaponicum -

soybean, and R. leguminosarum - pea root systems reviewed in

(28).
Rhizobium symbiotic genes
The development of a nitrogen-fixing Rhizobium-legume
symbiosis is a multi-step process that requires bacterial
and plant gene products. Early genetic evidence showed that

the chromosomes of R. trifolii, R. leguminosarum, and R.

phaseoli were essentially identical when in a series of

genetic crosses the chromosome of R. lequminosarum was

replaced section by section by the corresponding part of the
genome from either R. phaseoli or R. trifolii (16) and in no
case was any of the interspecific recombinants altered in
its host range. Several reports have shown that many of the
bacterial symbiotic genes of fast-growing Rhizobium species

are plasmid-borne and are located in one plasmid called for



that reason sym plasmid which spans approximately 30
kilobase pairs (kb)(69). Root hair curling (hac), nodulation
(nod) (7,11,15,21,38,39,40,52,53,62,64,69,84,88,113) and
nitrogen fixation (nif and fix) genes
(17,22,48,72,77,80,86,97,111) have been 1located in this
megaplasmid.

Roa genes for root hair attachment of R. trifolii to
clover root hairs are also encoded on the sym plasmid (112)
and the genetic information required for +trifoliin A-
binding, "Phase I" attachment, marked root hair curling
(Shepherd crooks), root hair penetration and infection

thread formation was expressed in pTi-cured A. tumefaciens

containing the sym plasmid of R. trifolii 5035 (57, F. B.
Dazzo, G. L. Truchet, and P. J. Hooykaas, Abstr. Annu Meet.
Am. Soc. Microbiol. 1983, K9, p. 178).

In R. meliloti, nod genes are organized in two

clusters. One appears to encode for conserved nodulation
functions and the other affects host specificity (64). Other
genetic models of nodulation also proposed that in R.

leguminosarum, there is a core of conserved nodulation-

specific genes and that the host range is determined by
ancillary genes which are very closely 1linked (39). Three
nodulation regions have been identified within a 14 kb Hind

II1I fragment of the R. trifolii sym plasmid. Tn5 mutants in

region I (Hac) are Hac Nod whereas mutants in region II
(Superhac) are Hact't and induce delayed and fewer nodules.

Mutants in region III (Hsp) acquired the ability to nodulate



peas and 1lost the ability to nodulate white clover
efficiently (M. A. Djordjevic et al., Mol. Gen. Genet., in
press). Functional conservation of nod genes involved in
root hair curling has been demonstrated in several species
(37,64) and similarity at the DNA sequence level has also
been shown (85,100). DNA sequence and complementation data
have allowed the identification of four common nod genes

(nod A, B, C, and D) in R. meliloti, R. leguminosarum and R.

trifolii (37,39,64,85,100, and T. T. Egelhoff et al., in
press).

Mutant strains altered in the levels of polysaccharide
synthesis and defective in nitrogen fixation have also been
described (7,89). The reduction in EPS synthesis by mutants

of R. japonicum (68) and R. leguminosarum (75) resulted in

decreased infectibility and nodulation of their respective
host plants. Genes necessary for EPS synthesis in R.
trifolii have been cloned and the cloned DNA was able to
restore both the ability to fix nitrogen and to synthesize
EPS to a Fix EPS mutant strain (89). It was not reported
at which level the polysaccharide synthesis was blocked nor
the location of the genes involved. Recently, EPS mutant
strains of R. meliloti have been described in which the
ability to induce nodules and infection thread formation was
uncoupled (45). The nature of the mutation causing this
phenotype was unknown and so was the 1location of the
affected genes. In order to test if there is a direct or

indirect relationship between the mutations and the
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symbiotic phenotypes, more knowledge is necessary about the
biosynthetic pathway of these polymers. One must establish
at which step the polysaccharide synthesis is affected in
the different mutant strains as well as on the
identification of the genes coding for these functions.
Rhizobium mutant strains defective in organic acids
uptake and metabolism are ineffective in nitrogen-fixing
symbiosis with the host plant (47,49,83). Succinate and
malate are abundant organic acids within legume root nodules
(35,63,94) and succinate is transported and metabolized by
free-living bacteria (46,50,71,83) and bacteroids
(9,50,87,93) of different Rhizobium species. Organic acids
support the highest rate of oxygen respiration by bacteroid
suspensions (103) and succinate is a very effective
substrate for supporting nitrogen fixation by both free-
living Rhizobium species (10,109) and bacteroids (101).
Utilization of tricarboxylic acid intermediates are related

to symbiotic effectiveness (6). "In vitro" induction of

bacteroid - like cell morphology by succinate in R. trifolii
(104,105,106) and induction of sphere to rod morphogenesis

in Arthrobacter crystallopoietes (65) by succinate have been

described.
Polysaccharide synthesis
Microbial exopolysaccharide synthesis has recently been
reviewed (95). Certain physiological conditions favor
exopolysaccharide synthesis. For many microorganims,

nutrient imbalance in the presence of 1large amounts of
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utilizable carbohydrate 1leads to increased polysaccharide
production. Suboptimal incubation temperatures may also
promote polysaccharide synthesis.

In synthesizing exopolysaccharide, the water-soluble
monosaccharide units have to be converted into high energy
molecules and then must be passed through the 1lipophilic
cell membrane and assembled into polysaccharide chains.
These chains will form a capsule or slime at the cell
surface. Monosaccharides are activated through their
incorporation into nucleoside diphosphate sugars and are
transferred to 1lipid-linked derivatives, a process that
leads to the assembly of oligosaccharides in a form soluble
in organic solvent. Membrane-bound enzymes transfer a sugar
l-phosphate to the isoprenoid lipid phosphate acceptor. The
key lipid carrier is a C55-polyisoprenoid called bactoprenol
(67). Subsequently, further sugars are transferred from
sugar nucleotides to form the oligosaccharide repeating
units of the polymer. The lipid-linked oligosaccharides are
polymerized in a block fashion to form the polysaccharide.
Eventually, the polysaccharide 1is released frém the
bactoprenol and the 1lipid pyrophosphate converted back to
the lipid phosphate. The biosynthesis of exopolysaccharide
or capsular polysaccharide of different genera of bacteria

including Klebsiella aerogenes (96), Xanthomonas campestris

(59), Acetobacter xylinum (23), and Aerobacter aerogenes

(102) have been studied and shown to involve 1lipid-bound

oligosaccharide intermediates as precursors of the
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polysaccharide. Synthesis of (1->2)/@-glucan from UDP-[14C]

glucose by enzyme preparations of Rhizobium japonicum (34)

and Rhizobium phaseoli (3) have been reported. Lipid-bound

saccharides formed by incubation of UDP-glucose with a

particulate enzyme of Rhizobium meliloti were also studied

(98,99).

Pyruvic acid ketal residues are present in many
bacterial polysaccharides (95). However, there are very few
reports (59) on the in wvitro pyruvylation of the

polysaccharides, and none for Rhizobium polysaccharides.
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CHAPTER I

SURFACE PROPERTIES WERE ALTERED IN R. TRIFOLII 0403 RIF WITH
A TN5 INSERTION IN THE SYM PLASMID.

ABSTRACT

Rhizobium trifolii 0403 rif was mutagenized by

transposon (Tn5) mutagenesis and the mutagenized pool was

screened for mutant strains defective in root-nodule

r r

symbiosis with white clover. Eight hundred Kan Rif
isolates were analyzed on the white clover host plant.
Thirteen of these (1.6%) were symbiotically defective mutant
strains. Three classes of mutant strains were obtained based
on their symbiotic phenotype: unable to nodulate (Nod ),
defective in nitrogen fixation (Fix ), and partially
defective in nitrogen fixation (Fixi).

Five strains were further studied: R. trifolii 43 Nod ,
R. trifolii 308 Nod , R. trifolii 738 Fix , R. trifolii 755
Fix~ and R. trifolii 251 Fix®*. Hybridization of total DNA
restriction fragments with labeled Tn5 demonstrated the
presence of a single Tn5 insertion in all the strains.

Strains 251, 738 and 755 showed the same plasmid pattern as

20
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the wild type strain, whereas strains 43 and 308 showed a
deletion in the sym plasmid. Microscopic studies showed that
strain 251 attached better and strains 43 and 308 attached
less to clover root hairs than did the wild type strain.
Strain 251 induced a similar number of clover root hair
deformations and infection threads as did the wild type
strain; whereas strains 308 and 43 were unable to deform or
infect white clover root hairs. Quantitative agglutination
assays with trifoliin A showed that strain 251 had a higher
titer and strains 308 and 43 had lower titers than the wild
type strain. Tn5 was located in the sym plasmid of strain
251 and presence of Mu DNA was not detected in this strain.
Depolymerization of 251 CPS by a P-lyase enzyme was slower
than that of wild type CPS, and isolated oligosaccharide
products from strain 251 CPS had 1less acetic and more
pyruvic acid substitutions than wild type oligosaccharides.
These results indicate that CPS non-carbohydrate
substitutions are important in R. trifolii 0403 rif

attachment to clover root hairs and lectin binding ability.
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INTRODUCTION
The Rhizobium trifolii - clover symbiosis involves a
complex sequence of interactions (54) leading to the

formation of a root nodule that fixes nitrogen. Several
reports have shown that many of the bacterial symbiotic
genes of fast-growing Rhizobium species are plasmid-borne
and are located in a region of the sym plasmid which spans
approximately 30 kilobase pairs (kb) (41). Genes encoding
root hair curling (hac), nodulation (nod) (2, 6, 7, 10, 19,
20, 21, 28, 30, 35, 39, 40, 47, 49, 60) and nitrogen
fixation (nif and fix) genes (8, 11, 26, 41, 42, 45, 48, 53,
58) have been located in this megaplasmid.

Studies of the R. trifolii - clover symbiosis (13)
indicate that the specific ("Phase I") attachment process of
the bacteria to root hairs is initiated by an interaction
between the lectin, trifoliin A, associated with the root
hair surface and carbohydrate receptors on the bacterial
symbiont. Roa genes for root hair attachment of R. trifolii
to clover root hairs are also encoded on the sym plasmid
(59) and the genetic information required for trifoliin A-
binding, "Phase 1I" attachment, marked root hair curling
(shepherd crooks), root hair penetration and infection

thread formation was expressed in pTi-cured A. tumefaciens

containing the sym plasmid of R. trifolii 5035 (32, F. B.

