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ABSTRACT The aim of this study is to obtain a systems-level understanding of the
interactions between Dehalococcoides and corrinoid-supplying microorganisms by
analyzing community structures and functional compositions, activities, and dynamics
in trichloroethene (TCE)-dechlorinating enrichments. Metagenomes and metatranscrip-
tomes of the dechlorinating enrichments with and without exogenous cobalamin
were compared. Seven putative draft genomes were binned from the metagenomes. At
an early stage (2 days), more transcripts of genes in the Veillonellaceae bin-genome
were detected in the metatranscriptome of the enrichment without exogenous
cobalamin than in the one with the addition of cobalamin. Among these genes,
sporulation-related genes exhibited the highest differential expression when cobala-
min was not added, suggesting a possible release route of corrinoids from corrinoid
producers. Other differentially expressed genes include those involved in energy
conservation and nutrient transport (including cobalt transport). The most highly ex-
pressed corrinoid de novo biosynthesis pathway was also assigned to the Veillonel-
laceae bin-genome. Targeted quantitative PCR (qPCR) analyses confirmed higher
transcript abundances of those corrinoid biosynthesis genes in the enrichment with-
out exogenous cobalamin than in the enrichment with cobalamin. Furthermore, the
corrinoid salvaging and modification pathway of Dehalococcoides was upregulated in
response to the cobalamin stress. This study provides important insights into the mi-
crobial interactions and roles played by members of dechlorinating communities un-
der cobalamin-limited conditions.

IMPORTANCE The key chloroethene-dechlorinating bacterium Dehalococcoides mccartyi
is a cobalamin auxotroph, thus acquiring corrinoids from other community members.
Therefore, it is important to investigate the microbe-microbe interactions between Deha-
lococcoides and the corrinoid-providing microorganisms in a community. This study
provides systems-level information, i.e., taxonomic and functional compositions and
dynamics of the supportive microorganisms in dechlorinating communities under
different cobalamin conditions. The findings shed light on the important roles of
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Veillonellaceae species in the communities compared to other coexisting community
members in producing and providing corrinoids for Dehalococcoides species under
cobalamin-limited conditions.

KEYWORDS Dehalococcoides, reductive dechlorination, corrinoid, Veillonellaceae,
metagenome, metatranscriptome

Chlorinated solvents, such as tetra- and trichloroethene (PCE and TCE, respec-
tively), are common groundwater contaminants in the United States (1, 2).

Bioremediation is a cost-effective and environmentally friendly approach to clean
up solvent-contaminated field sites (3, 4). Dehalococcoides mccartyi is the only
known bacterium capable of carrying out complete reductive dechlorination of
chloroethenes to ethene (5, 6). Numerous studies have been performed on the
physiology (7–10), genomics (11–15), and metabolic pathways (16–19) of this bacterium
to optimize bioremediation processes. Corrinoids are a group of cyclic compounds
containing four pyrrole rings, many of which are vitamins and/or enzyme cofactors. D.
mccartyi requires hydrogen, acetate, and corrinoid cofactors (e.g., cobalamin, also
known as vitamin B12) during reductive dechlorination (5). However, all sequenced
strains lack the genetic potential for forming hydrogen or acetate via fermentation, as
well as the capabilities of de novo synthesis of corrinoid cofactors (6, 11, 20). Conse-
quently, D. mccartyi must acquire each of these essential substrates and nutrients
from the environment or through interactions with other coexisting organisms. In
a typical groundwater bioremediation site amended with low-cost organic sub-
strates, like whey and molasses, hydrogen and acetate can readily be provided by
fermenters (21–23). Since a number of environmental microorganisms are capable of
de novo corrinoid biosynthesis (24), corrinoid cofactors may also be available for
Dehalococcoides in an environmental microbial community. D. mccartyi strains are able
to utilize corrinoid forms other than cobalamin and modify them into cobalamin in the
presence of the favorable lower ligand dimethylbenzimidazole (DMB) (9, 25, 26).
Therefore, understanding the capabilities of microorganisms supportive of D. mccartyi
and how they interact will provide important guidance for manipulations of site
conditions toward better bioremediation strategies.

Previous community studies focused primarily on the physiological and transcrip-
tional responses of D. mccartyi to different growth conditions (27–31), with limited
knowledge of the corresponding responses of the coexisting supportive microorgan-
isms, particularly at the transcriptional level. Total RNA sequencing (metatranscriptom-
ics) can complement total DNA sequencing (metagenomics) by providing information
about active community members and the taxonomic or functional dynamics over a
time course or across different environmental conditions (32). Metagenomics or 16S
rRNA gene amplicon sequencing, sometimes followed by metatranscriptomics, has
been successfully applied to a wide range of environmental microbiomes, including
ocean surface waters (33, 34), acid mine drainage (35), permafrost (32), and micro-
bial fuel cells (36). Microbial compositions and functional genes of Dehalococcoides-
containing dechlorinating communities have been reported in several metagenomic
studies (19, 36, 37), and the active community members and the genes involved in
carbon metabolism in the community have been investigated by BrdU-incorporated
DNA sequencing (38). Metatranscriptomics sequencing can further provide insights into
a comprehensive profile of functional activity and dynamics, which is important for
identifying the roles played by the supportive microorganisms in dechlorinating com-
munities under various environmental conditions.

