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Conservation of Transcription Start Sites within Genes across a
Bacterial Genus

Wenjun Shao,a,b Morgan N. Price,a Adam M. Deutschbauer,a Margaret F. Romine,c Adam P. Arkina

Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California, USAa; Department of Molecular and Cell Biology, University of California,
Berkeley, California, USAb; Pacific Northwest National Laboratory, Richland, Washington, USAc

ABSTRACT Transcription start sites (TSSs) lying inside annotated genes, on the same or opposite strand, have been observed in
diverse bacteria, but the function of these unexpected transcripts is unclear. Here, we use the metal-reducing bacterium She-
wanella oneidensis MR-1 and its relatives to study the evolutionary conservation of unexpected TSSs. Using high-resolution til-
ing microarrays and 5=-end RNA sequencing, we identified 2,531 TSSs in S. oneidensis MR-1, of which 18% were located inside
coding sequences (CDSs). Comparative transcriptome analysis with seven additional Shewanella species revealed that the major-
ity (76%) of the TSSs within the upstream regions of annotated genes (gTSSs) were conserved. Thirty percent of the TSSs that
were inside genes and on the sense strand (iTSSs) were also conserved. Sequence analysis around these iTSSs showed conserved
promoter motifs, suggesting that many iTSS are under purifying selection. Furthermore, conserved iTSSs are enriched for regu-
latory motifs, suggesting that they are regulated, and they tend to eliminate polar effects, which confirms that they are func-
tional. In contrast, the transcription of antisense TSSs located inside CDSs (aTSSs) was significantly less likely to be conserved
(22%). However, aTSSs whose transcription was conserved often have conserved promoter motifs and drive the expression of
nearby genes. Overall, our findings demonstrate that some internal TSSs are conserved and drive protein expression despite
their unusual locations, but the majority are not conserved and may reflect noisy initiation of transcription rather than a biolog-
ical function.

IMPORTANCE The first step of gene expression is the initiation of transcription from promoters, which have been traditionally
thought to be located upstream of genes. Recently, studies showed that in diverse bacteria, promoters are often located inside
genes. It has not been clear if these unexpected promoters are important to the organism or if they result from transcriptional
noise. Here, we identify and examine promoters in eight related bacterial species. Promoters that lie within genes on the sense
strand are often conserved as locations and in their sequences. Furthermore, these promoters often affect the bacterium’s
growth. Thus, many of these unexpected promoters are likely functional. Fewer promoters that lie within genes on the antisense
strand are conserved, but the conserved ones seem to drive the expression of nearby genes.
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Prokaryotic transcription is not simple. With the development
of microarrays and next-generation sequencing technologies,

the transcriptomes of many bacteria have been characterized (1–
4), and transcription start sites (TSSs) have been determined at
single-nucleotide resolution (5–7). These studies have unveiled
surprisingly complex transcriptional architectures, including dy-
namic operon structures that vary across growth conditions or cell
states, a wealth of small RNAs, internal promoters, and antisense
transcripts (8). A key challenge in microbiology is to elucidate the
functions of these unexpected transcripts in bacteria.

Previous studies found that antisense transcription was as
common in bacteria as in eukaryotes and archaea. In a few well-
studied cases, antisense RNAs (asRNAs) were shown to serve im-
portant regulatory roles in mRNA stability, transcription, or
translation (9, 10). In Gram-positive bacteria, pervasive antisense
transcription was suggested to drive mRNA processing by RNase

III because of a correlation between the abundance of the short
RNAs on the sense and antisense strands, but such a correlation
was not observed for Gram-negative bacteria (11). Recently, Ly-
becker and colleagues suggested that RNase III is involved in
double-stranded RNA (dsRNA) processing in Escherichia coli and
they experimentally identified over 300 RNase III-dependent
dsRNA-forming asRNAs (12), but the impact of these asRNAs on
gene expression is unknown. Assessing the functional significance
of asRNAs in diverse bacterial lineages requires further investiga-
tion.

TSSs have also been observed in the sense orientation inside
known coding sequences. In archaea, these internal TSSs reflect
alternative promoters within operons and coding sequences, often
with detectable transcription factor-binding sites (13, 14). These
internal TSSs have also been found in bacterial species and were
suggested to be the TSSs of the downstream genes, to yield short or
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truncated transcripts, or to be due to incorrect start codon anno-
tations (2, 5). However, the evolutionary conservation and func-
tional significance of these internal TSSs have not been confirmed.

TSSs have also been observed within intergenic regions far
from a predicted coding sequence. Many of these intergenic TSSs
without a clearly associated CDS encode small noncoding RNAs
(ncRNAs), as demonstrated for various bacteria species (1, 2, 5).
Given their widespread existence, deeper exploration of ncRNAs
in more bacteria lineages will enrich our understanding of ncRNA
regulation and function.

