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ABSTRACT

Acetogens synthesize acetyl-CoA via CO2 or CO fixation, producing organic compounds. Despite their ecological and in-
dustrial importance, their transcriptional and post-transcriptional regulation has not been systematically studied. With
completion of the genome sequence of Acetobacterium bakii (4.28-Mb), we measured changes in the transcriptome of
this psychrotolerant acetogen in response to temperature variations under autotrophic and heterotrophic growth condi-
tions. Unexpectedly, acetogenesis genes were highly up-regulated at low temperatures under heterotrophic, as well as
autotrophic, growth conditions. To mechanistically understand the transcriptional regulation of acetogenesis genes via
changes in RNA secondary structures of 5′′′′′-untranslated regions (5′′′′′-UTR), the primary transcriptome was experimentally
determined, and 1379 transcription start sites (TSS) and 1100 5′′′′′-UTR were found. Interestingly, acetogenesis genes con-
tained longer 5′′′′′-UTR with lower RNA-folding free energy than other genes, revealing that the 5′′′′′-UTRs control the RNA
abundance of the acetogenesis genes under low temperature conditions. Our findings suggest that post-transcriptional
regulation via RNA conformational changes of 5′′′′′-UTRs is necessary for cold-adaptive acetogenesis.
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INTRODUCTION

Microbial conversion of single carbon (C1) compounds,
such as CO and CO2, to biofuels and commodity chemi-
cals, has been considered as one of the sustainable routes
for the replacement of fossil resources (Henstra et al. 2007;
Bengelsdorf et al. 2013; Latif et al. 2014). In particular, ace-
togens are attractive biocatalysts, since they can grow au-
totrophically with CO2 as the sole carbon source and H2 as
the electron donor, producing acetate as a primary end
product (Drake 1995). This unique metabolism in aceto-
gens is mediated by the reductive acetyl-CoA pathway re-
ferred to as the Wood–Ljungdahl pathway (WLP), which
provides a highly efficient system for converting CO and
CO2 to various biochemicals including acetate, ethanol,
2,3-butanediol, butyrate, and butanol (Schiel-Bengelsdorf
and Dürre 2012).

Acetogens are physiologically defined as a group of
anaerobic bacteria that synthesize acetyl-CoA as a cen-
tral metabolic intermediate from chemolithoautotrophic
substrates (Drake 1995). Acetogens comprise at least 23
different genera (Drake et al. 2006) and their growth envi-
ronments range from anoxic freshwater, soils, marine sed-
iments, and sewage sludge to the gastrointestinal tracts of
insects and animals (Drake et al. 2006). Thus, systematic
understanding of their genetic backgrounds, as well as of
transcriptional and translational regulation in response to
environmental factors, is a prerequisite for the full exploita-
tion of their biosynthetic potential. One example is the an-
aerobic growth of acetogens at low temperatures, of
particular interest in view of its ecological significance
(Nozhevnikova et al. 1994). Several cold-active acetogens
were isolated from cold environments (Nozhevnikova et al.
1994, 2001; Kotsyurbenko et al. 1995, 2001; Simankova
et al. 2000) including perennially ice-covered sediments
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(Sattley and Madigan 2007). They are all affiliated with the
genus Acetobacterium, reflecting their phylogenetic prox-
imity. The isolated bacteria are all psychrotolerant and pro-
liferate at temperatures as low as 1°C. Although both
mesophilic and thermophilic acetogens have been exten-
sively studied, the mechanisms of cold adaptation and the
regulation of acetogenesis, including the WLP and the en-
ergy conservation systems of psychrotolerant acetogens,
remain elusive.

In transcriptional and post-transcriptional regulation,
DNA sequences such as principal promoter elements
and 5′-untranslated regions (5′-UTRs) play a critical role
as genome-embedded cis-acting determinants (Jeong et
al. 2016). The identification of transcription start sites
(TSSs) via differential RNA sequencing (dRNA-seq) has fa-
cilitated the definition of bacterial operons and regulatory
sequences (Sharma et al. 2010; Sharma and Vogel 2014).
The latter approach, combined with RNA sequencing
(RNA-seq) for the study of gene expression, now allows
for quantitative analysis of transcriptional and translational
regulation in various species with unprecedented detail
(Sharma and Vogel 2014; Jeong et al. 2017). Also, the
precise mapping of TSSs enables the definition of the se-
quence and structure of the mRNA 5′ ends, thus providing
insights into mRNA stability and translational effici-
ency (Jeong et al. 2016). Thus, we describe a systematic
approach toward the integration of genome, primary tran-
scriptome, and transcriptome data from a psychrotolerant
acetogen, Acetobacterium bakii DSM 8239, originally iso-
lated from a cold environment (<6°C) (Kotsyurbenko et al.
1995) and displaying a higher growth rate at 1°C than
Acetobacterium paludosum and Acetobacterium fimeta-
rium (Kotsyurbenko et al. 1995).We completed theA. bakii
genome sequence and identified unique expression
patterns of acetogenesis genes under optimal and low
temperature growth conditions. We also determined the
genome-wide location of TSSs to investigate the role of
cis-acting elements including 5′-UTRs, promoter elements,
and Shine-Dalgarno (SD) sequences. Our data suggest
that the RNA regulatory elements embedded in the 5′-
UTR orchestrate the gene expression changes underlying
adaptation to a cold environment.

RESULTS

Completion of the genome sequence
of the psychrotolerant bacterium A. bakii

To complete the A. bakii genome sequence, we used sin-
gle-molecule real-time (SMRT) sequencing, yielding
108,817 quality-trimmed long reads (6297 bp of average
length). The genome was assembled using a hierarchical
genome assembly process (HGAP v2.3.0), the SSPACE
scaffolding algorithm (Hunt et al. 2014) with Illumina
mate-pair sequencing data, and a PCR-based primer walk-

ing method. The genome was polished using two types of
short high-fidelity sequence reads obtained from whole-
genome paired-end sequencing and strand-specific RNA
sequencing (RNA-seq). One scaffold (4.28-Mb) and one
short contig (35-kb) were finally assembled as a chromo-
some and a plasmid DNA, respectively (Supplemental
Table S1). However, the 35-kb contig could not be assem-
bled as a circular DNA, suggesting that it was an unfinished
product resulting from incomplete assembly. A total of 112
nt conflicts between Illumina short read sequences and the
assembled genome sequence were corrected by the
Illumina short read sequences (Supplemental Table S2).
The 4.28-Mbgenome, with aGC content of 41.3%, was an-
notated for 3973 coding genes (CDS), 22 ribosomal RNAs
(rRNA), and 69 transfer RNAs (tRNA) genes. Compared to
the previous draft genome sequence (Hwang et al. 2015),
an additional 183,963 bps and 280 genes were identified
including large repeats and structural variations, such as
rRNA genes (Supplemental Table S1). Importantly, the
methyl-branchof theWLP, including a formyl-tetrahydrofo-
late (THF) synthetase (ABAKI_ c24790) and a V-type ATP
synthase gene cluster (ABAKI_ c03210 – ABAKI_c03290),
were newly uncovered in the completed genome.

The genomes of several model acetogens, such as
Acetobacterium woodii (Poehlein et al. 2012), Clostridium
ljungdahlii (Köpke et al. 2010), Clostridium autoethanoge-
num (Brown et al. 2014), and Moorella thermoacetica
(Pierce et al. 2008), have been reported. Despite their ge-
netic diversity, acetogens share highly conserved gene
clusters for autotrophic growth, such as the WLP, central
metabolic pathways, and cofactor biosynthetic pathways
(Poehlein et al. 2015; Shin et al. 2016). Pairwise genome
comparison showed that A. bakii was most closely related
to A. woodii (Fig. 1A), as confirmed by a tetranucleotide
frequency correlation coefficient of 0.92 and an average
nucleotide identity of 73.6%, in agreement with the 16S
rDNA-based phylogenetic analysis (Fig. 1B). Thus, we
compared theA. bakii genomewith theA. woodii genome
to determine distinctive genetic features. Overall, 2368
orthologous clusters (2483 genes, 62.5%) were identified
(Fig. 1C). Furthermore, the high level of synteny, as well
as the similarity ranging from 78.9% to 100% between A.
bakii and A. woodii, were reflected in the identification
of 221 specific alignments, encoding key enzymes of the
WLP and the energy conservation system (Fig. 1D). Taken
together, the genome sequence provides not only the
complete acetogenesis pathway for autotrophic growth
but also the basis for a comprehensive view of the genetic
architecture of the A. bakii genome.