The goal of this study was to get a systems-level understanding of taxonomic and
functional compositions in dechlorinating communities without exogenous cobal-
amin and the roles of supportive microorganisms in corrinoid supplying for D.
mccartyi. We constructed enrichment cultures from contaminated groundwater that
were able to reductively dechlorinate TCE using lactate as the primary electron
donor, with and without exogenous cobalamin cofactor. The microbial composi-

Men et al. Applied and Environmental Microbiology

April 2017 Volume 83 Issue 8 e03508-16 aem.asm.org 2

http://aem.asm.org


tions and functional potentials were first analyzed by metagenomic sequencing.
Draft genomes were binned from the metagenomes representing dominant com-
munity members of the enrichment community. Subsequently, the active members
and their functional roles in the community were revealed by metatranscriptomics,
reverse transcription-quantitative PCR (RT-qPCR), and microarrays.

RESULTS
Metagenomic analysis. A total of 101,964,968 reads from both TCE-dechlorinating

enrichments with cobalamin (HiTCEB12) and without cobalamin (HiTCE) metagenomes
were filtered out after quality control and dynamic trimming, with an average length of
100 bp. Using de novo assembly, 16,404 contigs with an average length of 2,463 bp
were obtained. The coverages of the assembled contigs for the HiTCEB12 and HiTCE
metagenomes were 89.7% and 83.0%, respectively, which indicate a reliable accuracy
of the de novo assembly. The assembled contigs consist of 49,488 predicted open
reading frames (ORFs). Nine clusters of metagenome bins were retrieved using a
modified differential coverage method (39) (Fig. 1). Seven metagenome bins (bin1 to -6
and bin9) with relatively high coverage and long contig length were subjected to
further analysis, including those related to Dehalococcoides, Veillonellaceae, Desulfovib-
rio, Sedimentibacter, Spirochaetaceae, Bacteroides, and Clostridium (Fig. 1 and Table 1),
which are referred to here as bin-genomes. The bin-genome sizes, in terms of the
number of predicted ORFs, were comparable to those of fully sequenced genomes of

FIG 1 Metagenome binning using differential coverages of HiTCE and HiTCEB12 (note that the taxo-
nomic assignment of the bin-genomes was based on BLAST results of the unique 16S rRNA gene
sequence included in each metagenome bin against SILVA structural RNA database, with resolution at
the genus or family level.).

TABLE 1 Summary of bin-genome reconstruction from metagenomes and corresponding transcripts detected in metatranscriptomes

Bin-genome
Size
(Mbp)

No. of
predicted
ORFs

Estimated
genome
completeness (%)

Avg amino acid
sequence
identity (%)

No. of transcripts detected in metatranscriptomes:

HiTCEB12_T1 HiTCE_T1 HiTCE_T2 HiTCE_T3

Bin1_Dehalococcoides 1.3 1,431 99.3 95 1,300 1,308 1,333 1,334
Bin2_Veillonellaceae 3.6 3,856 99.9 66 808 910 991 466
Bin3_Desulfovibrio 3.4 3,390 91.1 91 222 221 1,483 641
Bin4_Sedimentibacter 3.5 3,659 93.3 90 274 278 286 89
Bin5_Spirochaetaceae 2.7 2,682 92.1 56 892 891 853 571
Bin6_Bacterioides 2.4 2,203 96.4 68 728 724 494 449
Bin9_Clostridium 2.6 2,871 99.0 67 57 60 216 63
Unbinned 29,396 1,530 1,551 196 239

Total 49,488 5,811 5,943 5,852 3,852
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related taxa (Table 1) (http://www.ncbi.nlm.nih.gov/). Dehalococcoides, Desulfovibrio,
and Sedimentibacter bin-genomes exhibited an average of more than 90% amino acid
sequence identity with the corresponding sequenced genomes, whereas the other
bin-genomes exhibited less than 70% amino acid sequence identity, indicating that
they represent novel species (Table 1). Detailed gene annotations of each bin-genome
are listed in Table S2 of the supplemental material.

