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“Dehalococcoides” bacteria can reductively dehalogenate a wide range of halogenated organic pollutants. In
this study, DNA microarrays were used to monitor dynamic changes in the transcriptome as “Dehalococcoides
ethenogenes” strain 195 transitioned from exponential growth into stationary phase. In total, 415 nonredundant
genes were identified as differentially expressed. As expected, genes involved with translation and energy
metabolism were down-regulated while genes involved with general stress response, transcription, and signal
transduction were up-regulated. Unexpected, however, was the 8- to 10-fold up-regulation of four putative
reductive dehalogenases (RDases) (DET0173, DET0180, DET1535, and DET1545). Another unexpected finding
was the up-regulation of a large number of genes located within integrated elements, including a putative
prophage and a multicopy transposon. Finally, genes encoding the dominant hydrogenase–RDase respiratory
chain of this strain (Hup and TceA) were expressed at stable levels throughout the experiment, providing
molecular evidence that strain 195 can uncouple dechlorination from net growth.

The remediation of groundwater resources contaminated
with chlorinated organic pollutants is an ongoing environmen-
tal challenge. To address this challenge, one promising strategy
is to utilize anaerobic bacteria that dechlorinate these pollut-
ants via reductive pathways (34). “Dehalococcoides” bacteria
are of particular interest for such applications for a number of
reasons. First, they are the only known microorganisms that
can completely dechlorinate tetrachloroethene (PCE) and tri-
chloroethene (TCE) to nontoxic end products (34). Second,
Dehalococcoides bacteria can dehalogenate a wide range of
other halogenated organic pollutants, including both aliphatics
and aromatics (1, 2, 6, 9, 16, 22, 37, 45). Finally, Dehalococ-
coides-based bioremediation systems have been successfully
implemented in several field trials, some of which have poten-
tial for full-scale applications (15, 32, 36, 43).

Although our physiological understanding of Dehalococ-
coides bacteria is rapidly progressing, relatively little is known
about how these organisms respond to conditions that limit
their growth and dechlorination activity. Several studies have
investigated conditions where growth is limited by the absence
of chlorinated ethene electron acceptors. These studies found
that genes encoding reductive dehalogenases (RDases) (27, 28,
31, 42, 51), hydrogenases (40, 42), and a putative formate

dehydrogenase (40, 42) are down-regulated during periods of
electron acceptor starvation and up-regulated when electron
acceptors are available. Other studies have examined the ef-
fects of corrinoid deficiency, demonstrating that insufficient
corrinoid can limit both growth and dechlorination activity (17,
23). This is consistent with the essential role of corrinoids as
cofactors of characterized RDases (35) despite the lack of
systems for de novo corrinoid biosynthesis in sequenced iso-
lates (30, 47).

The primary objective of this study was to improve our
general understanding of how “Dehalococcoides ethenogenes”
strain 195 responds to growth-limiting conditions. Because
electron acceptor- and corrinoid-limited growth conditions
have been the focus of previous studies (23, 28, 31, 40, 42, 51),
a second objective of this study was to identify novel factors
that can limit the growth and dechlorination activity of this
strain. To accomplish both of these objectives, batch cultures
of strain 195 were grown with excess electron acceptor (TCE)
and corrinoid, along with excess electron donor, carbon source,
and nitrogen source. A DNA microarray was then used to
examine temporal changes in the transcriptome as cells tran-
sitioned from exponential growth into stationary phase.

MATERIALS AND METHODS

Bacterial strain and growth conditions. D. ethenogenes strain 195 was grown at
34°C in batch-pure cultures (160-ml bottles with 100 ml liquid volume) with a
defined mineral salts medium and an H2/CO2 headspace (80/20, vol/vol) (23, 31).
The medium contained 5 mM sodium acetate and 5.5 mM ammonium chloride
as the primary sources of carbon and nitrogen, respectively. After autoclaving, 7
�l of liquid TCE was added to each culture bottle using a 10-�l syringe (approx-
imately 78 �mol). Cultures were further amended with a vitamin mixture con-
taining 10 �g of the corrinoid cyanocobalamin (final concentration, 100 �g of
cyanocobalamin per liter of medium) (23). This corrinoid concentration is well
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above the known growth-limiting concentration of 1 �g of cyanocobalamin per
liter of medium (23). Cultures were then inoculated with 1 ml of a stock culture
(1%, vol/vol) that had completely dechlorinated one 7-�l dose of TCE to vinyl
chloride (VC) and ethene.