.
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Dazzo, G. L. Truchet, and P. J. Hooykaas, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1983, K9, p. 178.). It has been
hypothesized that the specific attachment of different
Rhizobium species to host root hairs results from the
interaction between the lectin on the host roots and
Rhizobium CPS (15, 37, 44, 50, 52).

Characterization of symbiotically defective mutant
strains would be useful to identify the biochemical events
leading to successful nodulation. In the present study,
three different classes of mutant strains of R. trifolii
0403 rif were obtained after Tn5 mutagenesis, based on their
symbiotic phenotype with the white clover host plant. This
wild type strain was selected because of the available
information on its surfaqe properties and its documented
interaction with clover root hairs (16, 17). We wused
transposon (Tn5) mutagenesis as has been done for other
Rhizobium species (4, 41), since Tn5 produces random
insertion events at high frequency tagging the DNA lesion
physically and genetically with a selectable resistance
marker (3, 36). Once inserted, Tn5 has very low frequencies
of transposition to a new site and of precise excision (41).
These characteristics have made Tn5 the most widely used
transposon in gene manipulations in different bacteria. We
describe the isolation, symbiotic properties, and
biochemical characterization of symbiotically defective

mutant strains of R. trifolii 0403 rif.
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A preliminary report of this work was presented at the
Second International Symposium on the Molecular Genetics of
the Bacteria-Plant Interaction, Cornell University, Ithaca,

New York, June 1984.



25

MATERIALS AND METHODS

Bacterial strains and phages. The following bacterial

strains and bacteriophages were kindly provided to us. R.
trifolii 0403 and E. coli 1830 nal pro met (pJB4JI) were
obtained from J. Beringer , Rothamsted Experimental Station,
Harpenden, United Kingdom. R. trifolii 0403 rif was obtained
from K. Nadler, Michigan State University, East Lansing. R.
trifolii 4S and bacteriophage 4S were from M. Abe and S.
Higashi, Kagoshima University, Kagoshima, Japan.
Bacteriophage )\::TnS used for the Tn5 probe was from A.
Christensen, Michigan State University, East Lansing. E.

coli HM8305 F' Ero+ lac z 8305 :: Mu cts 62/ (pro - lac) his

met tyr str was obtained from M. Howe, University of

Wisconsin, Madison.

Media and growth conditions. R. trifolii strains were

grown on either minimal Y (4), minimal BIII (12) or rich
(38) media. Minimal Y contained succinate (¥S) or glucose
(YG) as C source. KNO3 was used as nitrogen source instead
of sodium glutamate for growth studies on single carbon
sources. Rifampicin (R) (20 /(g/ml) or Kanamycin' (K)
(80 /kg/ml) were added to YS or YG when indicated (YSRK,
YGRK). R. trifolii strains were kept on BIII slants and R.
trifolii Tn5 mutant strains were kept on YGRK slants or in

stocks of YGRK-grown cells brought to 15% glycerol and kept
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at -80°C in screw capped vials. E. coli 1830 was grown on
rich TY medium (4) and E. coli HM8305 was grown on minimal
Ozeki (43) or rich SB (33) media.

Transposon (Tn5) mutagenesis. Escherichia coli 1830 nal

pro met carrying the suicide plasmid pJB4JI
(pPH1JI::Mu::Tn5) constructed by Beringer et al. (5) was
used. E. coli 1830 was grown on TY broth to stationary phase
and R. trifolii 0403 rif on BIII slants for 5 days. Méting

was performed by mixing 1.2 x 1010 cells of donor with 5 x

109 cells of recipient. The cell suspensions were pipetted
onto 0.45/um filters (Type HAWP; Millipore Corp., Bedford,
Mass.). The filter was washed with water and incubated at
28°C on TY plates for 5h. Cells were resuspended in water,
plated on selective YSRK medium, and incubated at 28°C.
Transfer frequencies were calculated per number of recipient
cells after the cross. Transconjugants were restreaked twice

on YSRK to obtain single colonies.

Screening for symbiotically defective mutant strains.

Surface-sterilized seeds (12) of Trifolium repens var.

Ladino were germinated into humid air for 48h and
transferred to the surface of (0.8%) agar slopes containing
Fahraeus (N-free) medium (12). 5 day-old cultures of
Rhizobium strains on BIII agar slants were suspended in

Fahraeus medium and 5 x 106

cells were inoculated per
seedling. The tubes were incubated in a plant growth chamber
with a 14h photoperiod at 22°C (26,900 lux) and 10h darkness

at 20°C. Roots were scored for nodulation every week and
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plants were assayed for nitrogen fixation by the acetylene
reduction technique (12) after 6 weeks.

Rhizobium DNA isolation. Cells grown in Y broth were

harvested and lysed. Cells were suspended and incubated at
0°C for 30 min in 50 mM EDTA-Tris (pH 8.0) containing
lysozyme (Sigma Chemical Co.) (1 mg/ml). The solution was
brought to 0.1% SDS, 100 mM EDTA, and 1 mg/ml of proteinase
K (Sigma Chemical Co.), and incubated at 50°C for 30 min.
The 1lysate was extracted with the same volume of water-
saturated phenol adjusted to pH 7.0 with 1 M Tris-HC1l (pH
8.0) buffer. Aqueous phase was brought to 0.3 M sodium
acetate (pH 7.0) and DNA was precipitated with 2 volumes of
ethanol. The precipitate was wound out with a glass
micropipette, dissolved in 50 mM Tris-HCl1 (pH 7.5)
containing 1 mM EDTA, digested with RNAse (Type 1-A; Sigma
Chemical Co.) (50 ﬂg/ml) for 30 min at 37°C, extracted once
with chloroform, and then ethanol-precipitated. The DNA was
dissolved in 50 mM Tris-HCl (pH 7.0) containing 1 mM EDTA
and stored at 4°C. The DNA concentration was determined by
absorbance at 260 nm.

Restriction endonucleases and DNA hybridization.

Restriction endonucleases were purchased from Bethesda
Research Laboratories, Rockville, Md. and used as
recommended by the manufacturer. DNA was digested for 8h
with Eco RI or Hind III and separated by electrophoresis in
submerged horizontal 0.7% agarose gel in 40 mM Tris buffer

(pH 7.5) containing 20 mM sodium acetate and 1 mM EDTA at
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150 mA for 4h. The gel was treated with 0.4 M NaOH, 0.8 M
NaCl for 30 min to denature the DNA, and neutralized with
0.5 M Tris-HCl (pH 7.5) containing 1.5 M NaCl. DNA transfer
to nitrocellulose filters (Scheicher & Schuell) was
performed for 24h with 10 x SSC (1 x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) as described by Southern (51).
Filters were rinsed with 5 x SSC, air dried and vacuum baked
for 3h at 80°C. The DNA probe was obtained by labeling the

DNA with 32P

by the nick translation method (46) .
Hybridization and washing of the filters was performed as
described by Engel and Dodgson (24). Autoradiography was
performed for 8h at -80°C using XAR-5 X-ray film (Eastman-
Kodak, Rochester, N. Y., USA) with a Cronex Lightning-Plus

intensifying screen (Du Pont, Co., Wilmington, Del.).

Plasmid profile analysis and 1location of Tn5. Agarose

gel electrophoresis was performed as described by Eckhardt
(23) with slight modifications. Cultures were grown on Y
broth to exponential phase (50 Klett units in a Klett-
Summerson colorimeter with a No. 66 filter). Approximately 2

x 108

cells were pelleted for 5 min with an Eppendorf
microfuge and the supernatant was discarded. Cells were
washed with 1 ml of 0.1% sodium sarkosylate in 80 mM Tris-
HC1 (pH 8.0) containing 20 mM EDTA (A. Christensen, personal
communication) and resuspended in 40 /41 of the 1lysozyme
(Sigma Chemical Co.) mixture for Gram negative bacteria

(23). After 10 min incubation at room temperature, the

lysates were added to the wells. 40 /ol of the SDS mixture

e
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were carefully 1layered on top of the bacteria-lysozyme
mixture, and the slots were then filled with the overlay
mixture and sealed with 0.7% agarose gel as described (23).

0.7% vertical adarose gels were run in a buffer containing

89 mM each Tris-boric acid (pH 8.2) at 8 mA for lh and then

at 28 mA for 14h. Gels were stained for 30 min with ethidium
bromide (l/pg/ml) in the same electrophoresis buffer, rinsed
with distilled water for 10 min, and the DNA was visualized

with a U.V. transilluminator and photographed. Agrobacterium

tumefaciens C58 harboring three plasmids of known molecular

weights: RP4 36 Md, Ti 130 Md, and pAtt58 214 Md was used
for plasmid standard sizes. Plasmid DNA on Eckhardt agarose

gels was partially depurinated by treatment with 0.25 M HC1

for 15 min (55), and then was denatured, neutralized,
transferred to nitrocellulose filters and hybridized to
32P %::TnS as described for restriction endonuclease

digested DNA. Autoradiography was performed for 24h.

Root hair interactions. (A) Attachment. Slide culture

assay. Bacterial attachment to root hairs on primary
seedling roots was examined by a previously described assay
(12) in hydroponic, modified Fahraeus slide cultures without
agar (25). 4 replicate seedlings of Louisiana Nolin var. of
white clover were used. Rhizobium strains were grown for 5
days on BIII agar plates, centrifuged twice in 10 mM K
phosphate buffer (pH 7.0) with 0.15 M NaCl (PBS) at 6,000 x

7

g and resuspended in Fahraeus medium. 2 x 10" bacteria were

inoculated per seedling. After incubation in a plant growth

-
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chamber for 12h, the slide cultures were disassambled. The
roots were rinsed gently with a stream of Fahraeus medium
while still on the slides, then covered with a glass cover
slip and examined by phase contrast microscopy at 500 x
along the optical median planes of the root. 15-20 root
hairs (ca. ZOO/bm in length) were counted per treatment. For
orientation of attachment studies, 50 root hairs along the
optical median planes were examined per strain 4h after
inoculation of 4 x 107 cells per seedling in modified
Fahraeus slide cultures. 1A attachments represent randomly

oriented cells clumped to root hair tips and 1C attachments

represent single _cells polarly attached to root hairs.

Beaker assay. Approximately 10 root hairs (ca. 200 fem in
length) were examined per strain after incubation of the
seedlings for 2h in a <cell suspension containing 106

cells/ml with slow shaking at 28°C. Seedlings were rinsed

and observed as described before. (B) Deformation and

infection studies. 10 replicate seedlings of T. repens var.