The Wood–Ljungdahl pathway and the energy
conservation system in A. bakii

Acetogenesis is initiated by the reduction of CO2 to for-
mate via a reversible formatedehydrogenase (FDH) activity
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(Fig. 2A). A hydrogen-dependent CO2 reductase (HDCR)
gene cluster (ABAKI_c09070 – ABAKI_c09130), consisting
of genes substantially similar (87.7%–97.3% similarity at the
nucleotide level) to those of A. woodii, included FDH
( fdhF1 or fdhF2), [FeFe]-hydrogenase (hydA2), and three
hydrogenase Fe-S subunits (hycB1, hycB2, and hycB3)
(Fig. 2B,C). Unlike the gene cluster in the A. woodii ge-
nome, a gene encoding selenium-free FDH (ABAKI_
c09130) was truncated and amolybdopterin-guanine dinu-
cleotide biosynthesis protein (ABAKI_c09140) was located
adjacent to the FDH cluster in the A. bakii genome.
In contrast to the single gene cluster found in the genus

Clostridium, gene clusters encoding the methyl and the
carbonyl branches of the WLP were separately located
in the A. bakii genome (Fig. 2D,E). The enzymes of the
methyl branch reduce CO2 to formate and subsequently
convert formate to methyl-THF. These enzymes are for-
myl-tetrahydrofolate (THF) synthase (ABAKI_c24790), for-
myl-THF cyclohydrolase (ABAKI_c24800), methylene-THF

dehydrogenase (ABAKI_c24810), methylene-THF reduc-
tase (ABAKI_c24840 for large subunit and ABAKI_c24830
for small subunit), and an additional electron transport
complex subunit (ABAKI_c24820). In the carbonyl branch,
acetyl-CoA is generated from methyl-CoFeSP and addi-
tional CO2 by a methyltransferase and a bifunctional
CO dehydrogenase/Acetyl-CoA synthase (CODH/ACS).
The CODH/ACS complex was encoded by acsA and
acsB (ABAKI_c13090, ABAKI_c13050, and ABAKI_c13070),
and the carbonyl branch was completed by a CODH
maturation protein (ABAKI_c13160), corrinoid iron–sulfur
protein subunits (ABAKI_c13110 and ABAKI_c13120), a
methyltransferase (ABAKI_c13100), and a corrinoid activa-
tion and regeneration protein (ABAKI_c13150). Unlike
A. woodii, an additional acsB (ABAKI_c13050), encoding
an acetyl-CoA synthase and a hypothetical protein gene,
were also clustered in the same region.
Energy conservation, in addition to ATP synthesis via ac-

etate kinase, is required for the lithoautotrophic growth of

A B

C

D

FIGURE 1. Comparative genome analysis. (A) Phylogenetic tree of the selected 21 acetogens including psychrotolerant, mesophilic, and ther-
mophilic acetogens. Bootstrap values are shown at nodes and low bootstrap values (<70) were clipped based on 1000 trials. The maximum-like-
lihood phylogenetic tree was constructed in MEGA v6.06 (Tamura et al. 2013). The 16S rRNA gene sequences, obtained from genome sequence
data, are shown in bold. The accession numbers for each sequence are shown after the strain name. (B) Pairwise comparison of the average nu-
cleotide identity based on BLAST+ (ANIb) and tetranucleotide composition (TETRA) values among the available genomes of seven acetogen
species analyzed via JSpeciesWS (Richter et al. 2016). Each value is shown as a row and a column with the order of species being the same
on both axes. (C ) Venn diagram of orthologous gene cluster between A. bakii and A. woodii. (D) An alignment plot between the A. bakii scaffold
1 and A. woodii reference genome. This plot was generated using NUCmer version 3.1 (Kurtz et al. 2004) from the MUMMER package. The syn-
tenic blocks, representing conserved segments, were generated usingMauve alignment with default parameters (Darling et al. 2010). All the syn-
tenic blocks were highlighted with two distinguishable colors in this dot plot.
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acetogens (Schuchmann and Müller 2014). The energy
conservation system of A. bakii, which is highly similar
to that of A. woodii, consists of a bifurcating hydrogen-
ase (ABAKI_c05970 – ABAKI_c06010), an Rnf complex
(ABAKI_c29390 – ABAKI_c29440), and an F1F0 ATP syn-
thase (ABAKI_c18330 – ABAKI_c18430). Hydrogen is oxi-
dized by bifurcating hydrogenases, which generate equal
moles of reduced ferredoxin and NADH via electron bifur-
cation (Fig. 2C). The reduced ferredoxin generates a
sodium ion gradient and results in NADH production by

the Rnf complex (Fig. 2F), after which the membrane-
bound F1F0 ATP synthase drives ATP synthesis using the
sodium ion gradient (Fig. 2G). This result supports the no-
tion that the bioenergetic processes ofA. bakii are identical
to those of A. woodii. Sequence alignment analysis of the
Na+- andH+-dependent c subunits of several F1F0ATP syn-
thase complexes indicates that A. bakii contains the con-
served Na+ binding motif in the c subunit of F1F0 ATPase
(Fig. 2H). Furthermore, the resting cell assays showed that
A. bakii uses Na+ as a coupling ion during acetogenesis.

A

B

E

H I

F G

C D

FIGURE 2. TheWLP of A. bakii. (A) Schematic representation of the putative acetogenesis in A. bakii. (B–G) Synteny analysis of major gene clus-
ters involved in acetogenesis between A. bakii and A. woodii. Comparisons were performed using tBLASTx within Easyfig (Sullivan et al. 2011),
and each arrow indicates a gene. Genetic conservation is represented by a color. (H) Comparison of the sequences of the c-subunits of ATP syn-
thase. These c-subunits assembled into homo- or heteromeric c-rings and play a direct role in ion translocation across the membrane. To deter-
mine the Na+/H+ binding motif, the c-subunit sequences of F1F0-type ATP synthase complex were aligned. The Na+/H+ binding motif, either
predicted (A. bakii) or known (other strains), is highlighted in color in each case. Used c-subunit sequences were obtained by the following ac-
cession numbers or locus_tags: Ilyobacter tartaricus (Q8KRV3), Acetobacterium woodii (Awo_c02160 – c02180), Acetobacterium bakii
(ABAKI_c18390–c18410), Synechococcus elongates (YP_399351), Vibrio cholera (Q9KNH0), and Bacillus subtilis (P37815). (I ) Resting cell assay
was performedwith or without 30mMNaCl. Thewhole cell ofA. bakii (0.25mg/mL) was incubated with 50mM imidazole, 20mMMgSO4, 20mM
KCl, 4.4 µM resazurin, 4 mM DTE at pH 7.0. The gaseous atmosphere was H2–CO2 (80:20, v/v, 200 kPa) or N2 (200 kPa). All values are means
obtained from two independent experiments.
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In the absence of NaCl, the final concentration of acetate
was about 9.4 mM, whereas 34.6 mM acetate was pro-
duced in the presence of 30 mM NaCl (Fig. 2I). Taken to-
gether, the comparative genome analysis indicates that
the fundamental genetic components of acetogenesis
are highly similar between A. bakii and A. woodii.

