


FIG 3 COG distribution of differentially up- and downregulated genes in the transcriptome (A) and proteome (B). Transcripts that changed by 2-fold or greater
and that had an FDR of less than 1% are included in the transcriptome, and proteins that changed by 1.3-fold or greater are included in the proteome. The
percentages represent the number of genes that are in a category relative to the respective total number of genes that were up- or downregulated. The COG
abbreviations are as follows: [C], energy production and conversion; [D], cell cycle control, cell division, and chromosome partitioning; [E], amino acid transport
and metabolism; [F], nucleotide transport and metabolism; [G], carbohydrate transport and metabolism; [H], coenzyme transport and metabolism; [I], lipid
transport and metabolism; [J], translation, ribosomal structure, and biogenesis; [K], transcription; [L], replication, recombination, and repair; [M], cell
wall/membrane/envelope biogenesis; [N], cell motility; [O], posttranslational modification, protein turnover, and chaperones; [P], inorganic ion transport and
metabolism; [Q], secondary metabolite biosynthesis, transport, and catabolism; [R], general function prediction only; [S], function unknown; [T], signal
transduction mechanisms; [U], intracellular trafficking, secretion, and vesicular transport; [V] defense mechanisms; [N/A], unclassified.
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thase genes are tightly coupled in response to nitrogen stress,
and their gene products might be of physiological importance.

Nucleotide metabolism, transcription, translation, and
posttranslational modification. In response to FNL and in the
late exponential growth phase, a significant downregulation of
genes responsible for purine and pyrimidine synthesis was mea-
sured in the transcriptome. In fact, 50% and 43% of the genes that
are in the KEGG pathway of purine and pyrimidine metabolism,
respectively, were differentially downregulated, with a number of
them changing by more than 2-fold. For example, the gene for
orotate phosphoribosyltransferase (DET1193), which is involved
in pyrimidine synthesis, was differentially downregulated in both
proteins and transcripts (Tables 1 and 3). Figures S3 and S4 in the
supplemental material show how genes participating in the early
part of the nucleotide synthesis pathways were consistently down-
regulated. In addition to restricting the synthesis of nucleotides, a
gene encoding a methylated-DNA-protein-cysteine methyltrans-
ferase (DET1460) for repairing damage to DNA was differentially
upregulated in the transcriptome in response to FNL (Table 2).
Furthermore, 24% of all genes that belong to the COG category of
replication, recombination, and repair were downregulated in the
transcriptome in response to FNL (Table 3), suggesting that the
cell replication function is limited during nitrogen stress.

Under conditions of FNL, cells also systematically regulated
their transcription, translation, and posttranslation modification
functions (Fig. 5). For example, seven transcriptional regulators
(DET0299, DET0871, DET1005, DET1147, DET1162, DET1580,
and DET1616) and genes encoding ribosomal proteins (DET1454
and DET1459) were differentially upregulated in the transcrip-
tome (Table 2).

Integrated elements. The genome of strain 195 contains �200
kb of integrated elements (IEs) with phage- and transposon-like
genes and a few reductive dehalogenase (RDase)-encoding genes
located within them (45). In a previous study examining the tran-
scriptome of strain 195 during different growth phases, a large
number of genes located within the IEs were differentially reg-
ulated as cells transitioned into the stationary phase (15). This
includes all genes that are within a 22-gene transposon that is
present in three identical copies (IEs III, IV, and VI) in the
genome and genes (IE VII) that encode components of a tem-
perate bacteriophage. In contrast, in this study, only seven
genes (including duplicated ones) within the IEs were differen-
tially regulated by more than 2-fold in the transcriptome: four
encode hypothetical proteins and one encodes an RDase an-
chor protein (DET1558) (Tables 2 and 3). The striking differ-
ences in these transcriptomic results suggest that cells of strain
195 respond differently to growth-related stress and unfavor-
able environmental conditions.