Louisiana Nolin were inoculated with 5 x 106 cells per
seedling in Fahraeus slide cultures and incubated for 4
days. Seedlings were examined as described under (A) and the
number of roots hairs with marked deformations (shepherd
crooks) and of infected root hairs along the entire seedling
root were counted.

Protein determination. Protein concentration of lectin

preparations was measured by the Bio-Rad protein assay.

L‘
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Bacterial agglutination assay. Harvesting and washing

of cells, removal of nondispersible flocs, and quantitative
bacterial agglutination assays were performed as described
(14) with modifications by J. Sherwood (personal
communication). Cells grown for 5d on BIII agar were removed
from the plates with PBS and centrifuged at 12,000 x g for
10 min. The cell pellets were washed twice, resuspended in M
buffer (pH 7.0) (0.2 mM K phosphate buffer with 0.15 M NaCl,

0.15 mM MnCl

0.5 mM CaCl and 0.5 mM MgSO4),' passed

2’ 2’
through glass wool 1in a Pasteur pipette to remove cell

8 cells/ml (30 Klett units

aggregates, and adjusted to 3 x 10
in a Klett-Summerson colorimeter with a No. 66 filter). Cell
suspensions (25 /kJJ were added to a two-fold dilution
series of the 1lectin in M buffer (25 ‘/ul) in U-shaped
polyvinylchloride microtiter plates (Dynatech Laboratories,
Alexandria, VA.). Plates were sealed and incubated at room
temperature for 1l4h. The maximum titer achieved without
autoagglutination was determined by hourly examination of
the plates. Trifoliin A used was kindly provided by J.
Sherwood and corresponded to the active fraction after the
DEAE-Sephadex purification step of trifoliin A (J. Sherwood,
personal communication).

Purification of phage Mu and preparation of Mu DNA

probe. Mu lysate preparation and phage purification were
performed essentially as described (27). E. coli HM8305 (Mu

lysogen) was grown at 32°C in 4 flasks with 250 ml of SBM

8

medium (34) to 4 x 10 cells/ml. Phage growth was heat-
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induced by addition of an equal volume of 58°C medium and
growth was continued at 42°C for 45 min. The culture was
quickly centrifuged by allowing the rotor to accelerate to
4000 x g and then braking. The cell pellets were resuspended
in one-twentieth vol. of 37°C SBM and slowly shaken at 37°C
for 4h. The Mu lysate was centrifuged to remove debris. 22

11 PFU/m1) were layered per

ml of lysate (1x10
ultracentrifuge tube over a cesium chloride step gradient
consisting of 7 ml of 1.4 g/ml CsCl, 6 ml of 1.5 g/ml CsCl,
and 3 ml of 1.7 g/ml CsCl, and centrifuged at 20,000 rpm
(52,200 x g) in an SW27 rotor for 2h at 4°C. The resulting
phage bands located at approximately 1.47 g/ml were pooled,
approximately adjusted by addition of CsCl to a density of
1.50 g/ml and centrifuged to equilibrium at 22,000 rpm
(62,700 x g) in an SW27 rotor at 4°C for 48h. Presence of
the phage in each step was confirmed by negative staining
with neutralized phosphotungstic acid followed by
transmission electron microscopy using a Philips 300 TEM.
Purified phage was dialyzed against 0.1 M Tris-HCl (pH 7.9)
containing 0.3 M NaCl and 2.5 mM MgClz. DNA was isolated
from phage particles by phenol extraction (56) and labeled
with 32P by the nick translation method (46). Hybridization,
washing of the filters and autoradiography were performed as

described above.

Nodulation and host range studies. Seedlings of

Medicago sativa var. Veronal, Trifolium subterraneum var.

Clare, Trifolium pratense, Trifolium fragiferum and
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Trifolium repens vars. Ladino, Louisiana Nolin and White
7

Dutch were inoculated with 2 x 10" cells and incubated under
the same conditions described for screening of mutant
strains. In addition, surface-sterilized seeds of Phaseolus

vulgaris var. Black Turtle Soup and 1line 21-58 (from F.

Bliss, Univ. of Wisconsin) and of Pisum sativum lines 8221

and 9888 F were germinated into humid air for 3 days,
planted on the surface of Smucker (A. Smucker, personal
communication) or Fahraeus agar medium, respectively, and

8 cells per seedling. All plants were

inoculated with 10
incubated under the same conditions described for screening
of mutant strains and scored for nodulation every week.

Isolation of polysaccharide depolymerase PD-I. The /5—

lyase enzyme was isolated from the clarified phage lysate of
R. trifolii 4S by precipitation with (NH4)ZSO4 (70% of
saturation) and purified by DEAE-cellulose (DE52 Whatman,
Inc., Clifton, N. J.) column chromatography (29).

Oligosaccharide isolation. BIII plates were inoculated

with a suspension of 107 cells previously grown for 5 days
on BIII agar medium. Cells grown for 5 days were harvested
by centrifugation in PBS (pH 7.2). CPS was extracted from
pelleted cells with PBS (pH 7.2) containing 0.5 M NaCl, then
precipitated with 2 vol. of cold ethanol, centrifuged,
redissolved in .water, dialyzed against water, and
lyophilized. CPS was depolymerized with polysaccharide
depolymerase PD-I and the oligosaccharide products were

purified by gel filtration chromatography through Bio-Gel
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P10 (Bio-Rad Laboratories, Richmond, Ca.) in 20 mM Tris-HCl
(pH 7.2), concentrated by flash evaporation, desalted by gel
filtration through Bio-Gel P2 and lyophilized (31).

Kinetic study of CPS depolymerization rates.

Depolymerization rates of different CPS samples were
measured with constant amount of PD-I enzyme under
saturating conditions of CPS substrate. CPS solutions in 25
mM Tris-HCl buffer (pH 7.2) containing 2 mM CaCl, were
adjusted to a final concentration of 0.15 mg/ml after
assaying for total carbohydrate using the phenol-sulfuric
acid assay (22). One unit of PD-1 depolymerase was defined
as the amount of enzyme producing an increase of absorbance
at 235 nm of 0.01 per minute. PD-I enzyme preparation (4/bg
protein, 0.5 Units) was added to 1l-ml samples of each CPS
solution. The depolymerization activity was measured by an
increase in absorbance at 235 nm (due to the unsaturated
sugar formed by PD-I cleavage of CPS at glucuronic acid)
(31) over a 4h period using a Gilford Response
spectrophotometer interfaced with a computer kinetic
program. The computer program calculated a quadratic
equation of the data by the least-square fitting method.
Initial rates were calculated from the value of the
derivative of the quadratic expression at time zero.

lH-NMR analysis of oligosaccharides. Oligosaccharide

(OS) samples were deuterium-exchanged and the spectra were

obtained on a Bruker WM-250 instrument at room temperature
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(31). The chemical shifts were measured relative to an

external tetramethyl-silane standard.

Oligosaccharide glycosyl composition. Glycosyl

composition of the oligosaccharide repeating wunit was

analyzed by GLC as described (31).
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RESULTS

Symbiotic characterization of mutant strains. Nod and

Fix phenotype. Rhizobium trifolii 0403 rif was mutagenized

by transposon (Tn5) mutagenesis and the mutagenized pool was
screened for mutant strains defective in root nodule
symbiosis with Ladino white clover. Eight hundred Kan® Rif®
isolates were analyzed on the clover host plant. Thirteen of
these (1.6 %) were symbiotically defective strains, falling
into three different classes based on their symbiotic
phenotype with the host plant: unable to nodulate (Nod ),
defective in nitrogen fixation (Fix ), and partially

%), Nod~ and Fix~

defective in nitrogen fixation (Fix
phenotypes were assigned after five independent experiments
with 5-10 replicates each. Five mutant strains: R. trifolii
308 Nod~, R. trifolii 43 Nod~, R. trifolii 251 Fix™, R.
trifolii 738 Fix and R. trifolii 755 Fix were further
characterized. Strains 308, 43, 251, and 755 grew like wild
type in minimal medium containing different single carbon
sources, whereas strain 738 had slower growth rate than that
of the wild type strain. The average number of nodules per
plant (5 replicates) induced by the different strains 40
days after inoculation of Ladino white clover was 6 for 0403

rif, 6.8 for 251, 19 for 755, and 12 for 738. Fix phenotype

was confirmed by acetylene reduction (13). Nodules with R.
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trifolii 738 or R. trifolii 755 failed to reduce acetylene.
R. trifolii 251 had 50% (8.1 nmol/h/plant) of the wild type

activity (17.4 nmol/h/plant) on Trifolium repens var.

Ladino.

Physical analysis of mutant strains for presence of

Tn5. Autoradiograms of 32P-labeled A ::Tn5 DNA hybridized
to Eco RI-digested or Hind III-digested total DNA showed one
and three bands respectively (Figure 1). This result
demostrated the presence of a single Tn5 insertion since Tn5
lacks Eco RI restriction sites but has two Hind 1III
restriction sites.

Plasmid patterns of mutant strains. R. trifolii 0403

contains at least three plasmids with sizes of 235, 205, and
190 Mdal. The sym plasmid of this strain was identified as
the smallest plasmid (190 Mdal) separated on Eckhardt
agarose gels (R. Taylor, M. S. Thesis, University of
Florida, Gainesville, 1981). The 205 Mdal plasmid appears as
a partially resolved doublet and may contain two co-
migrating plasmids. Strains 251, 738 and 755 showed the same
plasmid profile as the wild type strain when analyzed by
Eckhardt agarose gel electrophoresis, whereas strains 308
and 43 showed a deletion in the sym plasmid (Figure 2).

Attachment, deformation and infection studies.

Quantitative attachment studies in Fahraeus slide cultures
and in beaker assays showed that strain 251 attached better
and strains 308 and 43 attached less to clover root hairs

than did the wild type strain (Table 1). The percentage of
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FIGURE 1. Autoradiogram of 32P-1abe1ed A::Tns hybridized to
digested total DNA. Eco RI digestion. (A) Lanes: a, R.
trifolii 738; b, R. trifolii 43; c, R. trifolii 0403 rif;
d, R. trifolii 308; e, R. trifolii 755; f, R. trifolii 251.
Hind III -digestion. (B) Lanes: a, R. trifolii 0403 rif; b,

R. trifolii 251.

M



39

FIGURE 2. Plasmid patterns by Eckhardt agarose gel
electrophoresis. (A) Lanes: a, R. ¢trifolii 308; b, R.
trifolii 0403 rif;

738; b,

c, R. trifolii 43. (B) a, R. trifolii
R. trifolii 755; ¢, R. trifolii 251; d, R.

