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Abstract The gene encoding glutamate dehydrogenase
(gdhA) in the ruminal bacterium Ruminococcus flavefa-
ciens FD-1 was cloned. A degenerate primer based on the
N-terminal amino acid sequence of the purified protein
was used in conjunction with genome walking to obtain
the complete ORF of 1,365 bp, capable of encoding a
polypeptide of 455 amino acid residues. The translated
ORF contained the amino acid motifs characteristic of the
subfamily GDH S_50I small glutamate dehydrogenases,
including the catalytic site, and matched the originally de-
duced N-terminal amino acid sequence. BLAST search
yielded high scores with other GdhA sequences from a
variety of organisms, the closest match being with the
GdhA sequence of Corynebacterium glutamicum (63%
amino acid identity). Classification of the GdhA enzyme
from R. flavefaciens FD-1 as a GDH S_50I subfamily
member was further supported by phylogenetic analysis.
The transcript size determined by Northern blot analysis
was in good agreement with the putative regulatory region
of the gene and confirmed its monocistronic structure.
R. flavefaciens GdhA activity appears to be regulated pri-
marily at the level of transcription. Brief exposure to 
20 mM NH4Cl prior to extraction did not alter the level of
activity. Transcriptional regulation, studied with quantita-
tive real-time RT-PCR, demonstrated a three-fold increase
of the gdhA transcript concentration in ammonia-limited
cells in comparison with an excess of ammonia in the me-
dium. This is in agreement with the enzyme activity data
obtained under ammonia- and carbon-limited growth con-
ditions.
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Transcriptional regulation

Introduction

Understanding ammonia assimilation in the rumen is im-
portant not only in order to maximize ruminal fermenta-
tion and fiber digestion, but also to more effectively fix
nitrogen in bacterial cells and reduce N losses from the ru-
minant animal. Bryant and Robinson (1961) found that
92% of rumen bacterial isolates could utilize ammonia as
the main source of N, while it was essential for the growth
of 25% of all isolates tested. Bryant and Robinson (1963)
demonstrated that cultures of bacteria isolated from the
rumen showed a positive growth response to excess NH4

+

when grown on peptides as the sole N source. For cellu-
lolytic ruminal bacteria, such as the ruminococci, it was
demonstrated that ammonia is the primary nitrogen source
by the low uptake of [14C]-labeled amino acids and the
concomitant disappearance of NH3-based nitrogen from
the medium (Bryant 1973). This has been debated in re-
cent years with respect to [15N]-labeled ammonia studies
of nitrogen uptake in various cellulolytic bacteria, includ-
ing Ruminococcus flavefaciens (Atasoglu et al. 2001).
With respect to regulation of the primary enzymes of am-
monia assimilation, subsequent studies indicated, particu-
larly in the case of the ruminococci, deviations from the
enteric model. Initial descriptions of ammonia assimila-
tion enzymes in Ruminococcus included a report (Joyner
and Baldwin 1966) of the NADH-linked glutamate dehy-
drogenase in Ruminococcus albus, later confirmed in
R. albus 7 under glucose limitation in a chemostat (Kist-
ner and Kotze 1973). An interesting observation concern-
ing a potential difference in regulation with respect to ni-
trogen metabolism when compared to the enterics was
work on R. flavefaciens 67 in which cell-associated
NADP-linked glutamate dehydrogenase (GDH) activity
was found to be three-fold higher under ammonia-limiting
conditions, independent of growth rate (D=0.06–0.15 h–1)
(Pettipher and Latham 1979). A similar phenomenon was
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observed with R. flavefaciens FD-1 (Duncan 1993). The
specific activity of GDH in crude extracts obtained from
batch cultures was highest in NH4

+-limited media and was
unaffected by the exposure to 20 mM NH4Cl, suggesting
that regulation was at the transcriptional rather than at the
post-translational level. Prevotella ruminicola B14, a
gram-negative ruminal bacterium belonging to the Cyto-
phaga-Flexibacter-Bacteroides (CFB) phylum, possessed
both NADPH- and NAD-linked GDH activity, with high-
est specific activity measured under ammonia-limiting
conditions (Wen and Morrison 1996). NADPH-GDH (gdhA)
gene expression was greatest in ammonia-grown cultures
and GDH activity was regulated by the nitrogen source
(ammonia vs peptides) probably at the level of transcrip-
tion (Wen and Morrison 1996).