Reductive dehalogenases. Seventeen intact RDase genes are
present in the genome of strain 195 (45). Thus far, the tceA
(DET0079) and pceA (DET0318) genes are the only ones associ-
ated with confirmed dehalogenation functions, and some of the
substrates of their gene products have been identified (6, 27, 28).
In a previous transcriptomic analysis of strain 195 at different
growth phases, four putative RDase genes (DET0173, DET0180,
DET1535, and DET1545) were differentially upregulated as cells
transitioned into the stationary phase (15). In this study, only one
RDase-encoding gene (DET1545) was found to be differentially
upregulated by more than 2-fold in response to FNL (Table 2),
while the functionally important tceA gene, for catalyzing TCE to

FIG 4 Plot of log2 expression ratios of selected genes from transcriptomic data against proteomic data. In cases where no peptides were detected in the proteome
in all three biological replicates, a value of 1 is assigned as the pseudo-spectrum count to avoid infinity and allow a ratio to be calculated. � represents genes that
were differentially regulated in the proteome and in the transcriptome by 2-fold or greater, � represents genes that were differentially regulated in the proteome
and in the transcriptome but by less than 2-fold, Œ represents genes that were differentially regulated by 2-fold or greater in the transcriptome but were not
differentially regulated in the proteome, and � represents genes that were differentially regulated by less than 2-fold in the transcriptome and were not
differentially regulated in the proteome. Genes that are related to nitrogen fixation are labeled with their locus tags.
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VC, was not differentially expressed. In contrast, DET1559 was
differentially downregulated albeit by only 1.9-fold (see Table S3
in the supplemental material), and its associated membrane an-
chor gene (DET1558) was differentially downregulated by 2-fold

(Table 3). It was demonstrated previously that the level of ex-
pression of DET1545 increases during the latter part of the
dechlorination cycle and when the dechlorination rate is low
(40). Together, these results suggest that DET1545 might be

TABLE 2 Selected differentially upregulated genes in the transcriptome

Genea Descriptiond Expression ratio Log2 ratio

DET0096 FeoA family protein 4.2 2.1
DET0097 Iron-dependent repressor, putative 2.6 1.4
DET0100 Membrane protein, putative 2.1 1.1
DET0101 Molybdopterin oxidoreductase 2.3 1.2
DET0102 Molybdopterin oxidoreductase, membrane subunit, putative 2.9 1.5
DET0103 Molybdopterin oxidoreductase, iron-sulfur-binding subunit, putative 2.8 1.5
DET0138 Phosphate ABC transporter, phosphate-binding protein 2.6 1.4
DET0139 Phosphate ABC transporter, permease protein 4.9 2.3
DET0140 Phosphate ABC transporter, permease protein 4.8 2.3
DET0141 Phosphate ABC transporter, ATP-binding protein 3.1 1.6
DET0142 Phosphate transport system regulatory protein PhoU 2.2 1.2
DET0143 Arsenate reductase 2.2 1.1
DET0198 Glutaredoxin family protein 2.1 1.1
DET0253 DNA primase domain proteinb,c 2.6 1.4
DET0271 Hypothetical proteinb,c 2.2 1.1
DET0275 Hypothetical proteinb 2.3 1.2
DET0299 Transcriptional regulator, Crp Fnr family 2.3 1.2
DET0801 Pyrroline-5-carboxylate reductase, putative 3.8 1.9
DET0802 Aspartate 1-decarboxylase 3.4 1.8
DET0803 3-Methyl-2-oxobutanoate hydroxymethyltransferase 3.7 1.9
DET0804 Pantoate–beta-alanine ligase 4.5 2.2
DET0813 ABC transporter, ATP-binding protein 2.2 1.2
DET0814 ABC transporter, permease protein 2.4 1.2
DET0871 Transcriptional regulator, MarR family 2.0 1.0
DET0908 Arsenical pump membrane protein, putative 2.7 1.4
DET1005 Transcriptional regulator, ArsR family 2.0 1.0
DET1057 Conserved hypothetical protein 8.9 3.1
DET1101 Conserved hypothetical proteinc 4.0 2.0
DET1102 Conserved hypothetical proteinc 3.2 1.7
DET1103 Hypothetical proteinc 2.9 1.5
DET1124 Nitrogen regulatory protein PII 5.4 2.4
DET1125 Ammonium transporter 9.4 3.2
DET1146 Hypothetical protein 2.1 1.0
DET1147 Transcriptional regulator, Fur family 5.4 2.4
DET1148 Nitrogenase cofactor biosynthesis protein NifB, putative 94.3 6.6
DET1149 Acetyltransferase, GNAT family 118.5 6.9
DET1150 Ferredoxin, 2Fe-2S 266.6 8.1
DET1151 Dinitrogenase iron-molybdenum cofactor NifBYX family protein 281.4 8.1
DET1152 Nitrogenase molybdenum-iron protein, beta subunit, putative 122.0 6.9
DET1153 Nitrogenase MoFe cofactor biosynthesis protein NifE 136.1 7.1
DET1154 Nitrogenase molybdenum-iron protein, beta subunit 130.6 7.0
DET1155 Nitrogenase molybdenum-iron protein alpha chain 106.9 6.7
DET1156 Nitrogen-regulatory protein PII 72.3 6.2
DET1157 Nitrogen-regulatory protein PII 114.8 6.8
DET1158 Nitrogenase iron protein 71.3 6.2
DET1159 Molybdenum ABC transporter, ATP-binding protein 228.4 7.8
DET1160 Molybdenum ABC transporter, permease protein 103.6 6.7
DET1161 Molybdenum ABC transporter, periplasmic molybdate-binding protein 129.6 7.0
DET1162 Transcriptional regulator, putative 38.1 5.3
DET1241 Peptide methionine sulfoxide reductase MsrA 2.9 1.5
DET1253 Hypothetical protein 7.0 2.8
DET1286 Serine protease, DegP HtrA family 2.3 1.2
DET1324 Conserved hypothetical protein 5.4 2.4
DET1454 Ribosomal 5S rRNA E-loop-binding protein Ctc L25 TL5 2.0 1.0
DET1459 Ribosomal subunit interface protein, putative 2.3 1.2
DET1460 Methylated-DNA-protein-cysteine methyltransferase 2.7 1.4
DET1532 Dinitrogenase iron-molybdenum cofactor family protein 2.2 1.1
DET1545 Reductive dehalogenase, putative 2.0 1.0
DET1575 Hydrogenase, HycC subunit, putative 2.0 1.0
DET1576 Methylglyoxal synthase, putative 29.6 4.9
DET1580 Transcription regulator, TetR family 2.5 1.3
DET1616 Transcriptional regulator, AbrB family 2.3 1.2

