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ABSTRACT

The DNA region downstream of the nodYABCSUIJ operon in
Bradyrhizobium japonicum strain USDA110 was analysed. The DNA
sequence of four novel genes (i.e., nolMNO and ORFA) and a
previously identified genetic 1locus (i.e., nodZ) was
determined and the function and transcriptional control of
nolNO, ORFA and nodZ were studied. nolMNO were shown to be
co-transcribed with the common nodulation genes, nodABC, thus,
establishing the nodYABCSUIJnolMNO operon. nol0 showed
similarity to nodU from various rhizobia on the amino acid
level. The lipo-oligosaccharide nodulation signals produced
by strains SLé67 (nol0’) and SL65 (nolNO) were purified and
their chemical structures were determined (chemical analysis
was done by Russell Carlson, The University of Georgia). 1In
addition to the wild-type signal molecule, both mutants
produced modified compounds that are not produced by the
parent strain USDA110. The most prevalent difference observed
was the absence of the 2-O-methylfucosyl residue from the
mutant structures. In addition, metabolites were found in
which the N-acetylglucosamine residue at the reducing end was
glycosidically linked to glycerol. These alterations in the
profiles of nodulation signals produced by strains SLé67 and

SL65 were accompanied by reduced nodulation efficiency on all

hosts tested.
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The expression of nodZ and ORFA was studied using lacZ
gene fusions. Both genes appear to be constitutively
expressed under laboratory conditions. The transcriptional
start site of ORFA was determined revealing a 128 nucleotide
overlap between the transcripts of the divergently transcribed
nodZ and ORFA. Mutational inactivation of ORFA had no effect
on nodulation. DNA Southern hybridization studies suggested

that nolO, ORFA and nodZ may be linked in other rhizobial

strains.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW |

Rhizobium Symbiosis and Taxonomy

Bacteria from the family Rhizobiaceae are Gram
negative, aerobic rods that establish a symbiotic
relationship with plant hosts. This relationship is of
significant benefit to both the plant and the bacterium.
The microsymbionts reside inside outgrowths developed from
the host root where they convert atmospheric nitrogen into
ammonia which is subsequently utilized by the plant.
Likewise, inside the host, bacteria receive plant-derived
carbon for their active metabolism and to support the energy
demanding process of nitrogen fixation. During this
symbiosis, rhizobia induce the formation of root nodules
which are the specialized plant organs that harbor bacteria

and where nitrogen fixation takes place.

The Rhizobium nitrogen-fixing symbiosis is highly
specific, a feature which is manifested on multiple levels.
With one known exception, the host is always a member of the
family Leguminosae. The tropical woody tree Parasponia
(family Ulmaceae) is the only known non-legume nodulated by

rhizobia (Akkermans et al., 1978). Each rhizobial species



has a defined host range. Furthermore, within the same
bacterial species, different strains may have different
cultivar specificities. For example, Bradyrhizobium
japonicum falls into two distinct taxonomic groups (i.e.,
groups I and II) that differ in their ability to nodulate

the restrictive Rj4 cultivars of soybeans (see below).

The first attempts to classify rhizobia relied
solely on host range as the criterion to define species
(Fred et al., 1889). This system for classifying rhizobia
has proven to be inadequate; for example, it was realized
that rhizobia with a similar host range can be too diverse
to fall into the same genus (Elkan, 1992; Young, 1992).
Furthermore, only a small fraction of legumes has been
tested for nodulation by rhizobia. Therefore, adopting host
range as the criterion for classification can only result in
an everchanging rhizobial taxonomy. Indeed, studies using
DNA:DNA and RNA:DNA hybridization, EPS composition,
antibiotic resistance, 16S rRNA sequence and other methods
have revealed differences among members of the same species
(and genera) that indicate that the current taxonomy and
nomenclature will have to change (e.g., Hollis et al., 1981;
Young et al., 1991). Currently, the accepted genera in the
family Rhizobiaceae are Rhizobium (fast-growers),
Bradyrhizobium (slow-growers) and Azorhizobium (stem-

nodulating rhizobia) (Young, 1992). Other genera that have




been proposed include Sinorhizobium (fast-growing soybean
rhizobia) (Chen et al., 1988) and Photorhizobium
(photosynthetic, stem-nodulating rhizobia; Eaglesham et al.,
1990). These latter designations, however, have been

challenged (Young, 1992) and have not been widely accepted.

Slow-growing bacterial isolates that nodulate
soybeans are grouped in a single species and referred to as
Bradyrhizobium japonicum. DNA:DNA hybridization studies
revealed that B.japonicum strains fall into at least 2
groups (i.e., groups I and II) that are taxonomically
distinct (Hollis et al., 1981). This finding was
subsequently confirmed by numerous studies emphasizing
differences between the two groups in aspects such as EPS
structure (Huber et al., 1984), resistance to different
antibiotics (Kuykendall et al., 1988) and the production of
lipo-oligosaccharide signal molecules (Carlson et al.,
1993). Groups I and II of B.japonicum also display
differences in their host range in that most of the members
of group I strains are able to nodulate the Rj4 restrictive
cultivars of soybeans, while group II strains cannot (Vest
and Caldwell, 1972; Devive et al., 1990). The extensive
differences between groups I and II have led Kuykendall et
al. (1992) to propose a new species, B.elkanii, to replace

group II strains. However, this suggestion has yet to be



widely accepted. Strain USDA11l0 used in this study is a

B. japonicum group I strain.

Stages of Nodule Development

In addition to their symbiosis, rhizobia exist in a
free-living form and can be recovered from most soils in the
absence of compatible hosts. Chemotaxis towards host root
exudates or towards chemicals that induce the ability of
bacteria to elicit nodulation (i.e., flavonoids) has been
demonstrated (Caetano-Anollés et al., 1988; Gaworzewska and
Carlile, 1982). This chemotaxis, however, does not appear
to be specific (Gaworzewska and Carlile, 1982) and the
motility of R.leguminosarum bv. viciae was shown to be
dispensable for nodulation under laboratory conditions (Smit
et al., 1987). Once bacterial cells are in the vicinity of
the plant root, their nodulation genes (described below) are
induced by the plant-produced flavonoids (Smit et al., 1992;
Banfalvi et al., 1988; Spaink et al., 1987; Zaat et al.,
1987). However, the induction of nodulation genes does not
appear to be the first signaling event in the communication
between Rhizobium and its host. Apparently, the presence of
a compatible Rhizobium in the rhizosphere can affect
flavonoid production by the host. For example, root
exudates from Vicia sativa ssp. nigra pre-treated with its

homologous microsymbiont, R.leguminosarum bv. viciae, were



more capable of inducing nodulation genes when compared to

exudates from uninoculated roots (van Brussel et al., 1990).

Induction of the early events of nodulation does not
require direct contact between the bacterium and plant root
(Banfalvi and Kondorosi, 1989; Faucher et al., 1988; Schmidt
et al., 1988; Debellé et al., 1986; van Brussel et al.,
1986). For example, cell-free culture extracts of
flavonoid-induced R.meliloti specifically induced root-hair
curling on its homologous host alfalfa, but not on the non-
host vetch (Faucher et al., 1988; Debellé et al., 1986).
Furthermore, van Brussel et al. (1986) demonstrated the
induction of thick and short roots (TSR) on vetch using
cell-free extracts of flavonoid-induced R.l. bv. viciae or
trifolii. Although TSR is not a feature associated with
nodule formation, it is significant since this hormone-like
effect on the plant root was nod-gene dependent (van Brussel
et al., 1986). The notion that direct contact is not a
prerequisite for the early events of the Rhizobium-legume
symbiosis was further tested using purified fractions of
rhizobial extracts that were able to simulate the early
events of nodulation in the absence of bacterial cells

(Truchet et al., 1991).

Root-hair curling (or deformation) and cortical cell

division are the first visible events in the nodulation




process. The function of root-hair curling may be to
entrap the bacteria inside the curl; thus, increasing their
density and subsequently facilitating the penetration of the
host root (Nutman, 1959). However, there are several
reported examples where root hairs are not involved in the
infection process (Kijne, 1992; Tsien et al., 1983; Finan et
al., 1985). Nevertheless, root-hair curling is nod-gene
dependent (Faucher et al., 1988; Develle et al., 1986; Finan
et al., 1985) and appears to be host specific (Spaink, 1992;
Faucher et al., 1988; Debellé et al., 1986). The initiation
of cortical-cell division, another early event in nodulation
that can be induced by cell-free extracts of induced
rhizobia, probably precedes infection (Dudley et al., 1987;
Libbenga and Harkes, 1973). The origin of cortical-cell

division is determined by the host plant (see below).

Following the initial plant-bacterium cross-talk
described above, bacterial cells attach to the root surface
in a process thought to be mediated by a bacterial calcium-
binding adhesin (i.e., rhicadhesin; Smit et al., 1989).
Attachment is followed by degradation of the plant cell-wall
and a new layer of host synthesized wall material is
deposited, initiating the infection thread (IT; Callaham and
Torrey, 1981). Recently, van Brussel et al. (1992) reported
that during the infection of vetch or pea plants, or

following the treatment with signal molecules produced by



R.1. bv. viciae, the nuclei and the cytoplasm of outer
cortical cells migrate to the cell center forming radial
cytoplasmic bridges. The formation of these structures
precedes the formation of the IT and, therefore, they were
termed the pre-infection threads (PIT; van Brussel et al.,
1992). The bacteria penetrate into the plant cortex via
the IT (Kijne, 1992; Libbenga and Harkes, 1973), which grows
and ramifies into dividing cortical cells where bacteria are
released. Upon release of the bacteria into the plant cell,
they are surrounded by a membrane of plant origin forming a
vacuolar structure termed a symbiosome (Roth et al., 1988).
The symbiosome is the compartment where nitrogen fixation

takes place.

Nodule formation and structure are genetically
determined by the host plant. This claim is best supported
by studies where genuine nodules were formed on plant roots
in the absence of rhizobia or their culture extracts
(Truchet et al., 1989). This implies that the legume host
is pre-programmed to form nodules and that the timing of the
event is dictated by compatible rhizobia. Legume nodules
fall into two groups (i.e., determinate and indeterminate
nodules) based on their development, structure and
persistence (Nap and Bisseling, 1990; Newcomb et al., 1979).

The fundamental difference between indeterminate and

determinate nodules is that the former has an apical




meristem that continuously provides newly formed cortical
cells for further infection; while the latter has a non-
persistent meristem that ceases to divide after a defined
period of time after which cortical cells grow in size, but
not in number. Structural differences among the two kinds
of nodules are imposed by the different meristems and by the
origins of cortical-cell division (for recent reviews, see
Kijne, 1992; Nap and Bissling, 1990). The same bacterial
strain can induce determinate nodules on one host but
indeterminate nodules on another (e.g., Dart, 1977). An
important feature that distinguishes both kind of nodules
from lateral roots is the occurrence of peripheral vascular
bundles in contrast to the central vascular bundle present
in lateral roots (Newcomb, 1981). Nodules formed by the
non-legume Parasponia are an exception to this generality

(Price et al., 1984).

The nodule environment is best described as
microaerobic due to an oxygen barrier formed by the root
tissues (Layzell et al., 1990; Tjepkema and Jocum, 1974).
While this feature of the nodule is consistent with the
extreme sensitivity of the nitrogenase enzyme to free
oxygen, active oxidative phosphorylation is required by the
bacteria to generate enough ATP for nitrogen fixation (The
reduction of 1 mole of N, into NH, utilizes at least 16

moles of ATP; Thorneley and Lowe, 1985). This apparent



paradox is resolved partly by the presence of leghemoglobin,
which binds oxygen reversibly and is abundant in infected
plant cells (Wittenberg et al., 1974). Oxygen released from
leghemoglobin is proportional to that consumed during
bacterial respiration; thus, leaving little free oxygen to
inactivate nitrogenase (Appleby, 1984; Bergersen, 1982).
Furthermore, an alternative bacterial respiratory chain
appears to be induced in the nodule which has a high
affinity terminal oxidase that functions at nanomolar
concentrations of free oxygen (Bergersen and Turner, 1990;
O'Brian and Maier, 1989). Interestingly, the globin portion
of leghemoglobin is plant produced, while the bacterial
symbiont produces and releases the heme prosthetic group
(Nadler and Avissar, 1977). However, a B.japonicum strain
mutated in the gene encoding 6-aminolevulinic acid
synthetase, an essential enzyme for heme synthesis, was able
to induce nitrogen fixing nodules that were not heme
defficient (Guerinot and Chelm, 1986). Sangwan and O'Brian
(1991) provided evidence that this mutant can use the plant-

produced d-aminolevulinic acid as a precursor for heme

biosynthesis.

In summary, nodules are very complex and specialized
structures designed to accommodate the requirements of
symbiotic nitrogen fixation. This complexity is reflected

in the number of genetic determinants (both plant and



bacterial) involved in the formation and maintenance of a
nitrogen fixing nodules as well as the tight transcriptional

control of these genes.

Bacterial Genes Required for Efficient Nodulation

The biological events leading to the formation of a
nitrogen fixing nodule require a very large number of
bacterial and plant genes (Caetano-Anollés and Gresshoff,
1991). The bacterial genes are required for inducing the
morphological changes associated with nodule formation, as
well as adapting the bacterial cell to a new environment,
the nodule, and a new physiological task, symbiotic nitrogen
fixation. A compilation of all known genes in Rhizobium and
Bradyrhizobium has recently been published (Sanjuan et al.,
1993). Fig 1 shows the organization of symbiotic genes from
representative rhizobial species (Fig 1). These genes were
identified using insertional mutagenesis, reporter gene
fusions, interspecies DNA hybridization to probes from
previously identified genes, genetic complementation studies
or simply by sequencing DNA regions flanking known symbiotic
genes. These efforts were aided by the tendency of such
genes to occur in clusters on the chromosome (as in
Bradyrhizobium and Azorhizobium) or on plasmids (as in

Rhizobium). The following sections will focus on the

organization and symbiotic function of genes from Rhizobium




Figure 1

Major symbiotic clusters from R.meliloti AK631,

R.leguminosarum bv. viciae 248, R.leguminosarum bv. trifolii
ANU843 and B. japonicum USDA110.
|
|
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and Bradyrhizobium species since more is known about these

organisms than the genus Azorhizobium.

1. nod/nol Genes
Genes required for the morphological changes

associated with the early events of nodule formation are

referred to as nodulation (nod/nol) genes. Mutational

inactivation of one or more of these genes can result in a

variety of nodulation phenotypes, the most drastic of which

is the complete inability to form nodules on any plant host
| (Nod™ phenotype). Other mutants may exhibit a delay in
nodule formation compared to the wild-type (Nod® phenotype).
Inactivating some of the nod/nol genes can alter the host
range of the strain (Hsn phenotype) or may not result in any
detectable alteration in nodulation ability (Nod*
phenotype). The identification of the latter genes as
nod/nol often follows from the fact that they are co-
transcribed with other known nodulation genes. Such cryptic
nod/nol genes may be required for nodulation of unidentified

hosts or play a role in nodulation in a field situation.

The nodABC gene products are indispensable for the
ability of any rhizobial strain to nodulate its hosts. They
are called common nod genes since they are conserved among
rhizobia regardless of host range and because they can

complement nodABC mutants of different species with varying

13




host ranges (Scott, 1986; Fisher et al., 1985; Marvel et
al., 1985; Kondorosi et al., 1984). Two additional genes,
nodIJ, seem to be conserved among all rhizobia as part of
the nodABC operon (Gottfert et al., 1990; Nieuwkoop et al.,
1987; Spaink et al., 1987; Evans and Downie, 1986).
Although nodIJ mutations in R.1. bv. viciae cause a delayed
nodulation phenotype on vetch (Canter Cremers et al., 1990;
1988), there is no absolute requirement for nodIJ in the

nodulation process.