Because natural selection maintains functional elements dur-
ing evolution, comparative analysis provides a powerful approach
to examine genome functionality. Recently, it has been reported
that antisense transcripts are not conserved between E. coli and
Salmonella enterica, which implies that many of these transcripts
are nonfunctional (15). In contrast, other comparative studies
between different Listeria species (16) and among Campylobac-
ter jejuni strains (17) found a larger proportion of the identified
antisense transcripts to be conserved. Many ncRNAs are also con-
served across multiple species (18), while some others show great
divergence (16). As a step further, Dugar and colleagues took ad-
vantage of the comparative information to facilitate TSS annota-
tion, and they found that single nucleotide polymorphisms in the
promoter region may lead to strain-specific promoter usage (17).

In this study, we used comparative transcriptomics and the
evolutionary conservation of TSSs within a bacterial genus to as-
sess the functional significance of unexpected transcription. We
focused on the Gram-negative genus Shewanella, which is of spe-
cial interest due to the versatile usage of terminal electron accep-
tors during respiration (19). Like E. coli, Shewanella spp. are fac-
ultative anaerobes, but they can also transfer electrons to both
soluble and solid metals. As such, Shewanella has been used as a
model genus to investigate the reduction of metals and for the
potential to bioremediate toxic metals. The 4.97-Mb genome of
the best-studied species of the genus, Shewanella oneidensis MR-1,
was sequenced in 2002 (20). Genome-wide transcriptome analy-
ses have been described for S. oneidensis MR-1 under various
growth conditions (21, 22). However, global transcriptomic char-
acterization at single-nucleotide resolution has yet to be described
for Shewanella.

Here, we compared different categories of TSSs in S. oneidensis
MR-1 and seven additional species of the Shewanella genus. We
found that TSSs within genes were sometimes conserved among
Shewanella species, although internal antisense TSSs (aTSSs) were
significantly less likely to be conserved than internal TSSs on the
sense strand (iTSSs). Furthermore, conserved TSSs within genes
have conserved promoter sequences, which implies that they have
functional roles. In addition to conserved promoter sequences, we
found in the data regarding mutant fitness that iTSSs are regulated
and eliminate polar effects, which confirms that these iTSSs are
functional. Tiling microarray data suggest that conserved aTSSs
often drive the expression of nearby genes on the other strand.
Nevertheless, our results demonstrate that most antisense tran-
scripts are nonadaptive by-products of the cellular transcription
machinery, as previously reported for the fellow Gram-negative
bacterium E. coli (15).

RESULTS AND DISCUSSION
The transcriptome and TSS map of Shewanella oneidensis
MR-1. We used a strand-specific tiling microarray and 5=-end

RNA sequencing (5= RNA-seq) (1, 23) to generate a high-
resolution transcriptome structure map for S. oneidensis MR-1. In
5= RNA-seq, a unique RNA adaptor is ligated to the 5= ends of
RNAs prior to reverse transcription, so that the 5= ends of tran-
scripts are identified at single-nucleotide precision (1, 23, 24). We
collected tiling microarray data from five diverse growth condi-
tions, which were chosen to detect the transcription of most genes
from a small set of experiments: Luria-Bertani broth (rich me-
dium), defined medium with lactate as the carbon source (mini-
mal), anaerobic growth with dimethyl sulfoxide (DMSO) or
Fe(III) as the electron acceptor, and heat shock. To identify TSSs
at nucleotide resolution, we also collected 5=RNA-seq data for two
experiments in each of rich and minimal media. Figure 1A illus-
trates the tiling and 5= RNA-seq data for a 2-kb region of the main
chromosome (see Table S1 in the supplemental material for a
summary of all 5= RNA-seq libraries).

With 5= RNA-seq data, peaks can be the result of genuine TSSs
or degradation products, as illustrated in Fig. 1A. As described
below, we used both the tiling microarray data and promoter mo-
tifs to distinguish between these two possibilities. To identify these
promoter motifs in an unbiased manner, we first identified an
initial set of TSSs by using only the rises in the tiling data and the
peaks in the 5= RNA-seq data (see Materials and Methods). Using
these features, we identified a preliminary set of 1,127 potential
TSSs; these had a median of 562 reads in the 5=RNA-seq data from
minimal media library 1. These TSSs featured three major pro-
moter motifs (Fig. 1B to D) that were nearly identical to the
known motifs for RpoD (�70), RpoN (�54), and FliA (�28) in
E. coli, which is a gammaproteobacterium like S. oneidensis MR-1.
The major �70 motif represented over 70% of the potential TSSs.
Seven other sigma factors have also been annotated for S. oneiden-
sis MR-1, including three (�24, �32, and �38) that have been char-
acterized (25). �38 (�S) sites are similar to �70 sites (26) and may be
included within the promoters with �70-binding motifs. Among
12 predicted �32-dependent promoters in S. oneidensis MR-1 (22),
we observed 5= RNA-seq reads at the expected locations for all of
them, with a median of 558.5 reads in 5= RNA-seq minimal media
library 1. We also examined the six putative binding sites for �24