a Selected genes with an FDR of �1% and with expression levels changed by 2-fold or greater are reported. Expression ratios were calculated by using averages from biological
triplicates, and positive values indicate upregulation during FNL.
b Gene is duplicated in the genome.
c Gene is within integrated elements.
d GNAT, Gcn5-related N-acetyltransferase.

Lee et al.

1432 aem.asm.org Applied and Environmental Microbiology

 on M
arch 9, 2012 by U

niv of C
alifornia-B

erkeley B
iosci &

 N
atural R

es Lib
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


important when dechlorination conditions are suboptimal and
that its expression might be a stress response to maintain en-
ergy generation.

Oxidoreductases. Dehalococcoides spp. are obligate hydrog-
enotrophs, and this is reflected in the five different multisubunit
putative hydrogenases encoded in the genome of strain 195 (45).

Four of the hydrogenases (Hup, Ech, Hyc, and Hym) are mem-
brane bound, while one (Vhu) is located in the cytoplasm (20, 34,
45). The Hup, Hym, and Vhu hydrogenase proteins were shown
to be highly expressed in a previous study of a hydrogen-grown
Dehalococcoides culture, suggesting that they are important for
electron transport in dehalogenation, while the Ech and Hyc hy-

TABLE 3 Selected differentially downregulated genes in the transcriptome

Genea Description Expression ratio Log2 ratio

DET0114 ABC transporter, substrate-binding protein, putative �2.4 �1.3
DET0115 ABC transporter, permease protein, putative �2.3 �1.2
DET0183 ATP-dependent RNA helicase, DEAD DEAH-box family �3.4 �1.8
DET0370 Membrane-associated zinc metalloprotease, putative �2.3 �1.2
DET0371 1-Deoxy-D-xylulose 5-phosphate reductoisomerase �2.0 �1.0
DET0372 Phosphatidate cytidylyltransferase �2.1 �1.1
DET0417 Amino acid ABC transporter, ATP-binding protein �2.2 �1.1
DET0418 Amino acid ABC transporter, permease protein, His Glu Gln Arg opine family �2.1 �1.1
DET0608 Ribosomal protein-alanine acetyltransferase �2.3 �1.2
DET0654 Cobalamin biosynthesis protein CobDb �2.1 �1.0
DET0655 Histidinol-phosphate aminotransferase, putativeb �2.0 �1.0
DET0716 Tyrosine recombinase XerC �2.3 �1.2
DET0770 Transcription elongation factor GreA �2.1 �1.1
DET0784 V-type H(�)-translocating pyrophosphatase �2.0 �1.0
DET0838 Phosphoribosylamine-glycine ligase �2.3 �1.2
DET0840 Adenylosuccinate lyase �2.2 �1.1
DET0841 Phosphoribosylaminoimidazole-succinocarboxamide synthase �2.6 �1.4
DET0844 Histidinol dehydrogenase �2.0 �1.0
DET0964 Single-stranded-DNA-specific exonuclease RecJ �2.4 �1.3
DET1173 FwdE family protein �5.2 �2.4
DET1174 Fec-type ABC transporter, periplasmic iron-binding protein �4.4 �2.1
DET1175 Fec-type ABC transporter, permease protein �4.0 �2.0
DET1176 Fec-type ABC transporter, ATP-binding protein �3.0 �1.6
DET1192 Signal peptidase I �3.0 �1.6
DET1193 Orotate phosphoribosyltransferase �2.3 �1.2
DET1194 Conserved hypothetical protein �2.8 �1.5
DET1196 ATP-dependent DNA helicase PcrA �2.5 �1.3
DET1199 Aspartate carbamoyltransferase �2.3 �1.2
DET1200 Dihydroorotase, multifunctional complex type �2.2 �1.1
DET1202 Carbamoyl-phosphate synthase, large subunit �2.3 �1.2
DET1203 Dihydroorotate dehydrogenase, electron transfer subunit �2.8 �1.5