The nodD gene, which codes for an activator of nod
gene transcription, is commonly found in all rhizobia, yet
plays a role in host specificity (Gyorgypal et al., 1988;
Horvath et al., 1987; Spaink et al., 1987). The NodD of a
given Rhizobium is adapted to recognize the flavonoids
produced by specific host species; thus, inducing nod
operons in response to compatible hosts (Schlaman et al.,
1992; Banfalvi et al., 1988; Horvath et al., 1987; Spaink et
al., 1987). However, allelic forms of nodD are present in
many rhizobia (Goéttfert et al., 1989; Appelbaum et al.,
1988; Honma and Ausubel, 1987). For example, R.meliloti
possesses three nodD copies, the products of which have
different flavonoid specificities (Gyorgypal et al., 1988;

Honma and Ausubel, 1987).
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In addition to the nodulation genes conserved in all
rhizobia, some genes are limited to particular species and
are expected to be determinants of host specificity. For
example, nodH, found in R.meliloti, is required for
nodulation of alfalfa but not sweet clover (Swanson et al.,
1987; Horvath et al., 1986). Furthermore, mutations in the
nodFE region of R.1. bv. trifolii impair nodulation of
clover yet extend the host range to include pea, normally
not a host plant (Djordjevic et al., 1985). 1In
R.leguminosarum bv. viciae, nodX enables strain TOM to
nodulate afghanistan pea, thus demonstrating specificity on
a cultivar level (Davis et al., 1988). Two other examples
of such genotype specific nodulation (GSN) genes are the
B.japonicum nolA and nodZ genes. nolA enables B.japonicum
strain USDA123 to nodulate soybean varieties that are
normally restrictive to this strain (Sadowsky et al., 1990),
while nodZ, in addition to its requirement for siratro
nodulation, appears to be essential for the efficient
nodulation of soybean cultivars Peking and Forest, but not

Essex (Stacey et al., 1993).

Several common features are observed regarding the
organization of nod/nol genes in Rhizobium and
Bradyrhizobium. For example, whether on a symbiotic plasmid
or on the chromosome, the nodulation genes tend to occur in

clusters (Fig 1; Sanjuan et al., 1993). Furthermore, nodABC

15




usually occur in a single operon followed by nodIJ and
preceded by a divergently transcribed nodD (Fig 1; Sanjuan
et al., 1992). Nevertheless, interesting organizational
differences are observed between Rhizobium and
Bradyrhizobium. For example, unlike the case in Rhizobium
species, nodA is preceded by an additional gene in
B.japonicum (i.e., nodY; Nieuwkoop et al., 1987) and in
Bradyrhizobium sp. Parasponia (i.e., nodK; Scott, 1986).
Furthermore, the nodIJ genes are located immediately
downstream of nodABC in Rhizobium species but separated from
them by nodSU in B.japonicum (Géttfert et al., 1990).
Additional unique features of the B. japonicum nodABC operon

are presented in this work.

i1i., nif and fix genes

The block in some symbiotic mutants can occur in
stages following nodule formation, resulting in nodules (or
nodule-like structures) that do not fix nitrogen and are
thus referred to as ineffective nodules. Mutations in nif
or fix genes can result in the formation of ineffective
nodules. While nif genes are required for nitrogen fixation
per se, fix genes are required for gymbiotic nitrogen
fixation. This distinction, however, is not very well
defined since, for example, fixABC genes of B.japonicum are

required for symbiotic as well as artificially induced

nitrogen fixation (Gubler and Hennecke, 1986). One
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criterion used to distinguish between nif and fix genes is
that each nif gene should have a structural counterpart in a
free-living diazotroph such as Klebsiella pneumoniae. In
general, nif genes are directly involved in nitrogenase
structure and function (recently reviewed in Dean and
Jacobson, 1992). The Fix phenotype, on the other hand, is
rather ill-defined since a Fix  bacterial mutant can be
defective in diverse physiological aspects ranging from
electron transport for nitrogenase function (fixABC, Gubler
and Hennecke, 1986) to respiration (fbcFH, Thony-Meyer et
al., 1989) to C4 dicarboxylate transport (Bolton et al.,
1986). Like nod/nol genes, nif and fix genes tend to occur
in clusters (Fig 1), a feature that is more pronounced in
Rhizobium than in Bradyrhizobium. For example, while nifHDK
in Rhizobium (as well as in Klebsiella) form a single
operon, nifH and nifDK of Bradyrhizobium are separated by
several kilobases (Fig 1; Fischer and Hennecke, 1984).
Furthermore, fixA and fixBC occur in two different genetic
clusters in B. japonicum while fixABC represent a single

operon in Rhizobium (Fig 1; Earl et al., 1987; Gubler and

Hennecke, 1986).

Most of the nif and fix genes in rhizobia are
transcriptionally activated by conditions of low oxygen
similar to those prevailing inside the nodule where nitrogen

fixation takes place (Batut et al., 1992; Fischer et al.,
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1991). Oxygen regulation is mediated by Nifa, a

transcriptional activator of RpoN-dependent promoters. The
mechanism by which changes in oxygen concentration are
sensed by Rhizobium differs from that adopted by
Bradyrhizobium (Anthamatten and Hennecke, 1991). 1In
R.meliloti, NifA function is controlled by regulating both
the level of nifA transcription and the activity of NifaA
protein. The transcriptional activation of R.meliloti nifA
is mediated by FixL and FixJ proteins which are members of
the two-component family of prokaryotic transcriptional
regulators (David et al., 1988): FixL, a hemoprotein that
senses oxygen, is a kinase that phosphorylates FixJ which in
turn activates the transcription of nifA (Gilles et al.,
1991). The post-translational regulation of the R.meliloti
NifA protein is attributed to its oxygen sensitivity
(Fischer et al., 1988). Although the regulation of
B.japonicum NifA is also manifested at both the
transcriptional and post-translational levels, it displays
interesting differences when compared to that of R.meliloti
(Fischer and Hennecke, 1987; Thény et al., 1987). First,
the B. japonicum nifA is expressed aerobically, yet it is
slightly induced (i.e., 5-fold) under anaerobic conditions
(Thény et al., 1989). Second, the anaerobic induction of
B.japonicum nifA is not mediated by FixLJ but instead by

NifA itself (Thény et al., 1989). As in R.meliloti,
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B.japonicum NifA is rapidly and irreversibly inactivated by

oxygen (Kullik et al., 1989).

iii. Other Genes Involved in Rhizobium-Legume Symbiosis

In addition to nod, nif and fix genes, other genetic
determinants are required for the production and maintenance
of a nitrogen fixing nodule. These genes can either be
chromosomal or plasmid born and are not tightly linked to
the known symbiotic clusters. Genes involved in the
synthesis of exopolysaccharides (EPS) and
lipopolysaccharides (LPS) have been implicated in rhizobial
symbioses in numerous studies (e.g., Long et al., 1988;
Puvanesarajah et al., 1987). Cell surface mutants can
exhibit a wide variety of symbiotic phenotypes including the
induction of deformed nodules and the failure of mutant
strains to be released from infection threads.
Interestingly, a transcriptional activator, SyrM, was found
to be involved in the regulation of both exo and nod genes;
thus, providing evidence for the functional relatedness of
these two classes of genes (Mulligan and Long, 1989).

Similarly, in R.fredii, multiple copies of nodD, inhibited

EPS synthesis and resulted in the formation of Muc™ (i.e.,

non-mucoid) colonies (Appelbaum, 1988).

Other bacterial genes are required for accessory

functions associated with symbiotic nitrogen fixation. For
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example, mutations in the dct genes required for the
transport of C4 dicarboxylic acids (the most likely carbon
sources for the bacteroid) result in a Fix™ phenotype (e.g.,
Finan et al., 1983). Furthermore, the respiratory demands
imposed by nitrogen fixation in a microaerobic environment
appear to be met by the induction of an alternative, nodule-
specific bacterial respiratory chain with a high-affinity
terminal oxidase that functions at nanomolar concentrations
of free oxygen (Bergersen and Turner, 1990; O'Brian and
Maier, 1989; Thény-Meyer et al., 1989). Accordingly,
mutations in respiratory genes can result in a Fix"

phenotype (e.g., Thony-Meyer et al., 1989).

iv. Summary and Perspective

Although this section has only presented examples
representative of genes involved in the Rhizobium-legume
symbiosis, the genetic complexity of the nodulation process
should be clear. The identification of nod, nif and fix
genes has been facilitated by the fact that they occur in
large clusters either on symbiotic plasmids (as in
Rhizobium) or on the chromosome (as in Bradyrhizobium and
Azorhizobium). Several interesting differences between
Rhizobium and Bradyrhizobium were observed in the operon
structures of nod, nif and fix genes. Features unique to

the nodABC operon of B.japonicum are addressed in this work.
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Biochemical Function of nod Gene Products

It is widely believed thatlmost, if not all, of the
known nod/nol genes are involved in the production of lipo-
oligosaccharide signal molecules with host-specific
biological activity (Spaink, 1992). To present the proposed
role for nod/nol genes in the synthesis of these molecules,
their chemical structure is reviewed in the following

section.

i. Lipo-oligosaccharide Signal Molecules Produced by
Rhizobia

Establishment of a Rhizobium-legume symbiosis
requires the mutual exchange of signals between the partners
involved (i.e., the bacterium and its homologous host). The
signal received by rhizobia in the rhizosphere is the plant
produced flavonoids that specifically induce the nod genes.
Several reports have indicated that rhizobia produce a nod- |
gene dependent signal capable of eliciting root-hair
deformation (Had) and curling (Hac) and cortical cell
division (Coi) on homologous hosts (Faucher et al., 1988;
van Brussel et al., 1986; Debellé et al., 1986). Had, Hac
and Coli are among the earliest observable events of
nodulation. Recently, the nodulation signal molecule was
purified from culture supernatants of flavonoid-induced
R.meliloti strain 2011. Chemical analysis of the purified

factor showed it to be an oligomer of chitin (a f,1-4 linked
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Figure 2

Structures of the Nod factors from B. japonicum, R.meliloti and

R.leguminosarum bv. viciae. (From Stacey et al., 1993).
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polymer of N-acetyl glucosamine), N-acylated and O-
acetylated on the non-reducing end and sulfated at the
reducing end (Fig 2; Schultze et al., 1992; Roche et al.,
1991; Lerouge et al., 1990). The subsequent elucidation of
the chemical structures of lipo-oligosaccharide signal
molecules (also referred to as Nod factors or Nod
metabolites) from other rhizobia has proceeded rapidly since

this first report (Fig 2; reviewed in Spaink, 1992).

Rhizobia with differing host ranges produce
different Nod factors (Carlson et al., 1993; Mergaert et
al., 1993; Price et al., 1992; Sanjuan et al., 1992;
Schultze et al., 1992; Spaink et al, 1991; Roche et al.,
1991; Lerouge et al., 1990). All the reported Nod factor
structures have two common features; namely, the chitose
backbone (as a tri-, tetra- or pentamer) and the N-acylation
of the terminal non-reducing sugar with a fatty acyl residue
whose length and unsaturation pattern vary among different
strains. Figure 2 shows the different chemical structures
of Nod factors from representative rhizobial strains. The
purified factors exhibit a wide range of biological activity
at nanomolar concentrations. For example, purified Nod
factors have been shown to induce root-hair curling and
cortical cell division (Sanjuan et al., 1992; Spaink et al.,

1991; Truchet et al., 1991) However, the formation of

nodules that are anatomically similar to genuine bacteria-




induced structures has only been demonstrated in the case of
alfalfa treated with the Nod metabolite from R.meliloti
(Truchet et al., 1991). This is likely a special case since
alfalfa can form nodules spontaneously in the absence of

bacteria or external signals (Truchet et al., 1989).

Each rhizobial strain produces at least one factor
with a unique structure. The structural differences among
the Nod factors appear crucial for host specific biological
activity. For example, the sulfation of the reducing end of
the R.meliloti Nod factors is required for the nodulation of
Medicago but not Melilotus (Roche et al., 1991; Faucher et
al., 1988). Furthermore, a highly unsaturated fatty acyl
chain (C18:4) is characteristic of the R.I. bv. viciae Nod
factor and is lacking in the Nod factors from R.I. bv.
trifolii which possesses a different host range (Spaink et
al., 1991). Some rhizobial species have a sugar moiety
attached to position 6 of the terminal reducing sugar.
Fucose, 2-O-methylfucose, sulfate or acetyl-substituted 2-0-
methyl fucose or D-arabinose are known substituents on the
terminal reducing sugars of Nod factors produced by
B.japonicum USDA61, B.japonicum USDA110, Rhizobium sp.
NGR234 and A.caulinodans ORS571, respectively (Carlson et
al., 1993; Mergaert et al., 1993; Price et al., 1992;
Sanjuan et al., 1992). Furthermore, a unique feature was

found for one of the Nod metabolites produced by B. japonicum
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USDA61; that is, a glycerol moiety was found glycosidically
linked to the reducing hydroxyl group of the molecule
(Carlson et al., 1993). The structure of a molecule with

the same glycerol substituent is reported in this work.

i1i. Role of nod Genes in Nod Factor Biosynthesis

nod/nol genes have been implicated in the synthesis
and modification of various Nod factors (reviewed in Spaink,
1992). 1Interesting parallels can be drawn between nod genes
and Nod factors regarding their function and distribution
among different strains. The common nod genes are present
in all rhizobia while the occurrence of the hsn genes varies
among strains with different host ranges. Similarly, all
Nod factors purified thus far have a common backbone (the
acylated chitose molecule) with various substitutions
characteristic of each strain. Furthermore, strains
carrying mutations in the nodABC genes are unable to
nodulate any of their original hosts and they also fail to
produce any of the Nod metabolite derivatives (Sanjuan et
al., 1992; Spaink et al., 1991; Truchet et al., 1991;
Lerouge et al., 1990). On the other hand, strains mutated
in hsn genes usually have an altered host range. These hsn
mutations result in the production of Nod factors having the
wild-type backbone structure yet with different substitution

patterns that result in alterations in host-specific

biological activity (Schultze et al., 1992; Roche et al.,




Table 1: Predicted Biochemical Function of Nod Proteins
Based on Sequence Homology

Nod Protein Predicted Function

NodB EnvA (a possible deacetylase)?’

NodcC N-acetylglucosaminyltransferase

NodE B-ketoacylsynthase

NodF acyl carrier protein

NodG NADH-dependent dehydrogenase
NADPH-dependent P-ketoacylreductase

NodH Sulfotransferase

NodL Acetyltransferase

NodM D-~glucosamine synthase

NodP ATP sulfurylase subunit

NodQ ATP sulfurylase subunit

Nods SAM-utilizing enzymes’

1, Adapted from Spaink, 1992.

2, Reference: Spaink et al., 1993.

3, Reference: Geelen et al., 1993.
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1991; Spaink et al., 1991; Lerouge et al., 1990). Thus it

is currently believed that the common nod genes are involved
in the synthesis of the chitose backbone and that the hsn
genes are required for the addition of specific
"decorations" peculiar to each strain (reviewed in Spaink,

1992).

Comparing the predicted amino acid sequences of
nodulation genes to those of previously identified sequences
from prokaryotic or eukaryotic origins has shed some light
on their possible biochemical functions. Nod proteins that
show sequence similarity to other proteins with known
functions are listed in Table 1. Some of these speculations
are backed by experimental evidence. For example, the role
of NodH and NodPQ in the sulfation of R.meliloti Nod factors
is the best described. Table 1 shows that the amino acid
sequence of NodH is similar to mammalian sulfotransferases
consistent with the fact that nodH mutants produce Nod
factors that lack the sulfate substitution on their reducing
end (Roche et al., 1991). NodP and NodQ are similar to
E.coli ATP sulfurylase subunits encoded by cysD and cysN,
respectively (Table 1). A DNA fragment carrying nodPQ was
found to complement the auxotrophy of cysD and cysN E.coli
mutants (Schwedock and Long, 1990). Furthermore, the ATP
sulfurylase activity of NodP and NodQ has been demonstrated

both in vivo and in vitro (Schwedock and Long, 1990). The
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Nod factors produced by nodP and nodQ mutants are a mixture
of sulfated and non-sulfated compounds (Roche et al., 1991).
Such a leaky phenotype could be justified by the fact that
an additional copy of nodPQ is found on the R.meliloti
chromosome (Schwedock et al., 1989). Another example is the
NodS protein which shows similarity to a consensus sequence
conserved in S-adenosylmethionine (SAM)-utilizing enzymes
(Geelen et al., 1993). It is proposed to be a methyl
transferase that mediates the N-methylation of A.caulinodans
Nod factors (Geelen et al., 1993; Mergaert et al., 1993).
Indeed, the in vivo methylation of Nod metabolites from
A.caulinodans was nodS dependent (Geelen et al., 1993).
Mutants lacking NodL, which shows sequence similarity to
E.coli acetyl transferases, produced Nod factors lacking the
O-acetylation on the terminal non-reducing sugar.
Furthermore, NodF and NodE are similar in sequence to E.coli
acyl carrier protein and f-ketoacylsynthase, respectively.
Mutations in nodFE result in the production of Nod factors
with alterations in the N-acylation of the terminal non-

reducing sugar (Demont et al., 1993; Spaink et al., 1991).