Transcriptome changes under different growth
conditions

Genome annotation followed by comparative genome
analysis identified the key genes required for chemolitho-
trophic acetogenic CO2/H2 utilization in A. bakii. To con-
firm the acetogenesis activity of A. bakii, cell growth was
monitored under autotrophic (A) and heterotrophic (H)
conditions at low (10°C) and high (20°C) temperatures
(hereafter designated as A10, A20, H10, and H20). The
specific growth rates (µ) were 0.53±0.02 d−1 at 20°C
and 0.16±0.04 d−1 at 10°C under autotrophic conditions
(Fig. 3A,B), whereas they were 0.28±0.03 d−1 at 20°C
and 0.09±0.03 d−1 at 10°C under heterotrophic condi-
tions (Fig. 3C,D). The production rate of acetate, the main
product of acetogenesis, was dependent on cell growth.
These results demonstrated that thepsychrotolerant aceto-
genA. bakii displays autotrophic growth in the presence of
CO2 and H2 at low temperature (Kotsyurbenko et al. 2001).
To measure the transcriptomic changes induced by dif-

ferent growth conditions, we performed RNA-seq experi-
ments with cultures exponentially grown under A10,
A20, H10, and H20 conditions. A total of 8.7–23.0 million
sequence readsweremapped to thegenome (Supplemen-
tal Table S3) with at least 100-fold genome-wide coverage
and high strand-specificity (Supplemental Fig. S1A,B).
Hierarchical clustering and principal component analysis

of the sequencing results demonstrated a significant
and reproducible difference in gene expression between
the bacteria exposed to the four growth conditions (Sup-
plemental Fig. S1C–E). RNA-seq data were normalized by
DEseq2 (Love et al. 2014) to identify the differentially ex-
pressed genes (DEG). The expression levels of selected
genes, encoding factors involved in WLP and energy con-
servation, were independently validated by quantitative
reverse transcription PCR (qRT-PCR) analysis (Supplemen-
tal Fig. S1F). RNA-seq and qRT-PCR results were highly
correlated (Pearson correlation coefficients >0.91), sup-
porting the validity and reproducibility of the RNA-seq
results.
More than 3656 genes showed a normalized expression

valueof 10or higher across all growth conditions, reflecting
the transcription of 88%of the total annotatedgenes under
at least one condition. Among them, 2068 genes showed
significant changes in expression levels (fold change >2,
P-value <0.01) under two or more conditions (Supplemen-
tal Table S4). The DEGs were then analyzed by performing
an unsupervised K-mean clustering analysis, resulting in 21
clusters on the basis of the error sum of squares (SSE) anal-
ysis (Supplemental Fig. S1G). The genes belonging to
these 21 differentially modulated clusters were further
grouped into 14 clusters based on their growth condi-
tion-specific expression patterns (Fig. 4A). The genes in
eachgroupwere also visualizedon theKyoto Encyclopedia
of Genes and Genomes (KEGG) pathway (Fig. 4B; Supple-
mental Fig. S2). Interestingly, only 33 and 24 genes, be-
longing to the C1 and C2 clusters, were exclusively up-
regulated under autotrophic and heterotrophic growth
conditions, respectively (Fig. 4A; Supplemental Table S4).
For example, consistent with the substrate-dependent
regulation of the lactate dehydrogenase (LDH) operonpre-

viously reported for A. woodii (Wegh-
off et al. 2015), we found that the gene
expression of the LDH gene in the C1
cluster was specifically repressed un-
der heterotrophic growth conditions
(Fig. 4C). In contrast, the expression
of a putative lipid AABC transport sys-
tem (ABAKI_c24270 – c24290), a pu-
tative cobalt ABC transport system
(ABAKI_c24200 – c24260), chemotax-
is proteins (ABAKI_c30360 – c30400),
and the ferrous iron transport pro-
tein gene clusters (ABAKI_c09680 –

c09710) in the C2 cluster was highly
and exclusively down-regulated un-
der autotrophic conditions (Fig. 4B,C).

Temperature-dependent gene ex-
pression patterns were found in the
C3 and C4 clusters. Despite that no
common featureswere found, to date,
among the cold-adapted prokaryotic

A B

C D

FIGURE 3. Growth and metabolite profiles of A. bakii DSM 8239. Growth curves and metab-
olite concentrations were measured under (A) 20°C autotrophic, (B) 10°C autotrophic, (C) 20°C
heterotrophic, and (D) 10°C heterotrophic growth conditions. The data are presented as the
mean of three different biological replicates ±SEM.
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genomes (Bowman 2008), cold-dependent regulation of
gene expression has been largely reported, such as an in-
creasing proportion of unsaturated fatty acids to maintain
the fluidity of cellular membranes (Barria et al. 2013), a sen-
sor histidine kinase as a cold sensor (Aguilar et al. 2001),
and proteins preserving RNA secondary structures at low
temperature (Barria et al. 2013), including Dead-box RNA
helicase and cold shock proteins (CSP). Notably, we ob-
served that the expression level of genes of the lipid bio-
synthesis pathway (ABAKI_c35860 – c35970), cold shock
protein CspL (ABAKI_c09820 and ABAKI_c26430), and

Dead-box helicase (ABAKI_c00160 – c00180, c00530,
and c01100) was dramatically up-regulated under cold
growth conditions, regardless of the carbon sources (Fig.
4B; Supplemental Table S4).

Up-regulation of acetogenesis genes
at low temperature

ThemRNA transcripts of theWLPandhydrogenase-encod-
ing genes in C. autoethanogenum (Marcellin et al. 2016),
C. ljungdahlii (Tan et al. 2013), and A. woodii (Poehlein

B

E

F

C

D

A

FIGURE 4. (Legend on next page)
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et al. 2012) were reported to be highly abundant under au-
totrophic conditions. Thus, it waspredicted thatmost of the
acetogenesis genes are activated by autotrophic condi-
tions only, irrespective of growth temperatures, such as
genes in the cluster C1. However, the cluster C7 contains
most of the acetogenesis genes, including the F1F0ATP
synthaseoperon, theRnf complex, theWLPmethyl andcar-
bonyl branch, the bifurcating hydrogenase, and the FDH
gene cluster (Fig. 4D,E; Supplemental Fig. S3). These
genes displayed twofold or greater transcriptional changes
under A20, A10, and H10 growth conditions (average ex-
pression levels of 11852.7, 13491.7, and 12029.3, respec-
tively) compared to the H20 growth conditions (average
expression level, 3513.5) (Supplemental Table S5). Thus,
this result suggests that the transcription of the acetogene-
sis genes in A. bakii is sensitive not only to the autotrophic
growth conditions but also to low temperature. To verify
whether the transcription of these genes is similarly affect-
ed by low temperatures in other acetogens, we indepen-
dently compared the mRNA transcript abundance of the
genes encoding acsD, metF, and hydA in A. bakii and A.
woodii under autotrophic and low temperature conditions,
usingqRT-PCR (Fig. 4F).Whereas theA.woodiigeneswere
significantly down-regulated under the H10 growth condi-
tion, the A. bakii genes were significantly up-regulated,
suggesting that the response to cold stress may involve
strain-specific transcriptional changes in the acetogenesis
genes of psychrotolerant bacteria.
In contrast, the genes encoding enzymes of the glycoly-

sis/gluconeogenesis pathway were significantly down-reg-
ulated or remained unchanged upon exposure to the H10
growth conditions, with fold-changes ranging from 0.01 to

0.68 (Padj<0.001) (Supplemental Table S5). Notably, three
of the four genes encoding fructose-1,6-bisphosphate al-
dolase (FBA) were strongly down-regulated (from 0.01- to
0.11-fold, Padj<1.01×10−63) under the A20, H10, and
A10 conditions. Interestingly, it was observed that the
gene encoding glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and one of the four genes encoding FBA
were up-regulated under the H10 growth conditions with
a fold change of 1.42 and 1.64, respectively (Padj=9.31×
10−6 and Padj=2.39×10−27), similar to the autotrophic
conditions. GAPDH displayed an important role in main-
taining ATP pools under autotrophic conditions, according
to previous transcriptome analysis performed in C. autoe-
thanogenum (Marcellin et al. 2016). This result suggests
that GAPDH potentially enhances cell growth at low
temperature under autotrophic growth conditions. Taken
together, our data showed that the low temperature re-
presses the Embden–Meyerhof–Parnas (EMP) pathway, as
is the case with Lactococcus lactis (Wouters et al. 2000)
and Bacillus subtilis (Budde et al. 2006), and reinforced
the WLP and the energy conservation system (Fig. 4E).
Thus, the expression of genes involved in central carbon
metabolism pathways, including the EMP and the WLP, is
regulated by temperature, as well as carbon sources.