In previous work, GDH activity and dependence on
NADPH for activity were demonstrated in crude extracts
from R. flavefaciens FD-1, and the N-terminal amino acid
sequence of the purified enzyme was determined (Duncan
et al. 1992). In the present work, we cloned the gdhA gene
and showed that the predicted amino acid sequence of
GDH was similar to those of members of the GDH S_50I
subfamily of GDHs. Northern blot analysis supported the
putative transcript size of gdhA. Transcriptional regula-
tion studies supported the enzymatic analysis showing up-
regulation of the gdhA gene under ammonia-limiting con-
ditions.

Materials and methods

Bacteria and culture conditions

R. flavefaciens FD-1 (Department of Animal Sciences culture col-
lection, University of Illinois at Urbana-Champaign, USA) was
used throughout this study. Escherichia coli TOP10 cells (from
Original TA Cloning Kit and TOPO TA Cloning Kit, Invitrogen,
Carlsbad, Calif., USA) were used in all cloning applications. Stock
cultures of R. flavefaciens FD-1 were stored in liquid nitrogen on
agar slants that contained 2% agar (w/v), 0.05% cellobiose (w/v),
0.05% xylan (w/v), 0.05% maltose (w/v), 2% (v/v) Na-DL-lactate
[10% (v/v) solution], 7.5% mineral solutions (v/v) (Bryant and
Burkey 1953), 40% clarified rumen fluid (v/v), 0.1% resazurin
(v/v), 0.05% Bacto-Casitone (w/v), 7% NaHCO3 (v/v), 0.2% glu-
cose (v/v), and 2% cysteine-sulfide solution (v/v). Maintenance
cultures of R. flavefaciens FD-1 were grown in a defined medium
containing 20 mM NH4Cl, and 10 mM cellobiose at 37 °C in
crimped butyl-rubber-stoppered vials saturated with CO2:H2 (95:5,
v/v) atmosphere (Duncan et al. 1992). Cultures of R. flavefaciens
FD-1 used in enzymatic and transcription studies had altered car-
bon:nitrogen ratios. Carbon-limited cultures were supplied with 5
or 10 mM cellobiose and 5 or 10 mM NH4Cl, while ammonia-lim-
ited cultures had 10 or 20 mM cellobiose and 1 mM NH4Cl. E. coli
transformants were grown in LB media, which was solidified with
1.8% agar when required. Ampicillin (100 µg/ml) was added for
selection and maintenance of plasmids. Ammonia concentration
was determined using the phenol-hypochlorite method (Chaney
and Marbach 1962).

Construction of genome-walking libraries

Extraction of genomic DNA from R. flavefaciens FD-1 was adapted
from a general laboratory protocol (Wilson 1997). Genome-walk-
ing libraries were constructed using the Universal GenomeWalker
Kit (Clontech, Calif., USA). Genomic DNA of R. flavefaciens FD-1

was digested according to the manufacturer’s protocol using nine
separate restriction enzymes: AatII, BsmI, DraI, EcoRV, HpaI,
PvuII, ScaI, SspI, and StuI (it should be noted that EcoRV was the
only restriction enzyme capable of complete digestion of the total
DNA of R. flavefaciens FD-1). An alkaline phosphatase treatment
(Promega, Madison, Wis., USA) was also included to decrease the
possibility of chimeric rearrangement of the digested genomic
DNA during the ligation step with the adaptor sequences; this was
carried out according to the manufacturer’s protocol.

Amplification of gdhA

Amplification of the GDH encoding gene began with PCR ampli-
fication of the N-terminal end of the enzyme [using the primer
based on the N-terminal amino acid sequence previously deter-
mined (Duncan et al. 1992) and primers from the GenomeWalker
Kit, i.e., Adaptor Primer 1, AP1; in Table 1]. Once the fragment
was produced, a second round of amplification was conducted us-
ing the gene-specific primer again, but this time in conjunction
with the Nested Adaptor Primer 2, AP2, whose sequence is also
contained in the GenomeWalker Adaptor (Table 1). This “nested
PCR” approach insures a lower background of nonspecific ampli-
fied products while simultaneously producing sufficient quantities
of the amplified product for cloning or direct sequencing. Follow-
ing the isolation of the initial fragment of the gdhA gene, the AP2
primer was used exclusively in all subsequent genome-walking ex-
periments owing to its higher melting temperature compared to
AP1. PCR amplifications were conducted using a basic three-step
program (an overview is given here owing to the intensive nature
of the optimization phase; specific programs are designated in the
text): 95 °C for 5 min; then 30 cycles of 95 °C for 30 s, 55 °C for 
30 s, 72 °C for 60 s, and final extension at 72 °C for 7 min. All PCR
reactions were done on a Perkin Elmer GeneAmp 2400 using the
ExTaq PCR kit (Panvera, Madison, Wis., USA). Following se-
quence elucidation, primers were designed based on this informa-
tion and the upstream and downstream amplifications from the
other libraries were conducted.