In B.japonicum, mutations in nodZ result in the
production of Nod metabolites lacking the 2-O-methylfucosyl
substitution on the terminal reducing sugar (Carlson et al.,
1993). To investigate the relationships of NodZ to other

known proteins, the nodZ DNA sequence was determined and is
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presented in this work. Furthermore, a novel nol gene

linked to nodZ and involved in the 2-~O-methylfucosylation of

Nod factors is reported.

Regulation of Nodulation Genes

With few exceptions, nod genes are inactive until
the bacterium is in the vicinity of the host root where they
are transcriptionally induced by plant produced flavonoids
(Smit et al., 1992; Banfalvi et al., 1998; Spaink et al.,
1987; Zaat et al., 1987). 1In addition to the chemical
inducer, nod gene induction requires a functional NodD
(Banfalvi et al., 1988; Spaink et al., 1987; Rossen et al.,
1985; Mulligan and Long, 1985) and a conserved cis-acting
promoter element, the nod-box, which is the NodD binding
site (Goethals et al., 1992; Kondorosi et al., 1989; Fisher
et al., 1988; Hong et al., 1987; Rostas et al., 1986). NodD
is a member of the LysR family of transcriptional regulators
the members of which share several common properties
including a conserved N terminal DNA-binding domain
(Schlaman et al., 1992; Henikoff et al., 1988). The nod-box
was shown to bind NodD in vitro and while this binding was
found to be independent of the chemical inducer in some
systems (Fisher et al., 1988; Hong et al., 1987), the
presence of the inducer enhanced such binding in other
systems (Goethals et al., 1992; Kondorosi et al., 1989). It

is assumed that the chemical inducer directly interacts with
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NodD facilitating nod gene transcription. Although direct
NodD-flavonoid interaction is not supported by biochemical
evidence, strong genetic data support such an interaction.
For example, mutations in nodD alter the flavonoid
specificity of nod gene induction or extend the host range
of mutant strains (Burn et al., 1989: McIver et al., 1989;
Burn et al., 1987; Spaink et al., 1987). Since NodD is
capable of binding nod-box sequences in the absence of
chemical inducers (Fisher et al., 1988; Hong et al., 1987),
the role of the flavonoids may be to induce a conformational
change in NodD that allows nod gene transcription. This
hypothesis is supported by studies where nodD mutant alleles
produced proteins that can activate nod genes in the absence

of flavonoids (Spaink et al., 1989; Burn et al., 1987).

Although the role NodD plays in nod gene induction
is well established, the regulatory circuitry possesses
additional levels of complexity. For example, nodD itself
is subject to regulation in several systems. NodD
autoregulates its own expression, positively in B. japonicum
(Smit et al., 1992; Banfalvi et al., 1988) and R.I. bv.
phaseoli (Davis and Johnston, 1990) and negatively in R.1.
bv. viciae and trifolii (Rossen et al., 1985; Spaink et al.,
1987). A nod gene repressor has been reported in some
R.meliloti strains and was found to bind the nodD, and nodD.,

promoters (Kondorosi et al., 1989). Furthermore, combined
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nitrogen (such as ammonia) repressed the expression of nodD,
in B. japonicum (Wang and Stacey, 1990) and nodD; in
R.meliloti (Dusha et al., 1989). This is consistent with
the previously reported inhibition of nodulation in the

presence of combined nitrogen (Truchet and Dazzo, 1982).

In B.japonicum, nodVW are required for host-specific
nodulation (Goéttfert et al., 1990). Inspection of the
predicted amino acid sequence of nodVW revealed that they
are members of the two-component family of transcriptional
regulators (Gottfert et al., 1990; Stock et al., 1989) and
suggested that they may represent additional nod gene
activators. 1Indeed, nodW was required for the induction of
nodD-lacZ and nodY-lacZ fusions by isoflavones (Sanjuan et
al., 1993). However, the mechanism by which NodVW activate

nod genes is currently unknown.

Rationale for Present Work

The production of root nodules by various rhizobia
on their corresponding hosts has been subject to extensive
study for decades. Recently, the nature of this process has
been analysed on the molecular level, an approach that
provided considerable knowledge on the communication that
occurs between the bacteria and its plant host resulting in
the production of root nodules in a host-specific manner.

Identification of the bacterial nod genes has been crucial
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for the discovery of the lipo-oligosaccharide signal
molecules produced by rhizobia after being induced by the
host flavonoids. Since the nodABC genes are required for
the synthesis of the B. japonicum USDA110 Nod factor, the

adjacent DNA region was analysed.

The flavonoid inducible nature of nod genes and
their tendency to occur in clusters were utilized in this
study as criteria for identifying novel symbiotic genes.

The sequence of five novel genes was determined and analyzed
for features that may suggest their biochemical functions.
Mutants were constructed and tested for their ability to
nodulate their corresponding hosts and for Nod factor
production. Transcriptional control of the studied genes
was investigated using lacZ gene fusions and RNA

hybridization.
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CHAPTER II

MATERIALS AND METHODS

Bacterial Strains, Plasmids and Bacteriophages

Bacterial strains, plasmids and bacteriophages used
in this study are described in Table 2. Plasmid pDG69 is
PVK102 carrying a Tn3-lacZ fusion inserted in a 0.7 Kb PstI
fragment downstream to nodJ (Fig 3; Gerhold, 1989).
Plasmids pSSL74 and pSSL75 carry a Sall fragment from pDG69
that contains the Tn3-lacZ fusion and 2-3 Kb of flanking DNA
but excluding the nodY nod-box from the construct (Fig 3).
pSSL74 and pSSL75 have the Tn3-lacZ positioned in the
opposite or the same orientation, respectively, relative to
the tet gene of pVK102. Transfection of E.coli LE392 cells
with pVK1l02-based constructs was done using the Packagene®
Lambda packaging system (Promega). pSSL74 and pSSL75 were
mated into B.japonicum USDA110 to yield strains SSL74 and
SSL75, respectively. The latter strains were confirmed by
DNA Southern blot hybridization (see below). Plasmids
PMGS102 (ORFA-lacZ) and pMGS104 (nodZ-lacZ) were constructed
using Tn3-HoHol random mutagenesis of pMS95 which is the
broad-host-range vector pPP375 carrying a 9.5 kb EcCoRI
fragment that includes ORFA and nodZ (Fig 3; Table 2).
Mapping the position and orientation of the Tn3-lacZ

insertions was done by EcoRI digestion followed by Southern
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Table 2: Strains, plasmids and phages used

Designation Relevant Characteristics
Source/Reference
Bacteria
E.coli
S17-1 Chromosomally integrated RP4 Simon et al., 1983
derivative
JM101 lac proAB supE thi/F' traD36 Messing et al., 1981
lac® zM1s
LE392 F° lacYl supE44 supF58 Murray et al., 1977

B. japonicum
USDAl1lo0
AN314
SLe6
SL67
SL65
SL68
UsDAs6
USDA46
USDA76
USDA94
USDA122
USDA123

AN6A

Wild-Type

USDA110, nodD.::Tn5, Km Sm
USDA110, nodS del/ins Sp/Sm
USDA110, nolO::Sp/Sm

USDA110, nolNO::del/ins Sp/Sm
USDAl1o0, ORFA: :Sp/Sm
Wild-Type

1

Kuykendall, 197s
Nieuwkoop et al., 1987
This study

This study

This study

This Study

D. Kuykendall
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Table 2 (continued)

61A101C Wild-Type

Bj2101 USDA110, fixRnifA
Bj27147 USDA110, ntrC
Bj3263 USDA110, ntrBC
Bj-N50 USDA110, rpoN,
Bj-N63 USDA110, rpoN,
BjN50-97  USDA110, rpoN.N,

Bradyrhizobium sp.

IRC2133 Wild-Type (peanut)

32H1 ' (cowpea)

ANU289 ' (Parasponia)
Rhizobium

R.sp. NGR234 Wild-Type
R.1. 897 '
R.fredii
193 )
HH103 y
R.1.bv.
trifolil ',y
R.meliloti
AK2121 '
AK631 .
Plasmids/Phages
pSUP202 pBR325 derivative containing

the Mob site from RP4

Nitragin
Chelm/Adams

Martin et al., 1988
Martin et al., 1988
Kullik et al., 1991
Kullik et al., 1991

Kullik et al., 1991

G. Elkan

P. van Berkum

B. Rolfe

B. Rolfe

N. Brewin

H. Keyser

B. Rolfe

A. Kondorosi

Simon et al., 1983
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Table 2 (continued)

puc19

pSL22

PHP450

pHF360

pVK102

pDG69

pPSSL74

pSSL75

pMGS102

PMGS104

M13mp18,19

SL1, 2

SL3, 4

SL5, 6

ws18, 19

High copy-number cloning
vector «-complementation
pUCl9+a 6Kb EcoRI-Smal
fragment including nolMNO
Sp/Sm resistance cassette
pUN121+23S rRNA Probe from
P.aeruginosa

RP4 based, 4 cos site
nolO~Tn3HoHol

nolO-Tn3HoHeol, Anod-box
opposite to pVK102 tat
nolO-Tn3HoHol, 4nod-box

same as pVK1l02 tet
ORFA-Tn3HoHol

nodzZ-Tn3HoHol

Sequencing cloning vectors
0.2 kb PstI fragment in

mpl8 and 19, respectively
0.7 kb PstI fragment in

mpl8 and 19, respectively
0.5 kb HindIII-PstI fragment
in mpl8 and 19, respectively
2.0 kb HindIII-PstI fragment

in mpl8 and 19, respectively

Vieria and
Messing, 1982

This study

Fellay et al., 1987

Festl et al., 1986

Knauf and Nester, 1982

Gerhold, 1989

This study

This study

This study

This study

Messing et al., 1981

This study

This study

This study

This study
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Figure 3

Genetic and restriction map of the major symbiotic cluster
of B.japonicum chromosome. The location of a host-inducible
lacZ fusion is shown. B, BamHI; E, EcoRI; H, HIndIII; P,
PstI; 8, SalI. The locations of the insertion and deletions
in strains SL67, 65 and 66, respectively, are indicated.

The nolO hybridization probe is indicated by a solid bar.
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hybridization using a 1 kb BglII fragment (Fig 16) as a
probe. pMGS102 and pMGS104 were mated into B. japonicum
strain USDA110 and also into a set of mutant strains listed
in Table 1. Strain SL65 was constructed by replacing 3 SacI
fragments from pSL22 (Table 1) by a spectinomycin/
streptomycin (sp/sm) resistance cassette from pHP45Q (Table
1) resulting in the deletion of 50% of the nolN gene and
most of the nolO gene (Fig 1). The resulting mutated
fragment was cloned into the PstI site of pSUP202 to yield
pSL35. E.coli S17-1 (Table 1) was used to mobilize this
plasmid into B. japonicum USDA110 and the deletion mutant
strain SL65 was selected by adding spectinomycin and
streptomycin to the medium (see growth conditions).
Tetracycline sensitive strains were chosen since the absence
of the suicide plasmid pSUP202 tet gene from B. japonicum
chromosome indicates a double recombination event. Using
the same strateqgy, strains SL67, 66 and 68 were constructed.
Strain SL67 has a sp/sm cassette inserted in a unique BsStEII
site within nolO. 1In strain SL66, 2 HincII fragments were
replaced by the sp/sm marker resulting in the deletion of
the last 7 amino acid residues of nodC, the entire nodS and
the first 41 amino acid residues of nodU. Strain SL68 has
the sp/sm marker inserted in a unique Ball site within ORFA.
All mutants constructed in this study were confirmed by

Southern blot hybridization (see below).
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Growth Conditions

B. japonicum strains were aerobically grown at 30° in
RDY or HM medium as previously described (Nieuwkoop et al.,
1987; So et al., 1987) with the appropriate antibiotics (Km,
150 ug/ml and 100 ug/ml of Sp, Sm and/or Tc). E.coli cells
were grown at 37° in LB medium (Maniatis et al., 1982) using
the appropriate antibiotics (Ap, 100 pug/ml, Cm, 15 pg/ml,
Km, 25 pg/ml, Nal, 20 ug/ml, Sp, 100 ug/ml, Sm, 30 pg/ml
and/or Tc, 20 pg/ml). B.japonicum strains were
anaerobically grown in 12 ml Falcon tubes that were filled
to the top with nitrate medium and sealed with parafilm.

The latter medium has the following composition :

Yeast extract 0.25 g/1
K,HPO, 0.12 g/1
KH,PO, 0.12 g/1
MgSso, 0.10 g/1
KNO, 1.00 g/1
Na Gluconate 5.00 g/1

1000 X RDY Trace elements 1.00 ml/1

Adjust the pH to 7.0

A nifD-lacZ fusion was used as a control for anaerobic
conditions. The latter fusion was chosen since nifD is

anaerobically induced (Kaluza and Hennecke, 1984).
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E.coli JM101 cells harboring M13 phage derivatives
were grown in TB (Tartof and Hobbs, 1987) broth for DNA

sequencing template preparation.

DNA Sequencing and Sequence Analysis

DNA sequencing was done using the dideoxynucleotide
chain termination method (Sanger et al., 1977) using M13
phage single-stranded templates (Table 2). A 3948 base pair
(bp) fragment (Fig 3) was sequenced in both orientations
using the "Sequenase" kit (United States Biochemicals)
according to the manufacturer's protocol and using **P or *°S
as the radioactive isotope. The sequence was confirmed
using the "Taquence" kit (United States Biochemicals), which
utilizes the heat stable Tag polymerase. Sequence analysis
was performed using Microgenie program (Beckman) and the GCG

program (Genetics Computer Group - University of Wisconsin).

M13 phage derivatives SL1, 2, 3, 4, 5 and 6 and WS18
and 19 (Table 2) were constructed by inserting different
B. japonicum USDA110 restriction fragments (listed in Table
2) into the multiple cloning site (MCS) of M13 mpl8 or mpl9
and (Table 2) transforming E.coli JM10l1 (Messing et al.,
1981). The insertions in the MCS of M13 phages abolished
their ability to undergo a-complementation of E.coli JM101.

Therefore, the phages of interest formed colorless plaques
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when allowed to infect E.coli JM10l1l plated on LB medium
supplemented with the P-galactosidase enzyme chromogenic
substrate 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-
gal). The universal M13 primer was used for the sequencing
of phages SL1, 2, 3, 4, 5 and 6 (Table 2), while the
sequencing of phages WS18 and 19 (Table 2) was done using 12

additional synthetic primers (see appendix 1).