Differential gene expression from metatranscriptomic sequencing. In addition
to the metagenomes, which represent the taxonomic composition and metabolic
potentials of each taxonomic group (i.e., bin-genome), the metatranscriptomes provide
additional information on the dynamics of these taxonomic groups and their functional
activities. Over 70% of the detected gene transcripts from the metatranscriptomes
were assigned to the seven analyzed bin-genomes (Table 1), indicating that they
represent the most active community members. In order to investigate the structural
and functional activity dynamics in the community when no exogenous cobalamin was
available, we first compared the metatranscriptomes of HiTCE (without B12) and
HiTCEB12 (with B12) on day 2. Although similar numbers of transcripts were detected
in the two metatranscriptomes (Table 1), approximately 550 functional genes exhibited
more than 5-fold greater transcript abundance in HiTCE than in HiTCEB12 (Fig. 2A).

FIG 2 Taxonomic distribution by genomic reconstruction (A) and by BLASTx and MEGAN5 (B) of genes
upregulated (�5-fold) in HiTCE compared to HiTCEB12. Numbers of upregulated genes are indicated
next to the names; the family with the most upregulated genes is highlighted in bold in panel B..
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Moreover, about 75% of those upregulated genes were assigned to the Veillonellaceae
bin-genome (Fig. 2A). Similar taxonomic distribution was obtained using BLASTx to
annotate the upregulated gene sequences (Fig. 2B).

Community dynamics were also analyzed by metatranscriptomic sequencing
over a time series in the HiTCE enrichment. The transcript abundances of most
annotated genes between the two replicates at day 13 (T3) were at similar levels,
as was the case for the remaining 16S rRNA if it is assumed that the removal of
structural RNA was the same among samples (Fig. S3). Therefore, the averaged
transcript abundance at T3 was used for analysis. Veillonellaceae cells were most
active on day 2 (T1), while Desulfovibrio dominated on day 9 (T2). On day 13 (T3),
the activities of all the other community members decreased substantially, resulting
in a relatively higher activity of Dehalococcoides (Fig. 3). This suggests that the
Veillonellaceae taxon likely plays a key role in corrinoid exchange during the first 2
days in the culture without exogenous cobalamin.

Corrinoid biosynthesis. The corrinoid biosynthesis pathway is one of the most
complex pathways in nature, containing more than 30 enzymatic steps (24). In the
Dehalococcoides bin-genome, only three upstream corrinoid biosynthesis genes were
detected (Fig. 4 and Table S3), consistent with its reported inability to carry out de novo
corrinoid synthesis (40, 41). Nevertheless, a full set of genes involved in the downstream

FIG 3 Taxonomic distribution of the upregulated genes in HiTCE (�5-fold difference) based on meta-
transcriptomic analysis over a time course.

FIG 4 Corrinoid biosynthesis pathways in 4 bin-genomes.
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corrinoid salvaging and remodeling pathway is present in the Dehalococcoides bin-
genome (Fig. 4), suggesting its potential for corrinoid remodeling when corrinoids are
made available by others (9). Three of the non-Dehalococcoides bin-genomes, Veillo-
nellaceae, Desulfovibrio, and Sedimentibacter, possess near-complete de novo corrinoid
biosynthesis pathways (Fig. 4 and Table S3), indicating their potential for providing
corrinoids to Dehalococcoides. However, transcripts of those corrinoid biosynthesis
genes were not positively detected in the metatranscriptomes. Only the cysG
(gene_id_944) and cobS_2 (gene_id_5485) transcripts in the Veillonellaceae bin-
genome were detected in both enrichments at T1, and higher transcript abundances
(�5-fold) were observed in HiTCE than in HiTCEB12 (Fig. 4 and Table S4).

Corrinoid-dependent metabolic pathways. Considering the complexity and energy
cost of de novo corrinoid biosynthesis, corrinoids would presumably be synthesized only if
they were required as cofactors for enzymes in essential metabolic pathways. Therefore, we
analyzed the presence of known corrinoid-dependent metabolic pathways in the bin-
genomes, as well as their transcriptional activities, in order to further identify the active
corrinoid producers.

One known corrinoid-dependent metabolic pathway is the methylmalonyl-coenzyme
A (CoA) pathway used for propionate formation during lactate fermentation. The
methylmalonyl-CoA mutase in this pathway is a corrinoid-dependent isomerase. This
pathway was annotated in the Veillonellaceae, Sedimentibacter, Spirochaetaceae, and Bac-
teroides bin-genomes. Those in the Veillonellaceae and Spirochaetaceae bin-genomes
were actively transcribed (Fig. 5 and Table S5). In the Veillonellaceae bin-genome, the
transcripts of the two genes encoding the corrinoid-dependent methylmalonyl-CoA
mutase and methylmalonyl-CoA carboxyltransferase were less abundant in HiTCE than
in HiTCEB12, whereas the other genes in this pathway exhibited higher expression in
HiTCE, especially for lactate permease. In contrast, in the Spirochaetaceae bin-genome,
similar transcript abundances were observed for HiTCE and HiTCEB12. In addition, the
transcriptional dynamics of the methylmalonyl-CoA pathway over a time course was
observed. The activity in Veillonellaceae was relatively higher at T2, while that in
Spirochaetaceae was higher at T1 (Fig. 5 and Table S5).