Growth experiment and cell collection. A total of 180 parallel bottles contain-
ing 100 ml liquid medium were inoculated with 1 ml of stock culture (1%, vol/vol)
and amended with 7 �l of TCE as described above. Additional 7-�l doses of TCE
were added after complete conversion of TCE to VC and ethene. Two cultures
were used to track chlorinated ethenes and Dehalococcoides-specific 16S rRNA
genes throughout the time course of the experiment. For 16S rRNA gene anal-
yses, cells were collected from 1-ml culture samples by vacuum filtration using
hydrophilic Durapore membrane filters (diameter, 47 mm; pore size, 0.22 �m)
(Millipore, Billerica, MA). After filtration, each filter was placed in a 2-ml
microcentrifuge tube and stored at �80°C until processing. DNA was extracted
from frozen filters, and the quantities of 16S rRNA genes per ml of culture were
measured by quantitative PCR (qPCR) as described below.

At various times during the growth experiment, cultures were sacrificed and
cells were collected for microarray analyses by vacuum filtration as described
above (100 ml of liquid culture per filter). These collection times corresponded
to the early-exponential (EE) (90 cultures sacrificed), late-exponential (LE) (30
cultures), transition (TR) (15 cultures), early-stationary (ES) (15 cultures), and
late-stationary (LS) (30 cultures) phases. After filtration, the filters were imme-
diately placed in 2-ml microcentrifuge tubes, frozen with liquid nitrogen, and
stored at �80°C until processing. The time required to open each culture bottle,
filter cells from 100 ml of culture, and freeze the filter with liquid nitrogen was
less than 3 min.

RNA and DNA extraction. RNA was extracted from frozen filters using a
modified version of the acid phenol method described previously (27). Briefly,
each 2-ml microcentrifuge tube that contained a frozen filter was filled with 250
�l lysis buffer (50 mM sodium acetate, 10 mM EDTA [pH 5.1]), 100 �l 10%
sodium dodecyl sulfate, 1.0 ml buffer-equilibrated phenol (pH 4.3) (Sigma-
Aldrich, St. Louis, MO), and 1 g 100-�m-diameter zirconia-silica beads (Biospec
Products, Bartlesville, OK). Cells were lysed by heating to 65°C for 2 min, bead
beating with a Mini Bead Beater (Biospec Products) for 2 min, incubating at
65°C for 8 min, and bead beating again for an additional 2 min. Cellular debris
was collected by centrifugation (5 min at 15,000 � g), and the aqueous lysate was
transferred to a new nuclease-free microcentrifuge tube. The lysate was extracted
twice with 1 volume of phenol-chloroform-isoamyl alcohol (pH 4.3) (125:24:1,
vol/vol) and once with 1 volume of chloroform-isoamyl alcohol (24:1, vol/vol)
(Sigma-Aldrich). RNA was precipitated by adding 0.5 volume of 7.5 M ammo-
nium acetate and 2 volumes of 100% ethanol. The precipitate was collected by
centrifugation, washed once with 80% ethanol, and resuspended in nuclease-free
water. RNA was purified from contaminating DNA by DNase I treatment using
the DNA-free kit (Ambion, Austin, TX) according to the manufacturer’s instruc-
tions. Purified RNA was stored at �80°C prior to further use. The approximate
mass of total RNA recovered from 100-ml cultures at each phase was as follows:
EE, 0.2 �g; LE, 1.5 �g; TR, 3 �g; ES, 3 �g; LS, 1.5 �g.

DNA was extracted from frozen filters using a phenol-based protocol similar
to that for RNA extraction described above. The differences are as follows. First,
the phenol was buffer-equilibrated to pH 8.0 (Sigma-Aldrich) rather than pH 4.3.
Second, the lysis buffer consisted of 200 mM Tris (pH 8.0), 50 mM EDTA, and
200 mM sodium chloride. Finally, DNA was precipitated by adding 0.1 volume of
3 M ammonium acetate (pH 5.2) and 1 volume of 100% isopropanol.

