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The model rumen Firmicutes organism Ruminococcus albus 8 was grown using ammonia, urea, or peptides as the sole nitrogen
source; growth was not observed with amino acids as the sole nitrogen source. Growth of R. albus 8 on ammonia and urea
showed the same growth rate (0.08 h�1) and similar maximum cell densities (for ammonia, the optical density at 600 nm [OD600]
was 1.01; and for urea, the OD600 was 0.99); however, growth on peptides resulted in a nearly identical growth rate (0.09 h�1) and
a lower maximum cell density (OD600 � 0.58). To identify differences in gene expression and enzyme activities, the transcript
abundances of 10 different genes involved in nitrogen metabolism and specific enzyme activities were analyzed by harvesting
mRNA and crude protein from cells at the mid- and late exponential phases of growth on the different N sources. Transcript
abundances and enzyme activities varied according to nitrogen source, ammonia concentration, and growth phase. Growth of R.
albus 8 on ammonia and urea was similar, with the only observed difference being an increase in urease transcript abundance
and enzyme activity in urea-grown cultures. Growth of R. albus 8 on peptides showed a different nitrogen metabolism pattern,
with higher gene transcript abundance levels of gdhA, glnA, gltB, amtB, glnK, and ureC, as well as higher activities of glutamate
dehydrogenase and urease. These results demonstrate that ammonia, urea, and peptides can all serve as nitrogen sources for R.
albus and that nitrogen metabolism genes and enzyme activities of R. albus 8 are regulated by nitrogen source and the level of
ammonia in the growth medium.

Ammonia is the major end product of digestion of dietary pro-
tein and nonprotein nitrogen (urea and amino acids), as well

as the major source of nitrogen for protein synthesis by ruminal
bacteria (1–3). Results over a wide range of feed and N intakes
demonstrate that 60 to 80% of bacterial N is derived from ammo-
nia as a precursor (4). Since 14% of cell dry mass is nitrogen,
bacterial protein synthesis and growth are greatly affected by the
efficiency of ammonia assimilation. Despite its importance and
central role as an intermediate in the degradation as well as assim-
ilation of dietary nitrogen by intestinal bacteria, our understand-
ing of the mechanism of ammonia assimilation in ruminal bacte-
ria is superficial.

Enzymes for assimilation of ammonia are widely conserved
across the bacterial domain, with differences in distribution
and transcriptional regulation influenced by environmental
niche. Glutamate dehydrogenase (GDH), glutamine synthetase
(GS), and glutamate synthase (GOGAT) are the three major
types of enzymes that regulate the intracellular pool of nitrogen
by controlling ammonia assimilation (5). GDH plays a signif-
icant role in the metabolism of nitrogen in many organisms by
assimilating ammonia through the conversion of 2-oxogluta-
rate to glutamate. In the enteric proteobacteria, such as Esche-
richia coli and Salmonella, GDH is the primary nitrogen assimila-
tion pathway when ammonia is in excess (�1 mM), though with
Bacillus subtilis and many Gram-positive bacteria, GDH activity is
absent, as excess ammonia is rarely encountered (6, 7). The low-
affinity GDH reaction is energy independent but redox depen-
dent, using NAD(P)H as a cofactor. In both Gram-negative and
Gram-positive bacteria, when the ammonia concentration is be-
low 0.1 mM, the GS-GOGAT pathway becomes the primary am-
monia assimilation pathway. The high-affinity enzyme GS is ATP
dependent and converts glutamate and ammonia to glutamine.
GOGAT activity is coupled to GS and converts glutamine to glu-
tamate (5). In the presence of 2-oxoglutarate, GOGAT synthesizes
2 mol of glutamate from the glutamine produced by GS (5, 8, 9).

Intracellular ammonia levels are regulated by GlnK, a PII-like
protein that acts as a sensor and in turn regulates the ammonium
transporter AmtB (10). Urea is hydrolyzed to ammonia and car-
bamate by urease, an enzyme typically composed of three subunits
(11). Carbamate is hydrolyzed spontaneously, yielding a second
ammonia molecule and carbonic acid. The two ammonia mole-
cules are then assimilated using the GDH or GS-GOGAT system.