DNA Southern Hybridiztion

A Nylon filter carrying EcoRI digests of total DNA
from various rhizobial strains was kindly provided by Maria
Schell (University of Tennessee). The strains used were:
Bradyrhizobium strains: 61A101C, IRC2133, USDA 6, 46, 76,
94, 110, 122 and 123, AN6A, 32H1 and ANU289; Rhizobium
sp.NGR234, R.leguminosarum 897, R.fredii USDA 193, R.fredii
HH103, R.trifolii, R.meliloti AK2121, R.meliloti 631 and
Azotobacter vinelandii UV (Table 2). The blot was used in
two hybridization experiments using two different probes
corresponding to nolO and ORFA, respectively (Fig 3, 16).
Hybridization was performed using low stringency ( i.e.,
37°C hybridization temperature and a final wash with 2 X SSC
at 37°C) followed by high stringency (i.e., 65°C
hybridization temperature and a final wash with 0.1 X SSC
65°C) conditions as previously described (Maniatis et al.,

1982). Radioactive labeling of the probe was done using a-

41



’pP-labeled dATP in nick translation as previously described

(Rigby et al., 1977).

All B.japonicum mutants constructed in this study in
addition to strains SSL74 and 75 (Table 1) were confirmed by

Southern hybridization.

RNA Dot Blot Hybridization

For the transcriptional studies of nolO, RNA was
isolated from uninduced and SSE-induced cells of the
following B. japonicum strains: USDA1l10, AN314, SL66 and
SL65 (Table 2). Induction was done using SSE as described
above and RNA was isolated using the hot phenol extraction
method as previously described (Wang et al., 1991; Kullik et
al., 1989). Aliquots containing 1-10 ug of RNA were blotted
onto nitrocellulose or nylon filters using a 96 well
blotting manifold. Blotting was performed using standard
procedures (Maniatis et al., 1982). The RNA blot was
hybridized to a *’P-labeled 0.7 Kb PstI fragment internal to
nolO (Fig 3). Hybridization was allowed to proceed for 48
hours at 42°C in the presence of 10% dextran sulfate and 50%
formamide. The blot was subsequently stripped by washing in
a 0.005M Tris-HC1l, pH8.0, 0.002 Na,EDTA, 0.1 X Denhardt's
solution for 2 hours at 65°C. The blot was subsequently
reprobed with a DNA fragment coding for 23S ribosomal RNA

from Pseudomonas aeruginosa (Festl et al., 1986).
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Using the same extraction procedure, RNA was
isolated from aerobically grown B. japonicum USDA11l0 cells to
be used for the determination of the transcripitonal start

of ORFA.

B-Galactosidase Assays

Soybean seed extract (SSE) used for inducing lacZ
gene fusions was prepared as follows: Seeds were shaken
overnight at 30°C in 50% ethanol using 1 ml/seed. Extracts
were cleared by filtration through a 5 um pore size filter.
The cleared extracts were concentrated 10-times by rotary
evaporation then filter sterilized using 0.25 um pore size
filters. 1Induction of nod genes was done as described by
Banfalvi et al. (1988) using 2 uM genistein or 10 ul/ml SSE.
Pf-galactosidase activity was assayed as previously described
(Banfalvi et al., 1988), using chlorophenol red-f-D-
galactopyranoside (CPRG) as the chromogenic substrate.
B.japonicum strains carrying nolO-lacZ fusions were grown in
RDY medium and were induced for nod gene expression as
described above, while strains carrying ORFA-lacZ or nodZ-

lacZ fusions were grown in either RDY or Nitrate medium.

Primer Extension
The transcriptional start of ORFA was determined
using primer extension as described by Kassavetis et al.

(1982). The following primer, P19-2 (Appendix 1), was used:
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5'-ATGGGAGCTTCGGGGCGTTC-3'. The primer was radiolabeled
using y-*’P ATP and polynucleotide kinase (USB). The
radiolabeled primer was co-precipitated with 50 ug of RNA
isolated from aerobically grown B. japonicum USDA11l0 as
described above then resuspended in the following
hybridization buffer: 20 mM Tris-pH=8.0, 200 mM NaCl, 0.1
mM EDTA. The hybridization mixture was denatured at 100°C
for 3 min then incubated at 63°C for 1.5 h. The mixture was
adjusted to a final concentration of 6 mM MgCl,, 6 mM DTT,
0.5 mM dNTP then mixed with 30 units of AMV reverse
transcriptase (USB) and incubated for 1 h at 37°C. After
the completion of the reaction, RNA was digested using RNAse
A and the newly synthesized DNA was precipitated and run on
a 6% polyacrylamide sequencing gel next to a ladder from a
sequencing reaction using the same primer (i.e., P19-2;

appendix 1) and phage WS19 (Table 2) as template.

Plant Tests

Plants used for nodulation tests were soybeans
(Glycine max cv. Essex and G.soja PI468397), siratro
(Macroptilium atropurpureum), cowpeas (Vigna unguiculata cv.
Caloona) and mungbeans (Vigna radiata cv. King). Seeds were
surface sterilized, germinated and grown in clear plastic
pouches as previously described (Halverson and Stacey,
1985). Seedlings were inoculated with 1x10‘ cells/ml of

either B.japonicum USDA110, SL65, SL67 or SL68, using 1
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ml/seedling. The bacterial concentration of each inoculum
used was confirmed by direct colony count on RDY plates.
Nodules/plant were counted every day from days 7 to 20 after

inoculation.

Purification and Chemical Analysis of Nod Metabolites
Purification and chemical analysis of Nod
metabolites produced by strains SL65 (nolNO) and SL67
(nol0O") were performed as previously described (Sanjuan et
al., 1992) with minor modifications introduced to the
procedure. Modified Bergensen's minimal medium (Bergersen,

1961), used to grow cells for preparation, had the following

composition:

K,HPO, 0.23 g/1
MgSo,. 7H,0 0.1 g/1
Na Glutamate 1.1 g/l
Glycerol 4.0 ml/1

1000 x RDY Trace Elements 1.0 ml/1

pH to 6.8-7.0

Cells were grown in RDY to an 0.D.,,=0.8-1.0 and diluted
into 500 ml of minimal medium where cells were subsequently
grown to an 0.D..,,=0.8. This culture was then diluted into
5 liters (5x1 liter in 4 liter flasks) of minimal medium to
a final 0.D.;,=0.05-0.08. After each inoculation, samples
were plated on both RDY and LB to check for contamination.

After inoculation, the 5x1 liter cultures were grown for 4-6
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hours before induction. Cells were induced using 10

ml/liter SSE prepared as described above and equivalent to
100 seeds/liter of culture. Cells were shaken at 30°C for
40 hours then extracted with 300 ml/liter of distilled n-
butanol by shaking at 30°C for 3 hours. The butanol extract
was concentrated to dryness by rotary evaporation, then
resuspended in 50 ml of 50% acetonitrile. The sample
concentration was brought up to 82% acetonitrile then loaded
onto a silica gel 60 column (Pharmacia LKB, 1.6x100 cm).

The sample was washed with 82% acetonitrile then eluted with
60% acetonitrile. Fractions used for HPLC analysis were
chosen according to the approximate elution time of the
wild-type Nod signal which has previously been determined

(Sanjuan et al., 1992).

Nod metabolites were purified for chemical analysis
by reverse-phase HPLC using 2 schemes; First to separate
the putative Nod factors from the rest of the fraction
components and second to purify each peak individually. 1In
the first procedure (i.e., NodFact 5), a uniform gradient
from 20% to 82% acetonitrile is used. The second procedure
(i.e., NodFact 6) starts with 20% acetonitrile, then shifts

to 46% acetonitrile.

The chemical structures of the purified compounds

were determined by Russell Carlson (Complex Carbohydrates
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o

Research Center, University of Georgia, Athens, GA) using
GC-MS, FAB-MS and MS-MS studies. Glycosyl composition was
performed by GC-MS analysis of alditol acetates prepared as
described by York et al. (1985). FAB-MS analysis was
carried out using a VG ZAB-SE instrument at an accelerating
voltage of 8 KV in the positive mode. Tandem MS-MS analysis
was performed using a JEOL HX110/HX110 mass spectrometer

operated at 10 KV accelerating potential.
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CHAPTER III

RESULTS

A) DISCOVERY AND CHARACTERIZATION OF nolMNO

DNA Sequencing of an Isoflavone-Inducible Locus Downstream
to nodJ

A Tn3-lacZ fusion inducible by the isoflavone
genistein or SSE was previously mapped to a 0.7 kb PstI
fragment downstream to nodJ (Gerhold, 1989; Fig 3). The
inducible nature of this locus suggested its involvement in
the nodulation process, and raised the question of whether
it is regulated in a manner similar to known nodulation
genes (i.e., via NodD-nod box interaction). To investigate
these two possibilities, a 1948 bp fragment directly
downstream to nodJ was sequenced in both orientations (Fig
4). The sequence revealed 3 open-reading-frames, nolMNO,
having the same orientation as the nodYABCSUIJ operon with
nolM starting 32 bp downstream to the stop codon of nodJ.
The coordinates of nolMNO in Figure 4 are 37-207, 260-640
and 664-1737, respectively. The sizes of nolMNO are 171,

381 and 1074 bp, respectively (Fig 4).
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Figure 4

DNA sequence of nolMNO. The putative ribosomal binding
sites are underlined. The stop codon of nodJ is boxed. An
inverted repeat downstream to nol0O is indicated by 2 arrows
in opposite orientation with the only mismatch marked (*).
The coordinates of nolM, nolN and nolO are 37-207, 260-640

and 664-1737, respectively.
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Figure 4
1 TEEECGTGAGTTCAGCGAAACGGAGAAGTCAAAGCGATGCAGTGTCATGATGCGTTCCGC
- M Q Cc H D A F R
61 GGTAGCTCGEGAGTGACCTGGTCTGTCAGAGCAGCTTGTGAAACGGCCTTGAGAAGCCGE
G S S RV TWS VRAAGCETA ATLTRSR
121 GATCGAGCCAGCTCTACGGCCGCCTGTTCGGCCGATCGGACCTTGCAAAGTCGTGTTGTG
D RAS ST AACSA ADT RTTULAQSTRUVYV
181 CTGCCTGGCACGCGCACCGGCTGCGCGTGACTGTACAGATTAGATCGGTGGGACGGCATG
L PGTRTGGCA*
241 GCCTTCCATGGAGAACGGGATGTTGAGCATAGGACTGAGTGGCGGCCTTGACAGAATCTA
M L S I GULS G.6GLDRTIY
301 TGAAAGCTCICCGGAGCTGCCGAATACATTTCTTCACGATGGCGCTGCGGTACTTGTGCA
E S S P ELPNTTFTULUHTDTGA AR RAVTLUVQ
361 GGACGGCCGCGTAATTGCTGCTGTCGAAGAGGAGCGCCTCAACCGCGTCAAGCAGTCCAA
D G RV I AAVETEET®RTLUNTZ RYIEKTZ QSN
421 CAAGTTCCCCAGCAATTCGATCCGATACTGCCTITTCTACCGCAGGAGTCGAGCTCGGCGA
K F P S N s I R Y CLSTAGVETLGTD
481 CATCGACCGTATCGCGTTCTACGCGACTGAAGCTTACTGCAAAGCCATGCTCGAGCGCCT
I DRI A F Y ATEA AWTYCZ KA AMTELTETRIL
541 TTCTGTTTCTCAGCCCGTTCCGTTGGACCCCAAACTGTTGCTGCGGCAGCTGTTGGCACG
S V S Q PV PLDZPXKILTLTULTZ RZ QLTILATR
601 GGAATTAGGGGCCGAGATCGATCCGTCCGGGTTTCCTTCGTGAATCACCACGAAGTACAT
E L G A E I DUP S G F P S * -
661 GCCGTGAGCGCGTTTGCCATGTCCGGGTTCGAGCAAAGTCTGGTGTTTGCGATCGACGGT
V S A F A M S GV F EQ S LV F ATIDSG
721 GGGGGCGATTTTCTCTCAGGCTTAATGGCGGTAGGGTCCGGGACCGTAATTGCGCAGCTT
G G D F L S GLMAV G S G TUVIAQQTL
781 GTAAGTTTCCCGGAACACAACTCTCTTGGGCTGTTCTATCTCGAGACGATCCGATATCTC
V S FPEHNSTULGTULTFZYTULETTITR RYTL
841 GGCTGCGGGATGTTCGACGAATACAAAGTGATGGGGCTTGCACCGTATGGTGATCCCGAT
G ¢ G M F DE VY KV M GULAZPZYGDUPOD
901 CGCTATCGCGAGCTCTTCGCGCAGTTCTACGAGTTGTTGGACAGCGGTGGCTATCGCGTT
R Y R E L F A Q F Y EL LD S GG Y R V
961 CACCTGGATCGAATCGGACCAGCCCTTTTGCGCAACATCCAGGTTCGGCGAAAGGGAATG
H LDRTIGZ PATLTLT RIUNTIGQVR®RTRIEKTGHM
1021 CCATTCACCCAACAGCATCGAGATGTCAGCGCGTCGCTGCAGGAAGCGCTGGAGCGGATC
P F T QQHRUDV S A STULGQEA ATLTETRI
1081 GTGTTTCACACCCTGCGGCACCATCGTAAAGCGACGGGCATGACACGCCTGTGCCTAGCT

V FHTLRHHRI KA AT GMTRIULTCTL A
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Figure 4 (Cont.)
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Sequence Analysis of nolMNO

Figure 4 shows that each of the three genes, nolMNO,
is preceded by a putative ribosomal binding site and that
nolO is followed by a GC rich inverted repeat that could
function as a rho-independent transcriptional terminator
(Fig 4). The DNA regions upstream to nolM, nolN and nolO
and within the nodJ sequence (Géttfert et al., 1990) did not
show sequence similarity to any of the known promoters
including the nod-box motif conserved in flavonoid inducible
promoters. Based on the non-randomness of every third base
in the sequence, the "TestCode" computer program (GCG
package, Fickett, 1982) predicted nolNO to be coding
sequences to a 95% level of confidence (Fig 4a). The size
of nolM is too small for such analysis. This program was
chosen as it does not require a table of codon frequencies
since the codon usage in B. japonicum was shown to vary
considerably among different classes of genes (Ramseier and
Gottfert, 1991). 1In Figure 5a, lines above the window of
uncertainty indicate coding sequences which were predicted
for both nolN and nolO. As a negative control, the sequence
was randomized then subjected to the same test and , as
expected, was predicted to be non-coding (Fig 5b). nolMNO
were predicted to code for proteins of approximately 6 kd,
14 kd and 39 kd, respectively. Using the "MicroGenie"

package, computer analysis of the predicted peptides
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Figure 5

Analysis of nolMNO sequence by TestCode. Lines above the
window of uncertainty predict for the corresponding sequence
to be coding to a 95% level of confidence, while the lines
below the window indicate non-coding sequence to the same

level of confidence. a. nolMNO sequence. b. Randomized

nolMNO sequence.
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nolO and nodU from
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Multiple sequence allignments of the predicted amino acid
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corresponding to nolMNO did not reveal any membrane spanning

domains or DNA binding motifs.