Another corrinoid-dependent metabolic pathway that might activate corrinoid de
novo synthesis in corrinoid producers is methionine synthesis. The corrinoid-dependent
methionine synthase (MetH) is a methyltransferase. It was detected in all of the
non-Dehalococcoides bin-genomes, except for the Clostridium bin-genome (Table S2).
However, only the one in Veillonellaceae was actively transcribed and exhibited higher
abundances in HiTCE (reads per kilobase per million [RPKM], 12) than in HiTCEB12
(RPKM, 6) (Fig. 5). One gene encoding the alternative corrinoid-independent methio-
nine synthase (MetE) was also detected in the Desulfovibrio bin-genome, suggesting the
ability to synthesize methionine when corrinoids are limited. However, the correspond-
ing gene transcript was not detected in the culture, suggesting that corrinoids were
available to the community in some form. Other corrinoid-dependent methyltrans-
ferases important for energy metabolism and carbon cycle in anaerobic acetogenic
bacteria include vanillate O-demethylase, a corrinoid iron-sulfur protein, and its
corresponding methyltransferase (AcsE), which is involved in the Wood-Ljungdahl
pathway for CO2/CO fixation (42). However, we were not able to detect genes
encoding those methyltransferases in any of the non-Dehalococcoides bin-genomes
(data not shown).

Cobalt and corrinoid transport. Cobalt is the key metal element in a corrinoid
molecule, which is transported into cells via ATP-binding cassette (ABC) transport-
ers for de novo corrinoid synthesis. The uptake of cobalt may also indicate corrinoid
biosynthesis activities and help identify active corrinoid producers. We discovered
four operons annotated as cobalt ABC transporters (cbiMQO) in the Veillonellaceae
bin-genome and one in the Desulfovibrio, but not in the other non-Dehalococcoides,
bin-genomes. Three of the four cobalt transporters in Veillonellaceae were transcribed
with higher abundance in HiTCE than in HiTCEB12, while the cbiQ transcript in Desul-

Men et al. Applied and Environmental Microbiology

April 2017 Volume 83 Issue 8 e03508-16 aem.asm.org 6

http://aem.asm.org


fovibrio was less abundant in HiTCE (Fig. 5 and Table S4). In addition, the transcripts of
cobalt ABC transporters were detected only at T1, indicating that corrinoid biosynthesis
occurred at an early phase, and its activity decreased afterwards when corrinoids
reached an adequate level.

FIG 5 Heatmap of RPKM values of selected genes in the Veillonellaceae bin-genome.

Metaomic Sequencing of Dechlorinating Communities Applied and Environmental Microbiology

April 2017 Volume 83 Issue 8 e03508-16 aem.asm.org 7

http://aem.asm.org


We also analyzed the presence and transcriptional activities of the corrinoid ABC
transporter operon (btuFCD) in all bin-genomes. As the btuFCD operon exhibits simi-
larity with other ABC transporters leading to potential misannotations, we manually
annotated the btuFCD homologous genes in each bin-genome by conducting a BLAST
search against a customized protein database containing the known amino acid
sequences of the BtuFCD operon from all bacterial species extracted from the NCBI
nonredundant database. A 30% amino acid sequence identity was set as the cutoff
value. Genes homologous to btuFCD were detected in the Veillonellaceae, Desulfovibrio,
Sedimentibacter, and Dehalococcoides bin-genomes. However, only the Dehalococcoides
btuD gene (gene_id_5163) transcript was detected in the metatranscriptomes, with
about 2 times more abundance in the enrichment without exogenous cobalamin than
that with exogenous cobalamin (Table S4).

Sporulation-related genes in the Veillonellaceae bin-genome. Interestingly, a
distinctive difference between the metatranscriptomes of HiTCE and HiTCEB12 was
related to sporulation (Fig. 5). For all of the detected Veillonellaceae transcripts, abun-
dances were substantially higher (up to 28-fold) in HiTCE than HiTCEB12 at T1, but were
dramatically lower at T2 and T3 (Fig. 5 and Tables S4 and S5). Although the other two
Firmicutes bin-genomes, those of Sedimentibacter and Clostridium, also possess a suite
of sporulation-related genes, the sporulation activities were insignificant, with only 2 to
4 genes actively transcribed (Tables S4 and S5).