Cloning, sequencing, and sequence analysis

Gene fragments initially obtained via PCR were cloned using the
Original TA Cloning Kit and the TOPO TA Cloning Kit(Invitro-
gen). Recombinant plasmids were sequenced by the Biotechnol-
ogy Center (University of Illinois at Urbana-Champaign). The nu-
cleotide sequence of gdhA has been submitted to GenBank under
the accession number AY137769. Sequence analysis, including
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Table 1 PCR primers used in this work

Primers Sequence (5′→3′)

gdhA cloning
AP1

a GTAATACGACTCACTATAGGGC
AP2

a ACTATAGGGCACGCGTGG
Primer 1 GDHMet ATGGCNYTNAARAAYCARTAY
Primer 2 GDHGlyFW1 GCCAGAGCTTCATGACAGAG
Primer 3 GDHGlyRV1 GCGTCGATGAGATCCTGTCT
Primer 4 GDH3FW CGGTGCTAAGGTCGTTACTG
Primer 5 GDHFW182 TCCATGGGAATGTACACAACC
Primer 6 GDHRV1771 GTATGCCTCTCAGCTTTGCC
Primer 7 GDHPRBFW1 GACAGGATCTCATCGACGCAGG
Primer 8 GDHPRBRV1 GCCTTCATAGCTTCAGCAAC

gdhA real-time RT-PCR
GDH-FW GCCAGAGCTTCATGACAGAGC
GDH-RV CTGCATTGCACTTCAGTGTCC

aClontech Universal GenomeWalking Kit
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editing, alignment, and designing of primers for further amplifica-
tion and sequencing work, was conducted utilizing the GeneWorks
2.5.1 program for Macintosh. The primer structures were tested
with the Oligo 4 program to avoid the formation of secondary
structures. Sequences were aligned using the multiple sequence
alignment program CLUSTAL W, version 1.74 (Thompson et al.
1994). Gaps and positions with ambiguities were excluded from
the phylogenetic analysis. The two-parameter model of Kimura
(1980) was used for construction of neighbor-joining trees (Saitou
and Nei 1987). The statistical significance of the branching events
was evaluated by bootstrap analysis (Felsenstein 1985) involving
the construction of 1,000 trees from resampled data.

RNA extraction and purification

All solutions, buffers, equipment, and glassware were made RNase-
free for all RNA experiments conducted. Buffers were made up us-
ing DEPC-treated ddH2O, and glassware was baked at 200 °C for a
minimum of 2 h. The total RNA isolation protocol was adapted
from previous protocols (Reddy and Gilman 1997; Alm and Stahl
2000). RNA from cell pellets (200 mg) of R. flavefaciens FD-1 was
extracted using zirconium beads and bead beating (Biospec Prod-
ucts, Bartlesville, Okla., USA). RNA concentration was estimated
by measuring its absorbance at 260 nm, and the purity was deter-
mined by ratios of A260/280 greater than 1.9. Confirmation gels were
run of all samples processed. Following ethidium bromide stain-
ing, the quality of the rRNA bands (i.e. presence of discrete rRNA
bands) was assessed as an indicator of the overall RNA quality. If
contaminating genomic DNA was present, samples were treated
with RNase-free DNase (Promega).

Northern blot analysis

Northern blot analysis was conducted according to a general labo-
ratory protocol (Sambrook et al. 1989). Two sets of RNA molecu-
lar size standards were included in the electrophoresis — 0.16–
1.77 kb RNA ladder and 0.24–9.5 kb RNA ladder (both from
GibcoBRL). PCR was used to amplify templates to be internally
labeled with α-dCTP P32 (ICN Pharmaceuticals) in a Klenow-frag-
ment-mediated labeling reaction. Probes were prepared with the
Random Primer Labeling Kit (GibcoBRL) according to the manu-
facturer’s instructions. Membranes with the cross-linked RNA

were wrapped in SaranWrap and exposed to phosphorimaging
plates. Images were captured with the MolecularDynamics imag-
ing software and imported into Adobe Photoshop.