The comparison of the nolMN DNA or predicted amino
acid sequence to sequences within the Genebank and Swissprot
databases did not reveal any significant similarities. The
predicted amino acid sequence of nolO, however, showed
significant similarity (i.e., 60.1% similarity and 35.5%
identity within 401 bp) to that of the nodU gene of
B.japonicum USDA110 which is located about 4 kb upstream of
nolO (Fig 3). 1In order to investigate the significance of
the similarity between the nol0O and nodU predicted gene
products, the sequence of nol0O was randomized then compared
again to that of nodU. A marked decline in the percentage
of identity and similarity (i.e., 44.5% similarity and 17%
identity within 401 bp) between the two sequences was
observed. Similar regions of sequence similarity were found
between the nol0 amino acid sequence and those of nodU genes
of R.fredii USDA257 and A.caulinodans ORS571. Multiple
sequence alignment of all 4 genes revealed an 144 amino acid
stretch that is particularly conserved (Fig 6). On the DNA
level, however, no corresponding similarity was found
between nol0O and nodU sequences consistent with the fact
that a nolO probe did not hybridize to nodU from B. japonicum
USDA110, either in Southern or northern hybridization

studies (e.g., Fig 8a).
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Interstrain and Interspecies Hybridization Using a noloO
Probe

To investigate the occurrence of nol0O in rhizobial
strains other than B. japonicum USDA110 and in order to
determine if it exists in more than one copy on the
B.japonicum USDA110 chromosome, DNA from 12 Bradyrhizobium
strains, 7 Rhizobium strains and the free-living diazotroph
Azotobacter UW (Table 2) was digested with EcoRI, run onto a
0.7% agarose gel, then blotted onto a nylon filter (kindly
provided by M. Schell, University of Tennessee). The filter
was subsequently hybridized to a *?P-labeled 0.7 kb PstI
fragment internal to nolO (Fig 3) under conditions of low
and high stringency, respectively. Figure 7 shows that nol0
is conserved among Bradyrhizobium strains and that no
detectable hybridization signal was observed for any of the
Rhizobium strains (Fig 7). After a longer exposure time,
Bradyrhizobium strains 61A101C, IRC2133A and ANU289 showed
positive hybridization signals each to a band of an
approximate size of 4 kb. It is noteworthy that the
Bradyrhizobium strains used, all of which hybridized to
nolO, include members of both Groups I and II of B.japonicum
which differ in many biological aspects including their
ability to nodulate restrictive Rj4 cultivars of soybeans
(Hollis et al., 1981; Vest and Caldwell, 1972). For each of

the strains that showed homology to nolO, only one

hybridizing band was observed.
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Figure 7

Autoradiogram of a nylon filter carrying total bacterial DNA
cut with EcoRI (kindly provided by Maria Schell) and probed
with *’P-labeled 0.7 kb fragment internal to nolO.
Bradyrhizobium strains: 1: 61A101C, 2: IRC2133A, 3, 4, 5, 6,
7, 9 and 10: USDA46, 123, 122, 94, 76, 6 and 110,
respectively, 8: AN6A, 11: 32H1, 13:ANU289. Other strains:
12: Azotobacter UW, 14: Rhizobium sp. NGR234, 15: R.1. bv.
viciae 897, 16: R.1. bv. trifolii, 17: R.meliloti AK21l21,

18: R.meliloti 631, R.fredii USDA193, 20: R.fredii HH103.
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Transcriptional Control of nolMNO

The flavonoid inducibility of the nolO-lacZ fusion
suggested that it is transcriptionally regqgulated in a manner
similar to that described for previously identified
nodulation genes (Long, 1989; Schlaman et al., 1992). This
mechanism of regulation requires the transcriptional
activator NodD. The nearest putative NodD binding site
(i.e., nod-box) is upstream of the nodY gene suggesting that
nolO may be part of the nodYABCSUIJ operon. Such an
assumption implies that nolO transcription should be nodD,-
dependent and that a polar genetic insertion anywhere within
the nodYABCSUIJ operon should block nolO expression.
Indeed, RNA extracted from SSE-induced cultures of strains
AN314 (nodD,”) and SL66 (AnodS, sp/smfl) showed no detectable
signal when hybridized to a nolO-specific probe (Fig 8a).
Strain SL65 contains a nolNO deletion and was included as a
negative control. When the blot was stripped and
rehybridized to a 23S rRNA probe (Table 2), RNA from all

strains used gave comparable hybridization signals (Fig 8b).

Another approach used to investigate the nod-box
dependence of nol0 expression utilized subclones derived
from pDG69 (nolO-lacZ) (Table 2). A fragment carrying the
nolO-lacZ fusion and 2-3 kb of flanking DNA (Fig 3) was

subcloned from pDG69 into pVK102 to create plasmid pSSL74

lacking the nodY-proximal nod-box (Table 2). B-




Figure 8

RNA dot blot probed with °*?P-labeled probes: a) nolO, b) 23S
rRNA. USDA11l0, WT; AN314, nodD,”; SL66, nodS ; SL65, nolNO .
U: RNA from uninduced cultures; I: RNA from cultures induced

with soybean seed extract.
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Table 3: f-Galactosidase Activity of nolO-lacZ Fusions
p-Galactosidase Units
STRAIN GENOTYPE UNINDUCED 2 uM
GENISTEIN
USDA110 Wild-Type <1 <1
SSL71 USDA110 (pDG69) 51 40 *
SSL74 USDA110 (pSSL74) 39 £ 3 41 *
SSL75 USDA110 (pSSL75) 34 £ 1 37

Each entry is the average of 4 different experiments.
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galactosidase activity expressed from this plasmid in

B. japonicum USDA110 showed that it no longer exhibited
inducible expression (Table 3). The uninduced levels,
however, were higher than those of the parent plasmid pDG69
(Table 3). To investigate whether the high uninduced levels
of pSSL74 were due to a promoter from within the cloning
vector pVK102, the same fragment cloned in pSSL74 was
recloned in the same restriction site of pVK102 but in the
opposite orientation to yield plasmid pSSL75. Table 3 shows
that both plasmids exhibited the same levels of f-

galactosidase activity (Table 3).

Nodulation Phenotype of nolO and nolNO Mutants

Mutant strains SL67 (nol0O) and SL65 (nolNO) were
constructed using a sp/smQ resistance cassette (Fig 3, Table
2). The ability of the mutants to nodulate a number of host
plants [i.e., soybean (G.max and G.soja), cowpea, mungbean
and siratro] was compared to that of the wild-type strain
B.japonicum USDA110 using a low inoculum concentration of
10 cells/ml/seedling. Both strains SL65 and SL67 showed
the same nodulation phenotype and therefore, only data for
SL65 is shown. The mutant strains showed a 3 day delay in
nodulation (Fig 9) and a reduction in the maximum number of
nodules per plant 20 days after inoculation (the difference
in nodule number between strains USDA110 and SL65 is

significant to a 90% level of confidence; Fig 10). This
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Figure 9
Percentage of nodulated plants after inoculation with
B.japonicum strains USDAl11l0 (open squares) or SL65 (solid

squares. Each point represents the average of two

experiments each using 20 plants/strain.
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Figure 9
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Figure 10

Number of nodules/plant 20 days after inoculation with
B.japonicum strains USDA110 or SL65. 20 plants were used
for each strain. The significance of the differences
between wild-type and mutant strain was tested using the t

test; @ = 0.1. For all plant species, the differences in

nodule number between strains USDA110 and SL65 were

significant to a 90% level of confidence.
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Figure 11
Growth curve of B. japonicum strains USDA110, SL65, SL67 and

SL68. Growth was estimated by measuring 0.D..,, of RDY broth

cultures.
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reduction in the nodulation efficiency was not observed when

an inoculum of a higher concentration (i.e., 10°
cells/ml/seedling) was used. No detectable differences
among strains SL67, SL65 and USDA110 were found with respect

to colony morphology or growth rate (Fig 11).

Lipo-oligosaccharide Nodulation Signals Produced by nolO and
nolNO Mutants

The nodulation ability of B.japonicum was previously
shown to be dependent on the production of a lipo-
oligosaccharide signal molecule (Sanjuan et al., 1992;
Carlson et al., 1993). 1In B.japonicum USDA110, this
molecule is a pentasaccharide of f1~4 linked, N-
acetylglucosamine with a C,;,; fatty acyl group attached to
the terminal non-reducing sugar and a 2-O-methylfucose
substituent on the terminal reducing sugar (Fig 12; Sanjuan
et al., 1992). Other B.japonicum strains produced
additional derivatives of the basic USDA110 structure
(Carlson et al., 1993). The ability of B.japonicum USDA11l0
to produce such a nodulation factor was dependent on the
common nodulation genes nodABC (Sanjuan et al., 1992). The
fact that nolMNO are co-transcribed with nodABC (Fig 8) in
addition to the reduced nodulation ability exhibited by nolO
and nolNO mutants (Fig 9, 10) suggested the involvement of
these genes in the production of the B. japonicum USDA110

lipo-oligosaccharide signal molecule.
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Figure 12
Structure of the Nod signal produced by the wild-type

B.japonicum strain USDA110. (From Sanjuan et al., 1992).

Mti =~ 1416
(1524)

|
N
1035¢—

(1143)




The nodulation signals produced by the mutant
strains SL67 (nol0’) and SL65 (nolNO') were purified from
butanol extracts of SSE-induced cultures by silica gel
chromatography followed by HPLC purification as described in
materials and methods. The chemical structure of all
purified compounds was determined by Russell Carlson (The
University of Georgia) using FAB-MS, MS-MS and NMR analyses
(see materials and methods). Both mutants produced the
wild-type nodulation factor (Fig 13, Peak 1). However, in
addition, several other molecules were identified that were
not produced by the parent strain USDA110 (Fig 13). The
ratio between the areas of the 5 peaks calculated from the
HPLC chromatograms was 1:0.26:0.16:0.16:0.05 for peaks 1-5,
respectively. FAB-MS analysis of peak 1 (spectrum not
shown) revealed an (M+H)'m/z=1416 with fragment ions of
m/z=1035, 832, 629 and 426. This fragmentation pattern is
identical to that previously published for the B. japonicum
USDA110 Nod factor (i.e., NodBj-V(Cis.,,MeFuc; Sanjuan et
al., 1992). The major compound that was produced only in
the mutant strains corresponded to peak 2 (Fig 13). FAB-MS
analysis [ (M+H) 'm/z=1256 with fragment ions of m/z=1035,
832, 629 and 426] and glycosyl composition analysis (data
not shown) showd that peak 2 differs from the wild-type
nodulation factor in its lack of the 2-O-methylfucose
residue [i.e., NodBj-V(Cy.,;): Fig 13, Peak 2]. Other

compounds produced by the mutants are shown in figure 13
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Figure 13

Nod metabolites produced by strain SLé65 (nolNO). Ac,

Acetyl; 2-0-MeFuc, 2-0O-Methylfucose; Gro, Glycerol.
Chemical analysis of Nod factors was done by Russell

Carlson, Univ. of Georgia. (Figure adapted from Stacey et

al., 1993b).
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Figure 14

FAB-MS and MS-MS spectra.of SL65 (Peak 3).

FAB-MS spectrum of SL65 peak 3.

MS analyses of the m/z

Panel A shows a

Panels B-D show tandem MS-

1127, 1458 and 1213, respectively.

Panel E shows the structures and their expected

fragmentation patterns for the above molecules.

(Chemical

analysis of Nod factors was done by Russell Carlson, Univ.

of Georgia).
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(i.e., Peaks 3,4 and 5). FAB-MS analysis of peak 3 (Fig
14A) revealed that it consists of 3 different components of
(M+H) 'm/2z=1127, 1213 and 1458. MS-MS spectra of the
m/z=1127, 1458 and 1213 ions are shown in figures 14B, 14C
and 14D, respectively. MS-MS analysis of the m/z=1127, 1213
and 1485 revealed structures corresponding to NodBj-
IV(Cy.,,Gro), NodBj-IV(Cy.;,MeFuc) and NodBj-
V(Ac,Cy,,,MeFuc), respectively (Fig 14B,C,D,E). These three
molecules are not produced by the parent strain USDA110
(Sanjuan et al., 1992). The presence of a glycerol residue
on the reducing end of the lipo-oligosaccharide molecule has
previously been reported in B.japonicum strain USDA61, a
group II strain which is taxonomically different from strain
USDA110, and was suggested to be an intermediate in the
synthesis of nodulation signals (Carlson et al., 1993).
FAB-MS analysis of peak 4 revealed a fragmentation pattern

[ (M+H) 'm/2z=1390 with fragment ions of m/z=1009, 806, 603 and
400] identical to that previously published for one of the
Nod metabolites produced by B.japoncium strain USDA135,
namely, NodBj-V(C.,,MeFuc) (Carlson et al., 1993). This
molecule has previously been reported in the B.japonicum
group I strain USDA135 (Carlson et al., 1993) and is likely
to be present in the parent strain USDA110 in trace amounts.
FAB-MS analysis of peak 5 indicated an (M+H)'m/z=1230 which

is 160 a.m.u. less than that corresponding to peak 4. This
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difference corresponds to the loss of a 2-O-methylfucosyl

residue and indicates that peak 5 is NodBj-V(Ci.o) .

In summary, strains SL65(nolIN0O") and SL67(nolQ’)
produced the previously reported wild-type B. japonicum
USDA110 Nod factor (i.e., NodBj=-V(Cys.;,MeFuc), but in
addition, they produced the following molecules (Fig 13):
NodBj-V(C,5.,) , NodBj=-V(Ci¢.,,,MeFuc), NodBj-V(Ci.,), NodBj-
V(Ac,Cyy,,,MeFuc), NodBj-IV(C,,.,,Gro) and NodBj-

IV(Cys.,,MeFuc).

B) INVESTIGATION OF TWO GENETIC LOCI LINKED TO nolMNO
Expression and DNA Sequence of ORFA

An active Tn3-lacZ fusion was mapped downstream to
nolO that has an orientaion opposite to that of nolO (Fig
15, Table 4). The location of this locus within the major
symbiotic cluster on the B. japonicum chromosome suggested
its involvement in the symbiosis. Sequencing the DNA region
where the fusion was mapped revealed a 350 bp open-reading-
frame that was given the name ORFA (Fig 16, bases 140-490).
The most probable start codon is a GTG which is preceded by
a possible ribosomal binding site (Fig 16). The ORFA start
codon is located 13 bp upstream to that of the divergently
transcribed nodZ (see below) while the stop codon of ORFA is
located 348 bp downstream to that of nolO (Fig 16).

"TestCode" program (GCG computer package, see materials and
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Figure 15
Genetic and restriction map showing ORFA and nodZ. The
location of an active lacZ fusion is indicated by an arrow.

B, BglII; E, EcoRI; H, HindIII; P, PstlI.
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Figure 16

DNA sequence of ORFA. The putative ribosomal binding site
is underlined. The translational start of nodZ is 13 bases
3' to that of ORFA and is indicated by an arrow. The end of
nolO is indicated by a blocked arrow. The transcriptional

start sites of nodZ and ORFA are indicated by arrow heads.

1 CACAGACAG&CGCCAAACCCCGTACGTCGCCGGGACACTACGAACCGATCATTGCTCGAA 60

- ORFA . .
61 CCGCTAACCATCTGCCTTGCCTTTTCGCGCGCTCCTGGTTGGACAAGAGACGTCAGTACA 120

121 GACGTCTCGCGTATCTTCTCGCCCGGCGTCACGGCCTGAAATCGCGGTGCCGGCGAGCTG 180
nodZ €

181 CATCGGTAGAACTTCATAGCAGGGCTATCCGTGACGGGCCGCGTTCTCTCAATACGATCG 240

vV T G R VvV L S I R s
nodZ . - .

241 TCCTTTCTTCAACGGTGTTGCATCGACCTGCCCGAAGCCCGATGCCCGATGCCCCGCTCT . 300
S F L Q R CCIDULPEAWRTZ<CUPMUPR S

301 GCATCGGATGGCCTGGTCCCCTCACATGCACGCATGGGCGTGGCCATGCGCCATGAGTCA 360
A S D G LV P S HARMGV A M RHE S

361 TGGCTATGTTCCGCTTTGTACATTATCGTGACGGCAAGCCGCGTGCAGCGGATGCAGGCG 420
W L ¢ S A L Y I I Vv T A S RV Q R M Q A

421 AACGCCCCGAAGCTCCCATACGAGCCGCAATTCCTTCACAAGATCTTCACGCTTGGCCTG 480
N A P K L P Y E P Q F L HKXKTIFTTULG L

481 GTCCAGCAGGGCTGTGTCGAAAAGCGACCCGAGCGACGCCTCGCCCTCGATTCGCATCAA 540
V Q Q 6 ¢V E KR R?PERU RIULATILDSH Q

541 GATCTCGAAAAGCTCAGGTGAGATACGCATACTAGAGTGGGCGGAATGTCCCATGCGGAT 600
b L E K L R =*

601 CTCGCAGAC&GTTTCCTGCéGATCTGGCGéTATGTGGGAéCGAACACGA&GAAGGGATGé 660
661 GTACGGCGGéAATGACGCAéCCAGCGCAC%CCAATCCTG&AGACCGTAT&GCGCAAGACA 720
721 AACCCCGGC%ACTGGGACG&CATTAATGCéTTCAAGAAGéGAACGAGCCiTCCGATTCTi 780
781 CTAAATACC%CATTTAACAACAATGCCGAéCCGATCGTGéAGTCCGTGT&AGATGCGAT& 840
841 ACCACGTTT&TGACGACTGATCTGGACGGACTTGTTGTT&GGCCGTTCCéCGTCAGGAAé 900

901 CGGCCAGCATCACTGCAGCCGAGCCGTCCCATCAACGTGCGTGATCGCACC 951

k__

nolo
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Figure 17

Analysis of ORFA sequence by TestCode.

