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Rhizobium leguminosarum bv. viciae forms nitrogen-fixing nodules on several legumes, including pea (Pisum
sativum) and vetch (Vicia cracca), and has been widely used as a model to study nodule biochemistry. To
understand the complex biochemical and developmental changes undergone by R. leguminosarum bv. viciae
during bacteroid development, microarray experiments were first performed with cultured bacteria grown on
a variety of carbon substrates (glucose, pyruvate, succinate, inositol, acetate, and acetoacetate) and then
compared to bacteroids. Bacteroid metabolism is essentially that of dicarboxylate-grown cells (i.e., induction
of dicarboxylate transport, gluconeogenesis and alanine synthesis, and repression of sugar utilization). The
decarboxylating arm of the tricarboxylic acid cycle is highly induced, as is yy-aminobutyrate metabolism,
particularly in bacteroids from early (7-day) nodules. To investigate bacteroid development, gene expression
in bacteroids was analyzed at 7, 15, and 21 days postinoculation of peas. This revealed that bacterial rRNA
isolated from pea, but not vetch, is extensively processed in mature bacteroids. In early development (7 days),
there were large changes in the expression of regulators, exported and cell surface molecules, multidrug
exporters, and heat and cold shock proteins. fix genes were induced early but continued to increase in mature
bacteroids, while nif genes were induced strongly in older bacteroids. Mutation of 37 genes that were strongly
upregulated in mature bacteroids revealed that none were essential for nitrogen fixation. However, screening
of 3,072 mini-Tn5 mutants on peas revealed previously uncharacterized genes essential for nitrogen fixation.
These encoded a potential magnesium transporter, an AAA domain protein, and proteins involved in cyto-

chrome synthesis.

Bacteria from the family Rhizobiaceae form species-specific
symbioses with host plants of the Leguminosae, resulting in the
formation of specialized root structures called nodules (21, 50).
This process is initiated by plants releasing flavonoids, which
induce synthesis of lipochitooligosaccharides by rhizobia. Bac-
teria are typically trapped by the curling of root hairs, which
they enter, and grow down plant-derived infection threads.
These ramify into the root cortex, where newly induced mer-
istematic cells form the nodule (50). Bacterial cells are re-
leased from infection threads into the cytoplasm of cortical
cells, where they are surrounded by a plant-derived symbio-
some membrane. In indeterminate nodules of the galegoid
legumes (a clade in the subfamily Papilionoideae, e.g., Medi-
cago, Pisum, and Vicia), bacteria undergo dramatic changes in
size, shape, and DNA content to become terminally differen-
tiated bacteroids (46). N, reduction to ammonium occurs in
bacteroids, which the plant provides with dicarboxylic acids as
a source of carbon, energy, and reductant (54). In return,
ammonium is secreted back to the plant. However, the meta-
bolic exchange between partners is almost certainly more com-
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plex than this, since amino acid movement is also essential for
productive nitrogen fixation in pea nodules (43).

Rhizobium leguminosarum bv. viciae, which forms nodules
on Pisum sativum (pea) and Vicia cracca (vetch), has been
widely used as a model to study nodule biochemistry, and its
genomic sequence has recently been determined (63). With the
genome sequences of several rhizobia available (23, 25, 27, 36,
37), it is now possible to use microarrays to study aspects of this
complex host-microbe interaction, from the survival of free-
living bacteria in the often hostile rhizosphere to the develop-
ment of mature N,-fixing nodules on plant roots (4, 5, 16, 51).
Several studies have examined gene expression in free-living
rhizobia grown under different conditions, e.g., osmotic stress
(16, 19) and microoxic conditions (5). Formation of determi-
nate nodules in the Bradyrhizobium japonicum-Glycine max
symbiosis has been investigated with microarrays studying gene
expression in both the bacteria (51) and the plant (8). In
addition, transcriptomic analysis of Mesorhizobium loti has
been performed for the M. loti-Lotus japonicus symbiosis (58).
Although studies of various host-symbiont interactions form-
ing determinate nodules have been carried out, for indetermi-
nate nodule formation, only the Sinorhizobium meliloti-Medi-
cago sativa symbiosis has been studied with microarrays (2, 4,
5). These studies have provided significant insight into bacte-
roid function and development; however, it is very difficult to
interpret many of the complex metabolic changes that occur
in bacteroids relative to free-living cells. Due to large-scale
changes caused by bacterial differentiation, radically different
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cell types must be compared. A major problem is deciding
which cultured bacteria should be compared to bacteroids,
since a metabolic baseline is not available for laboratory-cul-
tured free-living rhizobia. Therefore, in this study, we first
constructed such a baseline before investigating the more com-
plex problem of bacteroid development and metabolism. We
used whole-genome microarrays of R. leguminosarum bv. viciae
3841 to examine gene expression in free-living bacteria grown
on succinate, pyruvate, inositol, glucose, acetate, and acetoac-
etate. The pattern of gene expression in mature N,-fixing nod-
ules of P. sativum was examined and compared, not only with
that of free-living cells, but also with that in bacteroids from
mature nodules of V. cracca. Furthermore, to investigate bac-
teroid development, gene expression was measured at 7, 15,
and 21 days after inoculation onto peas.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are detailed in Table S1 in the supplemental material.
Rhizobium strains were grown at 28°C on either tryptone yeast extract (TY) (6),
acid minimal salts medium, or acid minimal salts agar (53) with an added carbon
source—glucose (10 mM), inositol (10 mM), pyruvate (30 mM), succinate (20
mM), acetate (1%), or acetoacetate (10 mM)—and 10 mM ammonium chloride.
Antibiotics were used at the following concentrations (pug ml~!): ampicillin, 50;
spectinomycin (Sp), 100; streptomycin, 500; kanamycin (Km), 20; neomycin
(Nm), 160; and tetracycline (Tc), 5.

Plant growth. Seeds of P. sativum cv. Avola and V. cracca were surface
sterilized and grown as described previously (38). Inoculation with R. legumino-
sarum was performed either on seeds at planting (P. sativurn and V. cracca) or on
7-day-old seedlings (P. sativum). Nodules were harvested at 28 days postinocu-
lation (p.i.) from seed-inoculated plants and at 7, 15, and 21 days p.i. from those
inoculated as seedlings.

RNA preparation from free-living cultures and bacteroids. RNA was prepared
from free-living cultures (optical density at 600 nm = 0.6) as described previously
(19, 38). The yield was approximately 80 to 100 ug RNA per 25 ml of culture.

To extract RNA from pea and vetch bacteroids, nodules (1 g) were picked into
liquid nitrogen and ground in 5 to 10 ml of PSM buffer (10 mM phosphate buffer,
pH 7.0, 300 mM sucrose, and 2 mM MgCl,). This was centrifuged (200 relative
centrifugal force; 5 min) to remove plant material and then again (3,380 relative
centrifugal force; 5 min) to pellet bacteroids. Following resuspension in 10 mM
Tris, pH 8.0, the bacteroid fraction was examined by light microscopy to ensure
that it was substantially free from contaminating plant material, and then RNA
was extracted as described above. The yield was approximately 5 to 10 pg RNA
per 1 g nodules.

Preparation of labeled cDNA, amplification of bacteroid RNA, and microarray
hybridization. For microarray analysis, three to five independent free-living
cultures or bacteroid harvests were used for RNA isolation and subsequent
microarray analysis. The only exceptions to this were the acetate and acetoace-
tate samples, which were from single cultures. The results from these were not
extensively analyzed but were used to obtain a general picture of gene expression
during growth on short-chain organic acids.

A whole-genome DNA oligonucleotide array for R. leguminosarum 3841 was
constructed from the published genome sequence (63). Unique 70-mer oligonu-
cleotides were synthesized for all 7,344 genes of R. leguminosarum bv. viciae 3841
by Operon Biotechnologies and printed with Pronto buffer on Corning Ultragaps
slides at the Functional Genomics and Proteomics Laboratory, University of
Birmingham, Birmingham, United Kingdom. The microarray slides were blocked
for 15 min in sodium borohydride (20 mM sodium borohydride, 140 mM succinic
anhydride, dissolved in 1-methyl-2-pyrrolidinone [90% {vol/vol}]), washed in
deionized water, and dried. It should be noted that the microarray slides con-
tained duplicates or triplicates of each gene-specific oligonucleotide printed in a
random pattern so that all arrays contained technical replicates.

