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'During the course of this D.O.E-funded work we studied the roles cell surface carbohydrate
components of Rhizobium play in determining the outcome of the symbiosis between these
microorganisms and plants. Our approach was multidisciplinary and involved the use of
structural and synthetic chemistry, bidchemistry, genetics and bacterial physiology. A variety of
rhizobial cell surface and membrane carbohydrate-containing molecules are believed to function
in the establishment Aof symbioses between rhizobia and legumes. They include extracellular
polysaccharides (EPSs), capsular polysaccharides (CPSs), lipopolysaccharides (LP-Ss),
chitolipooligosaccharides (Nod Factors), cyclic b-glucans and glycolipids. CPSs or EPSs are
widespread and abundant extracellular heteropblysacchaxidcs made up of oligosaccharide
repeating units. These p.olysaccharides either accumulate on the surface of the cell as a capsule
(CPSs) or are sloughed off into the cell’s surroundings (EPSs). Specific murations of bacterial
gene§ involved in the various stages of the biosynthesis of these molecules show a high

correlation with symbiotic deficiencies in nodulation (1).

LPSs are located exclusively in the outer leaﬂet'o,f the outer membrane of Gram-negative
bacteria. These molecules have - three covalehtly, linked regibns. They are the membrane
embedded lipid A, an oligoéacchride core and an anfigenic_ polysaccharide chainl (O-antigen).
LPSs have been reported to be involved in séwferal stages of symbiosis. These stages include
initial infection, 'bacterial release from the infection threads and bacteroid transformation and

maturation (2-8).

Chitolipooligosaccharides are named Nod factor_s because their biosynthsis is controlled by
nodulation genes and they are believed to be the primary host range determinants (9) We have

demonstrated that these molecules are membrane localized sinffdgeﬁﬁgrﬁtit'es recovered from
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Cyclic b-glucans are unique molecules that are found almost exclusively in bacteria of the
Rhizobiaceae family. These molecules are oligomers of glucose linked by a -1,2-linkages in
rings as lafge as 20 monosaccharide units or more. They are thought to involved at several stages
- of plant infection and proposed roles include conferring host specificity and suppression of host

defense responses (12)

There are otherr glycocbnjugates that might somehow be involved in the symbiosis between
Rhizobium or Bradyrhizobium and legumes. We have found that one mannose and glucose-
containing diglycosyl dlacylglycerol accumulates in the membrane of Rhizobium
leguminosarum bv. viciae ANUS43 when the bacteria are grown in the presence of flavonoids
(13). Subnanomolar concentrations of this glycolipid could also elicit various symbiosis-related
morphological responses such as root hair deformation and cortical cell division on the host

plant.

This diversity of bacterial cell surface carbohydrates that are involved in symbiosis complicates
studies aimed at defining the roles of each individual components. These studies become even
more complicated because of the large degree of coupling or overlap of biosynthetic events
leading to the synthesis of the various molecules. For instance, there are common structural (and
genetic) links between chitolipooligosaccharides, LPSs and general membrane lipid chemistry
(9). Rhizibia with sulfated chitolipooligosaccharides also have sulfated LPSs. Their common
origins of sulfation.have been demOnstratedr»by using mutants which are impaired in sulfating
‘chitolipooligosaccharides. In such cases, there is a corresponding lack of sulfation of the LPS.
The structural diversity of the fatty acids observed in chxtohpoohgosacchandes is also observed
in other membrane phosphohplds and glycolipids. The LPS of R. Iegumznosarum bv. trifolii 4S
does not have the components typically found in other rhizobial lipopolysaccharides. However,
we have demonstrated that in this strain, the “missing” typical O-antigen is transferred to an
alternative glycolipid ‘(14). Similar links exist between »EPS and LPS biosynthesis (15-17)
Rhizobial exo mutants with an altered EPS often aiso have a different LPS. There is some
evidence that LPS and EPS (or some other capsular antigen) might have the same function in the

plant-bacteria interaction in some symbiotic systems (18-21).



Understanding carbohydrate metabolism is, of course, central to understanding the connections
. between biosynthetic events leading to the various polysaccharides, glycolipids and
glycoconjugates which all appear to be so central to the symbiotic prdcess. To this end, we have
been 'e’ngaged in studies to characterize the detailed structures of the various rhizobial
glycoconjugates and other saccharides and to delineate the connections between their
‘biosynthesis. These studies have turned up some very important and interesting results. We have
discovered that one of the glycolipids synthesized by Rhizobium | is sulfoquinovosyl
“diacylglycerol, a molecule once thought to be restricted to plants and photosynthetic bacteria
(22). We have found that the pr'edominént lipid in the membranes of Bradyrhizobium bacteroids
is digalactosyl diacylglycerol, another typical plant lipid not found before in bacteria (23).
Another finding was that the predominant lipid in free-living bacteroid-like states of this
organism is also a diglycosyl diacylglycerol along with a ribosylated version (24). We now
know that these glycolipids are localized on the outer membrane of the cell with the exception of
the chitolipooligosaccharides which are localized in the inner membrane (25). We also now
know that the culturing Bradyrhizobium japonicum under low oxygen conditions triggers the
biosynthesis of phosphatidyl inositol, another lipid common in plants and not usually found in
bacteria (26). The predominant phospholipid in the membranes of vegetative cells of Rhizobium
is phosphatidyl choline, another lipid that is common in plants and other eucaryotic systems but
quite rare in bacteria. In addition to these findings, we have also demonstrated that considerable
carbohydrate antigen switching occurs on the surface of Rhizobium as a consequence of lowering

pH in some cases resulting in the synthesis of a new lipopolysaccharide component with (27).