Quantitative real-time RT-PCR assay

The gdhA mRNA in R. flavefaciens FD-1 cells was quantified with
a GeneAmp 5700 Sequence Detection System (PE Applied
Biosystems, Foster City, Calif., USA). The TaqMan Reverse Tran-
scription Reagents (Roche Molecular Systems, Branchburg, N.J.,
USA) were used for the reverse transcriptase reaction. SYBR
Green PCR Core Reagents (PE Applied Biosystems) were used to
monitor progression of the PCR. The optimized concentrations of
primers, which are shown in Table 1 (gdhA real-time RT-PCR),
were 104 nM (GDH-FW) and 144 nM (GDH-RV). The optimized
concentration of MgCl2 was 6 mM (final concentration). To deter-
mine the specificity of amplification, product-melting analysis and
product-size verification were performed. Negative controls in-
cluded: parallel samples treated with RNase, parallel samples
without reverse transcriptase, and no-template samples. To gener-
ate the standards for quantification, PCR amplicons obtained with
total chromosomal DNA of R. flavefaciens FD-1 and the GDH
primers (Table 1, primers for real-time RT-PCR) were purified by
gel electrophoresis and the concentration was determined spec-
trophotometrically. The known concentrations of this amplicon
were run in parallel to generate standard curves for quantification
of the transcript in total RNA. These calibration curves were used
for calculation of the specific transcript concentration in total RNA
preparations from R. flavefaciens FD-1 grown under different am-
monia concentrations.

Determination of glutamate dehydrogenase enzyme activity

Cells were harvested in late exponential phase by centrifugation
(10,000xg, 20 min, 4 °C) and the pellet was washed once with
anoxic buffer (50 mM Tris, 1% KCl, 2 mM MnCl2, 1 mM DTT, pH
6.8). Washed cells were resuspended in the same buffer to 1/100 of
the original volume and disintegrated by a single passage through
a French press (1.3789×108 Pa or 138 MPa). Cell debris was re-
moved by centrifugation (10,000xg, 10 min, 4 °C) and the super-
natant was ultracentrifuged (328,000xg, 37 min, 4 °C) and desig-
nated as fraction S2 (Fig. 4). The resulting pellet with membrane

Fig. 1 a The 1,365-bp gene
encoding Ruminococcus flave-
faciens FD-1 glutamate dehy-
drogenase (GDH) (455 amino
acids). In the region preceding
the ORF, putative –35 and –10
regions and the putative ribo-
some-binding site are indi-
cated. b The GDH protein de-
duced from the nucleotide se-
quence. The locations of the
previously determined N-ter-
minal amino acid sequence and
of the GDH family I motifs
and active site are shown



fraction was resuspended in 2- to 5-ml aliquots of the same buffer
and designated P2 (Fig. 4). Glutamate dehydrogenase [E.C.
1.4.1.2–4] was assayed using a modification (Smith et al. 1980) of
the method of Meers et al. (1970). Both NADH- and NADPH-
linked activities were tested. Activity was measured spectrophoto-
metrically as the decrease in absorbance at 340 nm during a 5-min
assay. Ammonia-limited cultures were divided into equal volume
portions to which were added small volumes of deionized water
(control) or concentrated NH4Cl (20 mM final concentration). Af-
ter 10 min incubation at room temperature, cells were ruptured in
the French press and centrifuged as described above, and aliquots
of supernatant (S) and pellet (P) fractions assayed for GDH activ-
ity.