Total RNA was labeled and purified with the Cyscribe Post-Labeling kit (GE
Healthcare) according to the manufacturer’s instructions. Equal amounts (30 to
35 pmol) of Cy5- and Cy3-labeled cDNA were mixed and dried (5 to 10 pl).
Hybridization solution (90 wl) containing 25% formamide, 5X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS),
and calf thymus DNA (9 pg) was added to the labeled DNA and heated at 95°C
for 2 min. The mixture was incubated at room temperature for 2 min and
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centrifuged for 2 min. Hybridization was carried out at 42°C for 16 h using an
Array Booster (Implen, United Kingdom). Microarray slides were then washed
in 2X SSC, 0.1% SDS for 8 min at 42°C; twice in 0.2X SSC, 0.1% SDS for 5 min
at 42°C; twice in 0.2X SSC for 4 min at room temperature; and for 1 min in 0.1X
SSC. The slides were then washed with MilliQ water (5 s) and isopropanol (5 s)
at room temperature, dried, and scanned for fluorescence intensity by using a
GenePix 4000A microarray scanner at a resolution of 10 um (Axon Instruments,
Union City, CA). Spot recognition was performed with Bluefuse (BlueGnome
Limited, Cambridge, United Kingdom), and the data were imported into Gene-
Spring 7.2 (Silicon Genetics, Redwood, CA). The local background value was
subtracted from the intensity of each spot, and a Lowess normalization was
applied to the slide. The normalized expression ratio of the experimental sample
to the control was calculated by taking the natural log of the ratio for each
replicate experiment, averaging this value for all replicates, and then calculating
the natural antilog. To obviate dye effects, labeling with different dyes was
performed on replicates (i.e., dye swap). However, no significant differences
between Cy3 and Cy5 in incorporation, fluorescence yield, or stability were
observed.

Since RNA from mature bacteroids labeled poorly with Cy dyes (see Results
and Discussion), an amplification procedure was adopted. Total RNA (50 to 250
ng) was amplified to give “sense” RNA using T7-based amplification with the
Genisphere Sense Amplification Kit (Genisphere Inc., Hatfield, PA) according
to the manufacturer’s instructions. This was converted to cDNA and Cy dye
labeled as for unamplified RNA, as described above. Most array results were
obtained by direct comparison of conditions using two-color arrays. However, an
effective gene expression set of bacteroids versus a glucose-grown free-living
culture was obtained by cross-multiplying a bacteroid/free-living succinate array
with a free-living succinate/free-living glucose array (bacteroid/free-living succi-
nate X free-living succinate/free-living glucose = bacteroid/free-living glucose).

qRT-PCR. Gene expression was measured by quantitative reverse transcrip-
tion-PCR (qRT-PCR) performed in triplicate using the QuantiTect SYBR green
PCR kit (Qiagen) on an MJ Mini cycler MiniOpticon Real-Time PCR Detection
System (Bio-Rad) as previously described (38). The primers are listed in Table
S2 in the supplemental material. The data were analyzed by the relative quan-
tification method (comparative threshold cycle method [AAC;]) to calculate the
expression (10, 11). Expression levels were normalized against either mdh or the
absolute level of RNA using REST analysis (10). The results from the two
normalization procedures were not significantly different.

B-p-Glucuronidase assays. Measurements were made of B-D-glucuronidase
(GusA) activity in bacteria extracted from 21-day pea bacteroids and compared
with that in free-living cells. Strains containing gusA fusions (RU4325 and
RU4326, and RU4334 to RU4339) (see Table S1 in the supplemental material)
were constructed by cloning PCR products into plasmid pRU877, upstream of a
promoterless gusA, and integrated into the R. leguminosarum bv. viciae 3841
chromosome as described below for pK19mob mutants. Bacterial cells were
resuspended in 50 mM phosphate buffer, pH 7.0, and GusA activity was mea-
sured as previously described (41), except p-nitrophenyl-B-p-glucuronide (at a
final concentration of 40 wg ml~!) was substituted as the chromogenic substrate.

Mutag is and t of mutant phenotypes on peas. To make specific
mutants in R. leguminosarum bv. viciae 3841, internal gene fragments were PCR
amplified and cloned into the suicide vector pK19mob (the PCR primers are
listed in Table S2 in the supplemental material). This was performed by cloning
PCR products directly into HindIII-digested pK19mob using an In-Fusion Dry
Down PCR Cloning Kit (Clontech) according to the manufacturer’s instructions.
Alternatively, PCR fragments were cloned into pCR4-TOPO, and the resultant
plasmids were digested with XholI/HindIII and ligated into pK19mob digested
with the same enzymes. After confirmation that the Escherichia coli strains
contained the expected plasmid, each was conjugated into strain 3841, using
pRK2013 as a helper plasmid (52). Positive clones in R. leguminosarum were
confirmed by PCR using a pK19mob-specific primer (either pK19A or pK19B),
together with a gene-specific primer (see Table S2 in the supplemental material).
To assess the phenotypes of the mutants, six P. sativum seeds were inoculated
with each mutant strain (see Table S1 in the supplemental material), germinated,
and grown for 21 days in 1-liter pots of vermiculite with nitrogen-free medium.
The nitrogen fixation phenotype of each mutant was assessed by acetylene
reduction as described previously (52). For each strain tested, 12 nodules were
picked, surface sterilized, and crushed, and the bacteria were streaked on TY
medium. From each TY plate, 10 individual colonies were then checked for
retention of the neomycin resistance gene.

Random mutagenesis of R. leguminosarum bv. viciae 3841 using pCRS487
(containing the minitransposon mTn5-GNm) was carried out as previously de-
scribed (53). Transposon mutants were selected on acid minimal salts medium/
succinate/pyruvate/ammonium chloride with neomycin and individually stocked.
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TABLE 1. Microarray experiments performed on R. leguminosarum bv. viciae 3841

b
Array Express Condition 1

Condition 2¢

accession no.

Sample© Cell type Sample© Cell type
E-MEXP-1919 Succinate Free living Glucose Free living
E-MEXP-1959 Pyruvate Free living Glucose Free living
E-MEXP-1961 Inositol Free living Glucose Free living
E-MEXP-1963 Acetate? Free living Glucose Free living
E-MEXP-1964 Acetoacetate’ Free living Glucose Free living
E-MEXP-1962 Succinate (SA) Free living Glucose (SA) Free living
E-MEXP-1918 7 day (SA) Pea bacteroid Succinate Free living
E-MEXP-1918 15 day (SA) Pea bacteroid Succinate Free living
E-MEXP-1918 21 day (SA) Pea bacteroid Succinate Free living
E-MEXP-1925 28 day (SA)* Pea bacteroid Succinate Free living
E-MEXP-1924 28 day (SA) Vetch bacteroid Succinate Free living

“ SA, sense amplification of RNA was performed. Three biological replicates were performed.
> Twenty-eight-day bacteroid samples were seed inoculated; 7-, 15-, and 21-day bacteroid samples were inoculated onto 7-day-old plants.

¢ For growth of free-living cells, the carbon source added to the medium is shown.

@ A single array was performed.
¢ Five biological replicates were performed.

Mutants were inoculated onto individual pea plants grown in 250-ml flasks as
previously described (53), and the symbiotic phenotypes were scored after 6
weeks of growth. Yellow plants were scored as Fix ™, and the corresponding
bacterial strain was recovered from stock and reinoculated onto three plants to
confirm the phenotype. Confirmed Fix~ and Nod ™ strains were then transduced
into R. leguminosarum bv. viciae 3841 using phage RL38 (9), and three trans-
ductants were reinoculated onto peas to confirm transposon linkage to the
Fix/Nod phenotype.

Microarray data accession numbers. Microarray data were deposited at
Array Express (http://www.ebi.ac.uk/arrayexpress) with accession numbers
E-MEXP-1918, E-MEXP1919, E-MEXP1924, E-MEXP1925, E-MEXP1959,
E-MEXP1961, E-MEXP1962, E-MEXP1963, and E-MEXP1964.

RESULTS AND DISCUSSION

The microarray experiments were performed to provide a
foundation for understanding gene expression in the Rhizobium/
pea-vetch symbiosis. It was considered essential to first obtain
a metabolic baseline for free-living Rhizobium, which would
allow a more rational exploration of gene expression in highly
differentiated bacteroids. The microarray experiments per-
formed are summarized in Table 1. To establish the pattern of
gene expression on different carbon sources, cultures grown
with succinate, pyruvate, or inositol as the carbon source were
compared with cultures grown on glucose. (Full microarray
results for cultured free-living bacteria are shown in Table S3
in the supplemental material.) To study gene expression in R.
leguminosarum during nodule formation, gene expression in
bacteroids was compared with that in free-living cells grown on
succinate (Table 1; full microarray results for bacteroids are
shown in Table S4 in the supplemental material).