Ruminococcus albus is one of the predominant plant cell wall-
degrading bacteria in the rumen (12). An obligate anaerobe, R.
albus is responsible for hydrolysis of the �-1,4-linked glucose and
xylose backbone residues of cellulose and hemicellulose, which are
the major constituents in plant cell walls. Because nitrogen me-
tabolism is associated with carbohydrate metabolism, studies of
ammonia assimilation, urea degradation, and peptide and amino
acid utilization are of great interest. Bioinformatic analysis of the
R. albus 8 draft genome sequence (8� coverage; 3.8 Mb; accession
no. NZ_ADKM00000000) (K. E. Nelson et al., unpublished data)
revealed a number of genes encoding enzymes critical for nitrogen
metabolism and ammonia assimilation (Fig. 1). We identified
genes for an NADH-dependent GDH (gdh), an NADPH-depen-
dent GDH (gdhA), a high-affinity ammonium transporter
(amtB), a regulatory protein (glnK), a putative urease, two differ-
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ent types of GS (type I GS [glnA] and type III GS [glnN]), and the
two subunits of a typical bacterial GOGAT (large subunit [gltB]
and small subunit [gltD]). Urease activity in several R. albus
strains has been described previously (13). R. albus 8 was grown
with ammonia, urea, peptides, or amino acids as the nitrogen
source. At mid- and late log phases, transcript abundances and
enzymatic activities of nitrogen metabolism proteins were ana-
lyzed to investigate nitrogen utilization and flux.

MATERIALS AND METHODS
Bacteria and culture conditions. The R. albus 8 strain used in this study
was obtained from the culture collection of the Department of Animal
Sciences of the University of Illinois and verified using full-length 16S
rRNA gene sequencing. R. albus 8 cultures were grown anaerobically at
39°C in a defined medium containing 10 mM cellobiose (14), which var-
ied only in the chemical form of nitrogen provided. The medium nitrogen
sources used were 0.125% (wt/vol) (NH4)2SO4, 0.125% (wt/vol) urea,
0.131% (wt/vol) peptide (N-Z amine A; Sigma-Aldrich, St. Louis, MO), a
purified amino acid mixture equimolar to the 0.131% peptide source, and
a mixture of 0.128% (wt/vol) ammonia and 0.131% (wt/vol) peptide.
Bacterial growth was measured in triplicate by determining the increase in
optical density at 600 nm (OD600) with a Spectronic 21D spectrophotom-
eter (Milton Roy, Chicago, IL) for 48 h. For RNA extraction, enzyme
assays, and chemical analysis, bacterial cultures were harvested at mid-
and late log phases by centrifugation at 7,500 rpm for 5 min. The centri-
fuged cell pellet and supernatants were stored at �80°C until analysis.

Chemical analyses. Ammonia concentrations in supernatants were
measured by the colorimetric method of Chaney and Marbach (15).
The concentration of urea was determined by measuring ammonia
after incubation with urease (urease buffer reagent; Sigma-Aldrich)
(15). The concentrations of total �-amino acids from the supernatants
of peptide-grown cultures were analyzed by the ninhydrin method
(16). Briefly, the supernatants of peptide-grown cultures were hydro-
lyzed by use of HCl (6 N HCl for 24 h under N2 gas at 110°C), and free
amino groups were assayed with ninhydrin, using glycine as the stan-
dard (17, 18).

RNA extraction and purification. Total RNAs were isolated from R.
albus 8 centrifuged pellets (approximately 1.02 � 107 cells) by use of
ice-cold TRIzol (Invitrogen Corp., Carlsbad, CA). Cell pellets were resus-
pended in lysis buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 1.2%
Triton X-100, 30 mg/ml lysozyme, and 128 mM �-mercaptoethanol) and
treated with 10 mg/ml proteinase K for 30 min at 56°C (Qiagen, Valencia,
CA). One milliliter of ice-cold TRIzol was added to each sample and
homogenized. Genomic DNA was removed with RNase-free DNase (Qia-

gen), and total RNA was cleaned up with an RNeasy MinElute cleanup kit
(Qiagen). RNA concentration and purity were assessed using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE). All RNA samples for quantitative reverse transcriptase PCR (qRT-
PCR) had A260/A280 ratios of �1.9.