Results

Cloning of gdhA

Previously, the NADP+-dependent GDH from R. flavefa-
ciens FD-1 was purified and the N-terminal amino acid
sequence determined (Duncan et al. 1992). The entire
coding region of glutamate dehydrogenase (gdhA) was
obtained utilizing the genome-walking technique. The ini-
tial 460-bp PCR fragment amplified, using primers 1 and
AP2 (Table 1), was cloned, sequenced, and the resultant
nucleotide sequence yielded high-scoring similarities with
other gdhA sequences from a variety of organisms de-
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Fig. 2 Neighbor-joining tree
of the glutamate dehydroge-
nase family. The R. flavefa-
ciens FD-1 sequence located
within the subfamily of small
glutamate dehydrogenases
(class GDH S_50I) is shown in
bold. Numbers at nodes repre-
sent the occurrence of nodes in
1,000 bootstrap trials. The tree
is rooted with the GDH of
Plasmodium falciparum



posited in GenBank. The upstream and downstream re-
gions were obtained with primers 3 and AP2, and primers
2 and AP2, respectively (Table 1). Alignment of these
fragments resulted in a complete ORF (Fig. 1). The con-
tiguous ORF of gdhA, together with the regulatory re-
gions, was amplified and cloned into the pCR2.1-TOPO
vector.

Sequence and phylogenetic analyses of gdhA

The region upstream of the ORF is AT-rich and regulatory
sequences such as –35 and –10, as well as the putative ri-
bosome-binding site can be proposed (Fig. 1). Translation
of the sequence yielded three characteristic motifs found
in the GDH S_50I subfamily glutamate dehydrogenases
including the catalytic site [PSVNL, KFL(AG)F(EG)(EQ),
R(PT)EATGY, and GG(AG)K(AG)G; Fig. 1] (Benachen-
hou-Lahfa et al. 1993). Additionally, the previously de-
duced N-terminal sequence (Duncan et al. 1992) was mir-
rored in the same ORF as the GDH S_50I subfamily mo-
tifs (Fig. 1). BLAST searching of GenBank using the
translated ORF yielded high-scoring sequence similarities
with other GdhA sequences from a variety of organisms,
the closest match being with the GdhA sequence of
Corynebacterium glutamicum (63% amino acid identity;
76% similarity). These results were reiterated by phyloge-
netic analysis of the amino acid sequence (Fig. 2). It clus-
tered together with the sequences from C. glutamicum and
Helicobacter pylori (with bootstrap values of 415 and
486, respectively) within the GDH S_50I subfamily of
glutamate dehydrogenases (Fig. 2).

Northern blot analysis

Two batch-culture conditions to grow R. flavefaciens FD-1
were set up to simulate the low- and high-ammonia con-
centration in the media. The former was supplemented
with 10 mM cellobiose and 1 mM NH4Cl (ammonia-lim-
ited), and the latter with 5 mM cellobiose and 5 mM
NH4Cl (carbon-limited). After harvesting the cultures at
their respective mid-exponential stages of growth (OD=
0.25 for low NH4

+ concentration and OD=0.4 for high
NH4

+ concentration), bulk RNA was extracted. Samples
of total RNA (10 µg aliquots) extracted from these cul-
tures were run in triplicate on a denaturing (formaldehyde-
containing) 1.2% agarose gel and transferred to a nylon
(Magna-Charge) membrane. The probe generated for gdhA
was based on a 1.2-kb PCR amplicon obtained with primers
7 and 8 (Table1). Following hybridization and washes, a
single band of about 1.4 kb was observed in all six lanes
(Fig. 3). The size of the transcript is in a good agreement
with the predicted gene features and confirms its mono-
cistronic structure (Fig. 1). In addition, band intensity was
higher in lanes 3–4 (ammonia-limited cultures) than in
lanes 6–8 (carbon-limited cultures).

GDH enzymatic activity

Specific activity of NADPH-dependent GDH was highest
in the cell extracts of R. flavefaciens FD-1 grown under
ammonia limitation and was approximately three- to four-
fold higher than in carbon-limited cultures (Table 2). Thus,
the enzymatic assay data are in agreement with transcrip-
tional regulation data. Additionally, no change in activity
upon N-shock of the NH4

+-limited cultures was observed
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Fig. 3 Northern blot detection of the gdhA transcript in total RNA
preparation from R. flavefaciens FD-1 grown with different am-
monia concentrations. Lane 1 0.24- to 9.5-kb RNA ladder (Gibco-
BRL), lane 2 0.16- to 1.77-kb RNA ladder (GibcoBRL), lanes 3–5
RNA from cultures grown under low NH4

+ concentrations (1 mM),
lanes 6–8 RNA from cultures grown under high NH4

+ concentra-
tions (5 mM)

Table 2 Concentration of gdhA mRNA in total RNA and specific
glutamate dehydrogenase activity in R. flavefaciens FD-1 cells
grown under ammonia-limiting or ammonia-excess conditions.
ND Not determined