(25) and found that five are supported by the 5= RNA-seq data
(median 464 reads in minimal media library 1). Both �24 (�E) and
�32 are involved in the heat shock response (22, 25), for which we
did not generate 5=RNA-seq data. However, it seems that both �24

and �32 have some activity during growth in minimal media.
To systematically identify S. oneidensis MR-1 TSSs with high

confidence, we used a semisupervised machine learning approach
(23). Using the tiling microarray data, the combined 5= RNA-seq
data from all four experiments, and the �70 promoter motif iden-
tified above, we predicted 6,088 putative TSSs with a false discov-
ery rate (FDR) of less than 1% (see Materials and Methods for
details). Lowering the decision cutoffs increases the number of
putative TSSs, but this will also increase the FDR (see Fig. S1 in the
supplemental material). We found that 82% of the identified TSSs
have at least one additional, closely located TSS within 1 to 2
nucleotides (nt). Such “relaxed” TSSs from the same promoters
have also been seen in other studies (7, 27) and may represent the
imprecise transcriptional activity of RNA polymerase from the
same promoter. To avoid redundant calling of the same promoter,
we selected only the positions with highest log-odds scores within
a 50-nucleotide region. This additional filtering resulted in a con-
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servative set of 2,531 high-confidence TSSs from the original list of
6,088 predictions.

We classified all 2,531 S. oneidensis MR-1 TSSs into four cate-
gories based on their locations relative to the computationally
predicted gene annotations in S. oneidensis MR-1 (Fig. 2A) (5).
We found that 1,831 (72%) of the high-confidence TSSs were
located within 200 nt upstream of an annotated start codon
(gTSS). The remainder of the identified TSSs were further catego-
rized into 307 iTSSs, 148 aTSSs, and 245 nontranscribed TSSs
(nTSSs) (i.e., sites located inside [iTSS] or on the opposite strand
[aTSS] of annotated genes or in the intergenic regions [nTSSs])
(Fig. 2B; see also Data Set S1 in the supplemental material for the
full list of high-confidence S. oneidensis MR-1 TSSs).

Reliability of the data and TSS identification. To test the reli-
ability of our data and the 2,531 high-confidence TSSs we identi-

fied for S. oneidensis MR-1, we examined a number of data quality
metrics and directly compared our results to those obtained from
differential RNA sequencing (dRNA-seq), which identifies pri-
mary 5= ends by comparing a library made from untreated total
RNA to a library made from RNA that is enriched for primary
transcripts (2). To test the reproducibility of our tiling data, we
first calculated the overall correlation of the data for rich and
minimal media and found that these data were highly correlated
(R � 0.90) across all 2.1 million probes. As a second test of the
tiling data, we examined the data consistency between probes of
the same gene and found that the log2 intensities of adjacent
probes in one experiment were also highly correlated (e.g., R �
0.98 for minimal medium). Similar to the tiling data, the counts
from 5= RNA-seq were also highly reproducible between different
data sets and different growth conditions (R � 0.73 for two rich

FIG 1 Transcriptome data and promoter motifs of Shewanella oneidensis MR-1. (A) Transcriptome data for the positions between nt 5500 and 7500 on the main
chromosome. The top five panels show the normalized log2 intensities from tiling microarrays for LB broth (rich), aerobic growth in a defined minimal medium
(minimal), anaerobic growth in a defined medium with either DMSO or ferric citrate [Fe(III)] as the electron acceptor, or post-heat shock (HS). The bottom four
panels show the numbers of reads whose beginnings mapped to each position from 5= RNA-seq analysis for two experiments in LB broth (Rich1 and Rich2) and
two experiments for aerobic growth in a defined minimal medium (Minimal1 and Minimal2). High-confidence TSSs are circled. The bottom panel shows the
gene annotation. (B to D) Three promoter motifs were determined from 1,127 preliminary TSSs by using MEME (42), and these motifs represent the binding
motifs of sigma factors RpoD (�70) (B), RpoN (�54) (C), and FliA (�28) (D).
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medium experiments). In addition, our tiling microarray and 5=
RNA-seq data also showed a high positive correlation between the
predicted expression levels for annotated genes (R � 0.59, corre-
lation between the average normalized log2 intensity across each
gene in the tiling data and the total number of reads from 5=
RNA-seq within 200 nt upstream of that gene). Taken together,
these results demonstrated that our 5= RNA-seq and tiling mi-
croarray data are internally consistent and thus represent genuine
transcriptional activities.

To systematically identify noise in the 5=RNA-seq data, we first
counted the proportion of total reads that mapped to each of the
four TSS classes (Fig. 2A), regardless of the above identification of
high-confidence TSSs (Fig. 2C). The internal TSSs on the sense
strand accounted for a higher proportion of the total 5= RNA-seq
reads (39%) than did the high-confidence subset (12%). In other
words, many low-confidence peaks were located within protein-
coding genes on the sense strand. These low-confidence peaks

might come from RNA degradation products, weak transcription
start sites, or experimental noise. The high proportion of internal
TSSs in the raw mapping results favors the explanation of RNA
degradation (Fig. 2C), even though we used terminator 5=-P-
dependent exonuclease to degrade transcripts with monophos-
phate 5= ends in all 5= RNA-seq experiments (see Materials and
Methods).