Affymetrix GeneChip characteristics. The Affymetrix (Santa Clara, CA)
GeneChip microarray applied in this study targets �99% of the 1,642 predicted
genes within the genome of strain 195. A complete description of the array has
been reported elsewhere, and the description includes an assessment of the
quantitative dynamic range (53).

Microarray sample preparation, hybridization, and scanning. Five micro-
grams of total RNA was used as starting material for each microarray analysis,
where each 5-�g pool of RNA was obtained from an independent set of biolog-
ical cultures (30 for EE, 10 for LE, 5 for TR, 5 for ES, and 10 for LS). A total
of three microarray analyses were performed for every time point. cDNA was
synthesized, fragmented, labeled, and hybridized to arrays according to the
protocols outlined in section 3 of the Affymetrix GeneChip Expression Anal-
ysis technical manual. Hybridized arrays were stained and washed according
to standard Affymetrix protocols and were scanned using an Affymetrix
Scan3000 scanner.

Microarray data analysis. All microarray analyses were performed within the
R statistical programming environment (www.r-project.org) using packages
available from Bioconductor, version 1.9 (www.bioconductor.org) (21). Probe set
hybridization signal intensities were calculated using the “mas5” function from
the “affy” package (20). This function implemented the MAS 5.0 algorithm (3)

with global scaling to a value of 2,500. The average and median coefficients of
variation among replicate measurements of individual probe set signal intensities
were 8.6% and 5.5%, respectively.

To test the hypothesis that a gene was differentially expressed during the
experiment, one-way analysis of variance (ANOVA) was applied using the
“ftest” function from the “multtest” package (21). The P values returned from
the ANOVA test were then adjusted to correct for multiple hypothesis testing by
applying the Benjamini and Hochberg procedure (7) with the “rawp2adjp” func-
tion from the “multtest” package (21). This procedure was used to control the
false discovery rate below 1%. Differentially expressed genes were further re-
stricted using the following two criteria. First, the absolute hybridization signal
intensity had to be greater than 300 for at least one sampling time point. Second,
the change in expression between any two sampling time points had to be greater
than twofold. Differentially expressed genes meeting all of these criteria were
sorted by hierarchical clustering (14) using the “heatplot” function from the
“made4” package (11).

qPCR analysis of 16S rRNA genes. Quantification of Dehalococcoides-specific
16S rRNA genes by qPCR was performed using the protocol, primers, TaqMan
probe (Applied Biosystems, Foster City, CA), and absolute standards described
by Holmes and coworkers (25).

Chlorinated ethene analyses. Chlorinated ethenes were resolved and analyzed
by gas chromatography using a flame ionization detector and a GC-Gas Pro
column (J&W Scientific, Folsom, CA) as described previously (31). The total
mass of each chlorinated ethene was calculated using calibration curves gener-
ated from standards equilibrated to the culture incubation temperature of 34°C.

Bioinformatics. Gene annotations were obtained from Seshadri and coworkers
(47). Operon predictions were obtained from the Microbes Online Database
(www.microbesonline.org) (5, 41).

Microarray data accession numbers. All hybridization signal intensity mea-
surements have been deposited in the NCBI Gene Expression Omnibus (http:
//www.ncbi.nlm.nih.gov/geo) (13) under accession numbers GPL6336 (platform)
and GSE10185 (series).

RESULTS AND DISCUSSION

Characterization of growth phases. The primary objective of
this study was to improve our understanding of how strain 195
responds to growth-limiting conditions. To accomplish this ob-
jective, dechlorination rates, 16S rRNA gene quantities, and
transcriptomics were monitored as batch-pure cultures transi-
tioned from exponential growth into the stationary phase. A
second objective of this study was to identify novel factors that
can limit growth and activity. To address this second objective,
growth factors known to be essential for strain 195 were added
in excess, including the terminal electron acceptor (TCE), elec-
tron donor (hydrogen), carbon source (acetate), nitrogen
source (ammonium), and corrinoid (cyanocobalamin).