Concentration in  Residual Transcript Specific activity 
medium (mM) NH3 concen- (nmol.min–1mg–1)

(mM) tration
Nitrogen Carbon (pg/50 ng
(NH4Cl) (cellobiose) total RNA)

1 10 ND 43.50±4.86a ND
5 5 ND 14.61±3.37 ND
1 20 0.05 ND 9,837±1,135

10 10 9.20 ND 2,443±322

aEach sample represent the mean and SD based on five replicate
assays from each of triplicate cultures(n=15)



over the pH range 6–8.5 (Fig. 4), suggesting the lack of al-
losteric regulation.

Transcriptional regulation of gdhA

The level of expression of the gdhA transcripts in re-
sponse to excess or limiting ammonia in the medium was
studied by quantitative real-time RT-PCR. Compared with
the transcript level in cultures grown in an excess of am-
monia, the concentration of the gdhA transcripts in total
RNA increased by approximately three-fold when cul-
tures were ammonium-limited (Table 2).

Discussion

The complete nucleotide sequence of R. flavefaciens FD-1
gdhA was determined. gdhA consists of 1365 bp and en-
codes a deduced protein of 455 amino acid residues. The
translated sequence of GdhA from R. flavefaciens FD-1
reiterated the previously described N-terminal sequence
of the purified enzyme (Duncan et al. 1992). R. flavefa-
ciens GdhA contains three characteristic amino acid mo-
tifs found in the GDH S_50I subfamily glutamate dehydro-
genases, including the catalytic site (PSVNL, KFL[AG]
F[EG][EQ], R[PT]EATGY, and GG[AG]K[AG]G, respec-
tively). These motifs are based on consensus amino acid
sequences found in all GDH S_50I subfamily members
(Benachenhou-Lahfa et al. 1993). An on-line sequence
similarity search using the translated amino acid sequence

yielded high scores with other GdhA sequences from a va-
riety of organisms. Moreover, phylogenetic analysis strongly
supported the assignment of the R. flavefaciens FD-1
GdhA to the GDH S_50I subfamily of glutamate dehydro-
genases. These combined analyses lend credence to the
identity and designation of the cloned gdhA sequence from
R. flavefaciens FD-1 as a subfamily GDH S_50I glutamate
dehydrogenase.

The transcript size of gdhA was determined using North-
ern blot, and this analysis confirmed the regulatory fea-
tures determined in silico, i.e. that the transcript matches
the approximate gene-size and represents a monocistronic
operon. Additionally, this analysis suggested qualitatively,
the higher transcript concentration under ammonia-limit-
ing conditions (Fig. 3). Further experiments were directed
toward the quantification of the gdhA transcript concen-
tration under conditions of excessive or limiting ammonia
in the medium. Indeed, the concentration of gdhA tran-
scripts in total RNA was approximately three-fold higher
when cultures were ammonia-limited than when cultures
were grown in ammonia excess. Enzymatic assay demon-
strated a four-fold increase of GDH activity under NH4

+

limitation, and no change in activity upon N-shock of the
NH4

+-limited cultures, indicating a lack of allosteric regu-
lation. Similar results have been reported for Prevotella
ruminicola, in which an increase of GdhA activity oc-
curred according to the level of nitrogen in ammonia-
grown cultures (Wen and Morrison 1996). Together, these
observations suggest the exclusive role that transcription
control plays in regulation of GDH activity in R. flavefa-
ciens FD-1.