Lines above the

window of uncertainty predict for the corresponding sequence

to be coding to a 95% level of confidence.
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Coding
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methods) strongly suggested that ORFA represents a coding
sequence (Fig 17). ORFA was predicted to code for a protein
of approximately 12 kd. The predicted ORFA protein was
analysed using the "MicroGenie" package (see Materials and
Methods). This analysis did not suggest any membrane

spanning domains or DNA binding motifs.

Comparing ORFA DNA or amino acid sequence to
sequences in the Genebank and Swissprot databases did not
reveal any significant similarities. Using a **P-labeled
0.1 kb BglII fragment internal to ORFA (Fig 15) as a
hybridization probe, bands that gave a positive signal were
found in some Bradyrhizobium strains but not in any of the
Rhizobium strains tested (Table 5). Among the B. japonicum
strains that gave a positive hybridization signal were
members of both groups I and II which are taxonomically
different. For each of the strains that gave a positive
signal, only one hybridizing band was observed indicating
that ORFA is likely to be present in a single copy in these
strains. Interestingly, in all strains, the restriction
fragments that hybridized to ORFA had the same sizes as
those that hybridized to the nolO probe (Table 5) suggesting

a possible linkage between the two genes in other rhizobia.
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Table 4: f-Galactosidase Activity of ORFA-lacZ Fusions
p-Galactosidase Units
STRAIN GENOTYPE AEROBIC ANAEROBIC

BSL102 USDA110 (pMGS102) 123 120

BSL119 Bj2101-NifA~ 88 110
(PMGS102)

BSL121 Bj27147-NtrC” 137° nd
(PMGS102)

BSL120 Bj3263-NtrBC” 1517 nd
(pMGS102)

SL105 Bj-N50-RpoN," 82 102
(pPMGS102)

SL106 Bj-N63-RpoN,"~ 87 93
(pPMGS102)

SL107 BjN50-97-RpoN;N," 73 na
(pPMGS102)

GS300 USDA110 (nifD- 148 3723
lacz) * 154

- Strains USDA110, Bj2101, Bj27147, Bj3263, Bj~N50, Bj-N63

and BjN50-97 had less than 1 unit of activity.

- Cultures were grown in nitrate medium (materials and

methods).

- Each entry is the average of, at least, 2 experiments.

- Standard deviation for all strains except GS300

(anaerobic) less than 10 units.

was

- nd: not determined, na: not applicable.

* Grown in RDY.
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Transcriptional Control of ORFA

The majority of the genes known to be involved in
the Rhizobium-legume symbiosis are under tight
transcriptional control (Long, 1992; Merrick, 1992). For
example, nod/nol genes are inducible by host-produced
flavonoids while nif/fix genes are induced by anaerobic
conditions such as those prevailing inside root nodules.
Among the proteins mediating the transcription of the latter
genes are NodD, NifA, NtrC/NtrB and the alternative sigma
factor RpoN. Although ORFA was not found to be inducible by
the isoflavone genistein or by anaerobic conditions, the
requirement for the latter proteins for ORFA expression was
investigated. The ORFA-lacZ fusion plasmid pMGS102 (Table
2) was mated into B. japonicum strains lacking NodD, Nifa,
NtrC, NtrB, NtrB/C, RpoN,;, RpoN, and RpoN,/N,, respectively,
and the P-galactosidase activity of each strain was assayed
either under aerobic or anaerobic conditions. Table 4 shows
that none of the proteins studied was required for ORFA
expression (Table 4). This is consistent with the fact that
none of the cis-acting elements associated with these
proteins was found within the DNA region upstream of ORFA

(Fig 16).

Determining the Transcriptional Start of ORFA
Analysis of the DNA region upstream to the most

probable translational start codon of ORFA did not reveal
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Table 5: Interstrain Hybridization

Probes

to ORFA,

nodZ or nolO

Probe
Strain OFRA nodZz noloO
USDA 110 9.5 9.5 9.5
USDA 6 4 4 4
USDA 46 4.5 4.5 4.5
USDA 76 - 4.5 4.5
USDA 94 - 4.5 4.5
USDA 122 4 4 4
UsSbDA 123 4 4 4
61A101C - 4 4
IRC:2133A - 4 4
AN6A 9.5 9.5 9.5
32 H1 9.5 9.5 9.5
ANU 289 - 4 4

- Hybridization was performed at low stringency followed by
Both conditions gave similar results.

high stringency.

- Entries represent in kb the sizes of EcoRI fragments which

hybridized to each probe.

- nodZ hybridization data was kindly provided by Maria

Schell.
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any of the sequences conserved in different prokaryotic
promoters (Fig 16). Furthermore, all the B. japonicum DNA
binding proteins tested for their involvement in ORFA
expression were found not to be required for the activity of
the ORFA-lacZ fusion plasmid pMGS102. Therefore, it was not
possible to predict the size of ORFA transcript from
sequence data. Determining the transcriptional start of
ORFA was especially important because of the possible
overlap between the ORFA transcript and that of the
divergently transcribed nodZ (Fig 15; Stacey et al., 1993).
Using a synthetic primer complementary to 20 nucleotides
within the coding region of ORFA transcript (P19-2, Appendix
1), the transcriptional start of ORFA was determined by
primer extension (as described in materials and methods) and
found to be located 95 bp upstream to the putative GTG
translational start of ORFA (Fig 16, 18). The
transcriptional start of nodZ has previously been determined
(Stacey et al., 1993; Fig 16) and would accordingly indicate
an 128 nucleotide overlap between the divergently
transcribed genes ORFA and nodZ; thus, raising the
possibility of post-transcriptional down-regulation of both

genes by anti-sense mRNA.

Nodulation Phenotype of ORFA Mutant Strain SLé8
The location of ORFA within the major symbiotic

cluster on the B.japonicum USDA110 chromosome (Fig 15) and
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Figure 18

Primer extension analysis of the ORFA transcript.

P19-2

(appendix 1) was used as a primer to USDA110 RNA and the M13

phage WS19 as template for a DNA sequencing ladder.
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its linkage to nol0O and nodZ in other Bradyrhizobium strains
(Table 5) suggested its involvement in the nodulation
process. To test this hypothesis, a sp/sm resistance
cassette (Table 2) was inserted in a Ball site internal to
ORFA resulting in strain SL68 (ORFA'). Nodulation assays
were done in plastic pouches using a low concentration
inoculum (i.e., 10' cells/ml) as described above and the
hosts tested were soybean (G.max and G.soja), siratro,
mungbean and cowpea. No detectable differences in the
nodulation rate or the maximum number of nodules per plant
were observed between strains SL68 and USDAl110 (e.g., G.max,
Fig 19). Plants inoculated with strain SL68 looked as
healthy as those inoculated with strains USDA110 and formed

pink nodules indicating the presence of leghemoglobin.

DNA Sequencing and Sequence Analysis of nodZz

The Tn5 insertion in B.japonicum strain NAD138 was
previously mapped to a 1.0 kb BglII fragment upstream to
ORFA (Fig 15; Nieuwkoop et al., 1987; Stacey et al., 1993).
When the nodulation ability of strain NAD138 was tested on
siratro and a number of cultivars of soybean, the mutant
exhibited a host-specific phenotype, i.e., the nodulation
efficiency of NAD138 was similar to that of the wild-type
strain USDA110 on soybean cv. Essex, reduced on soybean cv.
Peking and Forest and severely reduced on siratro (Nieuwkoop

et al., 1987; Stacey et al., 1993). Furthermore, the
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Figure 19

Percentage of nodulated G.max cv. Essex plants after

inoculation with B. japonicum strains USDA110 or SL68. Each

point represents the average of two experiments, each using

20 plants/strain.
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nodulation signal produced by strain NAD138 was found to be
different from that of the parent strain USDA110 in its lack
of the 2-0-methylfucose residue on the terminal reducing

sugar (Stacey et al., 1993).

A 2.0 kb PstI-HindIII fragment that spans the region
where the Tn5 insertion in strain NAD138 was mapped was
sequenced in both orientations using the M13 clones WS18 and
WS19 (Table 2, Fig 20) and a set of synthetic primers
(Appendix 1). The sequence revealed a 972 bp open reading
frame corresponding to nodZ and starting 13 bp upstream of
the start codon of the divergently transcribed ORFA (Fig 15,
20). The sequence predicts the NodZ protein to be 36.6 kd,
which is approximately the same size previously estimated
from expression of NodZ in E.coli maxicells (Stacey et al.,
1993). The predicted start codon is preceded by a putative
ribosomal binding site and the previously determined
transcriptional start site of nodZ (Stacey et al., 1993) is
located 48 bp upstream to the translational start (Fig 20).
An RpoN -12.-24 consensus sequence is present in the
promoter region and a NifA upstream activator sequence is
found approximately 120 bp upstream to the transcriptional
start site (Fig 20). According to the transcript size of
ORFA, which was determined above, such a transcript could
pair with the Shine-Dalgarno sequence and start codon of the

nodZ transcript and may interfere with the efficiency of its
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Figure 20

DNA sequence of nodZ. The putative ribosomal binding site
is underlined. The transcriptional start is indicated by an
arrow head. The -12, -24 RpoN consensus and a NifA putative

upstream activator sequence are indicated. The ORFA

translational start is marked by an arrow.




Figure 20
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CTGCAGGAT&GGAGTGCGC%GGCTGCGTCATTGCCGCCG%ACGCATCCC&TCATCGTGT&
CGCTCCCACATAGCGCCAGATCGGCAGGAAACGGTCTGCéAGATCCGCAéGGGACATTCé
GCCCACTCTAGTATGCGTA&CTCACCTGA&CTTTTCGAGATCTTGATGC&AATCGAGGG&
GAGGCGTCG&TCGGGTCGC&TTTCGACACAGCCCTGCTG&ACCAGGCCAAGCGTGAAGA&
CTTGTGAAG&AATTGCGGCiCGTATGGGA&CTTCGGGGC&TTCGCCTGCATCCGCTGCA&
GCGGCTTGCéGTCACGATAA@QEA&%AAG&GGA&QATAG&CATGACTCA&GGCGCATGGé
CACGCCCAT&CGTGCATGT&AGGGGACCA&GCCATCCGA&GCAGAGCGG&GCATCGGGCA
TCGGGCTTCé%éCAGGTCGAééEAACACCéTTGAAGAAAéGACGATCGTATTGAGAGAA&
GCGggiéGTéACGGATAGCéCTGCTATGAAGTTCTACCGATGCAGCTCG&CGGCACCGCé

- M K F ¥ R C S s P A P R

ATTTCAGGCCGTGACGCCGGGCGAGAAGATACGCGAGACGTCTGTACTGACGTCTCTTGT
FQgaAavT?PGETZ XKIRETSUV LTS L V

CCAACCAGGAGCGCGCGAAAAGGCAAGGCAGATGGTTAGCGGTTCGAGCAATGATCGGTT
Q P G AREI KA ARIGQMUV S G S 5 NDIZ R F

CGTAGTGTCCCGGCGACGTACGGGGTTTGGCGACTGTCTGTGGTCACTCGCGGCAGCCTS
VVSRRRTGT FGGDOC.L WS L A A A W

GCGATTTGCAAAGCAGACAGGACGGACGCTAGCCATTGATTGGCGGGGATCTTGTTATCT
R F A K QTG RTULATIUDU WU® RGS S C Y L

TGATGAACCATTCACCAATGCCTTTCCAGTCTTCTTCGAACCGGTTGAAGACATTGGCGS
D EPF TN ATPF PV F F EPUVETDTIG G

AGTGCGAGTAATTTGCGATGACGACATCAATACGCGTTCGTTTCCAGGACCATTCTTTCC
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AACATGGTGGAACAAGCCATCTTTCGATTGCATCTATCGACCGGACGAGCAGATTTTCAG
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TGTGTGTGATGCCTGCCTGATGTGGCGCTGCGATCAGGAAGCGGAACGCGAAATCTTCCG
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GAGTATTAAGCCGCGGCCTGAAATTCAGGCCCGGATTGATGCTATCTACCGCGAGCACTT
§$ I K P RPETI QARTIDATITYUZ RTEUHF

TGAGCCGTACAGCGTAATCGGCATTCATGTCCGGCATGGCAATGGCGAAGATATTATGGE
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ATGCCCCTTACTGGGCGGACACGGAGCCGCGTTGCGGCAGATCTACAATGCCATTGATGA
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Figure 20 (cont.)
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translation. The reverse situation is also possible, thus
interfering with the efficient translation of ORFA.

Computer analysis of the nodZ predicted protein structure
and the comparisons of DNA or amino acid sequences to the
Genebank and Swissprot data bases did not reveal any
significant similarities. Interestingly, however, compiling
interstrain DNA hybridization data for nodZ (M. Schell,
unpublished data), ORFA and nolO (this study) revealed that
in every strain that hybridized to the different probes for
all 3 genes, hybridization occured to the same size band

(Table 5) suggesting linkage between the three genes.

Expression of nodZ

Inspection of the DNA region upstream to the nodZ
transcriptional start revealed a conserved -12, -24 region
characteristic of RpoN-dependent promoters. In addition, a
putative NifA upstream activator sequence (UAS) (Fig 20;
Merrick, 1992) was observed 120 bp 3' of the transcriptional
start. This suggested that nodZ may be regulated by NifA
under anaerobic conditions. However, Table 6 shows that the
P-galactosidase activity of the nodZ-lacZ fusion plasmid
PMGS104 (Table 6) is not altered under anaerobiosis and that
NifA is not required for its activity under the conditions
used (Table 6). This is consistent with the fact that the
nodZ-lacZ fusion was equally active in B. japonicum strain

BjN50-97 lacking both copies of the sigma factor RpoN
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Table 6: f-Galactosidase Activity of nodZ-lacZ Fusions

f~Galactosidase Units

STRAIN GENOTYPE AEROBIC ANAEROBIC
BSL104 USDA110 (pMGS104) 45 39
BSL123 Bj2101-NifA~ 75 91

(PMGS104)
BSL125 Bj27147~-NtrC” 104 158
(PMGS104)
BSL124 Bj3263~-NtrBC” 69 62
(pMGS104)
SL112 Bj~N50-RpoN," 29 80
(PMGS104)
SL113 Bj-N63-RpoN,” 40 81
(pMGS104)
SL114 BjN50-97-RpoN;N,” 29 na
(PMGS104)
GS300 USDA110 (nifD-lacZ) 50 3569
- Strains USDA110, Bj2101, Bj27147, Bj3263, Bj-N50, Bj-N63

and BjN50-97 had less than 1 unit of activity.

- Each entry is the average of, at least,

2 experiments.

- Variation in the pMGS104 activity in different backgrounds

was found not to be significant:

corresponding a=0.1.

t-test with

= Cultures were grown in either RDY or Nitrate medium.

- na: not applicable.




(Tables 2, 6). Nevertheless, the possibility that there is
a third copy of the rpoN gene in B. japonicum cannot be ruled
out. Another activator protein that can mediate RpoN-
dependent transcription is NtrC after being phosphorylated
by the protein kinase NtrB (Merrick, 1992). Table 6 shows

that nodZ expression is also not dependent on NtrC/NtrB

(Table 6).
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CHAPTER IV

DISCUSSION

Previously, Tn3-lacZ gene fusions and Tn5
mutagenesis indicated the presence of additional symbiotic
loci between nodJ and fixR within symbiotic cluster II of
the B.japonicum USDA110 chromosome (Fig 3). Sequencing of
this region (4 kb) revealed five novel genes namely, nolM,
nolN, nolO, ORFA and nodZ. The function and transcriptional
control of these genes were studied in light of their
location within a genetic cluster involved in symbiotic

nitrogen fixation.