Figure 1 summarizes the temporal dynamics of 16S rRNA
gene quantities and dechlorination rates over the duration of
the experiment. Three distinct phases were observed. In the
first phase (days 0 to 18), cells grew exponentially at a rate of
0.21 per day (generation time, 3.3 days) and with a yield of
3.2 � 107 � 0.9 � 107 16S rRNA gene copies per �mol of Cl�

released. After this phase of exponential growth, the growth
rate slowed abruptly to a rate of 0.05 per day (generation time,
14 days) and remained steady thereafter until day 38. After day
38, net growth was no longer evident, while TCE dechlorina-
tion continued at decreasing rates (days 38 to 85). The contin-
ued dechlorination without a corresponding increase in the
16S rRNA gene copy number indicates that net growth had
become uncoupled from dechlorination, a behavior similar to
that previously reported for strain 195 (37) and for a Dehalo-
coccoides-containing enrichment culture (28). Over the course
of the experiment, approximately 450 �mol of TCE was de-
chlorinated to VC and ethene without any accumulation of
cis-dichloroethene (cis-DCE) (Fig. 1B). Other isomers of DCE
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(trans-DCE and 1,1-DCE) were never detected in significant
quantities (data not shown).

Overview of transcriptome dynamics. To provide insight
into the factors controlling the observed shifts in physiology,
transcriptomic microarray analyses were performed at differ-
ent points of the experimental time course. Cells were col-
lected for microarray analyses during the EE, LE, TR, ES, and
LS phases, as shown in Fig. 1A.

Figure S1 in the supplemental material summarizes the
overall dynamics of the transcriptome as cells transitioned into
stationary phase. In this analysis, the total numbers of genes
significantly up- or down-regulated relative to the EE phase
are reported at each time point. As cells transitioned into the
LE and TR phases, relatively few genes were up-regulated (19
and 33 genes, respectively) or down-regulated (45 and 38
genes, respectively). The major shift in gene expression oc-
curred during the onset of the ES phase, with 96 genes up-
regulated and 127 genes down-regulated (see Fig. S1 in the
supplemental material). Time course studies of other bacteria
have also reported that the largest shift in gene expression
occurred during the transition into stationary phase (10, 50).
As cells progressed further into the LS phase, the numbers of
genes up- and down-regulated continued to increase (131 and

217, respectively) with no apparent stabilization of the tran-
scriptome (see Fig. S1 in the supplemental material). Overall,
a total of 415 nonredundant genes, corresponding to 27% of
the nonredundant genes within the genome, were detected as
either up- or down-regulated at some point during the exper-
iment. This proportion of genes exhibiting growth phase-de-
pendent regulation is within the range of 11 to 32% measured
in similar investigations of other bacterial species (10, 26, 33,
46, 50).

Hierarchical clustering was applied to provide further in-
sight into the temporal dynamics of the transcriptome. This
technique sorts genes into groups that exhibit similar patterns
of transcription among a set of conditions (14). Four groups of
genes that shared similar transcription patterns as cells transi-
tioned from the EE to the LS phases were identified (Fig. 2).
These groups are defined as response groups D (down-regu-
lated), U (up-regulated), B (biphasic), and F (fluctuating) and
are described in detail below. To facilitate analysis, the genes
within each response group were further sorted into COG
(clusters of orthologous genes) categories (see Fig. S2 in the
supplemental material).

Genes down-regulated as cells transition into stationary
phase (response group D). Response group D consists of 222

FIG. 1. Temporal dynamics of Dehalococcoides-specific 16S rRNA genes (A) and chlorinated ethenes (B) in 100-ml batch-pure cultures of
strain 195 receiving six consecutive doses of TCE. Vertical arrows in panel A indicate time points when cells were collected for microarray analyses.
Symbols: f, TCE; �, cis-DCE; Œ, ethene; ‚, VC. All measurements are averages from two biological cultures. Error bars, 1 standard deviation.
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genes that were down-regulated as cells transitioned from the
EE to the LS phase (Fig. 2). The largest category of genes
within this response group is related to energy metabolism (see
Fig. S2 in the supplemental material), and many of these genes
encode oxidoreductases. Specifically, all the genes encoding
the membrane-bound Hym (DET0145 to -0148) and Ech
(DET0860 to -0868) hydrogenases and most of the genes en-
coding the NADH-quinone oxidoreductase (Nuo) (DET0925
to -0933) were down-regulated two- to sixfold (Fig. 3A; see also
Table S1 in the supplemental material). Although the physio-
logical functions of these oxidoreductases are currently un-
known, the Ech hydrogenase has been speculated to carry
low-potential electrons for biosynthetic reactions (40), which
would be consistent with its observed down-regulation under
growth-limiting conditions. Also included within the energy
metabolism category were genes encoding an incomplete tri-
carboxylic acid cycle (DET0448 to -0451 and DET0453 to
-0454) and the ATP synthase complex (DET0558 and
DET0561 to -0565), all of which were down-regulated two- to
fourfold (see Table S1 in the supplemental material). The
down-regulation of these systems is expected given the ob-
served reduction in growth rates over the duration of the ex-
periment.