cDNA synthesis. A random hexamer and the Superscript III first-
strand synthesis system (Invitrogen) were used for reverse transcrip-
tion. Each cDNA synthesis reaction mixture contained 100 ng of total
RNA, 2 �l random primers, and 1 �l of a mixture containing a 10 mM
concentration of each deoxynucleoside triphosphate (dNTP). After
incubation at 65°C for 5 min, 10 �l of a master mix containing 2 �l
10� RT buffer, 1 �l 0.1 M dithiothreitol (DTT), 1 �l (200 U) of
SuperScript III RT, 4 �l of 25 mM MgCl2, and 1 �l of RNaseOUT (40
U) was added. The cDNA synthesis reaction was performed by incu-
bation at 25°C for 5 min followed by 50°C for 60 min and, finally, 70°C
for 15 min. The cDNA was then diluted 1:4 with DNase- and RNase-
free water. After cDNA synthesis, 1 �l of RNase H was added and
incubated at 37°C for 20 min to remove RNA. Synthesized cDNA free
of RNA was stored at �20°C.

Selection of genes and primer design. Primers were designed with
Primer Express software v3.0 (Applied Biosystems, Foster City, CA), with
amplicon lengths of 100 to 150 bp and low specific binding at the 3= end
(see Table S1 in the supplemental material). qRT-PCR primers were
tested, and only primers that resulted in a single band of the expected size
and the correct amplification product (verified by sequencing) were used.
The accuracy of a primer pair was also evaluated by the presence of a
unique peak in postamplification melting curves.

qRT-PCR. qRT-PCR was performed using SYBR green I (Applied
Biosystems) and an ABI Prism 7900 high-throughput sequence detec-
tion system. Four microliters of cDNA was mixed with 5 �l SYBR
green master mix (Applied Biosystems), 0.4 �l each of forward and
reverse primers, and 0.2 �l of DNase- and RNase-free water. Each
sample was run in triplicate with a six-point relative standard curve
plus nontemplate controls (NTC). The qPCRs were performed under
the following conditions: 50°C for 2 min, 95°C for 10 min, and 40
cycles of 95°C for 15 s and 60°C for 1 min. To verify the presence of a
single PCR product, postamplification melting curves using incremen-
tal temperatures to 95°C for 15 s plus 65°C for 15 s were performed.
Data were analyzed using SDS v2.2.1 software (Applied Biosystems).
To indicate overall urease transcription, we used ureC, which encodes
the �-subunit of urease, as it has been shown to be essential for urease
activity in other bacteria (19). Transcript abundance data were nor-
malized using the geometric mean for the most stable genes as sug-
gested by evaluation of multiple internal control genes (atpD, infB,

FIG 1 Nitrogen metabolism pathways identified in R. albus 8 through bioinformatic analyses.
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rpoB, murB, pgi, and groEL). qPCR normalization was performed by
geNorm software following a previously described procedure (20, 21).

Enzyme activity assay. Crude enzyme extracts were prepared using
previous methods (22, 23). Briefly, 40 ml of each culture was harvested by
centrifugation at 10,000 � g for 20 min at 4°C and then washed once with
anaerobic buffer (50 mM Tris, 1% KCl, 1 mM dithiothreitol, pH 6.8).
Washed cells were resuspended in 3 ml of lysis buffer (20 mM Tris-HCl, 1
mM DTT, and 1 mM phenylmethylsulfonyl fluoride) and disrupted by
sonication at 80 W (five cycles of a 30-s pulse followed by 1 min of cooling
in an ice water bath). Assays for NADH- and NADPH-dependent GDH
(23–25), GS �-glutamyl transferase (�-GT) (26), GS biosynthetic activity
(27, 28), and NADH- and NADPH-dependent GOGAT were carried out
as previously described (29). Urease activity was measured with a coupled
enzyme assay as described previously (11, 30).