Despite the noise in the 5= RNA-seq data, by combining these
data with tiling microarrays and focusing on the TSSs identified
with stringent selection criteria (FDR � 1%), we believe that the
vast majority of our high-confidence TSSs represent bona fide
transcription initiation positions and not experimental artifacts.
Four lines of evidence support the reliability of our S. oneidensis
MR-1 TSS predictions. First, sequence analysis of the �50 to �10
region around the TSSs revealed enrichment for A·T at positions
in the promoter sequence, particularly at the �35 and �10 sites
(Fig. 3A), a preference for a purine (A·G) at the �1 site, and a
preference for a pyrimidine (C·T) at the �1 site (Fig. 3B). These
key transcriptional features are consistent with findings for E. coli
(28) and serve as a validation of our identified TSSs in S. oneidensis
MR-1. Interestingly, we noticed that A·T was enriched approxi-
mately every 10 to 11 bp (Fig. 3), corresponding to the number of
nucleotides per turn of DNA. This periodic AT-rich pattern has
also been observed in other bacterial species (2, 29) and is thought
to enhance DNA curvature and facilitate transcription initiation
(30).

Second, our identified S. oneidensis MR-1 TSSs are often asso-
ciated with a �70 motif. To avoid circularity in our analysis (be-
cause the original, high-confidence TSS set included the �70 motif
in the prediction classifier), we identified 2,196 “motif-naive”
S. oneidensis MR-1 TSSs by using only the tiling microarray and 5=
RNA-seq data (see Materials and Methods). For the majority of
the motif-naive predicted internal TSSs (52.8% of iTSSs and
53.1% of aTSSs), we observed a significant �70-like promoter mo-
tif (bit score � 5). The percentage of motif-naive predicted gTSSs
that met the same �70 bit score threshold was only moderately
higher (67.5%) than for the iTSSs and aTSSs, which suggests that
most of these internal TSSs represent genuine promoters.

Third, the S. oneidensis MR-1 TSSs identified in previous stud-
ies by lower-throughput methods, such as random amplification
of 5= cDNA ends or primer extension, are consistent with our
results (see Table S2 in the supplemental material). We identified
TSSs at the exact same positions as previously reported for four
different genes, including one (torR) with a TSS with a log-odds
slightly lower than our cutoff (8.12 instead of 10). Since this work
was focused on the TSSs at unexpected locations, we are more
concerned about the specificity of our TSS identification. There-
fore, we preferred to use a stringent cutoff for most of our analyses
(see Fig. S1 in the supplemental material). For six other genes with
reported TSSs, five of them were characterized under conditions
for which we do not have 5= RNA-seq data and are poorly ex-
pressed in rich and minimal media. The sixth gene (mxdA) was
found in our 5= RNA-seq data, and we detected a high-confidence
TSS 34 nt upstream relative to the previously reported position
(see Table S2 in the supplemental material for details).

Last, we compared our high-confidence set of 2,531 S. oneiden-
sis MR-1 TSSs with dRNA-seq data, as dRNA-seq discriminates
primary and processed 5= ends by analyzing cDNA libraries made
with two different RNA samples: one treated with terminator ex-
onuclease (TEX[�]) and the other not treated (TEX[�]) (2). De-

FIG 2 Categorization of Shewanella oneidensis MR-1 TSSs. (A) Schematic
illustration of TSS categorization (5): gTSS, within 200-nt regions upstream of
an annotated gene; iTSS, inside an annotated gene and on the same strand;
aTSS, inside an annotated gene but on the antisense strand; nTSS, in intergenic
region and over 200 nt upstream of any annotated gene. (B) The number of
high-confidence TSSs (out of 2,531) in each category. (C) The proportion of
the total number of 5= RNA-seq reads whose starts aligned to each category
regardless of whether the position was a high-confidence TSS or not (data from
minimal medium experiment II).
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graded (processed) transcripts with a 5=-monophosphate are ex-
pected to be depleted in the TEX[�] sample, leaving the primary
transcripts with 5=-triphosphate ends unaffected. Therefore, with
dRNA-seq, authentic TSSs are expected to be enriched in the
TEX[�] sample relative to the TEX[�] sample. The preparation
of the 5=RNA-seq libraries described above was the same as for the
dRNA-seq TEX[�] library, except that 5= RNA-seq had an extra
step to deplete rRNAs from total RNA prior to TEX treatment. We
performed dRNA-seq on S. oneidensis MR-1 cultures grown in
both rich and minimal media and calculated the log ratio as the
difference between the TEX[�] and TEX[�] libraries. Sites that
are enriched in the TEX[�] library will have a positive log ratio,
and sites that are depleted in the TEX[�] library will have a neg-
ative log ratio. Only dRNA-seq reads mapping to the exact same
location as the high-confidence TSSs were considered. We found
that high-confidence TSSs of all classes (gTSSs, iTSSs, aTSSs, and
nTSSs) tended to have significantly more mapped reads in the
TEX[�] sample than the TEX[�] sample (P � 0.05,
Kolmogorov-Smirnov test for high-confidence versus other TSSs)
(see Fig. S2 in the supplemental material). Overall, our dRNA-seq
results support the validity of our predictions for all classes of
TSSs. Nevertheless, we noticed that 15% of our identified TSSs
showed enrichment of reads from the TEX[�] library (2-fold dif-
ference in normalized number of mapped reads in the TEX[�]
library relative to the TEX[�] library), contrary to the expectation
for true TSSs. However, most (88%) of these TEX[�]-enriched