After energy metabolism, the next largest category of genes
within response group D was related to translation and ribo-
somes (see Fig. S2 in the supplemental material). Included
within this category were 11 genes encoding ribosomal com-
ponents and 6 genes encoding tRNA synthases, all of which
were down-regulated two- to fourfold (see Table S1 in the
supplemental material). As with genes encoding ATP synthase,
the down-regulation of translation-related genes during sta-
tionary phase is expected given the reduction in growth rates.

The remaining genes within response group D were broadly
distributed among many categories (see Fig. S2 in the supple-
mental material). Of these, 55 genes were classified within the
transport and metabolism categories and encoded a range of
different systems, including several ABC-type transporters and
pathways involved with lipid and nucleotide metabolism (see
Table S1 in the supplemental material). There were also a
large number of unclassified genes. These genes were distrib-
uted throughout the genome and were strongly biased against
integrated elements (IEs). Overall, only 3% of the nonredun-
dant genes from response group D (7 out of 222) were located
within IEs (see Table S1 in the supplemental material), while
IE-located genes constitute more than 9% of the total nonre-
dundant genome (47).

Genes up-regulated as cells transition into stationary phase
(response group U). Response group U consists of 154 genes
that were up-regulated as cells transitioned from the EE to the
LS phase (Fig. 2). For this group, the most surprising finding
was the increased expression of nine genes in the energy gen-
eration category (see Fig. S2 in the supplemental material), six
of which encode putative RDases (Fig. 3B). The expression
dynamics of these RDases could be sorted into two distinct
subgroups. The first subgroup consisted of DET0311 and
DET1559, both of which were up-regulated two- to threefold
at fairly consistent rates over the duration of the experiment
(Fig. 3B). The expression dynamics of these two genes are
similar to those for the genes encoding TceA (DET0079) and
PceA (DET0318), neither of which met our criteria for differ-
ential expression (Fig. 3B). The second subgroup consisted of
DET0173, DET0180, DET1535, and DET1545. These RDases
distinguished themselves from the first subgroup by having a
burst of expression between the TR and LS phases (Fig. 3B).

FIG. 2. Hierarchical clustering and dendrogram of 415 differentially expressed genes (�2-fold; false discovery rate, �0.01). The color gradient
from green to red represents increasing microarray hybridization intensity. Four major response groups were detected and are identified by the
colored boxes labeled B (biphasic), D (down-regulated), F (fluctuating), and U (up-regulated).

VOL. 74, 2008 STATIONARY-PHASE ANALYSIS OF D. ETHENOGENES 2867



Overall, RDases within subgroup 2 were up-regulated 8- to
10-fold and ranked among the 10 most up-regulated genes
within the entire genome (see Table S1 in the supplemental
material).

Another striking feature of response group U was that 32%

of these genes (49 out of 154) were located within IEs. In fact,
at least one gene from each IE was up-regulated during the
transition into the ES and LS phases (Table 1). Particularly
surprising was the increased expression of all 22 genes from a
22-gene transposon that is present in three identical copies

FIG. 3. Transcription profiles of select genes from each response group. Each expression measurement is the ratio of the hybridization intensity
at the specified time to the hybridization intensity observed during the EE phase (day 6). Genes for which results are shown encode oxidoreductases
(A), RDases (B), ABC transporters (C), and putative prophage proteins (D).