Ammonia assimilation by R. flavefaciens FD-1 and
E. coli are clearly regulated differently. In enteric bacteria,
the expression of two alternative pathways of ammonia
assimilation, that of GDH and glutamine synthetase-gluta-
mate synthase (GS-GOGAT), is finely tuned according to
the levels of ammonia in the medium. When ammonia lev-
els are about 1 mM and above, GDH is the primary path-
way that converts α-ketoglutarate into glutamate. When
the environmental ammonia reaches micromolar levels,
GS-GOGAT becomes the primary pathway to provide an
amino donor in the cell for producing glutamate (Merrick
and Edwards 1995). In R. flavefaciens FD-1, which pos-
sesses both functional pathways, no indication of allosteric
regulation was found in either the GDH or GS enzymes
(Duncan 1993). The corresponding enzyme activities were
responsive to the steady-state nitrogen level, with increased
activities of both pathways under ammonia limitation.
Correspondingly, transcriptional studies of gdhA and glnA-
gltB demonstrated transcriptional up-regulation of both
pathways in response to low nitrogen in the environment
(unpublished data). Together, these observations suggest
that regulation of both pathways is simplified and limited
to transcriptional activation under nitrogen-limiting 
conditions. The PII family protein plays an important 
role in the coordination of nitrogen metabolism in a wide
variety of bacteria (Arcondeguy et al. 2001). A gene 
encoding a PII homolog is present in the genome se-
quence of another Ruminococcus, R. albus 8 (http://www.
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Fig. 4 Profile of GDH specific activity over a range of pH values
and the effect of nitrogen-shock treatment. P2 fractions (filled sym-
bols) and S2 fractions (open symbols) were prepared from cells
from ammonia-limited batch culture that were either exposed to 
20 mM NH4Cl just before harvest (N-shock, triangles) or not ex-
posed (control, circles)
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tigr.org) but the function of this protein has not been de-
termined.

In the contemporary phylogeny-based classification,
glutamate dehydrogenases are considered as a family of
enzymes that includes two subfamilies: small GDHs
(S_GDHs, which contain the two member classes 50I kDa
GDHs and 50II kDa GDHs) and large GDHs (L_GDHs,
which contain the two member classes 115-kDa GDHs
and 180-kDa GDHs) (Minambres et al. 2000). The gene
cloned from R. flavefaciens FD-1 belongs to the subfam-
ily of small GDHs and is clustered within the 50I kDa
GDHs class, which includes the representatives of bacte-
ria and lower eukaryotes (Fig. 2). The proposed evolution-
ary scenario for GDHs is that the most ancient GDH spe-
cies were GDH S_50II, which was duplicated after the di-
vergence of Archaea and Bacteria, producing the ancestor
of the GDH S_50I class (Minambres et al. 2000). How-
ever, even considering gene duplication or deletion events,
the phylogenetic positioning of certain GDHs is not con-
gruent with the SSU/LSU rDNA topology (e.g. the cluster
of Bacteroides fragilis-Porphyromonas gingivalis-Clostrid-
ium symbiosum or R. flavefaciens-C. glutamicum-H. py-
lori), suggesting a possible lateral gene-exchange scenario.
In this respect, the discordant phylogenetic positioning of
gdhA resembles the situation of other nitrogen metabo-
lism genes, in particular those encoding glutamine syn-
thetases (Zhou et al. 1997; Turner et al. 2000) and gluta-
mate synthases (Nesbo et al. 2001).

Acknowledgements This work was supported by the NRI Com-
petitive Grants Program 42.0 (Award no. 99–35206–7950) and
partially by Hatch funding from the Agricultural Experiment Sta-
tion, University of Illinois at Urbana-Champaign.

References

Alm EW, Stahl DA (2000) Critical factors influencing the recov-
ery and integrity of rRNA extracted from environmental sam-
ples: use of an optimized protocol to measure depth-related
biomass distribution in freshwater sediments. J Microbiol
Methods 40:153–162

Arcondeguy T, Jack R, Merrick M (2001) P(II) signal transduction
proteins, pivotal players in microbial nitrogen control. Micro-
biol Mol Biol Rev 65:80–105

Atasoglu C, Newbold CJ, Wallace RJ (2001) Incorporation of
[15N]ammonia by the cellulolytic ruminal bacteria Fibrobacter
succinogenes BL2, Ruminococcus albus SY3, and Ruminococ-
cus flavefaciens 17. Appl Environ Microbiol 67:2819–2822

Benachenhou-Lahfa N, Forterre P, Labedan B (1993) Evolution of
glutamate dehydrogenase genes: evidence for two paralogous
protein families and unusual branching patterns of the archae-
bacteria in the universal tree of life. J Mol Evol 36:335–346

Bryant MP (1973) Nutritional requirements of the predominant ru-
men cellulolytic bacteria. Fed Proc 32:1809–1813

Bryant MP, Burkey LA (1953) Cultural methods and some charac-
teristics of some of the more numerous groups of bacteria in
the bovine rumen. J Dairy Sci 36:205–217

Bryant MP, Robinson IM (1961) Studies on the nitrogen require-
ments of some ruminal cellulolytic bacteria. Appl Microbiol
9:96–103

Bryant MP, Robinson IM (1963) Apparent incorporation of am-
monia and amino acid carbon during growth of selected species
of ruminal bacteria. J Dairy Sci 46:150–154

Chaney AL, Marbach EP (1962) Modified reagents for determina-
tion of urea and ammonia. Clin Chem 8:130–132

Duncan PA (1993) Ammonia assimilation by Ruminococcus flave-
faciens FD-1. PhD Dissertation. Department of Animal Sci-
ences, University of Illinois at Urbana-Champaign.