Statistical analysis. A MIXED model with repeated measures (release
9.0; SAS Institute, Cary, NC) using spatial power as the covariate structure
was used for all analyses (normalized transcript abundances and specific
enzyme activities). The model included fixed effects of time, treatment
(different nitrogen sources), and time-treatment interaction. Statistical
significance was declared for P values of �0.05. Global relationships
among transcript abundances and enzyme activities were visualized by
performing a principal component analysis on the expression data and
plotting arrays in a two-dimensional space corresponding to the first two
principal components with the statistical package PRIMER 6.0 (Primer-E,
Plymouth, United Kingdom) (31).

RESULTS
R. albus 8 nitrogen utilization. Growth of R. albus 8 varied by
nitrogen source (Fig. 2 and Table 1). The highest growth rate (0.09

h�1) was observed when R. albus 8 was grown on peptides, but a
significantly lower maximum cell density (OD600 of 0.71) than
that for growth on ammonia or urea (OD600 of 1.01 or 0.99, re-
spectively) was observed. Growth of R. albus 8 on ammonia and
urea was similar in terms of maximum cell density and growth rate
(0.08 h�1 on both ammonia and urea) (Table 1). R. albus 8 was
unable to grow on amino acids as the sole nitrogen source (Fig. 2).

To determine if R. albus exhibited any preference for nitrogen
source, the organism was grown on a mixture of ammonia and
peptides (Fig. 3D). While the maximum cell density was the same
as that for growth on peptides alone (OD600 of 0.7), the growth
rate exceeded that seen with any individual nitrogen source (0.10
h�1), suggesting that both sources were being utilized, with the
rate of ammonia assimilation, the preferred N source, exceeding
that of peptide assimilation (Fig. 3D).

The concentrations of ammonia and urea used by R. albus 8
were inversely proportional to the increases in cell density (Fig. 3A
and B). During growth on urea, concentrations of ammonia in-
creased between 10 and 16 h (Fig. 3B), with a concomitant de-
crease of urea. However, the ammonia concentration in the me-
dium supernatant was lower than expected given the rate at which
urea was degraded, suggesting ammonia uptake or intracellular
hydrolysis. Concentrations of ammonia and urea both decreased
substantially during the exponential phase of growth (between 16
and 24 h).

The ammonia concentration remained low during R. albus 8
growth on peptides, reducing from 1.4 mM at 0 h to below the
detection limit during log phase (	0.05 mM ammonia) (Fig. 3C),
while the concentration of peptides, measured as �-amino acids,
was maintained above 8.8 
 1.4 mM for the entire growth period.
At this concentration of peptides, nitrogen is likely in excess, per-
haps explaining why �-amino acid concentrations did not change
significantly over the 24-h incubation period. Collectively, these
results indicate that the preferred nitrogen source of R. albus 8 is
ammonia but that this strain is also able to utilize urea and pep-
tides as nitrogen sources.

FIG 2 Growth of R. albus 8 on the following nitrogen sources: ammonium sulfate (}), urea (�), peptides (Œ), ammonium sulfate plus peptides (�), and amino
acids (�). Data points represent averages for triplicate tubes used to measure growth of R. albus 8 (OD600) on each nitrogen source. Error bars represent standard
deviations.

TABLE 1 Effects of different nitrogen sources on growth of R. albus 8

Nitrogen source Growth rate (h�1)a Cell density (OD600)b

Ammonia 0.08 
 0.002 1.01 
 0.009
Urea 0.08 
 0.005 0.99 
 0.045
Peptides 0.09 
 0.004 0.71 
 0.012
Ammonia plus peptides 0.10 
 0.002 0.70 
 0.002
a Maximum specific growth rate during exponential growth.
b Maximum optical density over 48 h.
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Transcript abundances of nitrogen utilization genes. To in-
vestigate the transcriptional responses of nitrogen metabolism
genes during growth on the different nitrogen sources, the levels
of 10 gene transcripts were evaluated by qPCR (Fig. 4; see Table S2
in the supplemental material) at mid- and late-log-phase growth.
Early-log-phase samples were collected for ammonia and urea
(see Tables S3 and S4), but with the higher growth rate and abbre-
viated log phase, early-log-phase samples were not obtained for
peptide-grown cultures; thus, only mid- and late-log-phase sam-
ples were used for statistical analysis and comparison.