R. trifolii
0403 rif.
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TABLE 1. Attachment of wild type R. trifolii 0403 rif and

mutant strains to white clover root hairs.

Attached cells per root hair (X i.s.d)

Strain
Slide culture assaya Beaker assayb

0403 rif (wild type) 36 + 3 25 + 2
251 65 + 2 41 + 3
308 15 + 3 12 + 2

43 16 + 3 14 + 3
755 29 + 5 31 + 4
738 ND® 24 + 2

@ 15-20 root hairs (ca. 200 m in length) of Louisiana Nolin

var. of white clover seedlings were examined per strain 12h
after inoculation of 2 x 107 cells per seedling in Fahraeus

slide cultures.

b . . . . .
10 root hairs were examined per strain after incubation

of the seedlings for 2h with a cell suspension containing

6

107 cells/ml in beakers.

€ Not done.
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root hairs with the combined 1A+1C pattern of attachment
(clump at tip and polar éttachments along the sides of the
same root hair) was lower for Nod strains 308 and 43 than
for the wild type strain (Table 2). The wild type R.
trifolii 0403 rif and mutant strains 251, 738 and 755
induced similar number of marked root hair deformations
(shepherd crooks) (Table 3). The number of infection threads
in Fahraeus slide cultures induced by strains 251 and 738
were similar to those induced by the wild type strain,
whereas strain 755 induced fewer infection threads (Table
3). Neither shepherd crooks nor infected root hairs were
detected on seedlings incubated with R. trifolii 308 or 43
(Table 3).

Quantitative agglutination with trifoliin A.

Quantitative agglutination assays of the different mutant
strains showed that trifoliin A had a significantly higher
specific agglutinating activity using strain 251 and lower
specific agglutinating activities with strains 308 and 43
than with wild type strain (Table 4).

Nodulation and host range studies. The nodulation

patterns (Table 5) of R. trifolii 251 were similar to those
of the wild type 0403 rif strain on T. pratense and Ladino
var. of T. repens. However, it induced more nodules on
White Dutch and Louisiana Nolin var. of T. regeﬁs, var.

Clare of T. subterraneum, and T. fragiferum. Neither strain

nodulated Veronal alfalfa or pea lines 8221 and 9888F.

However, both strains ineffectively nodulated bean varieties
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TABLE 2. Orientation of attachment of R. trifolii 0403 rif

. . a
and mutant strains to clover root hairs.

Percentage of root hairs with

Strain bacterial attachments
No attachment 1A only 1C only 1A + 1C

0403 rif 6 28 22 44
251 13 21 21 45
308 33 18 38 11

43 ' 21 7 54 18
755 7 25 23 45
738 4 30 21 45

a Approximately 50 root hairs (ca. 200 4.m in 1length) of

Louisiana Nolin var. of white clover seedlings were examined
per strain 4h after inoculation of 4 x 107 cells per
seedling in Fahraeus slide cultures. 1A attachments
represent randomly oriented cells clumped to root hair tips,
and 1C attachments represent single cells polarly attached

to root hairs. The 1A+1C pattern has both on the same root

hair.
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TABLE 3. Shepherd crooks and infection threads induced by

R. trifolii 0403 rif and mutant strains.

# shepherd crooks # infected root hairs
Strain per seedling per seedling
(X + s.d.)° (X + s.d.)P

0403 rif (wild type) 17 + 2 12 + 1
251 13 + 1 10 + 1
308 0 0

43 0 0
755 11 + 4 6 + 3
738 11 + 4 12 + 3
a,b

Values are average of four replicate seedlings of

Trifolium repens var. Louisiana Nolin inoculated with 5 x

106 cells per seedling in Fahraeus slide cultures and

incubated for 4 days.
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TABLE 4. Trifoliin A - agglutinating activity of R. trifolii

0403 rif and mutant strains.?

Specific agglutinating activityb
Strain
(agglutinating units/mg trifoliin A protein)
0403 rif 5,333
251 42,664
308 2,667
43 2,667
755 5,333
738 5,333

4  Bacterial agglutination was performed in microtiter

plates. Trifoliin A (60 'Aog/ml) isolated from seeds of

Trifolium repens var. Louisiana Nolin was used. Cells were

grown for 5 days on BIII agar medium and prepared as
described in the text.

b Cell suspensions (25 Al) were added to a two-fold dilution
series of the 1lectin (25 /pd). Specific agglutinating
activity 1is the number of agglutinating units per mg of

trifoliin A (18).
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TABLE 5. Nodulation patterns of R. trifolii 0403 rif (wt)

and R. trifolii 251 (ms) on Trifolium repens, Trifolium

subterraneum, Trifolium fragiferum, and Trifolium pratense.

Average number of nodules per plant
Clover host 10d 154 204 40d

wt ms wt ms wt ms wt ms

T. repens vars.
White Dutch 1.0 1.4 2.5 4.0 3.0 5.4 3.0 11.0

Louisiana Nolin 1.0 1.4 1.0 3.0 3.5 4.0 4.5 8.4
Ladino 2.0 1.8 4.0 3.8 6.0 5.6 6.0 6.8

T. subterraneum 0.0 1.3 0.0 1.5 0.5 2.0 1.5 2.3

T. fragiferum 0.0 2.6 1.5 3.6 2.0 5.8 3.0 8.0
T. pratense 2.0 1.0 4.0 3.0 9.0 6.0 9.0 12.0

a Average number of nodules per plant (5 replicates) induced
by strains 0403 rif and 251 were recorded at indicated times

after inoculation.
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(Black Turtle Soup or line 21-58 at 40 days). Nodulation of
P. vulgaris by R. trifolii 0403 has been previously reported
(57) .

Location of Tn5 insertion in R. trifolii 251. The

presence of a Tn5 insertion in the sym plasmid of R.
trifolii 251 was demonstrated by hybridization of 32P-
labeled A::TnS DNA to plasmid DNA which had been separated

by agarose gel electrophoresis (Figure 3).

Physical analysis of R. trifolii 251 for the presence
of Mu DNA. DNA was isolated from phage Mu which had been
purified by CsCl equilibrium gradient centrifugation (Figure

32

4) and labeled with P by nick translation. Autoradiograms

of 32P

- labeled Mu DNA hybridized to Eco RI-digested total
DNA from strain 251 did not show any hybridization bands,
indicating that Mu sequences are not present in R. trifolii

251 total DNA.

CPS depolymerization rates. Kinetic studies showed that

the R. trifolii 0403 rif CPS substrate was depolymerized by
PD-I at é faster rate than was CPS of R. trifolii 251
(Figure 5, Table 6). A one-way analysis of variance using
the F ‘éistribution indicated that these values were
significantly different at a probability of chance (P<0.005)
(Table 6). Depyruvylated CPS was not cleaved by the enzyme,
and therefore, pyruvate substitutions were essential for PD-
I lyase activity.

1H-NMR analysis of CPS for non-carbohydrate components.

CPS was converted into structurally analyzable
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FIGURE 3. Plasmid profile and location of Tn5 insertion in

R. trifolii 251. (A) Plasmid Eckhardt gel. (B) Autoradiogram

32

of P-labeled A::Tn5 hybridized to plasmid Southern blot.
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FIGURE 4. Phage Mu purified by CsCl equilibrium gradient

centrifugation.
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FIGURE 5. Depolymerization rates of CPS from R. trifolii
0403 rif (=), R. trifolii 251 (---9 and depyruvylated CPS
¢--) with enzyme PD-I followed by increase of absorbance at
235 nm under saturating conditions of substrate and

identical protein concentration.
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TABLE 6. Depolymerization rates of CPS from R. trifolii 0403

rif and R. trifolii 251.

No. of Initial rate®
Strain b
replicates Mean + s.d.
0403 rif 3 44 + 4
251 3 27 + 2

Expressed as 104

b Standard deviation of the mean.

X Abs 235 nm/min.
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oligosaccharides using a bacteriophage depolymerase system
and examined by 250—MHZ Fourier-transform lH-NMR. The
spectra showed the presence of acetate esters by resonances
(relative to external Me4Si) between 8 1.88 and 2.15.
Signals assigned to ketal-linked pyruvate groups appeared
between & 1.23 and 1.43. Two other groups of resonance, one
between § 1.03 and 1.17 and signals between 8 2.36 and 2.58
were assigned to ether-linked 3-hydroxybutanoic acid. These
were quantitated by comparing'the integrals of the signals
for the respective groups to the area of the signal of the
C-4 proton of the unsaturated terminal sugar identified as
4-deoxy-L-threo-hex-4-enopyranosyluronic acid (DEPUA)
resulting. from the enzymatic cleavage of the CPS at
glucuronic acid (31). These NMR measurements indicated that
the oligosaccharide fragments from CPS of strain 251 had
less acetic and more pyruvic acid substitutions per OS
repeating unit than wild type OS (Table 7).

Oligosaccharide glycosyl composition. The glycosyl

composition of 251 OS was the same as that of wild type OS

(Glu+GluUA: Gal: DEPUA) (6: 1: 1) (31).
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TABLE 7. Non-carbohydrate composition of oligosaccharides

obtained by PD-I depolymerization of CPS isolated from R.

trifolii 0403 rif and R. trifolii 251 °

Molar proportion of non-carbohydrate
components per oligosaccharide repeating

unit (+ 0.05).P

Strain
Pyruvic Acetic 3-hydroxybutanoic
acid acid acid
0403 rif 1.74 1.70 0.41
251 2.04 1.48 0.31
a

CPS was isolated from cells grown for 5 days on BIII agar
plates, depolymerized into its oligosaccharide repeating
unit (0S) and purified through Bio-Gel P10 and P2. OS were
exchanged with deuterium oxide and the lH-NMR spectra were
recorded.

b Values were obtained by comparing the integrals for the

various groups with that of the single C-4 proton of the

unsaturated terminal sugar in each oligosaccharide.
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DISCUSSION

Three classes of mutant strains were isolated after Tn5
mutagenesis of R. trifolii 0403 rif based on their symbiotic
phenotype on white clover: unable to nodulate (Nod ),
defective in nitrogen fixation (Fix ) and partially
defective in nitrogen fixation (Fixi). Five strains were
further studied: R. trifolii 308 (Nod ), R. trifolii 43
(Nod ), R. trifolii 755 (Fix ), R. trifolii 738 (Fix ), and
R. trifolii 251 (Fix®).