Complementary molecular approaches for differential gene expression analy-
ses. Although the detected activities of corrinoid-dependent metabolic pathways and
cobalt transport strongly suggest the need for de novo corrinoid synthesis within the
HiTCE community, transcripts of genes involved in the corrinoid biosynthesis
pathway in the Veillonellaceae bin-genome were not detected in the metatranscrip-
tome in large numbers. In order to query the expression of low-abundance mRNAs
of the corrinoid biosynthesis pathway in Veillonellaceae, specific qPCR primers were
designed and applied to the same RNA samples used for sequencing. With this
complementary approach, we were able to detect and quantify the relative expres-
sion of the corrinoid biosynthesis genes in the Veillonellaceae bin-genome. Since
the transcript abundances of the tceA gene among all samples were at similar levels,
we used tceA as the reference gene for the relative RT-qPCR analysis. Corrinoid
biosynthesis activities of Veillonellaceae in HiTCE at T1 were higher than in HiTCEB12
under the same dechlorination activity conditions (Fig. 6). Interestingly, consistent
with the metatranscriptomic data (Fig. 4 and Table S4), one gene annotated as
cobS_1 (gene_id_5485) exhibited higher relative expression in HiTCE, while another
gene, annotated as cobS_2 (gene_id_6498), had a higher transcript abundance in
HiTCEB12 (Fig. 6) in this qPCR analysis.

FIG 6 Relative gene expression ratios (HiTCE/HiTCEB12 at T1) by RT-qPCR targeting corrinoid biosyn-
thesis genes in the Veillonellaceae bin-genome (red lines indicate �2-fold difference; reference gene,
tceA, representing dechlorination activity).
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Microarrays are another complementary approach to analyze differential gene
expression. To further validate the metatranscriptomic sequencing results related to the
Dehalococcoides bin-genome, we compared differential gene expression obtained from
a Dehalococcoides genus-wide microarray to that obtained from the metatranscrip-
tomic sequencing. The targeted D. mccartyi genomes of the microarray include strain
195, which is the closest genome to the identified Dehalococcoides bin-genome.
According to microarray results, 96 genes were upregulated and 2 genes were down-
regulated in HiTCE compared to HiTCEB12. Eighty-six out of the 96 upregulated genes
and one of the two downregulated genes were detected in the metatranscriptomes
(Table S6), although the transcript abundance ratios of HiTCE to HiTCEB12 according
to RNA sequencing were less significant than the signal intensity ratios by RNA
microarray. The results of microarray and RNA sequencing were more consistent when
there was a �4-fold difference (Table S6). We further examined the Dehalococcoides
genes involved in corrinoid salvaging and remodeling pathways. In general, metatran-
scriptomes and microarrays give similar gene regulation trends. Consistently upregu-
lated genes include cbiZ (DET0653), cobD (DET0655), cobT (DET0657), and btuCD
(DET0651 and DET0652), although several genes (i.e., cbiP, butF, DET1175, and DET1176)
did not show differential expression based on metatranscriptome but were significantly
upregulated according to microarray analysis (Fig. S4). Since we included technical
replicates only for the RNA samples of HiTCE at T3 (due to relatively high cost of
sequencing at the time of this study and the budget limitation), the statistical signifi-
cance of the comparison between metatranscriptomic and microarray results was not
able to be obtained.

DISCUSSION

Metagenomic and metatranscriptomic analyses provide powerful cultivation inde-
pendent tools to disentangle microbial interactions, given that most environmental
microorganisms are excluded from lab cultivation and many grow in important syn-
trophy. This study is the first combined application, to our knowledge, of metagenomic
and metatranscriptomic sequencing to dechlorinating communities. Here, we com-
pared enrichments with and without exogenous cobalamin to uncover the phyloge-
netic composition, functional potentials, activities, and dynamics of the communities,
with a focus on the function of nutrient exchanges, including corrinoids. We acknowl-
edge that the lack of biological replicates for metatranscriptomic sequencing makes the
comparative analyses without statistical significance. Nevertheless, we still carried out
some qualitative and semiquantitative comparison of gene expression using the RNA
sequencing data. We then conducted qPCR and microarray analyses with three bio-
logical replicates as a validation.