TSSs were gTSSs, not unexpected TSSs. These TEX[�] TSSs had
about as many 5= RNA-seq reads as did TSSs that were enriched
for reads from the TEX[�] library (P � 0.05, Student’s t test), and
manual examination of the tiling microarray data suggests that
these TEX[�]-enriched TSSs are genuine. Moreover, the �70-
binding sites for the TEX[�]-enriched TSSs are about as strong as
for the TEX[�]-enriched TSSs (both groups have a median bit
score of 5.4), which also implies that these TEX[�]-enriched TSSs
are genuine primary transcription sites and not the ends of pro-
cessed RNAs. One potential mechanism for the enrichment of
genuine TSSs in the TEX[�] sample is via the native exonuclease
activity of SO_1331, an ortholog of E. coli RppH. RppH is a pyro-
phosphohydrolase that rapidly dephosphorylates the 5= end of
nascent transcripts, and it may contribute to the generation of
false negatives in dRNA-seq data sets (31). Thus, although we used
the dRNA-seq data to validate our S. oneidensis MR-1 TSSs, we did
not use these data to identify high-confidence TSSs.

Comparative transcription start sites of eight Shewanella
species. To assess the conservation of the 2,531 S. oneidensis MR-1
TSSs, we collected 5= RNA-seq data from seven additional She-
wanella species grown in rich and minimal media (Fig. 4A). The
evolutionary distance between S. oneidensis MR-1 and the other
species varied between 0.01 and 0.14 amino acid substitutions per
site for highly conserved proteins (Fig. 4A and B) (32). For com-
parison, the distance between Escherichia coli and Salmonella en-
terica is 0.04 (32). For each of the seven additional Shewanella

FIG 3 Sequence characteristics of high-confidence Shewanella oneidensis MR-1 TSSs. (A) Base composition of the 400-nt sequence around high-confidence
TSSs, with the TSS at position 0. The shading shows �35 and �10 regions. (B) Sequence logo (44) for the �50/�10 region around the motif-naive TSSs.
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species, we summed the number of reads from the rich and min-
imal medium experiments. To validate the 5= RNA-seq data, we
selected strong TSSs with at least 250 mapped reads, and we iden-
tified a very similar �70-binding motif for all eight Shewanella
species (Fig. 4C).

We built pairwise genome alignments between S. oneidensis
MR-1 and the other seven Shewanella species by using MAUVE
(see Materials and Methods), and we mapped the identified TSSs
for each species onto the corresponding positions of S. oneidensis
MR-1 (Fig. 4D). We counted the proportion of our identified
S. oneidensis MR-1 TSSs that were also observed in the other She-
wanella species. We found a strong negative correlation between
the TSS conservation percentage and evolutionary distance
(Fig. 4B) (R � �0.95), demonstrating a near-linear decay in TSS
conservation as a function of evolutionary rate within the She-
wanella genus.

Conservation of different types of TSSs. We defined the tran-
scription of a given S. oneidensis MR-1 TSS as “conserved” if at
least 50 total 5= RNA-seq reads (summing the data from rich and
minimal conditions) were observed in at least three additional
Shewanella species. This cutoff was chosen such that shuffled data
would show a conservation rate under 5% (see Fig. S1B in the

supplemental material). Based on this criterion, we found that
63% (1,594 of 2,531) of S. oneidensis MR-1 TSSs were conserved
within the Shewanella genus.

Next, we investigated whether the different classes of S. one-
idensis MR-1 TSSs were more or less likely to be conserved within
the Shewanella genus. Functional TSSs, such as those driving the
expression of protein-coding genes, should be under negative
(purifying) selection across related species. Indeed, we found that
gTSSs showed the highest conservation level (76%) across the She-
wanella genus (Fig. 5). Moreover, iTSSs and nTSSs were often
conserved (30% and 34%), whereas aTSSs were less likely to be
conserved (22%) relative to all the other TSS classes (Fig. 5). The
proportion of aTSSs that were conserved was significantly lower
than for iTSSs (P � 0.05, Fisher’s exact test). Even with relaxed
criteria for selecting S. oneidensis MR-1 TSSs, gTSSs were the most
conserved and aTSSs were the least conserved (see Table S3 in the
supplemental material). For example, if we lowered the cutoff
log-odds value for selecting S. oneidensis MR-1 TSSs from 10 to 6
(FDR � 5%), the conserved proportions become 61%, 16%, 14%,
and 7% for gTSSs, nTSSs, iTSSs, and aTSSs, respectively.