Structure of rRNA in bacteroids. During the initial stages of
this work, it was found that RNA isolated from mature pea
bacteroids was difficult to label with Cy dye. In addition, the
RNA profile obtained from mature bacteroids was reproduc-
ibly different from that obtained from free-living cells (Fig. 1).
The profile of RNA from free-living cells showed clear 23S,
16S, and 5S rRNA peaks and also a doublet of approximately
1.3 kb, corresponding to processed 23S rRNA. The processing
of 23S rRNA in Rhizobiaceae and R. leguminosarum has been
well documented (39, 56). While rRNA samples from mature
pea bacteroids had 5S and 16S peaks, they almost completely
lacked a 23S peak, although the doublet (approximately 1.3 kb)

was reproducibly observed, along with peaks for several
smaller fragments (Fig. 1). This further processing of 23S
rRNA into numerous smaller fragments appears to be specific
to mature pea bacteroids, as it was found in R. leguminosarum
strains 3841 and A34 from peas, but not in R. leguminosarum
bv. viciae 3841 isolated from vetch nodules (data not shown).
The degree of processing of 23S rRNA increased with bacte-
roid age, so by 15 days p.i., processing was similar to that at 28
days p.i. (data not shown).

The cDNA formed by RT of bacteroid RNA was refractory
to Cy dye labeling, in contrast to the ease of labeling cDNA
from cultured bacteria. Due to this labeling problem and the
low level of mRNA obtained in bacteroid samples, linear T7
amplification was used to increase the amount of RNA. Typ-
ically, 250 ng of total bacteroid RNA was amplified to approx-
imately 50 pg, and after RT to cDNA, it could be easily Cy dye
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FIG. 1. Comparison of RNA structures in free-living bacteria and
mature bacteroids. (A) Free-living R. leguminosarum bv. viciae 3841.
(B) Twenty-eight-day pea bacteroids of 3841. In free-living cells (A),
there is some processing of 23S rRNA, as shown by the large 1.3-kb
doublet; however, a 23S rRNA peak is clearly visible. In the bacteroid
sample (B), there is almost complete processing of 23S rRNA into
smaller fragments. A Bio-Rad Experion microfluidic analyzer was used
to determine the RNA structure.
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labeled. The relative abundance of stable RNA after T7 am-
plification was measured using qRT-PCR of 16S RNA and was
found to decrease 8.8-fold (AC, 3.14) relative to unamplified
RNA. To check whether bias was introduced by amplification,
three cultures were grown on media with glucose and three
with succinate as carbon sources. Arrays were conducted
(succinate versus glucose) on either RNA without amplifi-
cation or RNA with linear T7 amplification. From 1-way
analysis of variance, in which the variances were not assumed
to be equal (Welch ¢ test) with a P value of =0.01, only 15
expression ratios were significantly different between arrays
conducted with amplified versus unamplified RNA (73 would
be expected by chance). This showed that no significant bias
was introduced by the amplification procedure used.

Metabolic reconstruction from microarrays performed on
different carbon sources. As direct comparison of bacteroids
and free-living cells is difficult, in order to make sense of the
many metabolic changes, a metabolic baseline of free-living
cultures is needed. The first compound chosen for testing as a
sole carbon source was succinate, because dicarboxylates are
the likely carbon source for bacteroids in nodules (42).

(i) Succinate catabolism. Predictably, the gene most highly
upregulated in growth of free-living R. leguminosarum bv. vi-
ciae 3841 cells on succinate compared with glucose-grown cells
was dctA (RL3424) (75-fold), which encodes the C,-dicarboxy-
late transport protein. Likewise, genes for the gluconeogenic
enzymes phosphoenolpyruvate carboxykinase (pckA; RL0037)
and fructose biphosphate aldolase (fbaA; RL4012) were in-
duced 43- and 7-fold, respectively. In a study of succinate-
grown cultures of S. meliloti, these three genes were identified
as the most highly elevated (4). In strain 3841, the next most
highly upregulated genes were ald4 (RL1966), encoding ala-
nine dehydrogenase (13-fold), and dadX (pRL120416) (10-
fold). The gene encoding DadA (pRL120417) was fivefold
upregulated. The proteins encoded by the dadAX genes are
responsible for alanine catabolism, while aldA4 synthesizes ala-
nine and may have a role in bacteroid metabolism (1, 41). The
fact that such systems were elevated in the presence of succi-
nate indicates that alanine metabolism has a role in the growth
of 3841 on dicarboxylic acids.

(i) Pyruvate catabolism. Many of the genes expressed in R.
leguminosarum bv. viciae 3841 grown on pyruvate or succinate
may be related generally to organic acid metabolism. For ex-
ample, in pyruvate-grown cells, genes encoding gluconeogenic
enzymes, phosphoenolpyruvate carboxykinase (pckA; RL0037)
and fructose biphosphate aldolase (fbaAd; RL4012), were in-
duced 56- and 12-fold, respectively. The gene for AIdA was
also induced threefold, but unlike in succinate-grown cells,
dadA and dadX were not induced by pyruvate.

In R leguminosarum bv. viciae 3841, both succinate and
pyruvate strongly repressed the Entner-Doudoroff (ED) path-
way relative to growth on glucose. There was a reduction in
expression of RLO751 to RL0O753, encoding phosphogluconate
dehydratase (Edd), 6-phophogluconolactonase (Pgl), and glu-
cose-6-phosphate-1-dehydrogenase (Zwf). This indicates that
the ED pathway is more strongly expressed on sugars than on
organic acids, which is consistent with its role as the principal
pathway for sugar catabolism in rhizobia. Similarly, expression
of the genes encoding enzymes of the ED pathway in glucose-
grown cells of S. meliloti was elevated (4). As noted above, the
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gene for fructose biphosphate aldolase (fbad; RL4012) was
induced 7- and 12-fold on succinate and pyruvate, respectively.
This enzyme normally functions in glycolysis, but in 3841,
which uses the ED pathway, its role is in gluconeogenesis, and
it is induced by organic acids.

Three ABC transport systems were strongly repressed by
growth on either succinate or pyruvate: RL1824 to RL1827,
RLA4249 to RL4252, and RL3624 to RL3626. Two of these
(CUT1 systems RL1824 to RL1827 and RL4249 to RL4252)
are almost identical, with equivalent components showing >97%
amino acid identity. The single mutants (LMB109 [RL1826::Q)Tc],
RU4184 [R1LA249::Q)Sp], and RU4174 [RL3624::pK19Km]), as well
as a triple mutant (LMB110 [RL1826:QTc, RL3624::pK19Km,
RLA250:QSp]), grew on glucose as the sole carbon source. Since
there are 36 CUT1 and 30 CUT2 sugar transporters in R. legumino-
sarum bv. viciae 3841, it is likely that 1 or more of over 60 remaining
systems would transport enough glucose to allow bacterial growth.

(iii) Inositol catabolism. Inositol catabolism is important for
bacterial competitiveness to form nodules on peas (20), re-
quired for rhizopine catabolism (3, 22), and essential for ni-
trogen fixation by Sinorhizobium fredii in soybean nodules (35).

Two clusters of divergently expressed genes, RL1490 to
RL1496 and RL1497-RL1498, were strongly upregulated (up
to 24-fold) by growth on inositol. The first cluster includes the
known inositol catabolism genes i0ol[CDEB (RL1495 to
RL1492) (20), although in the previous study, iolC was missed,
as it was at the end of a cloned fragment. Malonic semialde-
hyde dehydrogenase (iol4; RL0776), which is not part of the
main catabolic operon, was also strongly upregulated (25-fold).
The gene for inositol dehydrogenase (idhA; RL3622), cata-
lyzing the first step of inositol degradation, was fivefold up-
regulated. It is known that mutants in iol4 (RL0776) and iolD
(RL1494) of R. leguminosarum bv. viciae 3841 are unable to
grow on inositol (20), as are idhA mutants of S. meliloti and S.
fredii (22). The pathway for inositol degradation has been well
characterized in Bacillus subtilis (62), and it is likely that the
same reactions occur in 3841, as enzymes of the pathway (IdhA
[or IolG] and IolA to -E) show 26 to 48% amino acid identity
between the two organisms (see Fig. S1 in the supplemental
material).