Transcript abundances of the genes for NADH-dependent glu-
tamate dehydrogenase (gdhA), type III GS (glnA), the large sub-
unit of GOGAT (gltB), the ammonium transporter (amtB), a PII-
like protein (glnK), and urease (ureC) increased from mid- to
late-log-phase growth for all nitrogen sources examined (Fig. 3).
However, the relative expression of these genes differed, with signifi-
cantly higher transcript abundances of all these genes in R. albus 8
grown on peptides. The gdhA transcript abundance during growth
on peptides was 600-fold higher than that with growth on ammo-
nia and 10-fold higher than that with growth on urea in late ex-
ponential phase (see Table S2 in the supplemental material).
Transcript abundances of glnA and ureC followed the same pat-
tern, with 20-fold and 8-fold higher glnA abundances and 21-fold
and 10-fold higher ureC abundances than those with growth on
ammonia and urea, respectively. The transcript abundances of
gltB and amtB were 40-fold and 10-fold higher in peptide-grown
cultures than in both ammonia- and urea-grown cultures. Tran-
script abundances for the PII-like protein gene glnK were most
similar between the different nitrogen sources, with only a 1.5-
fold increase in peptide-grown cultures. The transcript abun-
dances for glnA, gltB, amtB, and glnK were not statistically differ-
ent between cultures with ammonia or urea as the nitrogen
source, but relative abundances of both gdhA and ureC were
higher for cultures grown on urea.

The small subunit of GOGAT (gltD) and the nitrogenase iron
protein (nifH) showed increased transcript abundances in ammonia-
and urea-grown cultures of R. albus 8 but did not change with
cultures grown on peptides. Increased transcript abundance of the
NADH-dependent glutamate dehydrogenase (gdh) was observed
for ammonia-grown cultures only, with statistically insignificant
changes seen for both growth on urea and growth on peptides. The
type III GS (glnN) increased in late log phase for peptide-grown
cultures but remained unchanged with growth on ammonia and
urea.

Enzyme assays of nitrogen utilization proteins. The activities
of GDH, GS, GOGAT, and urease were measured using biochem-
ical assays on cell extracts and reported as specific activities (Table
2). Enzymatic activities were affected by changes in nitrogen
source and nitrogen concentration. Maximum NADH-depen-
dent GDH activity was detected in late log phase for growth on all
nitrogen sources and was significantly higher under all conditions
than NADPH-dependent GDH activity, which remained un-
changed over time with growth on ammonia and peptides but
increased during late log phase with growth on urea.

GS �-glutamyl transferase activity increased between mid- and
late log phase for cells with ammonia and urea as the nitrogen
source; this activity was low throughout growth for peptide-
grown cells. GS biosynthetic activity, which represents the biolog-
ical function of GS in the organism, increased from mid- to late
log phase for ammonia-grown cultures and decreased for those
grown on peptides, while remaining unchanged for urea cultures.
NADH-GOGAT and NADPH-GOGAT activities were not de-
tected for any of the nitrogen sources.

The highest urease activity was observed for urea-grown cells,
though the activity increased between mid- and late log phase for
all nitrogen sources examined.

Principal component analysis. In order to integrate and deter-
mine the relationships between transcriptional responses and en-
zyme activities, we analyzed our data by using principal component
analysis (Fig. 5). Transcript abundances of gltD and nifH and mea-