Duncan PA, White BA, Mackie RI (1992) Purification and proper-
ties of NADP-dependent glutamate dehydrogenase from Ru-
minococcus flavefaciens FD-1. Appl Environ Microbiol 59:
4032–4037

Felsenstein J (1985) Confidence limits on phylogenies: an ap-
proach using the bootstrap. Evolution 39:783–791

Joyner AE, Baldwin RL (1966) Enzymatic studies of pure cultures
of rumen microorganisms. J Bacteriol 92:1321–1330

Kimura M (1980) A simple model for estimating evolutionary
rates of base substitutions through comparative studies of nu-
cleotide sequences. J Mol Evol 16:111–120

Kistner A, Kotze JP (1973) Enzymes of intermediary metabolism
of Butyrivibrio fibrisolvens and Ruminococcus albus grown
under glucose limitation. Can J Microbiol 19:1119–1127

Meers JL, Tempest DW, Brown GM (1970) Glutamine (amide):2
oxoglutarate amino transferase (NADP), an enzyme involved
in the synthesis of glutamate by some bacteria. J Gen Microbiol
64:187–194

Merrick MJ, Edwards RA (1995) Nitrogen control in bacteria. Mi-
crobiol Rev 59:604–622

Minambres B, Olivera ER, Jensen RA, Luengo JM (2000) A new
class of glutamate dehydrogenases (GDH). Biochemical and
genetic characterization of the first member, the AMP-requir-
ing NAD-specific GDH of Streptomyces clavuligerus. J Biol
Chem 275:39529–39542

Nesbo CL, L’Haridon S, Stetter KO, Doolittle WF (2001) Phylo-
genetic analyses of two “archaeal” genes in Thermotoga mari-
tima reveal multiple transfers between archaea and bacteria.
Mol Biol Evol 18:362–375

Pettipher, GL, Latham MJ (1979) Production of enzymes degrad-
ing plant cell walls and fermentation of cellobiose by Ru-
minococcus flavefaciens in batch and continuous cultures. J Gen
Microbiol 110:29–38

Reddy KJ, Gilman M (1997) Preparation of bacterial RNA. In:
Ausubel FM, Brent R, Kingston ED, Moore DD, Seidman JG,
Smith JA, Struhl K (eds) Current protocols in molecular biol-
ogy, vol 1. Wiley, New York, pp 4.4.1–4.4.7

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol
4:406–425

Sambrook J, Fritsch EF, Maniatis T (1989) Electrophoresis of
RNA through gels containing formaldehyde. In: Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Plainview, New York

Smith CJ, Hespell RB, Bryant MP (1980) Ammonia assimilation
and glutamate formation in the anaerobe Selenomonas rumi-
nantium. J Bacteriol 141:593–602

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: im-
proving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position specific gap penal-
ties and weight matrix choice. Nucleic Acids Res 22:4673–
4680

Turner SL, Young JP (2000) The glutamine synthetases of rhizo-
bia: phylogenetics and evolutionary implications. Mol Biol
Evol 17:309–319

Wen Z, Morrison M (1996) The NAD(P)H-dependent glutamate
dehydrogenase activities of Prevotella ruminicola B14 can be
attributed to one enzyme (GdhA) and gdhA expression is regu-
lated in response to nitrogen source. Appl Environ Microbiol
62:3826–3833

Wilson K (1997) Preparation of genomic DNA from bacteria. In:
Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG,
Smith JA, Struhl K (eds), Current protocols in molecular biol-
ogy, vol1. Wiley, New York, pp 2.4.1–2.4.5

Zhou JL, Bowler D, Spratt BG (1997) Interspecies recombination,
and phylogenetic distortions, within the glutamine synthetase
and shikimate dehydrogenase genes of Neisseria meningitidis
and commensal Neisseria species. Mol Microbiol 23:799–812