Clustered with the inositol-catabolic genes iol CDEB (RL1495
to RL1492) is a downstream gene, RL1490, encoding an AraC
family transcriptional regulator, and an upstream gene, RL1496,
annotated as encoding a putative sugar isomerase but with high
identity to RpiR-type negative transcriptional regulators. Muta-
tions were made in RL1490 and RL1496 to test whether they
control expression of the inositol-catabolic genes. Expression of
genes upregulated in the presence of inositol in strain 3841 and in
the two potential regulator (RL1490 and RL1496) mutant back-
grounds was measured using the plasmid-borne gfp reporter gene
fusions pRU1231 (iolC; RL1495) and pRU1577 (idhA; RL3622).
In 3841, expression of both iolC and idhA was induced by growth
on inositol compared to growth on glucose (Fig. 2). However, in
the RL1496 background, both io/C and idhA were expressed even
when cultures were grown on glucose (Fig. 2). Thus, RL1496
(now designated iolR) probably acts as a repressor of iolC and
idhA and is inactivated in the presence of inositol or an interme-
diate in its metabolism.

Growth on inositol led to upregulation of genes encoding
isocitrate lyase (RL0761) (20-fold) and malate synthase (glcB;
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FIG. 2. Expression of gfp-mut3.1 gene fusions to inositol-regulated
genes (iolC and idhA) in R. leguminosarum bv. viciae 3841 and iolR
mutant backgrounds, grown with either glucose or inositol as the sole
carbon source. The error bars indicate standard error of the means.

RL0054) (4-fold). This suggests that inositol degradation pro-
ceeds via the glyoxylate cycle. To test this, a glcB mutant of R.
leguminosarum bv. viciae 3841 was made (RU4287 [see Table
S1 in the supplemental material]), and while it grew normally
on glucose, succinate, and xylose, it was unable to grow on
inositol. In addition, a glcB mutant of R. leguminosarum bv.
viciae VF39 (24) failed to grow on inositol. However, while
inositol catabolism appears to be important for nodulation
competitiveness in peas and N, fixation in soybeans (22, 35),
genes encoding enzymes in this pathway are not upregulated in
bacteroids, suggesting inositol catabolism is important either in
the rhizosphere or very early in infection. Interestingly, Becker
et al. (5) reported the elevation of iolB in bacteroids of S.
meliloti; however, this was not observed for 3841 in this study.
Growth on inositol induced expression of the characterized
inositol ABC transporter (20); expression of RL4655 (intA,
encoding a solute-binding protein) and RL4653 (intC, encod-
ing an integral membrane protein) was elevated 71- and 33-
fold, respectively. A second ABC system (RL4651 to RL4647)
(PepT family) was upregulated approximately twofold, as was
RL4652, encoding a dipeptidase. The upregulation of these
genes may be due solely to their positions immediately down-
stream of the massively induced (>70-fold) int4 (RL4655).
Central metabolism of bacteroids. A comparison of 28-day
bacteroids from P. sativum to free-living succinate-grown cells
showed 276 genes that were =2-fold upregulated (3.8% of the
annotated genes of R. leguminosarum bv. viciae 3841) (63). A
detailed analysis of their distribution throughout the genome,
regulation, and development is considered below. However,
first, the central metabolism of mature bacteroids is compared
with that of free-living bacteria, as approximately a fifth of the
=2-fold-upregulated genes in mature bacteroids are concerned
with metabolism. Although strain 3841 contains three putative
citrate synthase genes (RL2234, RL2508, and RL2509), only
RL2234 (annotated as ccsA) was strongly upregulated (three-
to eightfold) in mature nodules. Of these three proteins,
RL2234 has the highest identity to the characterized citrate
synthases of S. meliloti (GItA) and the chromosomal citrate
synthase of Rhizobium tropici (33, 47). The increase in tran-
scription of RL2234 agrees with the very large increase in
citrate synthase activity measured in 3841 bacteroids (45) and
suggests it is a true symbiotically regulated activity. In bacte-
roids, the gene encoding aconitase (acnAd; RL4536) was three-
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fold upregulated and the suc operon (RL4435 to RL4438) was
up to threefold upregulated; the latter is consistent with the
very high rate of metabolism of succinate and malate in nod-
ules. Thus, pea bacteroids showed strong transcriptional up-
regulation of the decarboxylating arm of the tricarboxylic acid
(TCA) cycle (citrate synthase, aconitase, isocitrate dehydroge-
nase, and 2-ketoglutarate dehydrogenase), which agrees very
well with the measured activities of all these enzymes (45).
While these data from 3841 suggest the decarboxylating arm of
the TCA cycle is very active in bacteroids, there is evidence
that this part of the cycle is dispensable in soybean bacteroids.
For example, 2-ketoglutarate dehydrogenase mutants of B.
japonicum have far fewer bacteroids, but they fix N, at rates
similar to those of wild-type bacteria (28, 29, 31). In addition,
aconitase mutants of B. japonicum that have lost 70% of en-
zyme activity are able to fix N, at wild-type rates (57). In
contrast, 2-ketoglutarate dehydrogenase mutants of R. legu-
minosarum and isocitrate dehydrogenase and citrate synthase
null mutants of S. meliloti, as well as citrate synthase mutants
of S. fredii, are all Fix (40, 44, 47, 60). However, only 7% of
citrate synthase activity is required in S. meliloti to obtain
wild-type rates of nitrogen fixation (32). Thus, while a com-
plete TCA cycle is almost always important for full bacteroid
development and proliferation, in mature bacteroids, at least
part of the decarboxylating arm is dispensable (soybean bac-
teroids) or its activity can be severely reduced (alfalfa bacte-
roids). Overall, the data indicate that the expression and ac-
tivity of enzymes of the decarboxylating arm of the TCA cycle
are elevated in mature bacteroids, but the metabolism of mu-
tants may be sufficiently plastic to allow compensation by other
pathways. However, it is clear there is insufficient information
about metabolic flux in bacteroids to assess different pathways.

In mature nodules, genes involved in y-aminobutyrate me-
tabolism, gabD2 (RL0101) and gabT (RL0102), were induced
two- and sevenfold, respectively. However, both were more
strongly elevated at early stages of bacteroid formation, par-
ticularly at 7 days, when they were 15- and 38-fold upregulated,
respectively. This is consistent with labeling and enzyme activ-
ity data showing y-aminobutyrate metabolism is active in bac-
teroids (54a).

One intriguing result was strong elevation (ninefold) of the
expression of glcB (RL0054), encoding malate synthase, in the
absence of induction of the gene encoding isocitrate lyase
(RLO761). This contrasts with inositol-grown free-living cul-
tures, where both genes were strongly upregulated, enabling
expression of the classical glyoxylate pathway. Likewise, mi-
croarrays of acetate- and acetoacetate-grown cultures of R.
leguminosarum bv. viciae 3841 revealed induction of both isoci-
trate lyase and malate synthase, and a glcB mutant (RU4287)
(see Table S1 in the supplemental material) did not grow on
acetate or myo-inositol as the sole carbon source. This suggests
that a novel pathway for synthesis of malate that is not depen-
dent on lysis of isocitrate to release glyoxylate may occur in
bacteroids. Indeed, while malate synthase activity has been
measured in bacteroids from nodules isolated from pea, al-
falfa, clover, bean, cowpea, and soybean, isocitrate lyase activ-
ity has been found only in trace amounts in bacteroids from
pea, alfalfa, clover, and soybean nodules (17, 30). Given the
importance of malate metabolism in N, fixation, expression of
malate synthase without concomitant expression of isocitrate
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lyase is an important observation which requires further inves-
tigation. However, the 3841 glcB mutant (RU4287) was Fix™,
as was a glcB mutant of R. leguminosarum VF39 (24).

Acetoacetyl-coenzyme A (CoA) synthetase, RL0768, corre-
sponds to the acsA2 gene product in S. meliloti 1021 (SMc00774),
which catalyzes the activation of acetoacetate to acetoacetyl-CoA
for further metabolism (12). Cells grown on acetoacetate had
2.4-fold-elevated expression of acs42 (RL0768) compared with
glucose-grown cells, suggesting its involvement in acetoacetate
catabolism in strain 3841. Undifferentiated bacteria in infection
threads contain polyhydroxybutyrate (PHB) granules, while in
mature bacteroids they are absent, as PHB is degraded to -hy-
droxybutyrate and metabolized to acetoacetate. At 28 days p.i.,
expression of RLO768 (acsA42) was 3.2-fold upregulated, consis-
tent with the metabolism of acetoacetate released from the mo-
bilization of PHB granules in bacteroids.