To test whether the promoters of conserved TSSs were under
purifying selection, we examined the sequence conservation at

FIG 4 Transcriptome comparison within the Shewanella genus. (A) Species tree from MicrobesOnline (32) and derived from concatenated alignments of highly
conserved proteins. (B) Bar plot illustrating the proportion of the TSSs that are conserved (dark gray) and the evolutionary distance (number of substitutions per
site among 80 conserved proteins) between S. oneidensis MR-1 and the other Shewanella species (light gray). (C) The major promoter motif of sigma factor RpoD
(�70), determined by using MEME for each Shewanella species. (D) 5= RNA-seq data from the other seven Shewanella species grown aerobically in rich media,
mapped onto the S. oneidensis MR-1 genome. The data from defined minimal medium experiments were similar and are not shown here.
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each nucleotide in the promoter regions. The �35 and �10 ele-
ments of a typical promoter serve as recognition sites for RNA
polymerase and are thus highly conserved compared with other
regions (33), as can be seen for gTSS and nTSS (Fig. 6A and B). To
avoid circularity in this analysis, we used the set of 2,196 motif-
naive S. oneidensis MR-1 TSSs described previously. Given that the
conservation of amino acid sequences would bias the conserva-
tion of the promoter sequences of iTSSs and aTSSs, we examined
only the 4-fold degenerate wobble positions of codons for these
two classes of TSSs. To quantify the differences between the con-
served sites and divergent sites, we selected the positions that
showed high conservation in the major promoter motif �70

(Fig. 1B) as group C (marked in red in Fig. 6) and the variable
positions as group V (marked in blue in Fig. 6). We compared the
sequence conservation levels between these two groups of sites
and found that both gTSSs and nTSSs showed significant differ-
ences (P � 10�15, Student’s t test) (Fig. 6A and B). Using the
4-fold-degenerate wobble positions to assess sequence conserva-
tion within protein-coding genes, we found that the promoter
sequences for iTSSs were significantly conserved (P � 10�8, Stu-
dent’s t test) (Fig. 6C). The promoters of conserved aTSSs were
also conserved, although to a lesser extent than the other three TSS

FIG 5 TSSs conservation across eight Shewanella species, as illustrated by the
percentages of high-confidence TSSs from S. oneidensis MR-1 that are con-
served in other species. The false-positive rate (�5%) was estimated by using
shuffled data and is represented as a gray dashed line. Error bars represent 90%
confidence intervals.

FIG 6 Promoter sequence conservation of conserved TSSs. The sequence conservation level is the fraction of the other seven Shewanella species that keep the
same base as S. oneidensis MR-1, for each position of the �50/�10 region of TSSs. The red squares highlight the conservation levels of the conserved sites (C) and
the blue triangles are for the variable sites (V), as determined from the major promoter motif identified by MEME. (A) TSSs for annotated genes (gTSS); (B)
intergenic TSSs (nTSSs); (C) sense internal TSSs (iTSSs); (D) antisense internal TSSs (aTSSs). For panels C and D, only 4-fold-degenerate codon positions were
used. Error bars represent 90% confidence intervals.
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classes (P � 0.01, Student’s t test) (Fig. 6D). Furthermore, we did
not observe significant differences in the conservation levels be-
tween variable and conserved positions among TSS classes (gTSS,
0.18; iTSS, 0.19; aTSS, 0.14; nTSS, 0.15; P � 0.05 between any two
classes by Student’s t test). These results demonstrated that the
promoters of conserved TSSs tend to be under purifying selection
regardless of their position relative to genes, although there was a
significant difference in transcription conservation among the
four classes of TSSs (Fig. 5).

An alternative explanation for the conserved TSSs within genes
is that the promoter sequences are constrained due to other fac-
tors, such as constrained codon usage. In this view, the spurious
promoters will not be removed by mutation and will appear con-
served. We saw indirect evidence supporting this hypothesis: She-
wanella core genes (those present in at least 6 of 7 non-MR-1
Shewanella species used in this study) with conserved iTSSs were
more highly expressed (median 3.7 versus 2.6, as average normal-
ized log2 intensity from tiling microarray for LB; P � 10�8, Wil-
coxon rank sum test) and had a lower synonymous substitution
rate (dS; median 2.2 versus 2.7; P � 0.001). However, if this hy-
pothesis were true, then we would expect the internal TSSs on the
sense (iTSSs) or antisense (aTSSs) strand to be affected equally. In
contrast, we found that the conservation level of aTSSs was signif-
icantly lower than that of iTSSs (Fig. 5). Moreover, this hypothesis
cannot explain the fact that the �35 and �10 sites are significantly
more conserved than the nearby regions for the iTSSs. Therefore,
we favor the interpretation that the majority of the conserved
iTSSs represent functional promoters rather than evolutionary
by-products.