Determination of the primary transcriptome
landscape

To further understand how gene expression is altered un-
der autotrophic and cold conditions, we next analyzed
the primary transcriptome of A. bakii by using the dRNA-
seq method (Materials and Methods) (Singh and Wade

FIGURE 4. Transcriptome perturbations induced by the autotrophic and cold condition. (A) The autotroph-responsive only (C1 and C2), temper-
ature-responsive only (C3 and C4), combined condition-responsive (C6, C7, C8, and C9), and particular condition-specific (C5, C10, C11, C12,
C13, and C14) differential gene expression patterns were all combined and are shown as a heat map. The heat map shows log2 expression values
(“Exp.”) and log2 fold-changes (“FC”) at 20°C heterotrophic (“H20”), 20°C autotrophic (“A20”), 10°C heterotrophic (“H10”), and 10°C autotro-
phic (“A10”) conditions. Black bars represent clustered columns resulting from K-mean clustering. Two thousand sixty-eight DEG are listed in
Supplemental Table S4. C1 and C2 were highly up-regulated or down-regulated under autotrophic conditions, respectively; C3 and C4 were
highly down-regulated or up-regulated at low temperature, respectively; C5 showed down-regulation of gene expression under A20, but their
gene expression was inversely altered by cold temperature; the expression of C6 was down-regulated either by autotrophic or cold temperature
conditions; the expression of C7 was up-regulated both by the autotrophic and cold temperature conditions; C8 and C9 were found to be highly
down-regulated and up-regulated by A10, respectively; C10 and C11 were found to be highly up-regulated and down-regulated by H10, respec-
tively; C12 andC13–C14were found to be highly down-regulated or up-regulated by A20, respectively. Clusteringwas performedbased on gene
expression-fold change. Twenty-one clusters were assigned to 14 clusters manually. Gray and red lines indicate log2 (fold-changes) andmedian of
each group, respectively. See also Supplemental Table S4 for all transcript abundances. (B) Enriched KEGG pathways of the C1, C2, C3, C4, and
C7 clusters. Bonferroni-corrected P<0.05 was considered as the significance cutoff. KEGG pathways, including acetogenesis-related genes, are
highlighted in bold blue. For clarity of illustration, KEGG enrichment significance is shown as −log10 (P-value). See also Supplemental Figure S2.
(C ) An example of RNA-seq profiles for the genes in the A group. RNA-seq reads of both strands are shown. The putative cobalt ABC transporter
cluster (ABAKI_c2420–c24260), a putative lipid A ABC transporter (ABAKI_c24270–c24290), and the bifurcating lactate dehydrogenase gene
cluster (ABAKI_c24310–c24350) are highlighted in indigo blue. (D) A violin plot shows the expression distribution for the genes in the C7 group.
See also Supplemental Figure S3. (E) DEG involved in acetogenesis, as well as in the glycolysis and gluconeogenesis pathways. Low temperature
triggers the expression of acetogenesis-related genes. Bold and gray arrows indicate positive and negative regulation, respectively, under the
cold-heterotrophic growth condition (H10). The heat map shows log2 fold-changes. See also Supplemental Table S5. (F ) Quantitative RT-PCR
data of acsD (from the carbonyl branch of the WLP), metF (from the methyl branch of the WLP), hydA (from the FDH operon), and pyc genes.
The graph shows fold-changes in the transcript abundance of A. bakii and A. woodii for the four different growth conditions. Each value is
the mean of three replicates in independently repeated experiments, and error bars show ±SEM. The secA gene was used as the reference.
(∗∗) P≤ 0.01>0.001; (∗∗∗) P<0.001 (Student’s unpaired t-test).
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2014). Low-quality and adaptor sequences were trimmed
and the trimmed sequence reads were mapped to the
A. bakii genome, yielding at least 146× and 59× genome-
scale coverage from RNA 5′-pyrophosphatase-treated
(RPP+) and -untreated (RPP−) libraries, respectively (Sup-
plemental Table S3). TSS positions were determined
based on the ratio of 5′-end read intensities (greater than
twofold) between the RPP+ and the RPP− libraries by us-
ing the in-house analytical workflow (Supplemental Fig.
S4A; Rach et al. 2009; Jeong et al. 2016). For example,
we identified the TSS positions of acetogenesis genes
(Fig. 5A). A total of 951, 577, 681, and 637 TSSs were iden-
tified for the H20, A20, H10, and A10 conditions, respec-
tively. To evaluate the reliability of the identified TSSs,
independent verification was conducted by using the 5′

Rapid Amplification of cDNA Ends (5′RACE) and Sanger
sequencing (Supplemental Fig. S4B,C).

Comparative analysis of the TSSs (1379 in total) yielded
239 constitutive TSSs (shared by all conditions), 514 condi-

tional TSSs (shared by two or more conditions), and 626
specific TSSs (unique to a single condition) (Fig. 5B;
Supplemental Table S6). Next, TSSs were further classified
into five categories according to their genomic position and
intensity (Fig. 5C). We detected 1119 primary TSSs (P)
associatedwith 27.1%of the annotatedgenes and116 sec-
ondary TSSs (S). In addition, by examining the putative
operons constructed by the DOOR 2.0 operon database,
wedetermined 1164 operons in theA. bakiigenome, com-
prising 3155 ORFs (Supplemental Table S7; Mao et al.
2014). Among the computationally predicted operons, a
total of 910 TSSs were mapped to 770 operons (∼66%).
The incomplete TSS detection could be mainly due to
the low cDNA concentration of the operons under the ex-
perimental conditions. A total of 13 TSSs were assigned
to the acetogenesis clusters including genes of the WLP,
the Rnf complex, the FDH complex, a bifurcating hydroge-
nase, and anATP synthase (Supplemental Fig. S3). Interest-
ingly, we observed one secondary TSS in a gene cluster for

A

D

H

E F G

B C

FIGURE 5. The transcription architecture of the A. bakii DSM 8239 genome. (A) Examples of dRNA-seq profiles mapped onto the A. bakii ge-
nome. Complementary DNA (cDNA) readsmapped to genome from RNA 5′-pyrophosphatase-treated (RPP+) and -untreated (RPP−) libraries are
shown to represent the genomic regions. A red bar indicates the position of transcription initiation, which is identified by enriched 5′-ends of
aligned dRNA-seq reads in RPP+ libraries (two biological duplicates) and nonenriched 5′-end reads of aligned dRNA-seq reads in RPP− libraries.
See also Supplemental Figure S4A. (B) The proportion of constitutive (shared by all conditions), conditional (existing in two or more conditions),
and specific (unique to a single condition) TSSs across the four conditions. (C ) Categorization of 1379 TSSs identified in all samples. Primary
TSSs (P) have a maximum peak density within a distance <300 bp upstream and 100 bp downstream from annotated genes; secondary TSSs (S)
are associated with the same ORF as a nearby primary TSS but have lower peak density; internal TSSs (I) are located on the same strand as an
annotation; antisense TSSs (A) are located on the opposite strand as an annotation; and intergenic TSSs (N) are those not falling into any of the
above-mentioned categories. See Supplemental Table S6 for all TSS information and noncoding RNA lists, respectively. (D) Distribution of
each nucleotide around the TSS (+1). (E) Motif searches upstream of A. bakii TSSs for all TSSs. See also Supplemental Figure S5. (F ) Distribution
of the 5′-UTR lengths of primary TSSs. (G) ConservedAG-rich Shine-Dalgarno (SD) sequences for 1085protein-coding transcripts. (H) The frequen-
cy of start codons of all 3973 ORFs, 1100 TSS-assigned ORFs, 1061 ORFs containing 5′-UTRs (leader sequence), and 11 leaderless ORFs.
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the carbonyl branch of theWLP, suggesting conditional ini-
tiation of transcription in response to specific environmen-
tal conditions. We further detected a total of 45 antisense
TSSs (A) from the reverse strand of 42 genes, 30 internal
TSSs (I) within 29 regions, and 69 intergenic TSSs (N) with-
out any associatedgenes, confirming thepresenceof puta-
tive noncoding regulatory RNA molecules (Fig. 5C). Using
the Cmsearch utility of INFERNAL (Nawrocki and Eddy
2013) and the Rfam database (Nawrocki et al. 2015),
we found a total of 87 putative ncRNAs containing a TSS
(Supplemental Table S8). Among these, 21 were primary
TSSs, including two Moco RNAmotifs and two FMN ribos-
witches located near themolybdopterin biosynthesis gene
cluster (ABAKI_c09210 and ABAKI_c27150) and the ribo-
flavin biosynthesis-associated genes (ABAKI_ c17190 and
ABAKI_c21530), respectively. These ncRNAs are metabo-
lite-dependent riboswitches that directly bind to the mo-
lybdenum cofactor or to FMN and are presumed to
control the biosynthesis of molybdopterin and riboflavin
by the 5′-UTR (Mironov et al. 2002; Regulski et al. 2008).
A total of 19 TSSswere intergenic, including five cobalamin
riboswitches, which are cis-regulatory elements modulat-
inggene transcriptionor translation through the interaction
with the 5′-UTR of the cobalamin (vitamin B12) biosyn-
thesis/transport-related gene clusters (ABAKI_c14910 –

c15410 and ABAKI_c39150) (Vitreschak et al. 2003).
Overall nucleotide preferences of the TSSs between the