TABLE 1. Summary of the number, fraction, and response group of genes from each IE exhibiting differential expression

IEa Locus namesa RDasesa Total no. of
ORFsa

No. of ORFs
differentially

expressed

Fraction of ORFs
differentially

expressed (%)

Response
group(s)

I DET0063–0091 Yes 28 2 7.1 U
II DET0155–0169 Yes 14 2 14 U
IIIb DET0251–0272 No 22 22 100 U
IVb DET0273–0295 No 22 22 100 U
V DET0875–0883 Yes 9 1 11 U
VIb DET0884–0905 No 22 22 100 U
VII DET1066–1118 No 52 42 81 D, F, U
VIII DET1472–1478 No 7 4 57 D, U
IX DET1552–1561 Yes 10 6 60 U

a See reference 47. ORFs, open reading frames.
b IEs III, IV, and VI are identical copies.
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(IEs III, IV, and VI) (Table 1; see also Table S1 in the sup-
plemental material). Also interesting was the up-regulation of
13 genes from IE VII (Table 1; see also Table S1 in the
supplemental material), which shows extensive synteny with
prophages of Bacillus cereus and other members of the Firmi-
cutes (47). These IEs, discussed above, do not encode RDases
or provide any other apparent selective advantage to strain 195
(47). Moreover, they are absent from other sequenced Deha-
lococcoides isolates, including strains CBDB1 (30) and BAV1
(NCBI accession number NC_009455).

A number of genes from response group U have putative
functions involved with general stress response systems (see
Fig. S2 in the supplemental material, under the posttransla-
tional modification and protein turnover category and the
unclassified category). These include genes encoding heat
shock-type chaperones (DET0954, DET1286, DET1411) and
components of the oxidative stress response and repair systems
(DET0198, DET1241, DET1581, DET1623) (see Table S1 in
the supplemental material). Also interesting is the concomitant
twofold up-regulation of an extracytoplasmic function (ECF)-
type sigma factor (DET1348) (see Table S1 in the supplemental
material). ECF sigma factors are known to regulate the transcrip-
tion of various stress responses in other organisms, including
responses to heat shock and oxidative stress (24, 38).

In addition to the ECF sigma factor, several other genes
from response group U were assigned to the transcription and
signal transduction categories. These include a gene encoding
a LexA-type regulator (DET0251) that was up-regulated ap-
proximately twofold (see Table S1 in the supplemental mate-
rial). Interestingly, this gene is located within the up-regulated
multicopy IE (IEs III, IV, and VI) discussed above. Also in-
cluded was a TetR-type transcription regulator (DET1580)
that was up-regulated twofold only after entering ES phase
(see Table S1 in the supplemental material). The timing of this
increase in expression is intriguing given that TetR-type regu-
lators have been linked with cell density-sensing regulatory
cascades (29, 44). Finally, genes encoding response regulators
for four putative RDases were up-regulated (DET0300,
DET1524, DET1540, and DET1561) (see Table S1 in the sup-
plemental material). None of these response regulators, how-
ever, are predicted to regulate the group of RDases exhibiting
the highest levels of up-regulation (8- to 10-fold) discussed
above (Fig. 3B) (47).

Genes with biphasic expression dynamics (response group
B). Response group B consists of 14 genes that were charac-
terized by biphasic expression dynamics, with an initial period
of up-regulation followed by down-regulation thereafter (Fig.
2). The majority of these 14 genes encode transport systems
(see Table S1 in the supplemental material). Six genes
(DET1490 to -1495) are located within an operon predicted to
encode a peptide ABC transporter, and four genes (DET1173
to -1176) are located within an operon predicted to encode a
ferric iron ABC transporter. Most of these genes were up-
regulated two- to fourfold during the LE phase and subse-
quently down-regulated to levels below those initially observed
(Fig. 3C). Temporal transcriptomic studies of other bacterial
species have reported similar findings. Specifically, genes en-
coding peptide transporters in Bacillus anthracis (33) and iron
transporters in Desulfovibrio vulgaris (10) were similarly up-
regulated during the LE and ES phases and down-regulated

thereafter. It is noteworthy that the increased expression of
genes within response group B coincided with the shift to the
sustained lower growth rate observed between days 18 and 38
(Fig. 1A).