DET1258 Acetylornithine aminotransferase �2.1 �1.0
DET1259 Hypothetical protein �3.8 �1.9
DET1389 Formamidopyrimidine-DNA glycosylase �2.0 �1.0
DET1422 Phosphoglycerate mutase family protein �2.2 �1.1
DET1434 Hydrogenase expression formation protein HypD �2.1 �1.1
DET1435 Hydrogenase expression formation protein HypE �2.6 �1.4
DET1461 Lipoprotein, putative �3.0 �1.6
DET1462 DNA repair protein, RadC family �2.2 �1.2
DET1490 Peptide ABC transporter, ATP-binding protein �2.5 �1.3
DET1491 Peptide ABC transporter, ATP-binding protein �3.3 �1.7
DET1492 Peptide ABC transporter, permease protein �3.1 �1.6
DET1493 Peptide ABC transporter, permease protein �2.5 �1.3
DET1494 Peptide ABC transporter, periplasmic peptide-binding protein �3.4 �1.8
DET1495 Conserved hypothetical protein �2.8 �1.5
DET1502 Major facilitator family protein �2.4 �1.3
DET1515 Conserved hypothetical protein �2.7 �1.4
DET1557 Lipoprotein, putativec �2.8 �1.5
DET1558 Reductive dehalogenase-anchoring protein, putativec �2.0 �1.0
DET1568 Hypothetical protein �5.5 �2.5
a Selected genes with an FDR of �1% and with an expression level changed by 2-fold or greater are reported. Expression ratios were calculated by using averages from biological
triplicates, and negative values indicate downregulation during FNL.
b Gene is duplicated in the genome.
c Gene is within integrated elements.
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drogenases are possibly important for developing low-potential
electrons for biosynthetic reactions (34).

In the current investigation, the Hym (DET0145 to DET0148)
and Vhu (DET0614 to DET0616) hydrogenases were differentially
downregulated in the proteome in response to FNL (Table 1).
Furthermore, in the transcriptome and proteome, genes that en-
code proteins for posttranslational hydrogenase maturation
(DET1434 and DET1435) were differentially downregulated (Ta-
bles 1 and 3). It was demonstrated previously for Rhizobium legu-
minosarum that these maturation proteins are necessary for hy-
drogenase activity (43). The downregulation of the Hym and Vhu
hydrogenases and the maturation proteins seems to correspond
with the observed decline in levels of dechlorination activity under
conditions of FNL (Fig. 1A).

The Hyc hydrogenase (DET1570 to DET1575) was differen-
tially upregulated in the transcriptome during FNL (Table 2). This
upregulation might serve to generate low-potential electrons for

nitrogenase, which typically uses ferredoxin as an electron donor,
and this can be tied to the upregulation at the transcript and pro-
tein levels of genes that encode potential cytoplasmic electron car-
riers (DET1150 and DET0198) (Tables 1 and 2). DET1150, lo-
cated contiguously with the nif operon and transcribed in the
same direction, encodes a ferredoxin that likely supplies electrons
to reduce the Fe protein of nitrogenases. It was proposed previ-
ously that the cytoplasmic electron carriers in strain 195 play a role
in sensing the cellular energy level through changes in the proton
motive force or redox potential of the electron transport chain
(45). Under conditions of FNL, this role might become critical to
ensure that the energy and redox status is maintained for biosyn-
thesis.