−2 to the +3 position were investigated (Fig. 5D). Prefer-
ences for a purine (A/G) at the position +1 and a pyrimidine
(C/T) at the position −1 were found in diverse bacterial
species (Cho et al. 2009; Sharma et al. 2010; Jeong et al.
2016). We found a similar dinucleotide preference as a
purine (65.0% A and 19.6% G) and a pyrimidine (46.3% T
and 19.8% C) were preferred for transcription initiation at
the +1 and −1 TSS position, respectively. Therefore, our
data were concordant with previous analyses at single-nu-
cleotide resolution.

Analysis of promoter and 5′′′′′-UTR sequences

The A. bakii genome encodes at least six sigma factors
(RpoD, SigB, SigD, SigE, SigL, andSigH), which are key reg-
ulators orchestrating transcriptome changes in response to
environmental conditions by the recognition of different
core promoter sequences. To elucidate the principal pro-
moter elements in the A. bakii genome, we analyzed the
50-bp sequences upstream of the identified TSSs, which
were of sufficient length to cover the −10 and −35 boxes,
using the MEME motif search algorithm (Bailey et al.
2009). As a result, 76.9%–88.5% and 30.4%–34.7% of the
TSSs (P<0.05; MEME) contained the consensus sequence
of the extended−10boxmotif (TATAAT) between−20 and
−5 nt, and the −35 box motif (TTGACA) between −23 nt
and −36 nt from the TSSs, respectively (Fig. 5E; Supple-
mental Fig. S5A–G). The spacer between the −10 and

−35 motif was ∼17 bp. Taken together, our data suggest
that most gene transcription is predominantly initiated
by the RpoD housekeeping holoenzyme, including that
of genes of the acetogenesis clusters (Supplemental Fig.
S5H).
We next examined the 5′-UTR length distribution of

mRNA transcripts. The median distance between the pri-
mary TSS to the start codon of protein-coding sequences
(1110 in total) was 46 nt (Fig. 5F). More than 96% of the
transcripts were found to have a 5′-UTR leader sequence
longer than 10 nt and 23% of transcripts contained a lead-
er sequence longer than 100 nt, potentially containing cis-
regulatory elements (Bastet et al. 2011). The RBS motif
and start codons were present in 1085 of 1110 5′-UTRs
(97.7%) and were mainly represented by the “aggGGgg”
sequence and ATG, respectively (Fig. 5G). The ATG codon
was highly preferred as a translation start codon for both
leader (957 genes) and leaderless (11 genes) mRNAs.
The following most frequent start codons were TTG (89
genes) and GTG (64 genes), only utilized for leader tran-
scripts (Fig. 5H).

5′′′′′-UTRs regulate the mRNA transcript levels
of acetogenesis genes

5-UTRs can form a secondary structure influencing the ex-
pression of downstream genes, depending on metabo-
lites, pH or temperature (Narberhaus et al. 2006). First,
we examined the relationship between 5′-UTR lengths
and gene expression patterns of all the groups of DEG
(Supplemental Fig. S6). Interestingly, relatively long 5′-
UTR lengths were observed for autotroph-specific groups,
i.e., the clusters C1 (median length of 77 nt) and C2 (me-
dian length of 93 nt). The acetogenesis genes in cluster C7
showed a substantially wider range of 5′-UTR lengths (me-
dian length of 89 nt; P<0.001; Wilcoxon-Mann-Whitney
test) than other primary transcripts (Fig. 6A). To analyze
the relationship between the secondary structure of 5′-
UTR and the gene expression pattern, we computed the
minimum free energy (MFE) and predicted the secondary
structure of 5′-UTRs across the groups of DEGs using the
ViennaRNA package 2.0 (Lorenz et al. 2011). The analysis
showed that the clusters C1, C2, and C7 had markedly
lower median ΔG values (−10.4, −19.5, and −12.3 kcal
mol−1, respectively; P<0.01, Wilcoxon-Mann-Whitney
test) than those of the other clusters, whereas the cluster
C12 showed a substantially higher median ΔG value
(−1.4 kcal mol−1) (Fig. 6B). Based on these results, we an-
ticipated that genes in the clusters C1, C2, and C7 are
transcriptionally regulated by the secondary structures of
their long 5′-UTR. Interestingly, the cluster C7 comprises
two distinct gene populations with regard to the MFE
of 5′-UTR. To understand the biological implications of
these differences, we analyzed the functional profiles of
the two gene populations using ClueGo (version 2.3.5)
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and obtained significantly distinct GO terms (Fig. 6C). In
the case of the population displaying “highly structured”
5′-UTRs, two GO terms were significantly enriched, i.e.,
the “one-carbon metabolic process” and the “coenzyme
biosynthetic process.” Different GO terms were enriched
in the set of 30 genes with “less structured” 5′-UTR popu-
lation, i.e., “ion transport,” “cellular amino acid metabolic
process,” and “α-amino acid metabolic process.” To
uncover cis-acting modulators of the two functionally dis-
tinct gene populations, 5′-UTRs were annotated using the
Rfam database. Thirty-seven candidates were retrieved,
which comprised 13 types of attenuation mechanisms
including T-box, riboswitches, and ribosomal protein pep-
tide leaders (Supplemental Table S9; Nudler and Miro-
nov 2004; Choonee et al. 2007; Naville and Gautheret
2009).

Based upon the intrinsic termination mechanism of 5′-
UTR cis-acting attenuators, we inferred the transcriptional
state from the ratio between premature and full-length
RNA transcript levels. When the cis-regulatory attenuator
forms the closed state structure under low temperature
conditions, transcription of the full-length mRNA may
occur via the read-through mechanism (Supplemental
Fig. S7A). We observed clearly distinct regulatory states
for the tryptophan operon in the cluster C1 under hetero-
trophic and autotrophic growth conditions. Notably, tryp-
tophan regulates the attenuator structure. Whereas, in the
presence of adequate levels of tryptophan, the 5′-UTR and
trpE displayed different transcript levels, when tryptophan
level was low (e.g., autotrophic condition), we observed
similar transcript levels (Supplemental Fig. S7B). Based
on these findings, we examined whether the acetogenesis

D

A B C

E

F

FIGURE 6. Low-temperature-responsive 5′-UTRs control the expression of acetogenesis-associated genes. (A) Comparison of the length distri-
butions of 5′-UTRs between the total and C7 groups. The significance of differences was assessed by the Wilcoxon-Mann-Whitney test (∗∗∗, P<
0.001). See also Supplemental Figure S6. (B) Comparison of the minimum folding free energy (MFE) distribution between the groups of DEG.
Violin plots showmedian and quartile ranges of calculatedMFEs. Secondary structures of a representative set of themRNAswere predicted using
the ViennaRNA RNAfold (Lorenz et al. 2011). The significance of differences was assessed by the Wilcoxon-Mann-Whitney test (∗∗, P<0.01;
∗∗∗, P<0.001). (C ) Minimum folding free energy (MFE) distribution of C7 group and their Gene Ontology term enrichment analysis. Violin plots
show median and quartile ranges of calculated MFE. Secondary structures of a representative set of the mRNAs were predicted using
ViennaRNA RNAfold software. Enriched GO terms, including biological process, molecular function, and cellular component, were represented
together as nodes. A Bonferroni-corrected P<0.05 was considered the cut-off criterion. Term enrichment significance is represented by color.
(D) Design of plasmid-based reporters for characterization of regulatory 5′-UTR regions. (Left panel) The transcriptional level of the efp,
cooc1, and fhs1 genes under the four growth conditions; (middle panel) secondary structure of each 5′-UTR. Structure and MFE were predicted
using the ViennaRNARNAfold software. (Right panel) Schematic illustration of the reporter gene constructs. Each segment of the gene 5′-UTRs of
genes was fused to GFP under the constitutive trc promoter. Yellow boxes represent the specific mRNA 5′-UTRs. The sequence for the 5′-UTR of
cspAwas obtained from the genome of E. coli strain MG 1655 (NC_000913.3). (E) The assay design is shown. (F ) Assays of 5′-UTR of efp, cooc1,
fhs1, and cspA at 10°C and 20°C, respectively. The graph shows fold-changes in the GFP transcript abundance. Each value is the mean of three
replicates in independently repeated experiments, and error bars show ±SEM. The gyrA gene was used as the reference (∗) P<0.05; (∗∗) P<0.01;
(∗∗∗∗) P<0.0001 (Student’s unpaired t-test).
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genes are regulated by transcriptional attenuation in re-
sponse to temperature. However, such attenuation was
not clearly observed (Supplemental Fig. S7C–G), sug-
gesting that acetogenesis genes in the C7 cluster are not
controlled by attenuators in response to temperature
changes.
Long 5′-UTRs have been found to contribute to mRNA