Genes with fluctuating expression dynamics (response
group F). Response group F consists of 25 genes that were
characterized by fluctuating expression dynamics (Fig. 2). In
general, these genes were expressed at relatively high levels
during the EE phase, down-regulated during the LE phase,
up-regulated during the TR and ES phases, and down-regu-
lated again during the LS phase (Fig. 3D). Strikingly, 24 of
these 25 genes are located within IE VII, which shows exten-
sive synteny with prophages of Bacillus cereus (47). These 24
genes are contiguous (DET1070 to -1072, DET1074 to -1094),
are transcribed in the same direction, and are predicted to
encode proteins involved with phage assembly, including a
capsid protein, a tail fiber coating protein, a DNA packaging
protein, and an endolysin (see Table S1 in the supplemental
material).

Genes expressed at stable levels as cells transition into
stationary phase. A number of genes of interest were ex-
pressed at stable levels throughout the time course of the
experiment. Most notable were genes encoding the Hup hy-
drogenase and the TceA RDase (Fig. 3A and B). These oxi-
doreductases are thought to make up the dominant hydroge-
nase-RDase respiratory chain of strain 195 when cells are
grown with TCE (35, 39, 40). The stable expression of these
genes even 30 days after growth had ceased provides molecu-
lar-level evidence supporting physiological observations that
Dehalococcoides bacteria can uncouple net growth from de-
chlorination (28, 37).

Another interesting finding was that the genes encoding the
Hup, Hyc, and Vhu hydrogenases and the putative Fdh for-
mate dehydrogenase were all expressed at stable levels as cells
transitioned into stationary phase (Fig. 3A; see also Table S1 in
the supplemental material). The stable expression of Fdh is
especially intriguing because previous studies have reported
that it is highly expressed relative to other oxidoreductases (39,
40, 42), suggesting that it plays a crucial role in Dehalococ-
coides physiology.

Other genes that were expressed at stable levels include
those encoding a corrinoid ABC transporter (DET0650 to
-0652) and a corrinoid salvage pathway (DET0657 to -0660)
(see Table S1 in the supplemental material). This is consistent
with corrinoid availability not being a factor limiting growth
and activity under the conditions investigated. Also notable is
the stable expression of a previously studied LexA-encoding
gene (DET1640) (see Table S2 in the supplemental material)
that is presumed to be involved in DNA repair (18).

Physiological adaptation to growth-limiting conditions. The
primary objective of this study was to characterize the adaptive
response of strain 195 to growth-limiting conditions. The gen-
eral finding from the transcriptomic studies is that genes in-
volved with energy metabolism and translation were down-
regulated while genes involved with stress response,
transcription, and signal transduction were up-regulated dur-
ing the transition into stationary phase. These responses are
consistent with the stationary-phase responses observed for a
wide range of other bacterial species in comparable studies (4,
8, 10, 12, 26, 33, 46, 49, 50, 52).
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A second goal of this study was to identify novel factors that
can limit the growth and dechlorination activity of strain 195 by
adding known growth-limiting factors in excess, including the
electron donor, electron acceptor, nitrogen source, carbon
source, and corrinoid. Unfortunately, the time course microar-
ray approach used here did not clearly identify a potential
factor responsible for the onset of stationary phase. Although
predicted iron and peptide ABC-type transporters were tran-
siently up-regulated during the LE phase (Fig. 3C), no trans-
porters were up-regulated during the ES and LS phases after
net growth had ceased. One reason for the absence of ex-
pression dynamics indicative of a specific nutritional limita-
tion might be that no corresponding adaptive system exists
in strain 195.

Factors other than nutrient limitations may also have con-
tributed to the cessation of growth. For instance, the accumu-
lation of VC and ethene (Fig. 1B) might have resulted in
product inhibition. Alternatively, a quorum-sensing-type regu-
latory mechanism might have controlled the maximum cell
density. Such a mechanism seems plausible given the up-reg-
ulation of a TetR-type response regulator (DET1580) during
the ES and LS phases (see Table S1 in the supplemental
material). TetR regulators have been implicated in density-
sensing regulatory cascades in Pseudomonas species (29, 44),
and thus, analysis of a TetR mutant would be a promising
avenue for future investigations.