FIG 3 Time course measurement of residual nitrogen source concentration
and growth of R. albus 8 on different nitrogen sources, including ammonia
(A), urea (B), peptides (C), and ammonia plus peptides (D). The data show R.
albus 8 growth (�) and ammonium sulfate (}) and urea or �-amino acid
(from peptides) (Œ) concentrations. Data points represent averages for tripli-
cate experiments. Error bars represent standard deviations.
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sured enzyme activities for �-GT were all correlated with late growth
stages on ammonia and, to a lesser extent, urea, both correlated with
increasing concentrations of available ammonia. Transcript abun-
dances of glnK and gdh and measured enzyme activities for NADH-
GDH were correlated with late growth stages for urea and ammonia
as well as for peptides. Transcript abundances of glnN, glnA, gdhA,
gltB, and amtB were strongly correlated with later protein growth
stages, only slightly correlated with later ammonia or urea concentra-
tions, and independent of the free ammonia concentration. Urease
activity was correlated with later peptide growth phases and was
slightly negatively correlated with later growth phases on ammonia
and urea, where available ammonia decreased.

DISCUSSION

In this paper, we investigated gene expression and enzyme activities
involved in nitrogen metabolism for R. albus, a predominant plant
cell wall-degrading anaerobe in the rumen and other gut ecosys-
tems (32). The effects of different nitrogen sources on R. albus 8
were examined through comparison of growth and nitrogen sub-

strate utilization with ammonia, urea, or peptides as the sole ni-
trogen source (Fig. 2 and 3). Consistent with original research, R.
albus 8 utilized ammonia and urea and showed similar growth
patterns on both substrates (Fig. 1) (33). R. albus 8 was also able to
grow on peptides as a nitrogen source; although the growth yield
was lower than that on preferred nitrogen sources (urea and am-
monia), the maximum specific growth rate did not decrease. To
our knowledge, this is the first report of R. albus 8 using peptides as
a nitrogen source. Bioinformatic analysis of the draft genome se-
quence revealed that R. albus 8 is equipped with several peptide
transporters and peptidases for uptake and utilization of peptides,
including three peptide ABC transporters, two dipeptide ABC
transporters, and 25 genes involved in peptidase metabolism. This
finding is also consistent with patterns of nitrogen utilization in
the rumen, where free amino acids are rapidly deaminated to pro-
duce ammonia and amino acids are transported into bacterial cells
in peptide form, enabling energy conservation at the transport
level (1, 3).

FIG 4 Relative transcript abundance levels of selected genes important in ammonia assimilation and nitrogen metabolism in R. albus 8 grown on different
nitrogen sources at mid- and late log phases. The graph represents the relative qRT-PCR values after normalization using the most stable internal control genes
from geNorm analysis. Capital letters indicate different nitrogen sources: A, ammonium sulfate; U, urea; and P peptides. Results represent the means for three
replicates. Error bars represent standard deviations.

TABLE 2 Effects of different nitrogen sources on enzyme activities in R. albus 8a

Nitrogen source Log phase

GDH sp act
(nmol/min/mg)

GS �-transferase sp
act (U/min/mg)

GS biosynthetic
activity (nmol
Pi/min/mg)

GOGAT sp act
(nmol/min/mg)

Urease sp act
(U/min/mg)NADPH NADH NADPH NADH

Ammonia Mid 5.3 252.8a 1.0# 953.5 0.2 0.0 14.0a#
Late 5.7a 329.7a 2.6a* 1,288.0a �0 0.1 24.7a*

Urea Mid 10.8# 121.7a# 0.4# 1,094.9 0.1 0.1 38.9b#
Late 35.5b* 292.1b* 1.1b* 1,090.5a 0.0 0.0 68.4b*

Peptides Mid 7.9 236.5a# 0.2 632.5 0.2 0.1 35.5b#
Late 7.9a 419.8a* 0.1c 473.2b 0.1 �0 50.0b*