abundance and stability in bacteria (Arnold et al. 1998;
Cao et al. 2014). For instance, the 5′-UTR of cspA in
Escherichia coli has been extensively studied in terms
of gene expression (Giuliodori et al. 2010). The cspA
mRNA of E. coli is highly stable at low temperatures and
its stability is substantially decreased at high temperatures
(Goldenberg et al. 1996; Fang et al. 1997). Previous ex-
periments revealed that the 5′-UTR of cspA mRNA plays
a critical role in the temperature-dependent changes in
transcript stability (Brandi et al. 1996), whereas the CspA
promoter is not required for cold induction (Fang et al.
1997). To confirm the relationship between the 5′-UTR
secondary structure and cold induction of acetogenesis
gene expression, we designed a plasmid-based reporter
system containing a gfp gene controlled by a constitutive
promoter and by the 5′-UTR of the selected genes (p5′-
UTR-GFP; Fig. 6D). To this end, the 5′-UTRs of cooC1
(120 nt) and fhs1 (48 nt), derived from the leading genes
of the WLP methyl and carbonyl branches, respectively,
were used. Plasmid-based reporters containing the 43-nt
long 5′-UTR of efp (elongation factor P) and the 159-nt
long 5′-UTR of cspA of E. coli (cold shock protein A)
were also constructed and utilized as negative and positive
controls, respectively (Fig. 6D). Because the detailed in-
vestigation of the metabolic or regulatory networks of
A. bakii is currently limited by the absence of available ge-
netic tools, we used an E. coli DH5α strain harboring the
above-mentioned 5′-UTR-GFP plasmid. The amount of
mRNA transcripts of the gfp gene from the four plasmids
was then quantified at 20°C and 10°C using qRT-PCR
(Fig. 6E). As expected, the 5′-UTR of cspA displayed tem-
perature-dependent regulation, showing a significantly
higher mRNA level (fold change >1.6, P<0.05) at 10°C
compared to 20°C (Fig. 6F). Intriguingly, the assay showed
statistically significant changes in the mRNA levels of
cooc1 (fold change >1.3, P<0.05) and fhs1 (fold change
>2.2, P<0.0001) at the 12 and 24 h time points, indicating
that the 5′-UTR structure positively affected mRNAs stabil-
ity at 10°C (Fig. 6F). On the other hand, no significant
changes in efp mRNA abundance were observed (P>
0.05) at any time point. Taken together, our data showed
that the mRNA levels of cooc1 and fhs1 were significantly
up-regulated at low temperature and that the long 5′-UTRs
were involved in the thermoregulation of acetogene-
sis gene expression. The results imply that the RNA struc-
ture may mediate the response to environmental factors,
including temperature, by the activation of multiple phys-
iological processes, playing an important role in the cold-

dependent post-transcriptional regulation under autotro-
phic conditions.

DISCUSSION

In this study, we completed the genome sequence of the
psychrotolerant acetogen Acetobacterium bakii DSM
8239 (4.28 Mbp in size) and revealed transcriptomes
specifically associated to autotrophic growth at low tem-
perature. Moreover, we identified key regulators underly-
ing the transcriptional response to these environmental
conditions, as well as the complete WLP of A. bakii. Deter-
mination of the A. bakii primary transcriptome provided in-
sights into transcriptional regulation under physiological
conditions. Comparative genomic analysis revealed that,
although acetogenesis is fundamentally similar in A. bakii
and A. woodii (Poehlein et al. 2012; Schuchmann andMül-
ler 2013, 2014), some differences exist, such as a truncated
selenium-free FDH subunit and a distinct configuration of
the subunit c-ring of F1F0 ATP synthase (Matthies et al.
2014).
Differential gene expression data obtained under cold

and autotrophic growth conditions showed that the aceto-
genesis genes are activated in response not only to the
autotrophic conditions but also to low temperature. This
unique transcriptional regulation is not present in the
phylogenetically related mesophilic strain A. woodii. Inter-
estingly, a group of 252 genes, including acetogenesis
genes, contained longer 5′-UTRs (with a median length
of 89 nt) with lower RNA folding free energy as compared
to the other genes (with a median 5′-UTR length of 46 nt).
Based on these findings, we propose that the transcription
of acetogenesis genes is activated by cold temperature
via RNA conformational changes in the long 5′-UTR,
similar to the cold shock induction of the cspA gene in
E. coli. Because the 5′ stem-loop of the cspA mRNA is
only moderately stable above 30°C (Hankins et al. 2007),
the cspA mRNA is rapidly degraded at higher tempera-
tures. However, cold temperature stabilizes the 5′-UTR
of the cspAmRNA by blocking its interaction with the sen-
sor domain of RNase E (Emory et al. 1992; Goldenberg
et al. 1996; Fang et al. 1997; Callaghan et al. 2005). There-
fore, the cold-dependent induction of acetogenesis genes
may result from a coordinated activity of 5′–3′ exo- or
endo-ribonuclease activity (e.g., RNase E, RNase Y, and
RNase J), which showed mRNA structure-dependent en-
donuclease activity (Goldenberg et al. 1996; Hui et al.
2014). These ribonucleases are highly expressed under
all tested conditions (Supplemental Table S4), and may
act in concert on 5′-leaders to regulate the mRNA stability
of acetogenesis genes. These results indicate that the 5′-
UTRs may represent regulatory elements functioning as
bacterial RNA thermometers (Kortmann and Narberhaus
2012) responding to temperature variations in psychro-
philic and psychrotolerant microbes. Recent studies in
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the distantly related member of methanogenic archaea,
Methanolobus psychrophilus, also showed that 5′-UTR-
mediated transcriptional and post-transcriptional regula-
tions play a critical role in the bacterial response to cold
(Li et al. 2015; Qi et al. 2017).

In conclusion, this study suggests that psychrotolerant
acetogens can activate acetogenesis metabolism even
under cold heterotrophic conditions. The transcriptome
changes of the psychrotolerant acetogens, in response to
CO2/H2 and low temperature, suggest the importance of
post-transcriptional regulation in cold-active acetogenesis.
This is a robust and low-energy-costmechanism for sensing
temperature variations and regulating themRNA levels ac-
cordingly (Naville and Gautheret 2009). This energetically
favorable regulation of gene expression is expected to be
crucial for psychrophilic and psychrotolerant bacteria living
in cold habitats, which are extremely low-energy environ-
ments (Hoehler and Jørgensen 2013). However, themolec-
ular details of this mechanism are not yet well understood
and further studies focusing on the described RNA-based
events will broaden our comprehension of cold-induced
gene regulation and of the role played by the genes of
the acetogenesis metabolic pathway.

MATERIALS AND METHODS

Bacterial strain and growth conditions

Acetobacterium bakii DSM 8239 was obtained from the Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell
Cultures (DSMZ). A. bakii cells were cultured strictly anaerobically
at two temperatures, 10°C and 20°C, representing cold stress and
optimal conditions, respectively, in DSMZ Medium 135 (Atlas
2010). A. woodii cells were cultured at two temperatures, 20°C
and 30°C, representing cold and optimal conditions, respectively.
DSM medium 135 without fructose and resazurin was prepared
and supplemented with 2 g/L NaCl. For growth, a headspace
pressure of 200 kPa under a gas mixture of H2/CO2 (80/20, v/v)
provided autotrophic conditions, and 5 g/L fructose provided
heterotrophic conditions.