The effective gene expression of bacteroids relative to glu-
cose-grown free-living cells was obtained by cross-multiplica-
tion of the relevant data sets (see Materials and Methods). In
most cases, the normalized data (bacteroid versus succinate or
bacteroid versus glucose) were similar, and bacteroid-specific
genes (e.g., nif and fix) were the genes that showed the most
induction. However, the four most strongly expressed genes in
the bacteroid-versus-glucose data not present in the bacteroid-
versus-succinate data set were dct4 (RL3424; 35-fold), aldA
(RL1966; 12-fold), pckA (RL0037; 10-fold), and dadX (pRL
120416; 8-fold). Elevated expression of these genes does not
appear in direct comparison of bacteroids with succinate-
grown cells, because they are strongly induced by dicarboxylic
acids. Thus, key aspects of bacteroid carbon metabolism re-
semble that of dicarboxylates.

General comparison of mature bacteroids with free-living
cells. Among the most upregulated genes in mature bacteroids
compared to free-living cells are the extensive nif and fix gene
clusters. Of the 276 genes that are =2-fold upregulated in
mature bacteroids, 39% are found in putative operons contain-
ing two or more genes. The distribution of upregulated genes
between chromosome and plasmids shows no bias; the chro-
mosome, containing 65% of the genes, has 63% of those up-
regulated. However, when plasmids are considered separately,
there is a strong bias toward pRL10 and pRL9, where there
are, respectively, three and two times as many genes upregu-
lated as expected. This is due, at least in part, to the presence
of nif and fix gene clusters on these plasmids. For pRLY, ex-
cluding 10 genes of the fix cluster (pRL90012 to pRL90021)
removes the bias, but for pRL10, even excluding 24 genes of
the nif and fix operons, the bias remains at 1.5, which indicates
further clustering of genes involved in bacteroid development.
Although the functions of almost 50% of the =2-fold-upregu-
lated genes are not known, approximately 20% are involved in
bacteroid central metabolism (primarily nitrogen fixation), ap-
proximately 20% are involved in transport across membranes
and the membranes themselves, and the remaining approxi-
mately 10% encode regulators of transcription, heat shock/
stress proteins, and enzymes to break down macromolecules
(e.g., peptidases and polysaccharidases). There was elevated
expression of genes for the heat shock proteins HspF (RL1883;
56-fold) and HspA (RL4089; 21-fold). HspA shows 53% iden-
tity to SMb21295, identified by a proteomic study as being
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bacteroid specific (15). However, a mutation in either of these
genes gave a Fix" phenotype (see below).

In mature bacteroids, 478 genes were =2-fold downregu-
lated (6.6% of the total genome). Of these, 44% are in operons
of 2 or more genes, the most obvious being the cluster of 32
downregulated genes (RL1761 to RL1799) encoding ribosomal
proteins. Slightly more genes on the chromosome were down-
regulated than would be expected from the gene distribution
alone, which was also observed in microarray studies of S.
meliloti bacteroids (4, 5). Among the =2-fold-downregulated
genes, the functions of approximately one-third are unknown,
but approximately 20% encode ribosomal proteins and approx-
imately 20% encode proteins involved in the metabolism of
small molecules, including enzymes of amino acid biosynthesis.
It is clear that bacteroids do not express genes for chemotaxis,
motility, cell division, and macromolecular metabolism to syn-
thesize or replicate nucleic acids. For example, RNA polymer-
ase, transcription termination and antitermination factors,
DNA replication proteins, RNA/DNA binding proteins, RNA
helicase, and DNA topoisomerase I were all downregulated, as
were many genes involved in synthesis of amino-acyl tRNAs.
Exceptions to this in R. leguminosarum bv. viciae 3841 are the
genes encoding arginyl-tRNA synthetase (argS; RL1058) and
tRNA A(2)-isopentenylpyrophosphate transferase (miaA;
RL3249), which showed slightly elevated expression in mature
bacteroids. Elevated expression of these two genes was also
found in bacteroids of S. meliloti (5). Other genes =2-fold
downregulated included those for several two-component sen-
sor regulators and at least four encoding proteins with
GGDEF or GGDEF/EAL domains. There was downregula-
tion of the only two operons encoding subunits of ATP syn-
thase (RL0924 to RL0927 and RL4405 to RL4410, two- to
fivefold downregulated) and cytochrome oxidases (ctaC
[RL1021] and ctaD [RL1022]). Despite the obvious need for
ATP in nitrogen fixation, the amount required by bacteroids
may be less than that of exponentially growing free-living cells.
Two extracytoplasmic function sigma factors (RL3509 and
pRL110007) were three- and twofold downregulated, respec-
tively. Six genes encoding cold shock proteins (CspAs;
pRL120765, pRL100052, pRL90321, RL0595, RL2102, and
RL2964) were two- to fivefold downregulated. In mature nod-
ules of S. meliloti, genes encoding the cold shock proteins
CspA2, -AS, and -A6 were found to be downregulated >3-fold
(5). The most downregulated (7- to 16-fold) gene cluster (pRL
100104-pRL100105) encodes the monocarboxylate transport
(Mct) system (34), responsible for transport of pyruvate, lac-
tate, and alanine. The RNA chaperone Hfq was downregu-
lated >4-fold in strain 3841, as in mature nodules of S. meliloti
(5).

Bacteroid development. Bacteroid development was exam-
ined by analyzing gene expression in nodule bacteria isolated
at 7, 15, and 21 days p.i. We use the term nodule bacteria to
refer to undifferentiated bacteria and bacteroids. Although
young nodules contain a higher proportion of undifferentiated
bacteria, such as those in infection threads and immature bac-
teroids, for simplicity we will refer to the overall process as
bacteroid development. In comparison with free-living cul-
tures, a total of 386 genes were induced =3-fold in at least one
stage of bacteroid development (M = 3; P < 0.05, using the
multiple-testing correction factor Benjamini and Hochberg
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FIG. 3. Hierarchical gene tree of expression from 13 experiments
over the course of bacteroid development on peas (7, 15, and 21 days
p.i. of 7 day-old plants and 28 days p.i. of seeds). The hierarchical tree
was generated with the gene tree clustering algorithm in GeneSpring
7.2. using Pearson correlation and average linkage of the 386 genes
that were =3-fold upregulated in nodule bacteria. Red indicates highly
expressed genes, yellow intermediate, and blue low. Nine clusters can
be distinguished and are indicated.
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false-discovery rate). Hierarchical clustering analysis was per-
formed on these 386 genes and on 13 individual hybridizations
using P. sativum 7, 15, and 21 days p.i. of seedlings and for 28
days p.i. of seeds (Fig. 3). Key markers, including nod, nif, and
fix genes, were followed. At 7 days, nod gene expression was
elevated, but it dropped at 15 and 21 days, while nif gene
expression was elevated at 15 and 21 days compared to 7 days.
For fix genes, although the majority were already elevated at 7
days (2- to 90-fold over free-living cells, the induction contin-
ued to rise at 15 and 21 days. The hierarchical tree (Fig. 3)
shows that bacteria isolated from nodules 7 days p.i. form a
separate branch from those at 15, 21, and 28 days. This indi-
cates that bacteroid development is largely complete by 15 days
p.i. and that 15- to 28-day nodules are dominated by mature
bacteroids. S. meliloti bacteroids from 5-day-old nodules of M.
sativa were considered to be early/intermediate, whereas 8-day
and older bacteroids were considered mature (13). The hier-
archical tree of the expression of the 386 upregulated genes
was divided into nine clusters (Fig. 3). The nod genes were in
cluster 2, while nif genes and the majority of fix genes were in
cluster 8. nifH was found in cluster 8, together with genes that
have a copy of the nifH promoter either directly upstream or at
the start of the operon (see below).