Among the bin-genomes with de novo corrinoid biosynthesis pathways, we ob-
served the most differential gene expression of Veillonellaceae bin-genome at an early
stage in the enrichment without exogenous cobalamin compared to that with cobal-
amin, including genes related to cobalt transport and de novo corrinoid biosynthesis.
Veillonellaceae is one of the three bin-genomes capable of de novo corrinoid synthesis
that also exhibited activities of corrinoid-dependent metabolic pathways, such as
propionate-forming methylmalonyl CoA and MetH-mediated methionine synthesis
(42). Moreover, the Veillonellaceae bin-genome in HiTCE exhibited the highest activity
on day 2 (T1), when the corrinoid production reached maximum production (41). In
addition, p-cresolyl cobamide was the dominant corrinoid form produced endoge-
nously by supportive microorganisms in this enrichment (41), and the phenolic
corrinoids are known to be produced by Veillonellaceae species (i.e., Pelosinus and
Sporomusa), similar to the Veillonellaceae bin-genome detected in this study (43,
44). Collectively, the above-mentioned evidence suggests that the cells associated with
the Veillonellaceae bin-genome are the corrinoid cofactor (i.e., p-cresolyl cobamide)
suppliers for Dehalococcoides in this community. Pelosinus and Sporomusa species in
the Veillonellaceae family are among the commonly detected species in dechlorinating
communities (22, 40, 45, 46).
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In the p-cresolyl cobamide molecule, the lower ligand cannot form the coordination
to the cobalt ion (base-off conformation) (43). Only several corrinoid-dependent en-
zymes can use corrinoids with base-off conformation as cofactors, and the corrinoid-
dependent methylmalonyl CoA mutase in the propionate-producing methylmalonyl
CoA pathway is one such enzyme (42). Therefore, p-cresolyl cobamide is most likely
produced and utilized by the Veillonellaceae bin-genome as the corrinoid cofactor for
the methylmalonyl CoA pathway to generate propionate from lactate fermentation.

The de novo synthesis and utilization of corrinoid cofactors generally occur intra-
cellularly. Therefore, it is still an enigma how corrinoids are made available extracellu-
larly to other community members, such as Dehalococcoides. Possibilities include active
secretion and passive release via lysis. So far, no active mechanisms of corrinoid export
have been identified (47). The transcript abundances of corrinoid ABC transporter
genes (btuFCD) in the Veillonellaceae bin-genome were rather low, and no differ-
ence was observed between the enrichments with and without added cobalamin,
suggesting little active corrinoid exchange via corrinoid ABC transporters. Never-
theless, the sporulation activity of Veillonellaceae was substantially induced in the
enrichment without exogenous cobalamin on day 2. This suggests that the cell lysis
during sporulation likely served as a possible mechanism of the corrinoid release.
Similarly, some nutrients may also be released during the nocturnal sporulation of
an Epulopiscium species symbiont, which is beneficial to its host, the surgeonfish
(48). Once released into the environment, corrinoids could be salvaged by D. mccartyi
for remodeling to the preferred cobalamin form with the corresponding lower ligand
dimethylbenzimidazole (DMB), as reported previously (9, 41, 44). Sporulation is an
important strategy for spore-forming species within the phylum Firmicutes to survive
under adverse conditions, presumably triggered by nutrient depletion or the presence
of toxic compounds (49, 50). As the enrichments with and without exogenous cobal-
amin encountered the same level of TCE toxicity and the same lactate depletion after
the first 2 days, it seems to be other conditions, possibly the limited cobalamin, that
stimulated the sporulation of the Veillonellaceae cells in the enrichment without
cobalamin. Therefore, regarding the interactions between the corrinoid suppliers and
the dechlorinators in the investigated community without exogenous cobalamin, it is
not unreasonable to speculate that during the first 2 days, corrinoids were produced by
Veillonellaceae cells via corrinoid-dependent fermentation pathways and then passively
released to the culture suspension during the induced sporulation, which made them
available for Dehalococcoides to utilize for dechlorination afterwards.

If Dehalococcoides was obtaining cobalamin by modifying other corrinoid forms
using the lower ligand DMB when there was no exogenous cobalamin, the availability
of DMB in the community would become essential. DMB was detected in the enrich-
ment cultures (41), indicating that some community members were able to produce it
anaerobically. An anaerobic DMB synthesis operon (bzaABCDE) has been identified very
recently (51), but we were not able to detect homologous genes in our metagenomes
(data not shown), so the DMB producers here remain unknown.

High-throughput DNA/RNA sequencing allows us to obtain the compositions,
activities, and dynamics of complex communities at systems levels. In this study, we
complemented metagenomic and metatranscriptomic sequencing with qPCR and mi-
croarray analyses to gain a comprehensive understanding of the microbial communities
involved in reductive dechlorination. The corrinoid biosynthesis genes are not highly
expressed, probably because the pathway complexity makes it energy demanding, and
corrinoid cofactors are needed in only trace amounts to function (24). Here, RT-qPCR using
specific primers targeting corrinoid synthesis genes identified from the Veillonellaceae
bin-genome, as well as Dehalococcoides microarrays, seemed to be more sensitive in
detecting the differential gene expression than metatranscriptomic sequencing, by avoid-
ing the interference of structural RNAs and mRNAs of housekeeping genes. All these
complementary tools are important for the differential gene expression analyses, especially
for the rare genes in complex communities. We also recognize the limitation of all
RNA-based function and activity analyses, as mRNA abundance does not necessarily reflect
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the actual metabolic activity. Nevertheless, valuable hypotheses regarding the research
questions can still be derived from the mRNA-level differential gene expression and then be
further tested by gene modification, as well as protein- and metabolite-level analyses.