In comparison with the wild type strain, mutant
strains 308 (Nod ) and 43 (Nod ) had a deletion in the sym
plasmid (Figure 2), attached 1less to clover root hairs
(Table 1) with 1lower percentage of the combined 1A+1C
attachment to the same root hair (Table 2), were unable to
deform or infect root hairs (Table 3), and had lower
specific agglutinating activities with trifoliin A (Table
4). This similarity of results obtained with two strains
having a deletion in the sym plasmid suggested that
functions coded in this plasmid may have a positive effect

on the ability of Rhizobium trifolii 0403 rif to attach to

clover root hairs and to interact with the clover 1lectin.
Complementation of these mutants with a cloned (nod-nif)
region should restore wild type phenotype if the deletion of

the plasmid is responsible of the phenotype. Analysis of CPS
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from strain 308 revealed the presence of a novel N-
containing non-carbohydrate substitution which was
significantly higher in the mutant than in wild type CPS (R.
Hollingsworth and F. Dazzo, personal communication). Strains
755 (Fix ) and 738 (Fix ) with normal plasmid patterns
(Figure 2), had the same attachment (Table 1) and lectin
binding (Table 4) ability as the wild type strain. Both
strains induced more nodules than the wild type strain
although 755 induced less and 738 the same number of root
hair infections as wild type (Table 3). It is well known
that many (but not all) Rhizobium ineffective strains induce
numerous nodules on the host plants. Thus, the Tn5 insertion
of strain 755 in the sym plasmid (data not shown) affected
root hair infection, nodulation, and nitrogen fixation.
Strain 251 with a single Tn5 insertion (Figure 1) and a
normal plasmid pattern when compared to the wild type
(Figure 2) attached in higher numbers to clover root hairs
(Table 1), had similar orientation of attachment (Table 2),
induced similar number of shepherd crooks and root hair
infections (Table 3), and was agglutinated better by
trifoliin A than was the wild type strain (Table 4). The
degree of distribution of lectin receptors on R. trifolii
cells has been correlated with the degree and orientation of
attachment (50). The fact that this mutant strain which
binds the lectin better is also able to attach to clover
root hairs better is consistent with the proposed importance

of lectin binding in attachment of Rhizobium to clover root
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hairs (50). "Phase I" loose attachment is followed by "Phase
II" firm anchoring of the bacterial cell to the root hair
surface (17). During Phase 1II, extracellular fibrillar
materiais are characteristically found associated with the
adherent bacteria. It is not known whether these fibrils
consist of bundles of cellulose, fimbriae, or some other
fibrillar polymers made by the attached bacteria (17).
Strain 251 also showed more Phase II (firm) attachments and
fibrillar polymers on the root hair surface than did the
wild type strain (K. Smith, H. Yang and F. Dazzo, personal
communication). Although strain 251 induced more nodules on
several clover hosts (Table 5), this property was not
correlated with the induction of more root hair infections
in Louisiana Nolin var. of T. repens (Table 3) and may be
due to the fact that the strain is partially defective in
nitrogen fixation. Interestingly, the white clover variety's
response to nodulation (Table 5) by strain 251 matches the
number of root hair infections induced by the wild tybe
strain (White Dutch>Louisiana Nolin>Ladino) (D. Gerhold and
F. Dazzo, personal communication). This strain would be
ideal for studying the effect of improved attachment on the
degree of the strain's success in interstrain competition
(with a Fix' strain) for nodule sites on the root.

Strain 251 was selected for further genetic and
biochemical characterization because it has a single Tn5
insertion and showed a significant increase in attachment

and lectin binding ability as compared to the wild type
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strain. Tn5 was located in the sym plasmid (Figure 3), and
presence of Mu DNA was not detected in strain 251 DNA. The
latter was 1investigated since Mu phage was originally
present in the suicide plasmid (pPH1JI::Mu::Tn5) used as a
vector for Tn5 mutagenesis. CPS isolated from strain 251 was
analyzed since the specific attachment of different
Rhizobium species to host root hairs has been hypothesized
to result from the interaction between the lectin on the
host root and Rhizobium CPS (15, 37, 44, 50, 52). 1In
addition, lectin-binding ability of R. trifolii 0403 CPS has
been reported to be age-dependent (50) and changes of CPS
(1, 50) and EPS non-carbohydrate substitutions with culture
age have been reported (9). CPS from strain 251 was
different from wild type CPS as shown by kinetic study of
depolymerization rates using PD-I ﬂ—lyase (Table 6, Figure
5) and quantitative 1H-NMR determination of non-carbohydrate
substitutions (Table 7). The rate of depolymerization of 251
CPS by depolymerase PD-I was significantly less than that éf
wild type CPS and depyruvylated CPS of wild type was not
depolymerized by the enzyme, indicating that pyruvate
substitutions are essential for PD-I depolymerase activity.
Previous reports showed that deacetylated CPS was
depolymerized faster than wild type CPS by ﬂ-lyase PD-II, a
different polysaccharide depolymerase enzyme (31). This
indicates that changes in the non-carbohydrate substitutions
of the CPS may change the conformation of the substrate

thereby altering the kinetics of the depolymerization
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reaction. CPS from strain 251 had more pyruvate and less
acetate non-carbohydrate substitutions than wild type CPS.
Tn5 mutants in the nodulation region I (Hac) of R. trifolii
843 also had alterations in the 1levels of acetate and/or
pyruvate in their CPS (Chapter II). However, strain 251 is
Hac+, and therefore the Tn5 insertion in this strain is not
in the Hac region of the sym plasmid. Structural analysis of
R. trifolii 0403 oligosaccharides obtained by
depolymerization of CPS with our polysaccharide depolymerase
system showed that acetate is ester-linked and pyruvate is
ketal-linked to the same nonreducing terminal galactose
residue (R. I. Hollingsworth, manuscript in preparation).
The decrease in acetate levels and corresponding increase in
pyruvate levels may indicate that the transferase enzymes
adding these substitutions to the glycosyl residues are
competing for sites for substitution. Therefore, the
altergtion in the level of one of these substitutions may
affect thé level of the other. Interestingly, CPS pyruv}l
transferase activity was higher for R. trifolii 251 than for
the wild type strain (Chapter 1III). These results also
indicate that functions related to CPS synthesis may be
encoded in the sym plasmid. It would be important to further
define the 1location of the mutated gene relative to the
nodulation and nitrogen fixation regions already identified
in the sym plasmid of other strains of R. trifolii (49, M.

A. Djordjevic, Mol. Gen. Genet., 1in press). This would






58

provide important information as to the organization and

function of the bacterial symbiotic genes.

Results obtained indicate that CPS non-carbohydrate
substitutions are important in R. trifolii 0403 rif

attachment to clover root hairs and lectin binding ability.
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CHAPTER II

ALTERATIONS IN CAPSULAR POLYSACCHARIDE OF TN5 - INDUCED
MUTANTS IN THE RHIZOBIUM TRIFOLII NODULATION REGION.

ABSTRACT

Capsular polysaccharide (CPS) was isolated from wild
type R. trifolii 843 and mutant strains with Tn5 insertions
in three nodulation regions of the R. trifolii symbiotic
plasmid. A polysaccharide depolymerase isolated from a phage
lysate of R. trifolii 4S was used to hydrolyze the CPS into
its oligosaccharide repeating unit (0S). CPS from mutant
strains in nodulation region I(Hac) depolymerized at
different rates than wild type CPS. Non-carbohydrate
components (pyruvic, acetic, and 3-hydroxybutanoic) of OS
were measured by lH-NMR. O0S from mutants in nodulation
region I(Hac) had different 1levels of pyruvic and acetic
acid substitutions. In contrast, CPS depolymerization rates
as well as the level of non-carbohydrate substitutions were
unchanged by mutations in nodulation regions II and III.
Mutant strains examined (ANU 851 (I) nod::Tn5 and ANU 845

pSym-) had a significantly lower ability to bind the clover
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lectin in ex planta and in situ assys. We conclude that Tn5
mutations in certain essential nod genes on the sym plasmid
affect the CPS of R. trifolii 843 and the lectin-binding
ability of mutant strains. Functions related to CPS

synthesis may be encoded in the sym plasmid.
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INTRODUCTION

Rhizobium common nodulation (nod) and host specific
nodulation (hsn) genes are closely 1linked on the sym

plasmid in R. trifolii (4,11), R. leguminosarum (5) and R.

meliloti (9). However, the functions coded by these genes
are not known.

In this study we examined Tn5-induced mutants of R.
trifolii ANU 843 obtained by extensive mutagenesis of a 14
kb DNA fragment from the sym plasmid of this strain which
carries nod and hsn genes. A correlation between the site of
Tn5 insertion and the symbiotic phenotype of the mutant
straihs had been established (M. A. Djordjevic et al., Mol.
Gen. Genet., in press) and led to the identification of
three regions (I, II, III corresponding to Hac , Hac++, and
Hsp respectively, see Figure 1 and Table 1) which affected
nodulation ability. The objective of this work was to
determine if these mutant strains in regions I, II, and III
were altered in their CPS and lectin-binding ability. To
analyze the CPS we used a glucuronic acid - specific lyase
isolated from a phage lysate of R. trifolii 4S (7) to
hydrolyze the CPS into its oligosaccharide repeating unit
(OS). These O0S products contain all of the structural
information of the CPS except that one glucuronic acid

residue 1is converted into an unsaturated terminal sugar
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(DEPUA, 4-deoxy-L-threo-4-enopyranosyluronic acid) as a
resu1£ of the enzymatic cleavage of the CPS at one of the
glucufonic acid residues (8).

Results obtained showed that CPS of some mutants in
nodulation region I (Hac region) had altered 1levels of
pyruvate and acetate and depolymerized at different rates
than wild type CPS. 1In contrast, the 1level of non-
carbohydrate substitutions as well as the CPS
depolymerization rates were unchanged by mutations 1in
nodulation regions II and III. Mutant strains examined (ANU
851 (I) nod::Tn5 and ANU 845 pSym ) had a significantly
lower ability to bind the clover lectin.

This work was presented in part at the ASM Meeting,

Abstr. K102, p. 188, Las Vegas, March 1985.
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MATERIALS AND METHODS

Bacterial strains. All bacterial strains used in this

study (Figure 1, Table 1) were provided by Dr. Barry Rolfe,
Australian National University, Canberra, Australia (M. A.
Djordjevic et al., Mol. Gen. Genet., in press).

Media and growth conditions. Cells for CPS isolation

were grown on BIII (1) agar plates.

Deformation studies were performed in Fahraeus slide

cultures as described in Chapter I.