In earlier work, we used several immunochemical methods to better define the identity and
distribution of carbohydrate species on the bacterial cell surface. One of our major
accomplishments was to develop antibodies to the two major polysacchéride antigens which are
associated with the cell surface of Rhizobium. These are the capsule (CPS), and
lipopoiysaccharide (LPS). The lipopolysaccharide was separated into three major structural
components: a core trisaccharide, a tetrasaccharide and an O-antigen. These components were
then converted to allyl glycosides and pol);merized into high molecular weight polymers

containing a very high density of the haptens. The polymers proved to be excellent immunogens



- and antibodies with very high titefs dgainst the original hapténs were obtained. These antibodies
were then used to study the expression of the antigens on the bacterial cell surface at various
stages of the symbiosis both ex pfanta and in planta using both fluorescence and electron
microscopy. This work formed the basis of the Ph.D. degree of Maria Beconi (1995). This work
demonsirated that the capsule of the bacteria is shed in the early stages of the infection process
and that the LPS eﬁitopes are then exposed but some are polarly located on the cell surface. As
part of this project, we compleinented this immunological study with a chemical one in which we
examined the chemical basis for the observed changes using bacteroids induced by altering pH,
oxygen levels, growth conditions and carbon and nitrogen source and levels. Results from this

research have been presented at two international conferences.

Another of our major goals was to develop methods for the structural analysis of carbohydrates
which may be present in very low concentrations. This was accomplished by the development of
the 2,4-dinitrophenyloctylamino derivatives (among others) for the sensitive HPLC detection and
mass spectrometric characterization of oligosaccharides. We have since expanded this
methodology to include a wide variety of heterooligosaccharides. This work forms the bulk

(along with other Rhizobium - related work) of the Ph.D. thesis of Yuanda Zhang.

Our ability to determine the structures of complex lipids and glycolipids (especially in mixtures)
by NMR spectroscopy has received a tremendous boost by the introduction of an NMR solvent
which gives very high resolution spectra across the full spectrum of lipid classes. This is a

significant and necessary development.

One of our major goals was to completely characterize the cell surface carbohydrate chemistry of
a few strains of Rhizobium. A major obstacles in such an _endeavoﬁr was to determine the
complete structure of the very complex O-antigen. One of the major breakthroughs we made was
the elucidation of the complete structure of the O-antigen of R. leguminosarum bv trifolii strain
4S.

We experimented with several model systems for looking at the mechanisms by which bacteria

adapt to low pH. Part of the rationale for doing this was a desire to understand (or at least to be



able to rationalize) the changes in membrane and cell surface chemistry we see when bacteria
live intracellularly in the plant. The role of the very long fatty acids which we first described in
the membranes of Rhizobium are of special significance here from the standpoint of membrane
stability. We have been conducting studies primarily using bacteria which are adapted to low pH.
The p'ath we took was a highly multidisciplinary, yet highly structured, one-aimed at integrating
our knowlédge on rhizobial surface carbohydrate chemistry with 'emergi'ng models and newer
'fmdings on the Rhizobium / legume symbiosis. It provided a detailed chemical and biochemical
forum to bridge ihe gaps in our understénding as newer information emerged. It was intended to
reconcile the various (sometimés divergent) models which wax and wane in‘popular.opinion,
using the relatively dispassionate basis of rigorous structural chemistry and biochemistry. It is
our belief that, at worst, such an approach will result in a comprehensive enough body of sound
science to give a rational basis on which we can reject our most popular models and embrace
newer ones. In such an event our gain would be incremental but, given the complexity of the
problem, very significant. At best, suéh an approach can point unerringly at the}true causes for
the phenomena that we study. This would represent an absolute gain. In either event, we are
assured of moving in the right direction. The results of our research combined with that of others

allows us to enunciate six very important principles.

(1) The cell surface chemistry of Rhizobium is a critical compatibility factor with the host plant
- and biological, biochemical or environmental factors that perturb it either directly or indirectly

will influence the outcome of the infection and nodulation process.

(2) The biosyntheses of the various carbbhydrate; and glycolipids (z;ncluding'
chitolipooligosaccharide nod factors) are inter-connected and inter—dep)endent and changes that

affect one usually affect several.. -

(3) The ability to synthesize glycolipids such as diglycosyl diacylglycerols appears to be critical

to the formation of bacteroid and ex-planta “bacteroid-like” forms of Rhizobium.
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(4) There is no mandatory structure for the polymerizéd O-antigen for the bacterium to be
effective in symbiosis (since R. leguminosarum bv. trifolii 4S does not have the classical O-

antigen structure)

(5) The synthesis of -a core tetrasaccharide common to all the wild-type strains of R.
leguminosarum bv. Trifolii that we know is not necessary for the bacterium to be effective in

symbiosis (since R. leguminosarum bv. trifolii 4S does not have this core component)
(6) The membrane phospholipid and cell surface carbohydrate chemistry of Rhizobium is finely
tuned to that of the plant either to ensure compatibility at the level of structure or biosynthesis or

both.
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