Functionality of unexpected TSSs. (i) Conserved TSSs within
genes on the sense strand (iTSS) are functional. The conserva-
tion of S. oneidensis MR-1 iTSSs in other Shewanella species
(Fig. 5) suggests that these iTSSs may be maintained for functional
reasons. To examine this possibility, we first asked whether the
iTSSs are under regulation in S. oneidensis MR-1, with the expec-
tation that conserved transcripts that have evolved with regulation
are likely functional. To address this question, we estimated the
expression due to iTSSs by comparing the average expression lev-
els of the gene(s) upstream and downstream of the iTSSs from
microarray expression data (34). To avoid cases where a probe
partially overlaps with cDNA and may not be well hybridized, we
used the probes located inside the gene and at least 20 nt away
from an iTSS. We found that the expression due to conserved
iTSSs was more variable than that for the nonconserved iTSSs (P
� 0.01, Kolmogorov-Smirnov test; P � 0.001, Wilcoxon rank
sum test) (Fig. 7A), suggesting that some of these conserved iTSSs
were regulated under different growth conditions. Additionally,
we looked at the enrichment of transcription factor-binding mo-
tifs from RegPrecise (35) for each class of conserved TSSs. All
classes except for aTSSs showed enrichment for regulatory sites
(Fig. 7B). The large error bars for iTSSs and nTSSs are due to a
large proportion of these TSSs not having a predicted regulatory
motif (Fig. 7B). Taken together, these data suggest that a signifi-
cant fraction of conserved iTSSs in S. oneidensis MR-1 are regu-
lated and functional.

Next, we examined whether these conserved iTSSs eliminate
polar effects in data for transposon mutant fitness. A polar effect is
expected when the transcription of the upstream gene is inter-
rupted (i.e., by a transposon) and the expression of the down-
stream gene is affected. However, an alternative TSS that exists

between the interruption site and the start of the downstream gene
may eliminate polar effects under certain conditions. To ensure
that enough gene pairs were associated with conserved iTSSs for
this analysis, we used lower cutoff values to identify S. oneidensis
MR-1 TSSs (log-odds � 6; FDR � 5%) (see Table S3 in the sup-
plemental material). With these relaxed selection criteria, we
identified 6,219 S. oneidensis MR-1 TSSs, of which 2,174 were
conserved in at least three other Shewanella species. Taking advan-
tage of genome-wide data on mutant fitness for S. oneidensis MR-1
across more than 100 conditions (34), we found that the presence
of a conserved iTSS within an upstream gene significantly de-
creased the occurrence of polar effects (P � 0.05, Fisher’s exact
test) (Fig. 7C). The same alleviation of polar effects was observed
for operon pairs with an additional gTSS for the downstream
genes (P � 0.001, Fisher’s exact test). These two classes differed
with regard to whether the TSS locates within the upstream gene
(classified as an iTSS) or in the intergenic regions between the two
adjacent genes (classified as a gTSS). Indeed, both groups showed
significant enrichment of nonpolarity relative to the remaining
gene pairs (P � 0.05, Wilcoxon test) (Fig. 7C), demonstrating that
a fraction of the conserved iTSSs, as well as the gTSSs that are
inside the operons, drive physiologically relevant expression of
downstream genes.

To gain further insight into the putative function of the 93
high-confidence, conserved S. oneidensis MR-1 iTSSs, we manu-
ally examined these transcriptional start sites in the context of the
existing gene models and tiling microarray data. We observed that
many of the conserved iTSSs tend to locate near the start or end of
annotated genes: 41 (44%) are located inside the last one-third of
genes and another 17 (18%) are located inside the first 1/10 of the
genes. In contrast, the nonconserved iTSSs were more uniformly
distributed within the annotated genes (30% and 15%, respec-
tively; P � 0.05 for both sides, Pearson’s chi-square proportion
test). By examining the tiling microarray data, we found that these
conserved iTSSs could be explained as real primary TSSs in three
ways. First, we found that 25 of the conserved iTSSs, including 17
located within the last one-third of the annotated genes, are likely
promoters for downstream genes (Fig. S3A). Second, three iTSSs
(all located within the first 1/10 of the annotated genes) are likely
due to incorrect annotations of the start codons (SO_2365,
SO_3635, SO_3936). Another three conserved iTSSs are putative
TSSs for recently annotated sRNAs (rnpB, SO_m028, SO_m006;
GenBank AE014299.2), whose annotated starts are just upstream
of the TSS (1 nt, 4 nt, and 14 nt, respectively). Altogether, these six
iTSSs are probably the primary promoters for these genes. Beyond
these explainable cases, eight iTSSs (including six that are close to
the 3= end) appear to produce short transcripts with unknown
function (Fig. S3B). All eight of these iTSSs are upstream of po-
tential in-frame start codons but the resulting polypeptides would
not contain an entire annotated domain, and so we doubt that
these iTSSs produce functional proteins. For the majority of the
remaining conserved iTSSs (52 of 54), the gene in which they are
located had a stronger primary gTSS upstream of the start codon.
Examination of the tiling data revealed that 11 of these iTSSs ap-
peared to produce long transcripts and could be secondary or
alternative promoters that drive the production of short forms of
proteins, as observed for CheA in E. coli (36). Alternatively, many
of these iTSSs could reflect conserved transcriptional noise, as
constraints imposed by their function as protein-coding se-
quences could preserve promoter-like sites.
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(ii) Function of conserved aTSSs. Although aTSSs are less
conserved as a group relative to the other three classes of TSSs
(Fig. 5), 22% of aTSSs were conserved and the promoter se-
quences of these conserved aTSSs were under purifying selection
(Fig. 6D). Through examination of the tiling microarray data, we
found that 91% (30 of 33) of conserved aTSSs drove expression of
divergently transcribed genes (see Fig. S3C in the supplemental
material), which was significantly more often than for noncon-
served aTSSs (18%; P � 10�13, Fisher’s exact test). Given the typ-
ical lengths of 5=-untranslated regions (UTRs; median of 52 nt),
those aTSSs that drive the expression of the adjacent genes should
be close to the 5= ends of genes within which that they are located.
Indeed, we observed an enrichment of the conserved aTSSs at the
5= ends of the genes: 21 (64%) were located inside the first one-
third of genes (compared to 16% for the nonconserved aTSSs; P �
0.001, Pearson’s chi-square proportion test). This suggests that
although identified aTSSs are less likely to be conserved than the
other TSS classes (Fig. 5), those aTSSs that are conserved within
the Shewanella genus are likely functional. In a few cases in bacte-
ria, overlapping UTRs have been shown to act as antisense RNA
and generate transcription interference on the overlapping genes
(10). However, we did not detect significant negative correlations
in expression levels among these divergently transcribed gene
pairs with an aTSS driving one of them.