- Protein determination. Protein concentration was

measured by the Bio-Rad protein assay.

Lectin binding studies. The ability of wild-type R.

trifolii 843 and symbiotically-defective mutant derivatives
to bind to trifoliin A, a white clover lectin, was examined
by indirect immunofluorescence after growth of the bacteria
in a chemically-defined medium (ex planta) and in the clover
root environment (in situ)(2). For both studies, the
inoculum consisted of a 5 day-old culture grown on plates of
BIII agar. For ex planta binding studies, cells were
inoculated on BIII plates and grown for 3-10 days at 30°C.
Cells were removed from plates daily, suspended 1in
phosphate-buffered saline (PBS, 10 mM potassium phosphate,
140 mM NaCl, pH 7.2), heat-fixed on microscope slides,

rinsed with distilled water, and air-dried. Cells were then
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FIGURE 1. Nodulation regions in the sym plasmid of R.
trifolii 843. 14 Kb Hind III restriction fragment showing
location of Tn5 insertions. The regions were established
based on the symbiotic phenotype of the mutant strains (M.

A. Djordjevic et al.,Mol. Gen. Genet., :in press).
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TABLE 1. List of bacterial strains used in this study.

. N a Characteristics

R. trifolii strain Genotype Phenotype
ANU 843 Wild type PhactNoa?
ANU 277 €(I)nodC::Tn5 Hac Nod~
ANU 252 (I)nodA::Tn5 Hac Nod
ANU 246 d(I)noda: :Tns Hac'Nod”
ANU 274 (I)nodD::Tn5 Hac Nod~
ANU 851 (I)nodD::Tn5 Hac Nod
ANU 262 (II)nod::Tn5 ®HacttNnog (*)
ANU 297 (III)nod::Tn5 fHact*Noa ()
ANU 845 gpSym- Hac Nod

=

(=9

All the strains were obtained from Dr. Barry Rolfe,
Australian National University (M. A. Djordjevic et al.,
Mol. Gen. Genet., submitted).

b Hac' is ability to induce marked,curling (shepherd crooks)
of white clover root hairs and Nod is ability to form
nodules on white clover roots.

¢ Location of Tn5 insertions are shown in Figure 1. I, II,
III are nodulation regions I, II, III respectively (Figure
1) . Insertions into region I eliminated root hair curling
(Hac ), infection thread formation, and the mutants were
unable to nodulate all tested plant species (Nod ).

d Tn5 is inserted before nod A gene coding region.

® gHac™ means super Hac'. Mutants in region II induced
delayed and fewer nodules and aborted infection threads.

£ Region III mutants were altered and extended in host-range
properties (Hsp). This strain was able to induce marked root
hair distortions, infection threads and nodules on Pisum
sativum but showed a poor nodulation ability on Trifolium
repens while the ability to induce infection threads on this
host was retained.

9 Lost the sym plasmid (heat-cured).

-
‘a
[
e b -
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incubated for 1h each with trifoliin A (10 /ui at 20 g
protein/ml M buffer) isolated from white <clover seed

(Trifolium repens var. Louisiana Nolin), rabbit anti-

trifoliin A IgG (4 mg protein/ml PBS), and FITC-conjugated
goat anti-rabbit IgG (Miles Laboratories, Israel). The in
situ binding of trifoliin A to cells in the clover root
environment was examined after growth in axenic slide
cultures. Seedlings of Louisiana Nolin var. of white clover
were germinated from surface-sterilized seeds and inoculated
with 2 x 107 bacteria per seedling in modified slide
cultures without agar supports. Slide cultures were
incubated for 7 days in a growth chamber programmed for a
14h photoperiod of 26,700 1lux (mixed fluorescent and
incandescent 1lighting), 22°C/20°C day/night cycle. During
this time, physiological 1levels of trifoliin A in the root
exudate would interact with the bacteria (2). Afterwards,
the cover slip was gently removed from the slide culture and
the volume of suspended cells collected (ca 0.2 ml). This
volume was diluted to 1 ml with filter-sterilized, N-free
Fahraeus medium and centrifuged for 3 min at 1000 x g. The
pelleted cells were gently resuspended and heat-fixed on
microscope slides. They were then incubated with rabbit
anti-trifoliin A IgG, followed by FITC goat anti-rabbit IgG.
For epifluorescence microscopy, stained cells were mounted
with FA glycerol mounting fluid (pH 9, Difco Labs, Detroit,
MI) and examined at a magnification of 1250 x with a Zeiss

Photomicroscope I equipped with quartz-halogen FITC-

-
sl
w
"



73

epifluorescence optics. Five to ten fields were examined per
treatment (>50 cells per field). The percentage of cells
binding the lectin was calculated by comparing the number of
immunofluorescent cells to the total number of cells in the
same field recognized by phase-contrast microscopy.

Methods for isolation of polysaccharide depolymerase

PD-I from a ©phage 1lysate of R. trifolii 4S, and

oligosaccharide isolation from CPS of plate-grown cultures

have been described in Chapter I.

Kinetic study of CPS depolymerization rates.

Depolymerization rates of CPS samples were measured under
saturating conditions of substrate and identical protein
concentration. CPS solutions in 25 mM Tris-HC1 buffer (pH

7.2), 2 mM CaCl, were adjusted to a final concentration of

2
0.15 mg/ml after assaying for total carbohydrate by the
phenol-sulfuric acid method (3). Five samples with
decreasing substrate concentrations were used to establish
enzyme saturation with each CPS. PD-I (4 Mg protein, 0.5
Units) was added to 1l-ml samples of each CPS solution and
the depolymerization activity (measured by an increase in
absorbance at 235 nm) was followed for 4-5h in a Gilford
Response spectrophotometer interfaced with a computer
kinetic program. Three to seven independent experiments were
run with each substrate. The computer program calculated a
quadratic equation of the data by the least-square fitting

method. Initial rates were calculated from the value of the

derivative of the quadratic expression at time 2zero. One
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unit of PD-I depolymerase was defined as the amount of
enzyme producing an increase of absorbance at 235 nm of 0.01
per minute.

1H-NMR analysis of oligosaccharides. Oligosaccharide

(0S) samples were deuterium-exchanged and the spectra were
recorded on a Bruker WM-250 instrument at room temperature
(8). The chemical shifts were measured relative to an
external tetramethyl-silane standard.

Oligosaccharide composition. Glycosyl composition of

the oligosaccharide repeating unit was analyzed by gas-
liquid chromatography-mass spectrometry as described in
detail elsewhere (8). Uronic acid residues of O0S were
methylated and then reduced with sodium borodeuteride.
Deuterium - 1labeled, carboxyl reduced O0S were hydrolyzed
with trifluoroacetic acid. Monosaccharides were then reduced
with sodium borohydride, and the resulting alditols were
peracetylated. The ratio of glucose to glucuronic acid was
determined by selective ion monitoring of the ions m/z 217
and 219 derived from the unlabeled and deuterium - 1labeled

glucitol hexa-acetates, respectively.
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RESULTS

Symbiotic phenotype. Typical root hair deformation

responses on Trifolium repens var. Louisiana Nolin induced

by wild type, pSym_, and mutant strains in regions I, 1II,
and III in slide cultures are shown in Figure 2.

Trifoliin A - binding activity. R. trifolii 851 (nod

(I)::Tn5) and R. trifolii 845 (pSym ) had significantly
lower abilities to bind the clover lectin trifoliin A than
the wild type strain in both in situ and ex-planta assays
(Table 2 and Figure 3). When the cells in the in situ assay
with seedlings were compared by FITC-epifluorescence and
phase contrast microscopy, three subpopulations could be
distinguished, based on the distribution of trifoliin A
bound to the bacterial surface. Wild-type cells either bound
trifoliin A uniformly, at one cell pole, or were unreactive.
The relative proportions of these subpopulations for the
wild-type strain, compared to R. trifolii 851 and to R.
trifolii 845 in the root environment are presented in Table
2. Interestingly, neither mutant bound trifoliin A at one
cell pole, unlike the wild-type strain. The 1low level of
lectin binding ability of R. trifolii 851 in the ex planta
assay was transient with culture age as it was for the wild
type strain (Figure 3). Binding of trifoliin A to the pSym~

mutant strain 845 was negative (Figure 3).



FIGURE 2. Typical root hair response induced by wild type
and mutant strains. Strains are R. trifolii 843 (wild type),
R. trifolii 851 (nod I::Tn5), R. trifolii 262 (nod II::Tn5),

R. trifolii 297 (nod III::Tn5), and R. trifolii 845 (pSym”™) .
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TABLE 2. In situ binding of trifoliin A to R. trifolii in

clover slide cultures.

% of cells with bound trifoliin Aa

(X + s. d.)

Strain
Uniform Polar Unreactive
ANU 843 Hac Nod' 11.142.3 24.7+2.6 64.2+3.8
ANU 851 Hac Nod 1.8+1.5 0.0+0.0 97.2+2.6
ANU 845 Hac Nod 0.0+0.0 0.3+0.7 99.7+0.8

a 2x107 bacteria were inoculated per seedling of T. repens

var. Louisiana Nolin. Cells were removed from the root
environment after incubation for 7 days and heat-fixed to
slides. Trifoliin A bound to cells was detected by indirect

immunofluorescence.
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AGE OF PLATE CULTURE, DAYS

FIGURE 3. Ex-planta binding of trifoliin A to wild type and
symbiotically defective mutants of R. trifolii 843. Cells
were grown on BIII agar plates for 3 to 10 days and heat
fixed to slides. Binding to trifoliin A was examined by
indirect immunofluorescence and recorded as the percentage
©f cells showing fluorescence. ( ® ) R. trifolii 843 (wild
type), ( @ ) R. trifolii 851 (nod (I)::Tn5), and ( % ) R.

txrifolii 845 (pSym ).
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Kinetic study of CPS depolymerization. PD-1I

depolymerase enzyme was saturated up to one fourth
(0.04mg/ml) of the CPS concentration used in the assays and
the increase in absorbance of oligosaccharide products at
235 nm was proportional to the amount of enzyme employed.
Completion of depolymerization occurred in approximately 100
minutes for all the CPS substrates. Results of a typical
kinetic experiment are shown in Figure 4, illustrating that
PD-I depolymerized CPS of some mutant strains faster (e.g.
851) and other mutant strains slower (e.g. 252) than CPS of
the wild type strain. Initial depolymerization rates of CPS
from different mutant strains are shown in Table 3. To
compare rates quantitatively, data were subjected to a one-
way analysis of variance using the F distribution (Table 3).
The depolymerization rate of CPS from strain 252 was
significantly 1lower (P<0.05), whereas that for CPS of
strains 851 (P<0.025), 274 (P<0.10) and 845 (P<0.10) were
significantly higher than those of wild type CPS (Table 3).