Analytical methods

Cell growth was monitored by measuring the optical density
(OD600) and metabolic products were analyzed by high-perfor-
mance liquid chromatography (HPLC). The concentrations of ace-
tate and other organic acids were routinely determined using a
Waters HPLC 1525 system (Waters) equipped with a refractive in-
dex detector (RID, Waters) operated at 37°C and aMetaCarb 87H
organic acid column (Agilent Technologies). Slightly acidified wa-
ter (0.01 N H2SO4) was used as the mobile phase, with a flow rate
of 0.6 mL/min. To remove proteins and other cell residues, 500 µL
samples were centrifuged at 14,000g for 10 min at 4°C and all
samples were filtered through a 0.2-µm Minisart RC15 Syringe
Filters (Sartorius). The supernatant (20 µL) was then injected into
the HPLC system for analysis.

Genomic DNA extraction and sequencing

A bacteria culture was centrifuged at 3000g at 4°C for 15 min and
ground using a mortar and a pestle kept in liquid nitrogen. Total
genomic DNA extraction was performed using the Genomic-tip
500/G kit (Qiagen) and the Genomic DNA Buffer Set (Qiagen).
DNA quality and integrity were evaluated by the A260/A280
ratio (>1.9) and agarose gel electrophoresis of genomic DNA.
DNA quantity was measured by a spectrophotometer using the
NanoDrop 2000 platform (Thermo Scientific). A library was con-
structed using the PacBio (Pacific Biosciences) 20-kb library prep-
aration protocol and sequencing was performed using a PacBio
RS II with P6-C4 chemistry. Low-quality reads (min. read quality
<0.8) were filtered out and de novo assembly was conducted us-
ing the hierarchical genome assembly process (HGAP, v2.3) work-
flow (Chin et al. 2013), including consensus polishing with Quiver.
As a result of the HGAP process, we obtained a total length of
4,316,241 bp and five contigs after the polishing process. For ge-
nome assembly, scaffolding tasks were performed using SSPACE
(Hunt et al. 2014) with mate-pair sequences and the PCR-based
primer walking method. Highly accurate short reads generated
from our previous study (Hwang et al. 2015), and ssRNA-seq
data, were used to improve the accuracy of PacBio scaffolds.
Short-read polishing was performed by CLC Genomics Work-
bench v6.5.1 with the following alignment parameters: mismatch
cost = 2, deletion cost= 3, insertion cost = 3, length fraction= 0.9,
and similarity fraction= 0.9. The location of conflicting sequences
was then detected by the Probabilistic Variant Detection
toolbox of the CLC Genomics Workbench, using the default
parameters.

Gene prediction and annotation

Briefly, the coding sequences (CDSs) were predicted using
Prodigal v.2.6.3 (Hyatt et al. 2010). To assign protein functions,
predicted CDSs were annotated with the best BLASTP hits from
integrated databases with UniProt/SwissProt/KEGG/GO and
UniProt/TrEMBL databases (UniProt Consortium 2007; Gene
Ontology Consortium 2015; Kanehisa et al. 2016). RNAmmer
v1.2 (Lagesen et al. 2007), tRNAscan SE v2.0 (Lowe and Chan
2016), and Infernal v1.1.2 (Nawrocki and Eddy 2013) with Rfam
database v12.1 (Nawrocki et al. 2015) were used to identify
rRNAs, tRNAs, and noncoding RNAs, respectively. The CRISPR
array was identified by CRT v1.1 (Bland et al. 2007). The predicted
proteins from the annotation pipeline were evaluated with
HMMScan to identify Pfam domains using the default gathering
thresholds from the Pfam database v30.0 (Finn et al. 2016).

Resting cell assay

All the steps were performed under strictly anoxic conditions (O2

ppm<5) in an anaerobic chamber (Coy Laboratory product) filled
with 96% N2 and 4% H2. Cells were cultured under strict anaero-
bic conditions in 10× 100 mL DSMZ Medium 135 with 5 g/L fruc-
tose to an OD600 of 0.4. A bacteria culture was centrifuged at
12,000g at 4°C for 15min and washed twice with imidazole buffer
(50 mM imidazole-HCl, 20 mMMgSO4, 20 mM KCl, 4.4 µM resa-
zurin, 4mMDTE, pH 7.0). The cells were resuspended to a protein
concentration of 25 mg/mL and transferred to Hungate tubes,
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and the gas phase of the cell suspensions was changed to N2. For
the resting cell assay, the cells were resuspended in the same im-
idazole buffer to a protein concentration of 0.25 mg/mL in serum
bottles. NaCl (30 mM) was added as indicated. Subsequently, the
gas phase of the cell suspensions was changed to H2-CO2 (80:20,
v/v, 200 kPa) or N2 (200 kPa). The cell suspensions were incubated
at 20°C without shaking. 900 µL samples were taken at indicated
time points and cells were removed by centrifugation immediate-
ly at 12,000g at 4°C for 10 min. Acetate concentrations were de-
termined using a Waters HPLC 1525 system (Waters).

RNA-extraction and RNA-sequencing (RNA-seq)

For RNA extraction, cultures of heterotrophically and autotrophi-
cally grown cells were harvested at OD600 of 0.6 and 0.08, respec-
tively. Next, 400 and 800 mL of the cultures were immediately
harvested by centrifugation at 3000g at 4°C for 15min, and resus-
pended in 500 µL of cell lysis buffer (140 mM NaCl, 20 mM Tris-
HCl pH 7.4, 5 mM MgCl2, and 1% Triton X-100). Resuspended
cells were flash frozen and ground using a mortar and pestle con-
taining liquid nitrogen for all experiments including RNA-seq,
dRNA-seq, and qRT-PCR. The cell debris and unbroken cells
were removed by centrifugation at 4000g for 10 min at 4°C.
Total RNA was then isolated using the TRIzol reagent (Thermo
Scientific) according to the manufacturer’s instructions. To obtain
DNA-free RNA, all RNA samples were treated with rDNase I
(Ambion), according to themanufacturer’s instructions. The quan-
tity of total RNA was measured with a NanoDrop 2000 spectro-
photometer (Thermo Scientific), the quality of total RNA was
evaluated by the A260/A280 ratio (>1.8) and the integrity of the
ribosomal RNAs (rRNA) bands was assessed by 2% agarose gel
electrophoresis. Ribosomal RNAs were specifically removed by
Ribo-Zero rRNA Removal Kit bacteria (Illumina) following the
manufacturer’s instructions, and the rRNA quality was evaluated
by agarose gel electrophoresis. RNA-seq libraries were prepared
using Illumina’s TruSeq Strand mRNA LT Sample Prep Kit
(Illumina) according to the manufacturer’s instructions and then
sequenced using an Illumina Hi-Seq 2500 instrument (Rapid-
Run mode) with a 50-bp single-end sequencing recipe.