In summary, metagenomic and metatranscriptomic sequencing, together with down-
stream qPCR and microarray analyses, gave a comprehensive view of the genomic infor-
mation and phylogenetic and functional dynamics of supportive microorganisms in TCE-
dechlorinating enrichments without exogenous cobalamin. Veillonellaceae with corrinoid
biosynthesis pathways are important for corrinoid supply to Dehalococcoides. The induced
sporulation activity of Veillonellaceae species is likely a response to exogenous corrinoid
limitation and might contribute to the release of de novo-synthesized corrinoids. Our
findings provide insights into the ecological interactions between Dehalococcoides and
other community members and lead to further hypothesis-driven validations for a better
understanding of dechlorinating communities.

MATERIALS AND METHODS
Enrichment cultures. Two TCE-dechlorinating enrichments with (HiTCEB12) and without (HiTCE)

exogenous cobalamin were constructed using contaminated groundwater and were stably maintained
in 160-ml serum bottles (with 60 ml headspace of 90%/10% [vol/vol] N2/CO2) at 34°C in the dark, and
subcultured (5% [vol/vol] transfer to fresh defined medium) every 2 weeks for over 3 years prior to this
study. Lactate was supplied as the primary electron donor (20 mM on day 0, 2.5 mM on days 6 and 8,
25 mM in total) (Fig. S1), along with high concentrations of TCE (�770 �M) as a primary electron
acceptor, which completely inhibited methanogens. The composition of the defined medium used and
the details of growth conditions are described elsewhere (40). Both HiTCEB12 and HiTCE enrichments
were performed in triplicate for TCE measurement and microarray analysis.

Cell harvesting. For metagenomic sequencing, 40-ml cell samples from one bottle of HiTCEB12 or
HiTCE culture were collected on the last day (day 13) of incubation. For metatranscriptomic sequencing,
in order to compare the activities of specific microorganisms in the enrichments, particularly corrinoid-
related activities between the enrichment with exogenous cobalamin and without, a 40-ml sample was
obtained on day 2 (T1) from one bottle each of HiTCEB12 and HiTCE (Fig. S1), when the corrinoids were
observed to be actively produced (41). Moreover, a 40-ml sample from the second bottle of HiTCE
enrichment on day 9 (T2) and two 40-ml samples from the third bottle of HiTCE on day 13 (T3) (Fig. S1)
were also sampled in order to obtain the temporal dynamics of gene expression. The two HiTCE samples
taken on day 13 were sequenced as technical duplicates to test the reliability of the sequencing
technique. All cell samples were collected by centrifugation at 15,000 � g and 4°C for 10 min and stored
at �80°C prior to use.

HMW DNA isolation. High-molecular-weight (HMW) DNA samples were isolated according to the
steps described in the Bacterial DNA isolation cetyltrimethylammonium bromide (CTAB) protocol on the
Joint Genome Institute (JGI) website (52). The isolated HMW DNA was visualized using gel electrophoresis
(0.7% agarose gels) for integrity check and was then quantified by a NanoPhotometer P-300 (Implen, Inc.,
Westlake Village, CA). The DNA samples were adjusted to 1 �g/10 �l using nuclease-free water and
stored at �20°C until used for metagenomic sequencing.

RNA isolation. Total RNA was isolated using the acidic phenol-chloroform protocol described
previously (44). Briefly, cell pellets were resuspended in 250 �l of lysis buffer (50 mM sodium acetate, 10
mM EDTA [pH 5.1]), 100 �l of 10% sodium dodecyl sulfate, and 1.0 ml of buffer-equilibrated phenol (pH
4.3) (Sigma-Aldrich, St. Louis, MO). After bead beating, the aqueous lysate was extracted twice with one
volume of acid (pH 4.3) phenol-chloroform-isoamyl alcohol (25:24:1) and once with one volume of
chloroform-isoamyl alcohol (24:1) (Sigma-Aldrich). RNA was then precipitated, collected, washed,
vacuum-dried, and resuspended in 100 �l of nuclease-free water. DNA contamination was removed by
DNase I treatment using a Turbo DNA-free kit (Ambion, Life Technologies, Grand Island, NY), according
to the manufacturer’s instructions. Purified RNA was stored at �80°C until library construction.