Classification of proteins encoded by genes =3-fold differ-
entially regulated for early/intermediate (7-day) bacteroids and
mature (15-day and older) bacteroids is shown in Fig. 4.
Throughout bacteroid development, several groups of genes
were found to be strongly downregulated. They include those
encoding proteins involved in motility and chemotaxis (24
genes), nucleic acid replication/repair (21 genes), cell division
(7 genes), amino acid biosynthesis (8 genes), outer membrane
proteins/cell surface polysaccharides and peptidoglycan (18
genes), and the large group of ribosomal proteins (30 genes)
(Fig. 4). It is apparent that the bacteroid has a reduced need
for protein synthesis, concurrent with 23S rRNA being highly
processed into numerous small fragments (Fig. 1). Decreased
gene expression in mature bacteroids has been reported for S.
meliloti (4, 13), and the pattern of genes expressed in S. meliloti

Number of genes
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FIG. 4. Classification based on Riley codes of genes differentially regulated (=3-fold) during bacteroid development. Genes expressed only in
early/intermediate bacteroids (7 days p.i.) are represented by black bars, and genes expressed only in mature bacteroids (=15 days p.i.) are
represented by unfilled bars. Genes expressed throughout bacteroid development are represented by gray bars. (A) Upregulated genes. (B) Down-
regulated genes. The functional classifications were derived from annotations available via RhizoDB.
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bacteroids (5) is similar to that observed in this study of R.
leguminosarum bv. viciae 3841. The single group in which genes
were only upregulated is concerned with degradation of pro-
tein and amino acids (15 genes). Most groups had both up- and
downregulated genes, and since the bacterium is undergoing a
complex differentiation process, this would be expected. Genes
involved in the specialized bacteroid function of nitrogen fix-
ation were classified under nitrogen metabolism (17 upregu-
lated; 5 downregulated) and electron transport (6 upregulated;
4 downregulated). There were changes in the expression of a
large number of regulatory proteins that control genes ex-
pressed in the complex differentiation leading to the formation
of mature bacteroids (26 upregulated; 24 downregulated).
Thirty-nine regulators were differentially expressed at 7 days,
which reflects large changes early in bacteroid formation. Fur-
thermore, in keeping with bacteria adapting to life within the
nodule, there were changes in genes involved in adaptation to
atypical conditions, eight upregulated and eight downregulated
genes, including those of several stress proteins. For genes
concerned with transposon-related functions, 9 were down-
regulated early in bacteroid development, but the expression of
11 genes was elevated in mature bacteroids. This burst of
transposon-related activity observed in bacteroids =15 days
p-i., which may be starting to senesce, is likely to be part of the
typical aging process and is seen in mature bacteroids of both
S. meliloti (2) and M. loti (58).

Overall, perhaps the most startling change in gene expres-
sion was in inner membrane and transport proteins. There
were 25 upregulated and 18 downregulated genes of the inner
membrane that were especially marked early in bacteroid de-
velopment. Changes in transport across cell membranes were
revealed by 33 upregulated and 19 downregulated genes, with
upregulation peaking in early stages of bacteroid development
(Fig. 4). There was upregulation of genes encoding the HlyD-
like secretion proteins RL1454 (10-fold) and RLA4274 (14-fold)
early in bacteroid development (at 7 days). Expression of the
gene for the HlyD-like secretion protein RmrA (pRL90059)
was elevated (threefold) in developing bacteroids. In Rhizo-
bium etli, an rmrA mutant formed 40% fewer nodules on beans
and showed increased sensitivity to naringenin, coumaric acid,
and salicyclic acid (26). It was suggested that RmrAB is in-
volved in the export of natural toxic plant-derived substances
in R. etli (26), and it may be that in R. leguminosarum bv. viciae
3841 the observed upregulation of genes encoding multidrug
resistance (MDR) proteins (including RmrA) is required to
perform a similar function. An rmr4 mutant in R. etli showed
a partial Nod ™ phenotype (26), and we can speculate that the
phenotype might be more severe but for the possible redun-
dancy in efflux/MDR proteins. In 3841, expression of SugE
(RL2561), another effluxyMDR protein, was elevated seven-
fold in mature bacteroids.

Protein secretion. In mature bacteroids, RL0O680 was 35-fold
upregulated compared with a free-living succinate-grown cul-
ture. RLO680 encodes a putative protein of the SecDF family
with 41% amino acid identity to RL2055, which had been
annotated as SecD. In fact, both RL0O680 and RL2055 have
SecD and SecF domains fused into a single polypeptide
(SecDF), as originally found in B. subtilis (7). We suggest that
RL2055 should be reannotated as SecDF1 and RLO0680 as
SecDF2, in keeping with S. meliloti, where SMc02059 (anno-

TRANSCRIPTOMIC ANALYSIS OF R. LEGUMINOSARUM BV. VICIAE 4009

tated as SecD1) shows 50% identity with RL2055 and
SMc02265 (SecD2) has 57% identity with RL0O680. The S.
meliloti proteins also have both putative SecD and SecF do-
mains. Homologues of both SecDF1 and SecDF2 are present
in R. etli and Sinorhizobium medicae, showing >85% and ap-
proximately 50% identity, respectively, to those of R. legumino-
sarum bv. viciae 3841. The exact role of SecDF is unclear (49),
but it may have a role late in protein export, possibly clearing
channels of prematurely folded or defective signal peptides
(48). Based on the large induction of RLO680 expression in
bacteroids, an appealing idea is that it acts as an alternative
subunit in the Sec export machinery, possibly replacing
SecDF1. It might permit or promote the export of proteins
required for the large-scale changes in membrane structure
observed here on nodule formation.

In mature bacteroids expression of TatABC (RL2046 to
RL2048) was elevated (approximately 1.5 to 3-fold), but not
earlier in bacteroid development, suggesting Tat-dependent
export of proteins late in the developmental process.

Orthologues in rhizobia and homology within the Rhizobi-
aceae. The proteins encoded by the 100 most upregulated
genes (>4.83-fold) in 28-day bacteroids (Table 2) were com-
pared by BLAST analysis of RhizoDB (http://xbase.bham.ac
.uk/rhizodb/) with closely related species for which the full
genome sequences have been determined: R. etli CFN 42, §.
meliloti 1021, B. japonicum USDA 110, M. loti MAFF303099,
S. medicae WSM419, and Agrobacterium tumefaciens C58 (23,
25, 27, 36, 37). With the exception of A. tumefaciens, these
organisms all form N,-fixing nodules with specific host le-
gumes. If genes upregulated in R. leguminosarum bv. viciae
3841 are common to this process, it might be expected that
they would be found in other N,-fixing rhizobia. Approxi-
mately one-third were present (having >50% amino acid iden-
tity) in all N,-fixing rhizobia, with approximately half of these
also having a homologue in A. tumefaciens. Apart from the
nif-fix clusters found exclusively on pRL10 and pRLY, the re-
markably few upregulated genes common to rhizobia encode
the following putative proteins: acetyl-CoA synthetase (pRL
100121), 4-hydroxybutyrate dehydrogenase (pRL120227), a
dehydrogenase (pRL120632), UPF0261 domain protein
(pRL90194), malate synthase (GlcB; RL0054), GFO/IDH/
MocA dehydrogenase (RL2323), and PrkA protein kinase
(RL3274). Of the proteins encoded by these 100 most upregu-
lated genes, approximately another one-third show high amino
acid identity (>70%) to a protein in a single species, and in the
majority of these cases (81%), the homologue is found in R.
etli, where the amino acid identity often exceeds 90%.