Differential RNA-seq (dRNA-seq) library preparation

Four hundred nanograms of rRNA-depleted RNA were split into
two samples for the preparation of two different libraries (RPP+
and RPP−). The RNA concentration was measured by a Qubit
RNA HS Assay Kit. Two dRNA-seq libraries were prepared using
a modified protocol as described previously (Singh and Wade
2014). Briefly, the 200 ng intended for the RPP+ library, contain-
ing both primary (5′-PPP) and processed (5′-P/5′-OH) transcripts,
were treated with RNA 5′-polyphosphatase (Epicentre). In the 200
ng intended for the RPP- library, enriched in processed tran-
scripts, RNA 5′-polyphosphatase was not used. 5′-RNA adaptors
were ligated to RNA using T4 RNA ligase (Thermo) and purified
with Agencourt AMPure XP beads (Beckman Coulter). 5′-RNA
adaptors were treated with alkaline phosphatase (Thermo) before
ligation, with a 1:3 RNA to 5′-RNA adaptor molar ratio for ligation.
Reverse transcription was performed using random nonamer
adaptors (Supplemental Table S10) and SuperScript III Reverse
Transcriptase kit (Invitrogen) following the manufacturer’s direc-

tions. Thirty microliters of nuclease-free water were added to
the synthesized cDNA sample, and the cDNA libraries were puri-
fiedwith a 0.8× volumeof AMPure XP beads. PCR amplification of
the sequencing library was performed with a Fusion High-Fidelity
polymerase (Thermo). The PCR conditions were as follows: 98°C
for 30 sec; several cycles (monitored real-time) of 98°C for 10
sec, 56°C for 20 sec, and 72 °C for 20 sec; and followed by 72°C
for 5 min. The amplification was monitored with SYBR green gel
stain solution (Invitrogen) on a CFX96 Real-Time PCR Detection
System (Bio-Rad) until the PCR reaction reached the plateau
phase. The amplified dRNA-seq libraries were purified with a
0.8× volume of AMPure XP beads. The library concentration was
measured by the Qubit DNA HS assay kit, and dRNA-seq libraries
were sequenced using the 100-bp read recipe by an Illumina
HiSeq2500 (Illumina). Two independent biological experiments
were performed. All oligo sequences are available in Supplemen-
tal Table S10.

5′′′′′ rapid amplification of cDNA ends (5′′′′′ RACE)
analysis

The selected TSSs, the expected amplicon sizes, and the se-
quences of primary mRNAs are shown in Supplemental Figure
S5C. 5′ RACE analysis was conducted according to previously
published protocols (Jeong et al. 2017). The target-specific
RACE primers for 5′-end mapping are available in Supplemental
Table S10. Amplified products were analyzed on a 2% agarose
gel and the results were further confirmed using conventional
Sanger sequencing.

RNA-seq data analysis

The sequence reads obtained from RNA-seq (50-bp single-end
reads) and dRNA-seq (100-bp single-end reads) were analyzed
using the CLC Genomics Workbench 6.5.1 (Qiagen). Bases with
low quality and adaptor sequences were trimmed and aligned
to the A. bakii genome with the following parameters: mismatch
cost= 2, insertion cost= 3, deletion cost= 3, length fraction=0.9,
and similarity fraction=0.9. For RNA-seq data, a raw read count
table was constructed from RNA-seq reads using CLC’s RNA-
seq analysis module. To perform the normalization and differen-
tial gene expression analysis, the count table was used as input
file for the Bioconductor package DEseq2 (Love et al. 2014). To
identify the differently expressed genes, the significant levels
were set at a false discovery rate (FDR) < 0.01 and log2-fold chan-
ge (log2 FC) > |1|.

dRNA-seq data analysis

For dRNA-seq data, the analytical workflow is graphically present-
ed in Supplemental Figure S5A. We applied a scaling normaliza-
tion factor to the 5′-ends of the aligned dRNA-seq read profiles.
Since the RPP+ (RNA 5′-polyphosphatase-treated) library also
contains primary transcripts, both libraries should appear to
have equal gene expression within genes. For this approach,
the scaling factor of each library was calculated by the matrix of
the read count produced by the RNA-seq analysis module in
CLC and the estimateSizeFactors function implemented in the
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DEseq2 package. Genomic coordinates for the 5′-ends of aligned
dRNA-seq reads were considered to be potential transcription
start sites (TSSs). TSSs were identified and curated by comparison
between the RPP+ and the RPP− libraries as described previously
with some modifications (Rach et al. 2009; Jeong et al. 2016).
Briefly, initial peaks were clustered within 300 bp; they were
then sub-clustered based on a standard deviation <15. If an initial
cluster had multiple peaks, only the standard deviation of two
adjacent peaks was calculated. The potential TSS with the highest
peak density was used as the TSS in sub-cluster peaks. The TSSs
were then selected based on the ratio of peak densities in the
RPP+ and TAP− (5′-polyphosphatase-untreated) libraries (greater
than twofold difference) and on biological reproducibility. The
selected TSSs were manually curated and classified into five cat-
egories based on their genomic position. Primary TSSs (P) were
defined as TSSs with a maximum peak density within a distance
<300 bp upstream and <100 bp downstream from annotated
genes; secondary TSSs (S) were associated with the same ORFs
as nearby primary TSSs but had a lower peak density; internal
TSSs (I) were those located on the same strand as an annotation;
antisense TSSs (A) were located on the opposite strand as an an-
notation; and intergenic TSSs (N) were those not included in any
of the above-mentioned categories. The TSSs were compared
among the four conditional libraries, and summed as total TSSs
within the range of ±4 bp. All TSSs associated with annotated
genes are indicated in Supplemental Table S6. In-house Perl
scripts used for TSS determination and classification are available
at http://cholab.or.kr/data/. Multilayered RNA-seq and dRNA-seq
data were visualized using the NimbleGen’s SignalMap software.

Quantitative RT-PCR assay

Primers were designed using the NCBI Primer-Blast software and
are available in Supplemental Table S10. The purified RNA sam-
ples fromA. bakii orA. woodiiwere reversely transcribed to cDNA
using the SuperScript III First-Strand Synthesis System (Invitro-
gen), following the manufacturer’s directions. Relative expression
of the mRNAs was determined using a KAPA SYBR FAST Univer-
sal qPCR kit (Kapa Biosystems) following the manufacturer’s
instructions.

Operon prediction

To define an operon map of A. bakii genome, we integrated pu-
tative operons generated by the DOOR 2.0 operon database
(Mao et al. 2014) with dRNA-seq and RNA-seq data. A total of
770 putative operons were manually validated by examining the
presence of TSSs at the upstream region of each operon and their
cDNA coverage. The remaining 394 operons were refined by
RNA-seq data. The operons are summarized in Supplemental
Table S7.

Motif detection in promoters

The 50 nt of DNA sequences upstream of each determined TSS
were extracted. The conserved sequence motifs of the −10 and
−35 elements were analyzed by MEME v4.11.1 (Bailey et al.
2009) (MEME P<0.05 was considered as the cut-off criterion).

Construction of p5′′′′′-UTR-GFP reporter plasmids

Oligonucleotides and DNA fragments used in this study are listed
in Supplemental Table S10. To construct pGFP reporter plasmids,
gfp+rrnB T1 fragment was amplified by PCR from pHCE-
eGFP plasmid using primers pHCE_EGFP-rrnBT_F/pHCE_EGFP-
rrnBT_R. PCR product was gel-purified and cloned into the
NdeI and EcoRI sites of pUC19 using the In-Fusion HD cloning
kit (Clontech). To generate four p5′-UTR-GFP reporter plasmids,
four trc promoter+ 5′-UTRmodules were synthesized by Integrat-
ed DNA Technologies (IDT), and each trc promoter + 5′-UTR
module was cloned into the BamHI and NcoI sites of the pGFP
plasmid using the In-Fusion HD cloning kit (Clontech). The con-
structs were used to transform competent E. coliDH5α and ampi-
cillin-resistant transformants were selected.

Assays for p5′′′′′-UTR-GFP reporter constructs

E. coli DH5α cells carrying p5′-UTR-GFP reporter plasmids were
inoculated in 50 mL of LB with ampicillin at 30°C. When cells
reached OD600 of 0.5, cultures were split into two samples, and
incubated at 10°C and 20°C, respectively. Three milliliters of
the cultures were withdrawn at three time points (6, 12, and
24 h), immediately harvested by centrifugation at 3000g at 4°C
for 15min and each RNAwas immediately extracted. The amount
of GFP transcript associated with the 5′-UTR of each gene was
measured by qPCR. The GyrA gene of E. coli was used as a refer-
ence gene in qRT-PCR.

Statistical testing

All statistical testing (Student’s t-test, Wilcoxon-Mann-Whitney
test, and Wilcoxon matched-pairs signed rank test) was done us-
ing the GraphPad Prism v8 software. P-values <0.05 were consid-
ered as statistically significant.

DATA DEPOSITION

The genome was submitted to the European Nucleotide Archive
(ENA) with sample ID UHJK01000000. This ENA annotation infor-
mation is automatically generated through the ENA Genome
Annotation Pipeline and may differ from the annotation used
for this manuscript. The genome annotations used for this manu-
script are available at http://cholab.or.kr/data/. Total transcrip-
tome data in FASTQ format are available in the ENA database
with the study accession number PRJEB21929.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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