The structure of the nodABC operon in B. japonicum is
different from that of Rhizobium strains in that nodA is
separated from its promoter by nodY (Nieuwkoop et al., 1987)
and that nodSU are found between nodC and nodI. 1In this
work, nolMNO were shown to be part of this operon; thus
establishing it as nodYABCSUIJnolMNO (approximately 9 kb
long). The predicted nol0 amino acid sequence was found to
show sequence similarity to that of the upstream nodU. nolO
appears to be the last gene in the operon since it is
followed by a GC-rich inverted repeat that precedes an A-

rich region, a structure characteristic to rho-independent
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transcriptional terminators. The close proximity of the

divergently transcribed ORFA also argues for nol0O being the

terminal gene in the operon. Another reported case where

the nodABC operon extends beyond nodJ is nodX in R.1. bv.

viciae strain TOM. The nodX gene is required for genotype-

specific nodulation of Afghanistan pea (Davis et al., 1988

The nodABC genes are absolutely required for the
production of lipo-oligosaccharide signals produced by all
rhizobia and also for nodulating compatible hosts (Long,
1992; Spaink, 1992). Since nolMNO are transcriptionally
coupled to nodABC, they were predicted to have related
functions. 1Indeed, strains SL65(nolNO") and SL67 (nolo)

produced several Nod metabolites that are not produced by

).

the parent strain. Furthermore, these mutants were affected

in their ability to nodulate all tested hosts. The fact

that both mutants displayed the same phenotype suggests that

the role of NolN in the biosynthesis of Nod factors may be
in a step following that in which NolO is involved.
However, the possibility that NolN may not be involved in
Nod factor production cannot be ruled out. Although
mutations in nolNO or nolO have an altered pattern of Nod

factor production, considerable amounts of the wild-type

BjNod-V(Cy,,;MeFuc) nodulation signals were still produced.

Accordingly, the reduction in nodulation efficiency by

strains SL65 and SL67 can be explained by one of two
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possibilities. First, the Nod metabolites produced by the
mutants may be biologically inactive but compete with the
wild-type Nod signal. This possibility is supported by the
fact that unlike the wild-type Nod factor, the major Nod
metabolite characteristic to the mutant strains [i.e.,
NodBj-V(C,;.;) ] was unable to induce cortical cell division
when applied to G.soja roots (Stacey et al., 1993).
Alternatively, the quantity of wild-type Nod factor produced
by the mutant strains may be insufficient for efficient
nodulation. The latter possibility appears more likely
since the delay in nodulation by strains SL65 and SL67 can
be overcome by increasing the inoculum concentration (data

not shown).

In addition to the wild-type Nod factor, six
different Nod metabolites produced by mutant strains SL65
and SL67 were identified and their structure determined.

Two of these structures (i.e., NodBj-V(Ac,C,;..,MeFuc) and
NodBj-V(C,s.,,MeFuc) ] are produced by the group I strain
B.japonicum USDA135 and may be produced by strain USDA110 in
minor quantities (Carlson et al., 1993). Two other
compounds [i.e., NodBj-IV(C;.;,MeFuc) and NodBj-IV(C,,.,,Gro) ]
were found to be produced only in the group II strain USDA61
(Carlson et al., 1993). Indeed, it was suggested that the
production of these latter Nod signals may be a

differentiating trait between wild-type group I and II
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strains (Carlson et al., 1993). However, clearly the group
I USDAl1ll1l0 mutant strains SL65 and SL67 make these compounds.
This fact adds greater credibility to the suggestion of
Carlson et al. (1993) that the glycerol-containing
derivative may be an intermediate in Nod factor
biosynthesis. This is consistent with the fact that all the
glycerol-linked Nod metabolites reported in B. japonicum
strains SL65, SL67 and USDA61 possess tetrameric (and not
pentameric) chitose backbones (this work and Carlson et al.,
1993). Since mutations in nolO of the group I strain
USDA110 resulted in the production of Nod metabolites
characteristic to the group II strain USDA61, it would be
tempting to speculate that B. japonicum group II strains
should lack nolO. However, in this study, a 0.7 PstI
fragment internal to nolO hybridized to chromosomal digests
from both groups I and II. Therefore, it seems more likely
that the nolO mutation disrupts the biosynthetic pathway so
intermediates accumulate not normally seen in the wild-type.
Strain USDA61 may produce more Nod signal and its
biosynthetic pathway may result in a detectable quantity of

biosynthetic intermediates being produced.

It is reasonable to speculate that genes
transcriptionally coupled to the nodABC may be involved in
the production of Nod factors. 1In addition to the role of

NodABC (presumably the synthesis of the chitose backbone),
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NodS from A.caulinodans is proposed to be an N-
methyltransferase based on sequence homologies and
biochemical data (Geelen et al., 1993). Although the N-
methylation of the terminal non-reducing sugar of Nod
metabolites has been reported in B. japonicum strain USDA61
(Carlson et al., 1993), such modification is not present in
strain USDA110 which possesses a copy of nodS (Sanjuan et
al., 1992; Gottfert et al., 1990). Accordingly, Geelen et
al. (1993) suggested that nodS in B. japonicum is not
translated due to the overlap between its putative ribosomal
binding site and the 3' end of nodC (Geelen et al., 1993;
Gottfert et al., 1990). The biochemical functions of
NodYUIJ are not known. However, the work presented here
implicates NodU in the Nod factor synthesis due to
similarity to the protein sequence of NolO. However, NolO
and NodU may not have the same biochemical function. For
example, the region of similarity between the NolO and NodU
proteins may only represent a domain important for
interaction with the chitose backbone. The major Nod factor
produced by nolO mutants but not by the wild-type strain is
lacking the 2-0O-methylfucose substitution at the C6 position
of the terminal reducing sugar. Therefore, it is possible
that NolO, in conjunction with NodZ, may be involved in
fucosylation of the Nod factor. ©NolO could be involved in
production of the fucose donor, methylation of the fucose or

some other step. The lack of a strong nodulation phenotype
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for NolO™ mutants could be explained by phenotypic
complementation by NodU. Of course, such a case would
presuppose similar biochemical functions for NodU and NoloO.
That is, one would predict that NodU is also involved in the
substitution of the terminal reducing sugar on the C6 |
position by a sugar (e.g., fucose). This possibility is
supported by the fact that all rhizobia known to possess a
copy of nodU produce Nod factors that are substituted with a
sugar moiety at the C6 position of their terminal reducing
sugar. These sugars are 2-O-methylfucose, substituted (Ac,
or -S0,) 2-O-methylfucose, D-arabinose or fucose found in
the Nod factors from B.japonicum USDA110, Rhizobium sp.
NGR234, A.caulinodans ORS571 and R.fredii, respectively
(Mergaert et al., 1993; Price et al., 1993; Prome et al.,
1992; Sanjuan et al., 1992). According to this model, NodU
would be required for the addition of a sugar moiety per se
and another genetic determinant(s) would determine the
nature of the added sugar. It would be interesting to
determine the effect of nodU mutations on the structure of
Nod factors produced by mutant strains. It would also be
useful to identify mutations that result in the addition of
the "wrong" sugar to the C6 position of the terminal

reducing sugar.

An interesting parallel can be drawn between

nodZz/nolO in B. japonicum and nodH/nodPQ in R.meliloti.

99




Figure 21

Model for the biosynthetic pathway of the B. japonicum USDA110
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NodZ™ mutants produce Nod metabolites that lack the 2-0-
methylfucose substitution of the terminal reducing sugar
(Stacey et al., 1993), while NolO mutants produce a mixture
of molecules with or without the 2-0O-methylfucose residue
(this work). Similarly, NodH strains produce Nod
metabolites that lack the sulfate group substitution on
their reducing end (Roche et al., 1991), while NodPQ"
strains produce a mixture of sulfated and non-sulfated
molecules (Roche et al., 1991). Several lines of evidence
indicate that NodH is a sulfotransferase and that NodP and
NodQ are ATP sulfurylase subunits (Spaink, 1992; Roche et
al., 1991; Schwedock and Long, 1990). ATP sulfurylase
produces phosphoadenosine phosphosulfate, the presumed
sulfate donor used by NodH. The leaky phenotype of the
NodPQ mutants is attributed to the presence of, at least,
one more copy of nodP and nodQ on the R.meliloti chromosome
(Schwedock et al., 1989). Likewise, it is possible that
NodZ mediates the 2-O-methylfucosylation of the B. japonicum
Nod metabolites utilizing a NolO-dependent substrate. The
leakiness of the phenotype of strains SL65 and SL67 may
indicate the presence of a functional homolog to nolO
(perhaps nodlU) in B. japonicum. A model for Nod factor
biosynthesis in B. japonicum USDA110 is presented in figure

21.
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Downstream to nol0O and in an opposite orientation,

ORFA was identified after an actively transcribed Tn3-lacZ
fusion was mapped to that region (BSL102, Table 4). ORFA
was studied because of its location within a cluster of
nodulation genes and since a DNA probe internal to ORFA
hybridized to other Bradyrhizobium strains including members
of the distantly related group II strains. Accordingly,
ORFA was predicted to play a role in the nodulation process.
However, strain SL68(ORFA™) displayed a wild-type nodulation
phenotype on all hosts tested. Nevertheless, it is possible
that ORFA may be required for nodulation under certain,
unknown conditions (e.g., under field conditions) or for

nodulation of a yet unidentified plant host(s).

The expression of an ORFA-lacZ fusion was not
increased by the addition of isoflavones known to induce nod
transcription. Therefore, the possible involvement of a
variety or regulators (i.e., NodD,, NifA, NtrC, NtrB, RpoN,
and RpoN,) in mediating ORFA expression was investigated.
However, the ORFA-lacZ fusion gave similar activity in all
the tested genetic backgrounds. Therefore, ORFA appears to
be constitutively expressed and not subject to significant
regulation. This is consistent with the fact that none of
the known cis-acting promoter elements associated with the
regulatory proteins tested were found upstream of the

transcriptional start. However, it is possible that ORFA is
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regulated by conditions (such as those prevailing inside the
nodule or within the rhizosphere) that were not provided in

this study.

nodZ was previously shown to be required for host-
specific nodulation and for the 2-O-methylfucosylation of
the B.japonicum Nod factor (Stacey et al., 1993). With the
exception of some nodD alleles, nod genes are known to be
induced by host-produced flavonoids (Long, 1992; Schlaman,
1992). Surprisingly, nodZ expression was not induced by
genistein or SSE and was found to be NodD-independent
(Stacey et al., 1993). The sequence of nodZ and its
promoter region is presented here and, as expected, no nod-
box sequence was found upstream of the nodZ transcriptional
start. The promoter region of nodZ contains the -12, -24
consensus sequence characteristic to RpoN-dependent
promoters and a NifA upstream activator sequence (UAS) is
present approximately 120 bp upstream to the transcriptional
start site. However, a nodZ-lacZ fusion tested in strains
mutated in regulatory proteins associated with RpoN-

dependent promoters (i.e., NifA, NtrC, NtrB, RpoN, and

RpoN,) gave similar activity in different genetic
background. Nevertheless, RpoN/NifA may control nodZ
expression under certain unknown conditions. Similar to

ORFA, nodZ appears to be constitutively expressed under

free-living conditions. However, nodZ expression is
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elevated in bacteroids (Stacey et al., 1993). Elevated
expression of ORFA in bacteroids was not tested and remains

a possibility.

The transcriptional start of nodZ has previously
been determined (Stacey et al., 1993). The start codons of
the divergently transcribed ORFA and nodZ are separated by
only 13 bp making it very likely that the transcripts of the
two genes have a region of overlap. Indeed, determining the
location of the transcriptional start site reveals a 128
nucleotide overlap between the two transcripts. 1In the
light of the lack of a known regulation mechanism for ORFA
and nodz, this transcriptional overlap may have regulatory
significance. 1Indeed, when a nodZ-lacZ fusion was mated
into strain SL68(ORFA") and assayed for P-galactosidase
activity, a 3-fold decrease in activity was observed when
compared to the wild-type strain containing the same fusion
(data not shown). If ORFA expression modulates nodZ
expression, then strain SL68 may show an altered pattern of

Nod metabolites. This possibility was not examined in the

current study.

In addition to their adjacent location on the
B. japonicum USDA110 chromosome, nolO, ORFA and nodZ appear
to be also linked in other Bradyrhizobium strains (see Table

5). The evidence for this comes from the fact that probes
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from all genes consistently hybridized to the same size
restriction fragments within individual strains. This
apparent genetic linkage, the fact that NolO  and NodZz-
mutants are defective in the 2-0O-methylfucosylation of Nod
metabolites, and the overlap observed between the ORFA and
nodZ transcripts suggest that the three genes may be

functionally related as well.

In summary, the sequences of five genes linked to
the common nodulation genes were determined, and the
possible function and transcriptional control of nolNO, ORFA
and nodZ were studied. nolMNO were shown to be co-
transcribed with the common nodulation genes; thus, adding a
novel feature to the nodABC operon structure in B. japonicum
USDA110. nolO was found to be involved in the synthesis of
the Nod factor produced by strain USDA110 and to be required
for efficient nodulation. These findings support the dogma
implicating most, if not all, nod/nol genes in the
production of Nod metabolites and correlating the structure
of Nod factors produced by a rhizobial strain with its
ability to nodulate specific hosts. Furthermore, the
sequence similarity observed between NolO and NodU suggests
that NodU could also be involved in Nod factor synthesis and
allows for speculation on its function. The uniqueness of
nodZ regulation was addressed and the lack of a nod-box

sequence in its promoter region was demonstrated. The
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regulation of ORFA was studied as well and the possibility

of a coordinated regulatory mechanism between ORFA and nodZ

was discussed.
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Appendix 1: Sequence of the DNA region between nodJ and fixR
of B.japonicum USDA110. Primers used for sequencing this

3948 bp fragment are indicated.
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Appendix 1:

61

241

301

361

601

661

781

841

901

961

1021

1081

TTGACGTGAGTTCAGCGAAACGGAGAAGTéAAAGCGATGCAGTGTCATGATGCGTTCCGC
AACTGCACTCAAGTCGCTTTGCCTCTTCAGTTTCGCTACGTCACAGTACTACGCAAGGCG

GGTAGCTCGCGAGTGACCTGGTCTGTCAGAGCAGCTTGTGAAACGGCCTTGAGAAGCCGC
CCATCGAGCGCTCACTGGACCAGACAGTCTCGTCGAACACTTTGCCGGAACTCTTCGGCG

GATCGAGCCAGCTCTACGGCCGCCTGTTCéGCCGATCGGACCTTGCAAAGTCGTGTTGTG
CTAGCTCGGTCGAGATGCCGGCGGACAAGCCGGCTAGCCTGGAACGTTTCAGCACAACAC

CTGCCTGGCACGCGCACCGGCTGCGCGTGACTGTACAGATTAGATCGGTGGGACGGCATG
GACGGACCGTGCGCGTGGCCGACGCGCACTGACATGTCTAATCTAGCCACCCTGCCGTAC

GCCTTCCATGGAGAACGGGATGTTGAGCA&AGGACTGAGTGGCGGCCTTGACAGAATCTA
CGGAAGGTACCTCTTGCCCTACAACTCGTATCCTGACTCACCGCCGGAACTGTCTTAGAT

TGAAAGCTCTCCGGAGCTGCCGAATACATTTCTTCACGATGGCGCTGCGGTACTTGTGCA
ACTTTCGAGAGGCCTCGACGGCTTATGTAAAGAAGTGCTACCGCGACGCCATGAACACGT

GGACGGCCGCGTAATTGCTGCTGTCGAAGAGGAGCGCCTCAACCGCGTCAAGCAGTCCAA
CCTGCCGGCGCATTAACGACGACAGCTTCTCCTCGCGGAGTTGGCGCAGTTCGTCAGGTT