Although, as described above, there is homology between
the proteins encoded by genes highly upregulated in R. legu-
minosarum bv. viciae 3841 mature bacteroids and those of
other rhizobia, what is surprising is that the homology is not
more extensive. In the 100 proteins examined, 30 had no ob-
vious orthologue showing >65% amino acid identity in any
closely related species. Even among the closest sequenced rel-
atives of R. leguminosarum, R. etli and S. meliloti, only 58 and
45 of these 100 proteins were present, respectively. On the Sym
plasmid, pRL10, there were 13 genes that had no obvious
homologue in any rhizobia, including the clusters pRL100103
to pRL100106 and pRL100119-pRL100120, and on the chro-
mosome, there are 11 genes, including the clusters RL1148 to
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TABLE 2. The 100 most highly upregulated genes in 28-day pea bacteroids compared with succinate-grown free-living cells

Gene* Fold induction ~ Distribution®  Gene name Product description

pRL100067° 18 B Putative racemase/decarboxylase

pRL100092 5 PG Putative transcriptional regulatory protein, pseudogene

pRL100097” 12 B Conserved hypothetical protein

pRL100098 14 B Conserved hypothetical protein

pRL100099” 19 B Conserved hypothetical protein

pRL100100 65 PG Putative nitrogenase iron protein, pseudogene (has start of nifH)

pRL100101° 105 PG Putative acetolactate synthase, pseudogene

pRL100103" 13 A Putative alcohol dehydrogenase

pRL100104° 39 A Conserved hypothetical protein

pRL100105” 10 A phaC2 Putative polyhydroxyalkanoate synthase subunit C (shows 25% identity with
residues 252-527 of PhaC (RL2094) of R. leguminosarum bv. viciae 3841)

pRL100106° 21 A Hypothetical protein

pRL100117° 7 PG Putative iron-containing alcohol dehydrogenase, pseudogene

pRL100119° 34 B Putative propionate CoA transferase

pRL100120 9 A Conserved hypothetical protein

pRL100121 6 C acsAl Acetyl-CoA synthetase (shows 64% identity with AcsAl (SMc04093) of S.
meliloti)

pRL100137° 25 A metX Putative homoserine O-acetyltransferase

pRL100148" 19 PG thiC Putative thiamine biosynthesis protein, pseudogene

pRL100154 5 A Hypothetical protein

pRL100156 9 C fdxB Putative ferredoxin

pRL100157 12 PG NifX protein, pseudogene

pRL100158 23 C nifN Putative nitrogenase iron-molybdenum cofactor biosynthesis protein

pRL100159 46 C nifEl Putative nitrogenase iron-molybdenum cofactor biosynthesis protein

pRL100160 94 C nifK Nitrogenase molybdenum-iron protein beta chain

pRL100161 71 C nifD Nitrogenase molybdenum-iron protein alpha chain

pRL100162° 60 C nifH Putative nitrogenase iron protein

pRL100169 6 A rhiA Rhizosphere-expressed protein

pRL100192 9 B Hypothetical protein

pRL100193 9 B Conserved hypothetical protein

pRL100194 9 A Hypothetical protein

pRL100195 10 C nifB FeMo cofactor biosynthesis protein

pRL100197 17 C fixX Ferredoxin-like protein

pRL100198 24 C fixC Nitrogen fixation protein

pRL100199 28 C fixB Electron transfer protein

pRL100200 120 C fixA Electron transfer protein

pRL100201° 26 A Conserved hypothetical protein

pRL100205 27 C fixN Putative transmembrane cytochrome oxidase subunit

pRL100206 45 C fixO Putative cytochrome oxidase subunit

pRL100206A 24 C fixQ Putative component of cytochrome oxidase

pRL100207 38 C fixP Putative cytochrome oxidase subunit

pRL100210A 7 C fixS Putative component of cation pump

pRL100444> 103 B Putative oxidoreductase

pRL110199" 62 A Conserved hypothetical protein

pRL120027° 15 A Putative aldolase

pRL120227° 10 C Putative 4-hydroxybutyrate dehydrogenase

pRL120254 5 A Conserved hypothetical protein

pRL120632° 31 C Putative dehydrogenase

pRL120644 7 A Conserved hypothetical protein (originally annotated as pRL120645)

pRL90016 32 C fixP Putative cytochrome oxidase component cytochrome ¢ protein

pRLI90016A 27 C fixQ Putative component of cytochrome oxidase

pRLI0017 21 C fixO Putative transmembrane cytochrome ¢ oxidase protein

pRL90018 11 C fixN Putative cytochrome oxidase transmembrane component

pRL90021° 14 C azuP Putative pseudoazurin protein

pRL90031 10 B Conserved hypothetical protein

pRL90039 6 B Conserved hypothetical protein

pRL90046 5 A Hypothetical protein

pRLY0047” 14 B Putative universal stress protein

pRLI90194 5 C Putative UPF0261 domain protein

pRL90322 18 PG Hypothetical protein, pseudogene

RL0018" 11 C Putative transmembrane protein

RLO0054> 9 C glcB Putative malate synthase

RL0102 7 C gabT Putative 4-aminobutyrate aminotransferase

RL0540 7 C Putative two-component sensor histidine kinase transcriptional regulatory protein

RL0680” 35 B secDF2 Putative transmembrane export SecD/F family protein

RLO0702 7 C fiM Putative flagellum motor switch protein

RL0913" 11 C Putative PRC family protein

Continued on following page
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TABLE 2—Continued

Gene* Fold induction ~ Distribution®  Gene name Product description
RL1145 12 A Putative conjugated bile salt hydrolase
RL1148" 33 A Hypothetical protein
RL1149 6 B Putative exported arylsulfatase
RL1150 7 A Hypothetical protein
RL1151 7 B Conserved hypothetical protein
RL1173 10 C Putative transmembrane protein
RL1249 5 A Hypothetical protein
RL1259 6 B Conserved hypothetical protein
RL1423 6 C Putative transmembrane protein
RL1606 5 A Putative esterase (beta-lactamase family)
RL1694" 22 B Putative aldo-keto reductase
RL1860 6 B phhA Putative phenylalanine-4-hydroxylase
RL1868 9 B Putative universal stress-related protein
RL1870 7 A dksA Putative DNAK suppressor protein
RL1871 5 B Putative transmembrane cation ATPase transporter
RL1873 5 B Putative pyridoxine oxidase protein
RL1876" 5 B adh Putative alcohol dehydrogenase
RL1877 5 B Putative protease
RL1878" 13 B Putative peptidoglycan binding protein
RL1883" 56 A hspF Putative small heat shock protein
RL2271° 30 A Conserved hypothetical protein
RL2272° 19 B Conserved hypothetical protein
RL2323% 6 C Putative GFO/IDH/MocA dehydrogenase
RL2561 7 C Putative transmembrane efflux/MDR protein
RL3016° 137 B pcaH Protocatechuate 3,4-dioxygenase beta chain (3,4-pcd)
RL3130° 14 A Putative phosphatase protein
RL3274 5 C prkA Putative PrkA protein kinase
RL3366" 14 B Putative flavoprotein
RL3495 B Conserved hypothetical protein
RL3533 5 C gbcX Putative solute-binding component of ABC transporter, QAT family
RL3682" 9 C Putative transmembrane component of ABC exporter
RL4089" 21 C hspA Putative heat shock protein A
RL4244 7 A Putative transmembrane component of ABC transporter, CUT1 family
RL4279 5 C clpB Putative chaperone ClpB (heat shock protein)
RLA4530 6 C Putative orphan ATP-binding component of ABC transporter, family unclassified

“ Genes are listed in order; the first gene in a putative operon is in boldface.

b A strain with this gene mutated was isolated and tested on peas for nitrogen fixation.
¢ Found (=50% amino acid identity) as follows: A, unique to R. leguminosarum bv. viciae 3841; B, in one other species; C, in three or more species. PG, pseudogene
(excluded from search). The species investigated were R. etli CFN42, S. meliloti 1021, B. japonicum USDA 110, A. tumefaciens C58, M. loti MAFF303099, and S. medicae

WSM419.

RL1151 and RL2271-RL2272. Although over half of the pro-
teins encoded by genes found only in strain 3841 mature bac-
teroids are annotated as “hypothetical” or “conserved hypo-
thetical,” giving no clue to their functions, others are better
characterized and include the heat shock protein RL1883 (56-
fold upregulated), the stress protein pRL90047 (14-fold up-
regulated), and RhiA (pRL100169) (6-fold upregulated).
Duplication of signals for high-level gene expression in ma-
ture bacteroids. Pseudogenes make up 7% of the most elevated
genes in 28-day bacteroids, and all of them, with one exception,
are found on pRLI10. In three cases, they are the first gene of a
probable operon. In the case of the pseudogene pRL100100, the
first 20 amino acids of the protein encoded are identical to those
of NifH, and the 110 nucleotides before the start of the two genes
show 90% identity, including the RpoN binding site. However
outside of this small highly homologous region (170 bp), there is
no significant similarity. The observed upregulation (65-fold in
mature bacteroids) of this four-gene operon, pRL100100 to pRL
100097, is likely to be due to its copy of the nifH promoter. The
genes pRL100099 to pRL100097 encode three conserved hypo-
thetical proteins that show 50 to 73% amino acid identity to
bll1977, bl11980, and bll1981 from B. japonicum USDA 110, but

there was little homology with other rhizobia. To test whether the
expression of this operon is important in bacteroids, mutants in
pRL100099 and pRL100097 were isolated (strains RU4027 and
RU4075, respectively) (see Table S1 in the supplemental mate-
rial), but both were Fix". In all, six copies of the nifH upstream
region (promoter) were found in the R. leguminosarum bv. viciae
3841 genome, and all on pRL10 and downstream genes were 5- to
>100-fold upregulated in 28-day bacteroids. These genes were
found together with nifH in cluster 8 of the hierarchical tree based
on expression of upregulated genes (Fig. 3) and in a single group
with K-means clustering analysis (into five clusters, using a simi-
larity measure; Pearson coefficient). A summary of the expression
of these genes, their operonic structure, and the mutants made in
nine of the genes is provided in Table S5 in the supplemental
material. Expression of this whole group of genes was highly
elevated in mature bacteroids due to the presence of the nifH
upstream region. However the Fix" phenotype of all mutants
tested revealed that their expression is not essential for nodule
function.