lH--NMR analysis of oligosaccharides. The 1H-NMR

spectrum of isolated OS from plate-grown R. trifolii 843
(Figure 5) indicated the presence of acetate esters(61.88-
2.15), ketal-linked pyruvate(51.23-l.43) and ether-linked 3-
hydroxybutanoic acid(51.03—l.l7 and 2.36-2.58). The levels
of pyruvic, acetic, and 3-hydroxybutanoic acid substiﬁutions
per CPS oligosaccharide repeating unit are presented in
Table 4. Strain 252 had more pyruvic and acetic, strain 246

had more pyruvic, strain 851 had less pyruvic, and strain
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FIGURE 4. Kinetic study of the relative rates of
depolymerization of CPS from R. trifolii 843 and mutant
Strains in region I, by PD-I enzyme under identical
conditions. Strains are R. trifolii 843, R. trifolii 252

(hod A::Tn5) and R. trifolii 851 (nod D::Tn5).
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TABLE 3. Depolymerization rates of CPS from R. trifolii 843
(wild type) and Tn5 mutant strains in three nodulation

regions using enzyme PD-I.

b

No. of Initial rate Significant
Strain? ‘
replicates mean + s.d.€ differenced
843 (wild type) 7 48 + 5 -
277 (1) 3 52 + 3 No
252 (1) 2 34 + 3 Yes (P<0.05)
246 (I) 2 55 + 5 No
274 (I) 3 56 + 5 Yes (P<0.10)
851 (I) 5 59 + 6 Yes (P<0.025)
262 (II) 4 50 + 1 No
297 (III) 4 52 + 2 No
845 (pSym ) 3 56 + 2 Yes (P<0.10)

2  Nodulation region with Tn5 insertion 1is shown in

parentheses.

b Expressed as 104x Abs 235 nm/min.

¢ Standard deviation of the mean.

d All data were subjected to a one-way analysis of variance
using the F distribution. The indicated probabilities of
chance were considered indicative of a significant

difference with R. trifolii 843 (wild type) .
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FIGURE 5. A 1H-NMR spectrum of the oligosaccharides produced
by depolymerization of CPS from a 5-day-old culture of R.
trifolii 843, using PD-I enzyme. Peaks represent (A) H-4 of
4-deoxy~-L-threo hex-4-enopyranosyluronic acid, which results
from /s-elimination of glucuronic acid catalyzed by PD-I,
(B) methylene and (Bl) methyl of 3-hydroxy butanoic acig,

(C) acetate, and (D) pyruvate protons.
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TABLE 4. Non-carbohydrate composition of oligosaccharides
obtained by PD-I depolymerization of CPS from R. trifolii

843 and mutant strains in three nodulation regions.

Molar proportion of non-carbohydrate

components per oligosaccharide
repeating unit? (+ 0.05)
R. trifolii strain
Pyruvic Acetic 3-hydroxybutanoic
acid acid acid
ANU 843 (Qild type) 1.58 0.93 0.54
ANU 277 (1) 1.55 0.81 0.57
ANU 252 (I) 2.79 1.41 0.62
ANU 246 (1) 1.99 1.09 0.57
ANU 274 (1) 1.54 0.77 0.54
ANU 851 (I) 1.12 0.89 0.49
ANU 262 (II) 1.57 0.92 0.54
ANU 297 (III) 1.57 0.96 0.54
ANU 845 (pSym ) 1.38 0.74 0.60

@ Values were obtained from lH-—NMR spectroscopy by comparing

the integrals for the various groups with that of the single
C-4 proton of the unsaturated terminal sugar_ in each

oligosaccharide.
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845 had less pyruvic and acetic substitutions, respectively
than CPS of the wild type strain. The level of substitutions
for OS of other strains was similar to that of the wild type
strain.

Glycosyl composition analysis. Gas chromatographic and

combined GLC-MS analysis of the wild type oligosaccharide
repeating unit indicated that it contained glucose,
glucuronic acid, and galactose. The lH-NMR spectra of the
oligomers displayed a downfield multiplet with the same
chemical shift at $ 5.8-5.9 as the signal identified as 4-
deoxy-L-threo-hex-4-enopyranosyluronic acid in R. trifolii
0403 oligosaccharides produced during ﬁ“lyase cleavage of

the CPS at glucuronic acid (8). The molar ratio of glycosyl

components is (Glu:GluUA:Gal). (5:2:1).
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DISCUSSION

Our results showed that CPS of some Tn5 mutant strains
of R. trifolii 843 in nodulation region I are altered in
levels of pyruvate and acetate non-carbohydrate
substitutions relative to wild type CPS. However, several
strains had the same levels of these substitutions as the
wild type strain, indicating that the entire procedure of
CPS isolation, depolymerization into 0s and lH-NMR
spectroscopy to qguantitate the non-carbohydrate
substitutions 1is very reliable and that these 1levels are
unaffected by the presence of Tn5 genes themselves. 851 CPS
had less pyruvate, 246 CPS had more pyruvate and 252 CPS had
more pyruvate and more acetate, respectively, than wild type
CPS. This indicated that different 1locations of Tn5
insertions within region I have a different effect on the
levels of pyruvate and acetate substitutions. This is
consistent with the finding of four nodulation genes within
this region for R. trifolii, R. meliloti and R.

leguminosarum (4, 6, 9, 10, 12, and T. T. Egelhoff et al.,

in press). In addition to having different levels of non-
carbohydrate substitutions, 851 CPS, 252 CPS, agd 845 CPS
also displayed different depolymerization rates with PD-I
from that of wild type CPS. This is consistent with previous

work showing that the activities of CPS depolymerase enzymes
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are sensitive to pyruvate (PD-I enzyme) (Chapter 1I) and
acetate (PD-II enzyme) (8) non-carbohydrate substitutions.
Therefore, differences between CPS from wild type and
mutants can be established based on alterations in
depolymerization rates with enzyme PD-I and/or the levels of
non-carbohydrate substitutions measured by lH-NMR. However,
the fact that these quantities are the same for CPS of some
mutants does not automatically mean that the polysaccharides
are the same. lH—NMR data are only a quantitative
measurement of CPS non-carbohydrate substitutions. 13C-NMR
would provide further information about CPS structure. CPS
with the same depolymerization rates by enzyme PD-I may have
differences to which the enzyme is not sensitive. Lectin
binding assays showed that mutant strains 851 and 845 with
altered CPS were also significantly 1less reactive with
trifoliin A as compared with the wild type strain.

The levels of CPS non-carbohydrate substitutions in
some of the mutants may be affected because of different
levels of the corresponding transferase enzymes responsible
of their incorporation into the CPS, and this study will be
addressed in Chapter III.

Since the 1levels of pyruvate and acetate in CPS from
mutant strains with Tn5 insertions in nodulation region I
are different from wild type levels we conclude ihat there
must be some expression of essential nod genes in R.

trifolii 843 grown in defined BIII medium in absence of the

host plant. However, our studies with root exudate (Chapter
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III) suggest that some nod genes expression is affected by
clover root exudate.

We conclude that Tn5 insertions in certain nod genes
within region I cause changes 1in the CPS of R. trifolii 843
as demonstrated by quantitative determination of pyruvate,
acetate and 3-hydroxybutanoate substitutions by lH-NMR
spectroscopy and kinetic study of CPS depolymerization rates

and that functions related to polysaccharide synthesis may

be encoded in the sym plasmid.
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CHAPTER III

RHIZOBIUM TRIFOLII CAPSULAR POLYSACCHARIDE BIOSYNTHESIS:
PYRUVYLATION OF LIPID-BOUND SACCHARIDES AS AFFECTED BY TN5
MUTATIONS IN THE SYMBIOTIC PLASMID.

ABSTRACT

An in vitro assay to measure the enzymatic
incorporation of pyruvate into R. trifolii CPS was developed

using EDTA-treated cells, UDP-sugar donors, and [l-14

C]PEP
as pyruvate donor. Pyruvylation occurred at the 1lipid-bound
saccharide intermediate stage. CPS pyruvyl transferase
activity (CPT) was measured by incorporation of
radioactivity into glycoconjugates soluble in organic
solvent using two wild type R. trifolii strains: (843 and
0403 rif), and corresponding symbiotically defective mutant
strains having alterations in levels of pyruvate in their
CPS. CPS pyruvyl transferase activity was affecféd by Tn5
mutations in the sym plasmid, and clover root exudate
increased the level of CPT in R. trifolii strains having Tn5
insertions in certain nodulation (Hac) genes.

90
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INTRODUCTION

The biosynthesis of exopolysaccharide or capsular
polysaccharide of different genera of bacteria including

Klebsiella aerogenes (17), Xanthomonas campestris (7),

Acetobacter xylinum (3), Aerobacter aerogenes (14), and

Neisseria meningitidis (10), have been studied and shown to

involve lipid-bound oligosaccharide intermediates as
precursors of the polysaccharide. The key lipid carrier is a
C55 polyisoprenol (undecaprenol) called bactoprenol which is
linked to the growing carbohydrate chain through an acid-
labile phosphodiester bond (8).

Synthesis of (1->2) {z-glucan from UDP-[14C] glucose by

enzyme preparations of Rhizobium japonicum (5) and Rhizobium

phaseoli (2) have been reported. Lipid-bound saccharides
formed by incubation of UDP-glucose with a particulate

enzyme of Rhizobium meliloti were also studied (11,12).

Pyruvic acid ketal residues are present in many
bacterial polysaccharides (16). However, there are very few
reports (7) on the in wvitro pyruvylation of the
polysaccharides, and none for Rhizobium polysaccharides.

Rhizobium trifolii Tn5 mutant strains in different

locations of nodulation region I had different levels of
pyruvate substitutions in their CPS as compared to the wild

type strain R. trifolii 843 when grown on defined culture

.y
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medium (Chapter II). R. trifolii 251, a mutant strain of R.
trifolii 0403 rif containing a single Tn5 insertion in the
sym plasmid, also had higher levels of pyruvate in its CPS
than did the wild type strain (Chapter I).

Non-carbohydrate substitutions of R. trifolii 0403 CPS
have also been related to 1its transient 1lectin-binding
ability (1,15, Chapter I, and Chapter II).