In addition to the hydrogenases, the differential upregulation
of the molybdopterin-containing oxidoreductase genes (DET101
to DET103) in the transcriptome is of interest (Table 2). The func-
tional role of this oxidoreductase has yet to be determined, and it

FIG 5 Conceptual model of the response of strain 195 to FNL. Red text and blue text indicate differential upregulation and downregulation in the transcriptome,
respectively, and black indicates insignificant differential expression (FDR of �1%). Boldface and italic fonts represent expression ratios of 2-fold or greater and
less than 2-fold, respectively. Red and blue stars indicate proteins that are differentially up- and downregulated by 1.5-fold or greater, respectively. Red and blue
arrows and lines indicate metabolic pathways or cycles that are up- and downregulated, respectively. All genes in selected COG categories and KEGG pathways
were examined to determine their direction of change in the transcriptome, and the indicated percentages are the relative fractions that were differentially up- or
downregulated with an FDR of less than 1%. Two homologs of the Fe2� transporter are present in strain 195 (DET0095 to DET0097 and DET1503 and
DET1504), and analyses of the transcriptome and proteome have separately identified these two homologs as being differentially regulated. TCA, tricarboxylic
acid; CoA, coenzyme A.

Lee et al.

1434 aem.asm.org Applied and Environmental Microbiology

 on M
arch 9, 2012 by U

niv of C
alifornia-B

erkeley B
iosci &

 N
atural R

es Lib
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


was speculated that it might be involved in the reduction of
nonhalogenated electron acceptors (45). The molybdopterin-
containing oxidoreductase genes were previously observed to be
upregulated when strain 195 was grown in a mixed culture relative
to a pure culture (34). The upregulation of this gene under stress
conditions suggests that the protein might indeed function to
maintain the cellular redox status by directing electrons to alter-
native electron acceptors.

The formate dehydrogenase (Fdh)-homologous genes
(DET0185 to DET0187) were previously observed to be highly
expressed in both the transcriptome and proteome of strain 195
during active dechlorination (15, 34). However, strain 195 is not
able to use formate as an electron donor or carbon source (34),
suggesting that “Fdh” has a novel function. Under conditions of
nitrogen limitation, Fdh was differentially downregulated in the
proteome (Table 1).

Conceptual model and environmental implications. A global
transcriptomic and proteomic approach was used in this study to
query the molecular responses of strain 195 under conditions of
FNL. By incorporating the transcriptomic and proteomic data, a
conceptual model that summarizes key differentially regulated
genes and the interactions between different cellular components
was developed and is illustrated in Fig. 5.

The problem of FNL is of environmental relevance, since am-
monium, a much more energetically favorable nitrogen source
than dinitrogen, is not always readily available at chlorinated
ethene-contaminated sites (46). Furthermore, members of the
Geobacteraceae were previously shown to express their nitrogen-
fixing genes in subsurface environments contaminated with pe-
troleum (11). Under conditions of FNL, strain 195 prematurely
transitions into the stationary phase and reduces its dechlorina-
tion activity (22). According to the transcriptomic data, a possible
clue to the limited growth may be related to the differential up-
regulation of the methylglyoxal synthase gene, whose product cat-
alyzes the formation of methylglyoxal, a toxic electrophile that can
lead to growth inhibition. Although not all Dehalococcoides strains
contain a nif operon to acquire dinitrogen, all four sequenced
strains have homologues of both putative methylglyoxal synthase
genes (http://img.jgi.doe.gov/cgi-bin/w/main.cgi). In order to
monitor the nitrogen status of Dehalococcoides spp. in the envi-
ronment, genes that have been identified to be differentially reg-
ulated in this study are potential biomarkers. These genes include
the nif (for strains that contain this operon), ammonium trans-
porter, PII nitrogen regulatory protein, and methylglyoxal syn-
thase genes and a number of general stress response genes. Mon-
itoring the expressions of these genes at the transcript and/or
protein level could provide direct information about cellular
physiology and complement geochemical measurements to guide
field-scale manipulations (e.g., whether ammonium should be
added as a supplement) to potentially improve treatment out-
comes.
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