Even though no obvious growth-limiting factor was identified,
this investigation yielded important findings about the transition
of strain 195 into stationary phase. Particularly surprising was the
8- to 10-fold up-regulation of four RDase-encoding genes
(DET0173, DET0180, DET1535, and DET1545) (Fig. 3B).
These RDases ranked among the 10 genes with the highest
levels of up-regulation, suggesting that they play important
roles in the observed stationary-phase response. The absolute
hybridization signals of these RDases, however, were substan-
tially lower than that of the tceA gene (DET0079) (see Table
S1 in the supplemental material). Even during the LS phase,
when these RDases were maximally expressed, only DET1545
had a hybridization signal that was within 1 order of magnitude
of the tceA signal (see Table S1 in the supplemental materia).
Thus, it appears unlikely that these RDases play crucial roles in
TCE dechlorination. Nor do they appear to play a role in DCE
or VC dechlorination, since they were not up-regulated until
after the concentrations of VC and ethene had stabilized (Fig.
1B and 3B). Thus, it remains unclear why these RDases were
up-regulated during stationary phase; characterizations of
their substrate ranges are needed in order to elucidate their
physiological role.

Another surprising finding was the stable expression of
genes encoding the Hup hydrogenase and the TceA RDase,
which are thought to comprise the dominant hydrogenase-
RDase respiratory chain when strain 195 is grown with TCE
(35, 39, 40). One would expect these genes to be down-regu-
lated as rates of growth decline. Instead, these genes were
expressed at stable levels even 30 days after net growth had
ceased, suggesting a lack of integration between cell growth
and their transcriptional control. It should be noted that the
substrates of these enzymes, hydrogen and TCE, were still
abundant in the culture and may have served to induce their
expression. Indeed, previous studies have shown that the pres-

ence of TCE is necessary for tceA transcription (19). Studies of
gene expression under conditions of TCE and H2 limitation
would clarify some of these issues and help determine whether
measurements of RDase expression levels can be used to ac-
curately assess the physiological activity of strain 195.

An examination of the expression of other oxidoreductase-
encoding genes also revealed interesting transcription dynam-
ics. Previous investigations showed that Hup, Vhu, and Fdh are
down-regulated during electron acceptor-limited growth con-
ditions (40, 42). In this study, however, these three oxidoreduc-
tases were expressed at stable levels even 30 days after net
growth had ceased. Thus, it appears that distinct regulatory
systems control the adaptive responses to electron acceptor-
limiting conditions and the growth-limiting conditions investi-
gated here. The oxidoreductases that were down-regulated in
this study were the membrane-bound Ech and Hym hydroge-
nases and the Nuo NADH-quinone oxidoreductase. Morris
and coworkers also observed lower transcript levels for these
three oxidoreductases under electron acceptor-limiting condi-
tions (40). Thus, even though distinct regulatory systems are
involved with the adaptation to different growth limitations,
significant portions overlap within a general stationary-phase
response.

Growth phase-dependent expression of IEs. This study iden-
tified a large number of genes located within IEs that are
differentially regulated during the transition into stationary
phase (Table 1). Particularly surprising was the up-regulation
of 100% of the genes from a 22-gene transposon that is present
in three identical copies (IEs III, IV, and VI). However, this
transposon does not provide any obvious selective advantage
to the cell. It is therefore difficult to interpret these results
except to state that, like many transposons, these elements
show signs of mobilization under growth-limiting conditions.

Also of interest was the differential regulation of genes from
IE VII (DET1066 to -1118) that encode components of a
temperate bacteriophage (47). The up-regulated genes are lo-
cated within two contiguous sections (DET1067 to -1069 and
DET1095 to -1104 [see Table S1 in the supplemental mate-
rial]) and are predicted to encode genes for phage excision and
DNA synthesis. These are reminiscent of the classic “early”
genes in the bacteriophage lytic cycle (48). The genes showing
fluctuating transcript levels are located in a separate contigu-
ous section (DET1070 to -1094 [see Table S1 in the supple-
mental material]) and are reminiscent of the “late” genes for
phage assembly. It is difficult to explain the fluctuating expres-
sion patterns of the “late” genes, and factors such as phage
excision and replication and the lower energy status of the cells
when TCE dechlorination slowed may have played a role.
Nevertheless, the fact that these genes within this contiguous
section all follow the same pattern shows that their expression
is tightly coordinated in a growth phase-dependent manner.
Although we did not examine whether this prophage was in-
duced from lysogeny during stationary phase, the induction of
this phage might be another factor contributing to the cessa-
tion of growth of strain 195.
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