Assay SE 4.6 40.7 0.4 126.3 0.1 0.1 7.8
a Symbols are used to represent statistical differences. In comparing nitrogen sources or growth phases, the absence of a symbol indicates no statistical difference. Otherwise, data
are grouped as follows: those that are not statistically different from one another have the same letter or character, while those that are statistically different have different letters or
characters. “a,” “b,” and “c” denote significant (P � 0.05) differences between nitrogen sources, while # and * denote significant (P � 0.05) effects in different growth phases.
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On all three nitrogen sources, the gdh gene transcript abun-
dance patterns correlated with NADH-GDH activity, which hy-
drolyzes glutamate to produce 2-oxoglutarate and ammonia. The
high NADH-GDH transcript abundance and activity at limiting
concentrations of ammonia (�1 mM) observed in this report
agree with previous work demonstrating increased NADH-GDH
activity in the ruminal Bacteroidetes species Prevotella bryantii B14
grown under ammonia-limiting conditions (34). Conversely, the
unchanged NADPH-GDH activity observed with growth on am-
monia contrasts with a previous report that P. bryantii B14 showed
higher NADPH-GDH activity than NADH-GDH activity when
the medium concentration of ammonia was 1 mM (34). A possi-
ble interpretation of these results is that R. albus 8 hydrolyzes
glutamate to ammonia and 2-oxoglutarate by use of NADH-GDH
to secure ammonia when environmental ammonia concentra-
tions are limiting, while synthesizing glutamate with NADPH-
GDH by using ammonia from the intracellular amino acid pool
constitutively under the conditions examined in this study.

GS biosynthetic enzyme activity was consistently lower with
growth on peptides than with growth on ammonia and urea (Fig.
4 and Table 2). Interestingly, both glnA and glnN gene transcript
abundance patterns on ammonia and urea were in contrast to
those previously observed in enteric bacteria (5, 35) or cyanobac-
teria (36), where GS is a scavenging system that is highly upregu-
lated at low environmental ammonia concentrations. While type
III GS may function when ammonia is not limited in R. albus 8 (2),
it may not be the major enzyme pathway for ammonia assimila-
tion at low environmental ammonia concentrations as it is in the
enteric bacterial paradigm. Our previous studies of type III GS
from Prevotella ruminicola 23 showed that the enzyme played a
major role in ammonia assimilation under nonlimiting condi-
tions, suggesting a biological function similar to that of R. albus 8
type III GS (37).

Increased transcript abundances of amtB and glnK on all nitro-

gen sources during late log phase were observed in R. albus 8 when
the ammonia concentration was less than 1 mM; even higher tran-
script abundances were seen when ammonia levels were less than
0.1 mM (Fig. 3C and 4). These observations are logical, as en-
hanced active ammonium transport activity would be desirable to
increase ammonia uptake from the environment when ammonia
concentrations are limiting.

Urease activity was higher in the presence of urea than in the
presence of ammonia and peptides. Interestingly, urease tran-
script abundance in R. albus 8 is not predicated on the presence of
urea in the medium. Urease activity induction without urea was
also observed in Corynebacterium glutamicum upon nitrogen star-
vation and in Klebsiella pneumonia under nitrogen-limited condi-
tions (38, 39). This urease activity may demonstrate that R. albus 8
expresses urease to acquire urea as an alternative nitrogen source
when the ammonia concentration in the medium is limited.

Although R. albus 8 does not have the complete suite of genes,
structural proteins, and cofactors necessary for nitrogen fixation,
bioinformatic analysis of the R. albus 8 draft genome sequence
revealed several genes involved in nitrogen fixation, including
nifH, nifE, and nifB. As there is no evidence that nitrogen fixation
occurs in the rumen or other mammalian gut ecosystems (40), the
function of these genes in R. albus 8 is not understood. However,
our results demonstrated that the nifH gene transcript abundance
differed with the ammonia concentration when R. albus 8 was
grown on ammonia and urea. nifH was upregulated on ammonia
and urea in late log phase as the ammonia concentration de-
creased but remained unchanged throughout growth on peptides.
This result agrees with previous studies demonstrating regulation
of nitrogen fixation from ammonia in cyanobacteria and archaea
(41, 42).

When R. albus 8 was grown on ammonia, there was an in-
creased transcript abundance of the ammonium transporter
(AmtB) and increased activity of glutamate dehydrogenase
(NADH-GDH) with downregulation of GS during log phase, sup-
porting the synthesis of ammonia from glutamate by NADPH-
GDH and then transformation to glutamine by GS during early
exponential growth. However, in late log phase, glutamate was
transformed to 2-oxoglutarate by NADH-GDH, which can then
enter the reverse tricarboxylic acid (TCA) cycle for energy metab-
olism. The ammonium transporter, AmtB, is upregulated to en-
hance ammonia uptake from the medium when the ammonia
concentration is limited at late log phase, and GS activity is down-
regulated to reduce glutamine formation from glutamate when
the glutamate concentration is low due to ammonia limitation.
Thus, catalytic NADH-GDH activity may play an essential role in
linking carbon and nitrogen metabolism in R. albus 8.