In view of the importance of these non-carbohydrate
substitutions, we decided to study the enzymatic
incorporation of pyruvate into CPS of R. trifolii. A second
important objective of this study was to determine if the
enzymatic lesion of the mutant strains with different levels
of pyruvate in the CPS is at the level of this CPS pyruvyl
transferase (CPT) activity. A third objective was to examine
the effect of clover root exudate on CPT activity in the
wild type and mutant strains.

Results of this study showed that pyruvylation of R.
trifolii CPS occurs by a phosphoenol pyruvate donor at the
saccharide-1ipid bound intermediate stage. CPS pyruvyl
transferase activity is affected by Tn5 mutations in the sym
plasmid and clover root exudate. Portions of this work

th

were presented at the 6 International Symposium on

Nitrogen Fixation, Oregon State University, Corvallis, OR,

Aug. 4-9, 1985.
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MATERIALS AND METHODS

Bacterial strains. R. trifolii ANU 843 (wild type) and

corresponding mutant strains (ANU 252, 246, and 851) were
obtained from Dr. B. Rolfe, Australian National University,
Canberra, Australia, (Chapter II). R. trifolii 252 has a Tn5
insertion in the coding region of nod A gene of nodulation
region I and has a Hac Nod~ phenotype. R. trifolii 246 with
a Tn5 insertion before the coding region of nod A gene has a
Hac+Nod+ phenotype. R. trifolii 851 has a Tn5 insertion in
the coding region of nod D gene and has a Hac Nod~
phenotype. R. trifolii 0403 rif (wild type) was obtained
from K. Nadler, Michigan State University, East Lansing. R.
trifolii 251, a mutant strain of R. trifolii 0403 rif, has a
Tn5 insertion in the sym plasmid and has a Hac'Fix™

phenotype.

CPS pyruvylation assay (A) Enzyme preparation. Cells

were grown in BIII broth for 36h to stationary phase (120
Klett units in a Klett-Summerson colorimeter with é No. 66
filter), centrifuged at 12,000 x g for 30 min, and washed
with BIII medium and with 10 mM EDTA-Tris buffer, (pH 8.0).
The pellet was resuspended with one volume of buffer and
this cell suspension was frozen at -80°C and thawed at room
temperature eight times (hereafter called EDTA-treated

cells) (11). For root exudate treatments, cells grown to



94

stationary phase were then centrifuged aseptically and
resuspended in BIII broth without C source (neither mannitol
nor glutamate) containing 70 ml of 144 white clover root
exudate (0.1 mg/ml protein) and shaken at 30°C for 24 hours.
Cell pellets were then washed and EDTA-treated as described.
Proteins were measured by the method of Lowry (9) with a
standard of bovine serum albumin.

(B) Enzyme assay. Enzymatic incorporation of pyruvate into

CPS was measured with an in vitro assay modified from the
method of Tolmasky et al. (11). The standard mixture (total
volume of 0.05 ml) contained: 70 mM Tris-HCl1l buffer, (pH
8.2), 8 mM MgClZ, 40 mM 2-mercaptoethanol, EDTA-treated
cells (0.4-1 mg protein), 0.3 mM UDP-Glucose, 0.15 mM UDP-
Galactose, 0.15 mM UDP-Glucuronic acid, and 0.57 mM [1-14C]
phosphoenol pyruvic acid (15 mCi/mmol) as cyclohexylammonium
salt (PEP) (Amersham). The reaction was performed in screw-
capped plastic tubes kept at 15°C in a water bath for 20 min
and stopped by adding 0.5 ml of 70 mM Tris-HCl buffer (pH
8.2) containing 5mM EDTA. The mixtures were centrifuged at
12,000 x g at 4°C (Eppendorf microfuge) and the pellets
washed twice with buffer without EDTA. The supernatants were
combined and the pellets were extracted twice with 0.2 ml
each of chloroform: methanol: water (l: 2: 0.3) (7). Samples
of this extract containing 1lipid-bound oligosaccharides
(LBO) were mixed in 1liquid scintillation mixture (Scinti
Verse 1II; Fisher Scientific Co., Pittsburgh, Pa.) and

counted in an LS 7000 Liquid Scintillation Counter (Beckman
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Instruments, Irvine, Cal.). Enzymatic activity was expressed
as radioactivity (cpm) incorporated into LBO extract in 20
min per mg of protein.

Incérporation of radioactivity into lipid-bound

saccharides. The standard incubation mixture without PEP was

used to measure incorporation of different labeled UDP-sugar

donors into LBO. 0.017 mM UDP—[U—14

14

ClGlucose (293 mCi/mmol),

0.017 mM UDP-[U-
14

ClGalactose (297 mCi/mmol), and 0.019 mM
UDP- [U-""C]Glucuronic acid (269 mCi/mmol) were included
separately in the incubation mixtures in which the

corresponding cold UDP-sugar was omitted.

Analysis of labeled product obtained from [1—14C]PEP

Mild acid hydrolysis. The incubation mixture using

[1-14C]PEP and R. trifolii 843 EDTA-treated cells grown in

defined culture medium was scaled-up 30 fold. LBO extract
was dried under a stream of nitrogen at room temperature.
Mild acid hydrolysis of the pyrophosphate bridge between the
lipid and the saccharide was performed in 0.01 N HCl for 10
min at 100°C, and the solution was ©partitioned 1in
chloroform: methanol: water (3: 2: 1) (l1). The aqueous
(top) and organic (bottom) phases were separated for further
studies. Radioactivity of aliquots was measured.

Analysis of aqueous phase soluble moiety. (A) Column

chromatography. Gel filtration chromatography of radioactive

moiety soluble in aqueous phase was performed at room
temperature in a column (100 x 2 cm) of Bio-Gel P6 (100-200

mesh). The solvent was 0.1 M pyridine acetate (pH 5.0), and
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the flow rate was 8 ml/h. Fractions of 3 ml were collected
and aliquots of 0.5 ml were mixed in liquid scintillation
mixture (Scinti Verse II) and monitored for radioactivity in
an LS 7000 Liquid Scintillation Counter. Blue dextran was
used to determine the void volume. Elution of unlabeled
saccharideA standards (isolated octasaccharide from R.
trifolii 843 (Chapter II) and 1lactose) were detected in
fractions by the phenol-sulfuric acid method (6) . (B)

Depyruvylation. Solvent in Fractions I, III, and IV was

evaporated under a nitrogen current and the saccharide
residues were depyruvylated at pH 2 (HCl) for 90 min at
100°C. Samples were then neutralized, evaporated under a
nitrogen current, and redissolved in water. Components were
separated by paper chromotography on Whatman No. 1 paper
using the solvent n-butanol: propionic acid: water (21: 1ll:

14). Standards consisting of [1-14

Clpyruvate and sodium
pyruvate were treated under identical conditions.
Radioactivity on the paper was detected with a
radiochromatogram scanner, and unlabeled compounds by the

alkaline silver nitrate method (13).

Preparation of root exudate. Seedling roots of

Louisiana Nolin var. of white clover were grown axenically
through agar blocks supported above stainless steel wire
mesh into nitrogen-free Fahraeus medium (4). This design
protects the rooting medium from contaminating seed
exudates. Additional medium was added when necessary to keep

its volume constant at 50 ml during the incubation period.
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After 14 days of plant growth, the root exudates were

collected and used immediately.




98

RESULTS

Conditions for maximal pyruvylation of 1lipid-bound

saccharides. The conditions for maximal CPT enzymatic

activity (incorporation of pyruvate into lipid-bound
saccharides) measured as the incorporation of radioactivity
from [1-14C] PEP into glycoconjugates soluble in chloroform:
methanol: water (l1: 2: 0.3) were investigated for R.
trifolii 843 EDTA-treated cells grown in defined culture
medium. Incorporation of radiocactivity was proportional to
the amount of enzyme preparation in the range of protein
concentration used. The extent of reaction was linear with
incubation time up to 30 minutes. The optimal temperature
was 15°C and the optimal pH was 8.2. The concentration of
UDP-sugar donors used was saturating and the addition of
cold PEP to the incubation mixture decreased the
incorporation of radiocactivity to background levels.
Controls consisting of enzyme preparations inactivated by
boiling gave negative results.

Incorporation of radiocactivity into LBO from labeled

UDP-sugars. There was incorporation of radioactivity into

lipid-bound saccharides from each of the three labeled UDP-

sugar donors used separately in the incubation mixture, UDP-
14
[

acid (Table 1).

ClGlucose, UDP—[14C]Ga1actose, or UDP-[14C]G1ucuronic
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TABLE 1 . Incorporation of radioactivity into 1lipid-bound

saccharides in cells of R. trifolii 843 from labeled UDP-

sugars.a

UDP-[14C]sugar Activityb
14

UDP-[~ "C]Glucose 1499

UDP—[14C]Galactose 2953

UDP-[14C]Glucuronic acid 12746

a

Assay was performed as described in the text with EDTA-
treated cells grown in defined culture medium and the
indicated UDP-[14C]sugar donor.

b Expressed as the radioactivity (cpm) incorporated into
glycoconjugate product soluble in chloroform: methanol:

water (1l: 2: 0.3) in 20 min per 0.6 mg of cellular protein.

Values are average of three replicates.
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Mild acid hydrolysis. Labeled product obtained in an
14

incubation mixture containing [1 C]PEP scaled-up 30-fold
was treated by mild acid to <cleave the acid-labile
pyrophosphate bond 1inking the 1lipid <carrier to the
carbohydrate. This resulted 1in transfer of all the
radioactivity to the aqueous phase when the reaction system
was partitioned with chloroform: methanol: water (3: 2: 1)

(Table 2).

Analysis of the radioactive moiety soluble in the

aqueous phase after mild acid hydrolysis. Gel permeation

chromatography of the cleaved radioactive products soluble
in aqueous phase (24,000 cpm) through Bio-Gel P6 gave an
elution profile shown in Figure 1. Four radioactive peaks
were detected. Two peaks (I and II) eluted between the
octasaccharide and lactose standards; two other peaks with
significantly more radioactivity (III and IV) eluted after
lactose. Acid hydrolysates of fractions I, III, and IV were
examined by paper chromatography and shown to contain
labeled pyruvate. |

Pyruvylation of lipid-bound saccharides. CPT activities

in EDTA-treated cells of R. trifolii 843 and mutant strains
are shown in Table 3. All the data were subjected to a one-
way analysis of variance using the F distribution. For cells
grown in defined culture medium only, strain 246 showed
higher and strain 851 1lower CPT activity than wild type
strain. The difference<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>