CAAGTTCCCCAGCAATTCGATCCGATACT&CCTTTCTACCGCAGGAGTCGAGCTCGGCGA
GTTCAAGGGGTCGTTAAGCTAGGCTATGACGGAAAGATGGCGTCCTCAGCTCGAGCCGLT

CATCGACCGTATCGCGTTCTACGCGACTGAAGCTTACTGCAAAGCCATGCTCGAGCGCCT
GTAGCTGGCATAGCGCAAGATGCGCTGACTTCGAATGACGTTTCGGTACGAGCTCGCGGA

TTCTGTTTCTCAGCCCGTTCCGTTGGACCCCAAACTGTTGCTGCGGCAGCTGTTGGCACG
AAGACAMAGAGTCGGGCAAGGCAACCTGGGGTTTGACAACGACGCCGTCGACAACCGTGC

GGAATTAGGGGCCGAGATCGATCCGTCCGéGTTTCCTTCGTGAATCACCACGAAGTACAT
CCTTAATCCCCGGCTCTAGCTAGGCAGGCCCAAAGGAAGCACTTAGTGGTGCTTCATGTA

GCCGTGAGCGCGTTTGCCATGTCCGGGTTCGAGCAAAGTCTGGTGTTTGCGATCGACGGL
CGGCACTCGCGCAAACGGTACAGGCCCAAGCTCGTTTCAGACCACAAACGCTAGCTGCCG

GGGGGCGATTTTCTCTCAGGCTTAATGGCéGTAGGGTCCGGGACCGTAATTGCGCAGCTT
CCCCCGCTAAAAGAGAGTCCGAATTACCGCCATCCCAGGCCCTGGCATTAACGCGTCGAA

GTAAGTTTCCCGGAACACAACTCTCTTGGéCTGTTCTATCTCGAGACGATCCGATATCTC
CATTCAAAGGGCCTTGTGTTGAGAGAACCCGACAAGATAGAGCTCTGCTAGGCTATAGAG

GGCTGCGGGATGTTCGACGAATACAAAGTGATGGGGCTTGCACCGTATGGTGATCCCGAT
CCGACGCCCTACAAGCTGCTTATGTTTCACTACCCCGAACGTGGCATACCACTAGGGCTA

CGCTATCGCGAGCTCTTCGCGCAGTTCTACGAGTTGTTGGACAGCGGTGGCTATCGCGTT
GCGATAGCGCTCGAGAAGCGCGTCAAGATGCTCAACAACCTGTCGCCACCGATAGCGCAA

CACCTGGATCGAATCGGACCAGCCCTTTTGCGCAACATCCAGGTTCGGCGAAAGGGAATG
GTGGACCTAGCTTAGCCTGGTCGGGAAAACGCGTTGTAGGTCCAAGCCGCTTTCCCTTAC

CCATTCACCCAACAGCATCGAGATGTCAG&GCGTCGCTGCAGGARSCGCTGGAGCGGATC
GGTAAGTGGGTTGTCGTAGCTCTACAGTCGCGCAGCGACGTCCTTCGCGACCTCGCCTAG

GTGTTTCACACCCTGCGGCACCATCGTAAAGCGACGGGCATGACACGCCTGTGCCTAGCT
CACAAAGTGTGGGACGCCGTGGTAGCATTTCGCTGCCCGTACTGTGCGGACACGGATCGA
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GGCGGGGTGGCCCATAATTGCACGCTGAACGGTAAGCTGCTTTATTCCGGGCTATTTGAC
CCGCCCCACCGGGTATTAACGTGCGACTTGCCATTCGACGAAATAAGGCCCGATARACTG

GACATCTTTGTTCAACCCGCGGCGCACGACGCCGGTTGCGCACTCGGCGCTGCATTAATG
CTGTAGAAACAAGTTGGGCGCCGCGTGCTGCGGCCAACGCGTGAGCCGCGACGTAATTAC

GTATCAAGCGAGCTAGGCAGGCCAGCGCCGCGCGAGCGACTGCCGGACGTTTATTGGGGG
CATAGTTCGCTCGATCCGTCCGETCCCGGCGCGCTCGCTGACGGCCTGCAAATAACCCCC

CCCGATCTTGGGAACGAGCAAGCCACAGAGCTTGAGCTCAACGCATGGTCAGGCCACCTC
GGGCTAGAACCCTTGCTCGTTCCGTGTCTCGAACTCGAGTTGCGTACCAGTCCGGTGGAG

GACATTCAACGAAGTGATGACATAGCATCCAGTGCGGCGGACTGGATGGCAAATGGCGCT
CTGTAAGTTGCTTCACTACTGTATCGTAGGTCACGCCGCCTGACCTACCGTTITACCGCGA

GTAATCGGCTGGGTTCAGGGGCGCTCTGAGTTCGGCCCACGTGCGCTTGGTAACCGCAGC
CATTAGCCGACCCAAGTCCCCGCGAGACTCAAGCCGGGTGCACGCGAACCATTGGCGTCG

ATTCTAGCGGACCCGCGGCCTGCGGAAAACAAGGATCGCATCAACGCGGTGGTCAAGAAG
TAAGATCGCCTGGGCGCCGGACGCCTTTTGTTCCTAGCGTAGTTGCGCCACCAGTTCTTC

CGCGAGACGTATCGCCCCTTTGCGCCATCTGCATTAGAGGAGGATGCGAGCGAGTTCTTT
GCGCTCTGCATAGCGGGGAAACGCGGTAGACGTAATCTCCTCCTACGCTCGCTCAAGAAA

GAGCTCCCCGACGGCACGCGGCAGCTCCCCTTCATGAACTTCGTAGTTCGCGTGCGTGAA
CTCGAGGGGCTGCCGTGCGCCGTCGAGGGGAAGTACTTGAAGCATCAAGCGCACGCACTT

GCCAAGGGTAACGTGCTCGGTGCGATCACGCACGTTGATGGGACGGCTCGGCTGCAGTGA
CGGTTCCCATTGCACGAGCCACGCTAGTGCGTGCAACTACCCTGCCGAGCCGACGTCACT

TGCTGGCCGCTTCCTGACGAGGAACGGCCCAACAACAAGTCCGTCCAGATCAGTCGTCAA
ACGACCGGCGAAGGACTGCTCCTTGCCGGGTTGTTGTTCAGGCAGGTCTAGTCAGCAGTT

AAACCTGGTGATCGCATCTGACACGGACTGCACGATCGGCTCGGCATTGTTGTTAAATGA
TTTGCACCACTAGCGTAGACTGTGCCTGACGTGCTAGCCGAGCCGTAACAACAATTTACT

GGTATTTAGAAGAATCGGAAGGCTCGTTCGCTTCTTGAACGCATTAATGACGTCCCAGTA
CCATAAATCTTCTTAGCCTTCCGAGCAAGCGAAGAACTTGCGTAATTACTGCAGGGTCAT

GCCGGGGTTTGTCTTGCGCGATACGGTCTGCAGGATTGGAGTGCGCTGGCTGCGTCATTG
CGGCCCCAAACAGAACGCGCTATGCCAGACGTCCTAACCTCACGCGACCGACGCAGTAAC

CCGCCGTACGCATCCCTTCATCGTGTTCGCTCCCACATAGCGCCAGATCGGCAGGAAACG
GGCGGCATGCGTAGGGAAGTAGCACAAGCGAGGGTGTATCGCGGTCTAGCCGTCCTTTGC

GTCTGCGAGATCCGCATGGGACATTCCGC&CACTCTAGTATGCGTATCTCACCTGAGCT&
CAGACGCTCTAGGCGTACCCTGTAAGGCGGGTGAGATCATACGCATAGAGTGGACTCGAA

TTCGAGATCTTGATGCGAATCGAGGGCGAGGCGTCGCTCGGGTCGCTTTTCGACACAGCC
AAGCTCTAGAACTACGCTTAGCTCCCGCTCCGCAGCGAGCCCAGCGAAAAGCTGTGTCGG

CTGCTGGACCAGGCCAAGCGTGAAGATCTTGTGAAGGAATTGCGGCTCGTATGGGAGCTT
GACGACCTGGTCCGGTTCGCACTTCTAGAACACTTCCTTAACGCGGAGCATACCCTCGAA

CGGGGCGTTCGCCTGCATCCGCTGCACGCGGCTTGCCGTCACGATAATGTACAAAGCGGA
GCCCCGCAAGCGGACGTAGGCGACGTGCGCCGAACGGCAGTGCTATTACATGTTTCGCCT

ACATAGCCATGACTCATGGCGCATGGCCACGCCCATGCGTGCATGTGAGGGGACCAGGCC
TGTATCGGTACTGAGTACCGCGTACCGGTGCGGGTACGCACGTACACTCCCCTGGTCCGS
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ATCCGATGCAGAGCGGGGCATCGGGCATCGGGCTTCGGGCAGGTCGATGCAACACCGTTG
TAGGCTACGTCTCGCCCCGTAGCCCGTAGCCCCGAAGCCCGTCCAGCTACGTTGTGGCAAC

AAGAAAGGACGATCGTATTGAGAGAACGCGGCCCGTCACGGATAGCCCTGCTATGAAGT&
TTCTTTCCTGCTAGCATAACTCTCTTGCGCCGGGCAGTGCCTATCGGGACGATACTTCAA

CTACCGATGCAGCTCGCCGGCACCGCGATTTCAGGCCGTGACGCCGGGCGAGAAGATACG
GATGGCTACGTCGAGCGGCCGTGGCGCTAAAGTCCGGCACTGCGGCCCGCTCTTCTATGC

CGAGACGTCTGTACTGACGTCTCTTGTCCAACCAGGAGCGCGCGAAAAGGCAAGGCAGAT
GCTCTGCAGACATGACTGCAGAGAACAGGTTGGTCCTCGCGCGCTTTTCCGTTCCGTCTA

GGTTAGCGGTTCGAGCAATGATCGGTTCGTAGTGTCCCGGCGACGTACGGGGTTTGGCGA
CCAATCGCCAAGCTCGTTACTAGCCAAGCATCACAGGGCCGCTGCATGCCCCAAACCGCT

CTGTCTGTGGTCACTCGCGGCAGCCTGGCGATTTGCAAAGCAGACAGGACGGACGCTAGC
GACAGACACCAGTGAGCGCCGTCGGACCGCTAAACGTTTCGTCTGTCCTGCCTGCGATCG

CATTGATTGGCGGGGATCTTGTTATCTTGATGAACCATTCACCAATGCCTTTCCAGTCTT
GTAACTAACCGCCCCTAGAACAATAGAACTACTTGGTAAGTGGTTACGGAAAGGTCAGAA

CTTCGAACCGGTTGAAGACATTGGCGGAGTGCGAGTAATTTGCGATGACGACATCAATAC
GAAGCTTGGCCAACTTCTGTAACCGCCTCACGCTCATTAAACGCTACTGCTGTAGTTATG

GCGTTCGTTTCCAGGACCATTCTTTCCAACATGGTGGAACAAGCCATCTTTCGATTGCAT
CGCAAGCAAAGGTCCTGGTAAGAAAGGTTGTACCACCTTGTTCGGTAGAAAGCTAACGTA

CTATCGACCGGACGAGCAGATTTTCAGGGAACGCGATCAACTCGATCAACTGTTCCAAAG
GATAGCTGGCCTGCTCGTCTAAAAGTCCCTTGCGCTAGTTGAGCTAGTTGACAAGGTTITC

TCAGAGAGATAGTGACGCTAACACGGTTGTGTGTGATGCCTGCCTGATGTGGCGCTGCGA
AGTCTCTCTATCACTGCGATTGTGCCAACACACACTACGGACGGACTACACCGCGACGLCT

TCAGGAAGCGGAACGCGAAATCTTCCGGAGTATTAAGCCGCGGCCTGAAATTCAGGCCCG
AGTCCTTCGCCTTGCGCTTTAGAAGGCCTCATAATTCGGCGCCGGACTTTAAGTCCGGGC

GATTGATGCTATCTACCGCGAGCACTTTGAGCCGTACAGCGTAATCGGCATTCATGTCCG
CTAACTACGATAGATGGCGCTCGTGAAACTCGGCATGTCGCATTAGCCGTAAGTACAGGL

GCATGGCAATGGCGAAGATATTATGGCATGCCCCTTACTGGGCGGACACGGAGCCGCGTT
CGTACCGTTACCGCTTCTATAATACCGTACGGGGAATGACCCGCCTGTGCCTCGGCGCAA

GCGGCAGATCTACAATGCCATTGATGAGGCCAGGAGTTTATCCCACGCAAAACCTGTGAG
CGCCGTCTAGATGTTACGGTAACTACTCCGGTCCTCAAATAGGGTGCGTTTTGGACACTC

GGCGTTCCTGTGCACGGACAGTGCGCTCGTCCTCGAGCAGGTTTCGGTTAAATTTCCCGA
CCGCAAGGACACGTGCCTGTCACGCGAGCAGGAGCTCGTCCAAAGCCAATTTAAAGGGCT

TGTCTTCGCGATTCCAAAGCAGTTCCAGGCGCCTCAAGCGGGCCCATTGCACCATCCGCC
ACAGAAGCGCTAAGGTTTCGTCAAGGTCCGCGGAGTTCGCCCGGGTAACGTGGTAGGCGG

CTCGGAGCTGAAGGCGGCTTTTCTGCCCTCACCGAGATGTATCTCCTTGCCCGCTGCGAC
GAGCCTCGACTTCCGCCGAAAAGACGGGAGTGGCTCTACATAGAGGAACGGGCGACGCTG

ACGGTGATCCGTTTTCCGCCAACGAGCGCTTTTACGCGCTATGCGEGTCTTTTCGCCCCA
TGCCACTAGGCAAAAGGCGGTTGCTCGCGAAAATGCGCGATACGCGCAGAAAAGCGGGGT

CGCGTTATAGAATTCGATTTGAACGATCCGGGCCGGTTGATCCTGATTGAAGACAACTCG
GCGCAATATCTTAAGCTAAACTTGCTAGGCCCGGCCAACTAGGACTAACTTCTGTTGAGC
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CAAGCGCTTATGGCTTCGTGAAAGTCGCAAACCCGCGTGATCGATCTCACCGCCGCTCTT
GTTCGCGAATACCGAAGCACTTTCAGCGTTTGGGCGCACTAGCTAGAGTGGCGGCGAGAA

TACGTCCGATAGCCGTGGAAGTTCTTCTCCGGGCGACGATTTTCTGGCCGCGGGCTGTCA
ATGCAGGCTATCGGCACCTTCAAGAAGAGGCCCGCTGCTAAAAGACCGGCGCCCGACAGT

TTGCCGCAACGTTCCAGGGGCGAAGAGAACGAAGCCGCGGCCGAATGCGTTCGGCTAAGG
AACGGCGTTGCAAGGTCCCCGCTTCTCTTGCTTCGGCGCCGGCTTACGCAAGCCGATTCC

CGCGGCTTCGACAACAGAGCCCTAAAGTGCCGCTGCGTTTTACAGAAGGAGCACGCCTTC
GCGCCCAAGCTGTTGTCTCGGGATTTCACGGCGACGCAAAATGTCTTCCTCGTGCGGAAG

GTCTTCGCTTCGGGCGGGCCGCAGACGGAAGCTAAACAACGCTCAATCACGGATGAACAT
CAGAAGCGAAGCCCGCCCGGCGTCTGCCTTCGATTTGTTGCGAGTTAGTGCCTACTTGTA

TTCAGCTCGCCAGCTCATGCTTGGAACTAGCGCCGCGAAATCCAGTGCCGCTCAGAGCAT
AAGTCGAGCGGTCGAGTACGAACCTTGATCGCGGCGCTTTAGGTCACGGCGAGTCTCGTA

GGCGCGATAGATCAAAAGTGGCCGCCGACGAATCTAACGTGCAAGCTT 3948
CCGCGCTATCTAGTTTTCACCGGCGGCTGCTTAGATTGCACGTTCGAA
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