Role of host specificity in nodule formation. The large num-
ber of genes specifically induced in the R. leguminosarum bv.
viciae 3841-pea symbiosis shows that there is a broad range of
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responses in rhizobia during bacteroid formation and nitrogen
fixation. While there is a very well-established nif/fix core, this
indicates great metabolic diversity in the responses of different
rhizobia, possibly to different plants. The response observed in
3841 with peas was compared with that in 28-day nodules of
vetch, V. cracca. There is no evidence, with the possible excep-
tion of rhiA (pRL100169), that the pattern of regulation of the
100 most upregulated genes in vetch differed from that in pea.
Expression of rhid (pRL100169) was extremely variable, and a
change from 6-fold upregulated in pea to <2-fold upregulated
(1.7-fold) in vetch is probably insignificant. This similarity be-
tween pea and vetch bacteroids is notable because many of
these genes are not even present in the genomes of the closest
relatives of R. leguminosarum. In contrast with this, the pro-
cessing of the 23S rRNA appears to be pea specific.

Validation of microarray experiments. To validate the mi-
croarray results, QRT-PCR was performed on 20 genes, and
the results were compared with those obtained with microar-
rays for 28-day bacteroids (see Table S6 in the supplemental
material). Although for 70% of the genes the results of qRT-
PCR confirmed the microarray data, there were six genes for
which the results differed. To examine this, gusA4 reporter gene
fusions to pRL100067, pRL100444, pRL110199, pRL120632,
RL0680, and RL3016 and to nifH (positive control) (pRU2189
to pRU2199) were constructed (see Table S1 in the supple-
mental material). The GusA activities of bacteroids isolated
from strains containing reporter gene fusions were measured
(see Table S6 in the supplemental material). In each case, the
GusA activities broadly confirmed 28-day bacteroid microarray
results. While the reason for discrepancies between the tech-
niques is not known, differences between the results of mi-
croarrays and qRT-PCR are often observed (4, 13).

Mutant analysis. In addition to the nine mutants described
above, mutations were made in a further 28 genes that were
highly upregulated (6- to >100-fold) in mature bacteroids (Ta-
ble 2) (the mutants listed in Table S1 in the supplemental
material are strains RU4022 to RU4174 and RU4301 to
RU4306). Mutants in known nitrogen fixation (nifH; pRL100
162) and bacteroid development (bacA; RL3557) genes were
also isolated (strains RU4062 and RU4040, respectively) (see
Table S1 in the supplemental material). When inoculated onto
peas and assayed at 3 weeks, bacA and nifH mutants were
unable to reduce acetylene (Fix ), but all other mutants
showed a Fix" phenotype, reducing acetylene at between 75 to
125% of R. leguminosarum bv. viciae 3841 levels and producing
red nodules. For each mutant, Neo" bacteria were isolated
from nodules squashed at 3 weeks p.i., demonstrating that
pK19 mutations were stable in nodules.

From the above-mentioned results, it is clear that high ex-
pression of a gene during bacteroid formation does not guar-
antee that it is essential for N, fixation. We therefore con-
ducted a small trial of randomly mutated R. leguminosarum bv.
viciae 3841 strains to see whether novel mutants that were
unable to fix N, would be obtained. To do this, pea plants were
individually screened with 3,072 mini-Tn5-mutated 3841
strains to assess their phenotypes. Mutants were selected on
minimal medium prior to pea inoculation to deliberately ex-
clude the numerous auxotrophs obtained on complex medium
(e.g., TY), which are often Fix  because they are unable to
make essential cofactors. After 6 weeks of growth on plants,
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one Nod™ and six Fix~ strains were obtained. Each of the
mini-Tn5 markers was transduced into 3841, and after reinoc-
ulation onto plants, six of seven strains showed the same Nod ™
or Fix~ phenotype, demonstrating linkage to the transposon.
Each mini-Tn5 insertion was cloned and sequenced. In the
single Nod™ strain, RU4017, the insertion was in nodC (pRL
100187). Of the five Fix ™ strains (RU4018, RU4067, RU4068,
RU4105, and RU4107) (see Table S1 in the supplemental
material), only one is mutated in a previously identified gene
required for N, fixation. RU4068 has a mutation in cycY
(RLA4540), encoding a cytochrome ¢ biogenesis protein and
demonstrated to be essential for symbiotic nitrogen fixation
(59). The first mutation leading to a previously unknown Fix ™~
phenotype was in RL1461, encoding a putative Mg?" trans-
porter (MgtE) (strain RU4107). This implies that Mg>" trans-
port is necessary to bacteroids and suggests that it becomes
limiting during the developmental process. Since magnesium is
crucial to the functions of many cellular factors, including
many enzymes and ATP, it easy to speculate how this mutation
could prevent the formation of N,-fixing bacteroids. However,
further work is needed to verify that it does transport Mg>*
and/or other divalent metal ions. The second mutation causing
a Fix™ phenotype was in the large subunit of GOGAT (gltB;
RLA4085) (incorrectly annotated as glt4 in the published se-
quence [63]) (strain RU4018). In R. etli, a strain mutated in
gltB was reported to be unaffected in N, fixation (14); however,
it was also reported that in a strain mutated in g/tD (small unit),
nitrogenase activity was reduced to 25% of wild type (18). The
third Fix~ mutation was an insertion toward the 3’ end of pRL
100036, which encodes a putative ATPase associated with di-
verse cellular activity (AAA ATPase) (strain RU4067). AAA
ATPases are found in a wide range of prokaryotes and eu-
karyotes and have an equally diverse range of roles. Since pRL
100036 and pRL100035 (encoding a conserved hypothetical
protein) are only 15 bp apart, it is possible that the mini-Tn5
insertion interferes with the transcription of downstream pRL
100035. While it is beyond the scope of this study to determine
the precise role of pRL100036 in symbiosis, some AAA
ATPases are already known to play an essential role in sym-
biotic nitrogen fixation. DctD (RL3426), the o>*-dependent
enhancer binding protein, is a well-characterized example in R.
leguminosarum, binding upstream of dct4 (RL3424) and influ-
encing its expression (55). The final Fix™ strain was mutated in
petC (RL3484), encoding a cytochrome ¢, precursor (strain
RU4105). Downstream genes (petB [RL3485] and petd
[RL3486]), whose expression is probably affected, encode cy-
tochrome b and a Rieske protein, an iron-sulfur protein sub-
unit of cytochrome bc,, respectively. The cytochrome bc, com-
plex has been shown to be essential for nitrogen fixation (61).
In R. leguminosarum bv. viciae 3841, expression of each mu-
tated gene was not upregulated in nodules. This indicates that
although there are likely to be numerous uncharacterized pro-
teins essential for N, fixation, targeting those with highly ele-
vated expression in mature nodules may not lead to their
discovery.

Conclusion. We set out to examine the complex changes in
bacteroid gene expression with an emphasis on metabolism.
Metabolic changes in bacteroids are consistent with the use of
dicarboxylic acids as the carbon source, but there are also large
numbers of novel metabolic genes with unknown functions that
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are upregulated. Changes consistent with this include induc-
tion of dicarboxylate transport, gluconeogenesis, alanine syn-
thesis, and the decarboxylating arm of the TCA cycle, as well as
repression of the ED pathway. Moreover there are extensive
changes in the expression of regulatory genes and those coding
for membrane/cell surface components, including membrane
transport, early in the developmental process of differentiation
into bacteroids. It is surprising that so many of the most
strongly induced genes in both pea and vetch nodules are not
present in other rhizobia, which emphasizes the plasticity in
the responses of different rhizobia to their respective hosts.
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