Library preparation for metatranscriptomic sequencing. First, mRNA in the total RNA samples was
enriched by removing the biotinylated structural RNA using streptavidin-coated magnetic beads. Second,
first-strand cDNA was synthesized by using SuperScript II reverse transcriptase, and the second strand of
cDNA was then synthesized by NEBNext mRNA second-strand synthesis module (New England BioLabs,
Inc., Ipswich, MA), according to the manufacturer’s instructions. Third, the double-stranded cDNA was
then subjected to the T7 linear amplification for deep sequencing (LADS) procedure developed by
Hoeijmakers et al. (53). The detailed procedure is provided in the supplemental material.

High-throughput sequencing. The overall workflow of the high-throughput DNA and RNA
sequencing is outlined in Fig. S2. The genomic DNA and double-stranded cDNA (�100 ng per
sample) were submitted to the QB3 sequencing facility of the University of California, Berkeley
(http://qb3.berkeley.edu/gsl/), for Illumina HiSeq 2000 sequencing (paired-end, 150 bp).

Metagenomic and metatranscriptomic analyses. Raw sequencing reads were trimmed and screened
according to sequencing quality (see the supplemental methods). The DNA reads after quality control
were subjected to de novo assembly using CLC Genomics Workbench version 6 (CLC bio, Boston, MA) and
genome reconstruction (i.e., metagenome binning) by a bidimensional binning process, as reported
previously (39) (see also the supplemental methods). A genome evaluation software, CheckM, was used
to evaluate the genome completeness using maker genes (54). The RNA reads were mapped against the
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assembled DNA sequences, and transcript abundances were determined as reads per kilobase pair
transcript per million total reads mapped (RPKM) values. Transcript abundances of HiTCE and HiTCEB12
2d-samples, as well as those of HiTCE time course samples, were then compared (see details in the
supplemental material).

RT-qPCR. For genes involved in corrinoid de novo biosynthesis that are usually present in low
transcript abundance, specific qPCR primers were designed using Primer-BLAST (Table S1). The relative
gene expression ratios were determined using two-step RT-qPCR. The first-strand cDNA was synthesized
from the same RNA samples submitted for Illumina sequencing using the SuperScript III kit (Invitrogen),
according to the manufacturer’s instructions. The cDNA was then relatively quantified by qPCR using Fast
SYBR green PCR reagent (Applied Biosystems, Life Technologies, Grand Island, NY), according to the
manufacturer’s instructions.

The relative gene expression ratio was calculated using equation 1:

R � 2��CTHiTCE�ref � target� � �CTHiTCEB12�ref � target�� � 2��CT (1)

where ΔCTHiTCE(ref � target) and ΔCTHiTCEB12(ref � target) are the differences in threshold cycle (CT) values
of a reference gene and the targeted corrinoid-related gene in the HiTCE and HiTCEB12 samples,
respectively. As the transcript abundances of the tceA gene in HiTCE and HiTCEB12 at T1 were at about
the same level, tceA was used as the reference gene for the relative gene expression ratio calculation.

Microarray analysis. The custom-designed microarray (Affymetrix, Santa Clara, CA, USA) targeting
four sequenced D. mccartyi genomes, those of strains CBDB1, BAV1, 195, and VS, as well as 348 outside
genes, is described elsewhere (31). Biological triplicates were performed. The genomic DNA (gDNA) (40)
and RNA microarrays were processed according to the instructions provided in chapter 4 of the
Affymetrix GeneChip Expression Analysis technical manual (55), and data analysis is provided in the
supplemental information.

Microarray (DNA and RNA) data were analyzed using Affymetrix GeneChip software and the MAS5
algorithm. Each microarray was normalized by scaling the signal intensities of the positive-control spiked
mix to a target signal intensity of 2,500 to allow comparison between microarrays. A gene (DNA
microarray) or gene transcript (RNA microarray) was considered “present” in a culture if the probe set
across all three replicated samples had signal intensities greater than 140 (DNA microarray) or 250 (RNA
microarray) and P values less than 0.05.

Accession number(s). The assembled DNA sequences and predicted ORF sequences were deposited
in the MG-RAST database under the project identification (ID) 7649. Raw reads of metagenomics and
metatranscriptomic sequencing were deposited in the SRA database under PRJNA344005 (SRP090641),
and the accession numbers for each of the metagenomes/metatranscriptomes are SAMN05817823
(HiTCEB12_DNA), SAMN05817824 (HiTCE_DNA), SAMN05817822 (HiTCEB12_2d_RNA), SAMN05817821
(HiTCE_2d_RNA), SAMN05817818 (HiTCE_9d_RNA), SAMN05817819 (HiTCE_13d_RNA_rep1), and
SAMN05817820 (HiTCE_13d_RNA_rep2). The microarray data are deposited into the NCBI Gene Expres-
sion Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE94143.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.03508-16.

SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.9 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.2 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.3 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.1 MB.
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