Growth of R. albus 8 on urea showed transcript abundances
and activity patterns similar to those for growth on ammonia,
with the exception of urease activity. In late log phase, urease,
NADH-GDH, and NADPH-GDH were upregulated compared
with the early log phase. This likely indicates that the intracellular
ammonia concentration was sufficient to allow synthesis of gluta-
mate from ammonia generated by ureolytic activity, since NADH-
GDH was also upregulated to synthesize 2-oxoglutarate.

Growth of R. albus 8 on peptides showed a different nitrogen
metabolism pathway. Higher gene transcript abundance levels of
gdhA, glnA, gltB, amtB, glnK, and ureC, as well as higher activities
of NADH-GDH, NADPH-GDH, and urease, than those for
growth on ammonia and urea were observed. Peptides are likely

FIG 5 Integration of gene transcript abundances, enzyme activities, and
residual substrate (ammonia or amino acids from peptides) concentrations
in R. albus 8 grown on ammonia, urea, or peptides by using principal compo-
nent analysis. Principal component analysis was performed after normaliza-
tion of gene transcript abundances, enzyme activities, and residual substrates
by use of Primer 6 software. Bold arrows indicate the nitrogen substrate, and
dotted lines indicate gene transcript abundances and enzyme activities. Per-
centages of variance for PC1 and PC2 were 76.7% and 23.3%, respectively.
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transported into the cell and hydrolyzed to amino acids, which can
subsequently be deaminated or utilized for protein biosynthetic
activity. In late log phase, NADPH-GDH was upregulated to syn-
thesize glutamate from ammonia, suggesting that the intracellular
ammonia concentration was sufficient for biosynthesis of gluta-
mate by NADPH-GDH. However, NADH-GDH was downregu-
lated to conserve intracellular pools of glutamate. Overall, these
results suggest that when R. albus 8 is grown on peptides, most of
the genes necessary for ammonia assimilation are still expressed,
permitting the acquisition of other possible nitrogen sources, in
addition to peptides, or indicating that peptides serve as a source
of ammonia and are not utilized directly.

A bioinformatic survey of these nitrogen utilization genes in
sequenced intestinal Ruminococcus spp. (Table 3) reveals a com-
mon strategy of using both the GDH and GS-GOGAT systems, in
situations with high and low concentrations of ammonia, respec-
tively. However, the NAD-dependent GDH was largely absent,
identified only in the two R. albus strains examined. Both urease
(ureC) and the nitrogenase iron protein (nifH) also varied by
strain. Only R. albus 8 and Ruminococcus flavefaciens FD-1 were
found to possess ureC; interestingly, R. albus 7, whose genome is
closed, does not have the urease enzyme, nor do the human co-
lonic isolates. While perhaps important in the bovine rumen, ure-
ase appears to be a variable trait between Ruminococcus species
and strains. nifH was found in all species except Ruminococcus
gnavus, Ruminococcus lactaris, and Ruminococcus bromii, though
the function of this and related genes is not understood.

The enzyme activity and gene transcription evidence presented
here suggest that nitrogen metabolism genes and enzyme activities
of R. albus 8 are regulated by nitrogen source and the level of
ammonia in the growth medium. Enzyme activities and related
gene transcript abundances identified in this study provide insight
into the potential role and regulation of the nitrogen metabolism
enzymes on different nitrogen sources. Further studies in R. albus
8, including whole-genome transcriptional profiling and related
proteomic studies, will help to elucidate the relationship between
gene transcript abundance, enzyme activity, and their regulation
by different nitrogen sources, which will in turn help to further
elucidate the metabolic and ecologic niche of R. albus 8 in intesti-
nal systems.
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