(iii) Lack of function of nonconserved aTSSs. The transcrip-
tion and promoter sequences of our detected aTSSs were signifi-
cantly less conserved than the other three TSS classes (Fig. 5 and
6), indicating that most S. oneidensis MR-1 aTSSs are evolving
neutrally. Our finding that aTSSs are less conserved is consistent
with recent findings comparing antisense transcription between
Escherichia coli and Salmonella enterica (15). Taken together, we
propose that most antisense transcription in Gram-negative bac-
teria is nonfunctional and is produced by spurious promoter-like
sequences. Because antisense transcription may be costly to the
cell (37), it is usually assumed to perform a functional, physiolog-
ical role in the cell. However, we found that the expression levels of
even the high-confidence aTSSs were significantly lower than
those of gTSSs (median total reads of 1,171 versus 2,488; P �
10�10, Wilcoxon rank sum test). This weak expression may result
in weak evolutionary pressure against any one of these spurious
promoters. Rho-dependent suppression of antisense transcrip-
tion, as observed in E. coli (38), might contribute to the low ex-
pression level of aTSSs in Shewanella.

(iv) Function of conserved nTSSs. Three lines of evidence sug-
gest that many of the nTSSs have functional roles: (i) 34% of the

FIG 7 Evidence that conserved sense internal TSSs (iTSSs) are functional. (A)
The distribution of the standard deviations of expression due to iTSSs across
74 conditions, as estimated from the difference between gene expression
downstream and upstream of a particular iTSS. (B) The average number of
predicted regulatory sites within the �50/�10 region of each group. We ex-
tracted the position weight matrixes of nine regulatory factors (ArgR, Crp, Fnr,
FUR, HexR, LexA, NarP, PsrA, and TyrR) from RegPrecise (35) and scanned
for hits with eight or more bits. The significance of the difference from ran-
domly shuffled sequences was estimated by using a paired Student’s t test. (C)
The percentage of operon gene pairs that lacked polar effects (upstream gene
fitness greater than �0.5 and downstream gene fitness less than �1.5) in at
least one experiment for mutant fitness (34). The difference between pairs with
internal gTSSs, pairs with iTSSs, or other pairs was tested by using Fisher’s
exact test. Error bars indicate 90% confidence intervals. *, P � 0.05; ***, P �
0.001.
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nTSS have conserved transcription within the Shewanella genus
(Fig. 5); (ii) their promoter sequences are conserved (Fig. 6B); (iii)
their surrounding sequences are enriched for transcription factor-
binding motifs (Fig. 7B). By analyzing the tiling microarray data,
we found that 55% (46 of 83) of the conserved nTSSs were the
starts of transcription for downstream genes with a long 5=-UTR,
which were not classified as gTSSs due to the long distance
(�200 nt) from the TSS to the start codon. Of the remaining
conserved nTSSs, 31 mapped to short, unannotated expressed re-
gions, including leader-like structures in 5=-UTRs and small RNAs
in intergenic regions. Through manual inspection of the data, we
identified 25 novel putative ncRNAs in S. oneidensis MR-1 with
conserved nTSSs and another 27 with high-confidence but not
conserved nTSSs (see Data Set S2 in the supplemental material).
These ncRNAs do not include an additional 33 ncRNAs (20/33
have high-confidence TSSs) that were recently updated in the
GenBank annotation (AE014299.2). The 25 putative ncRNAs with
conserved nTSS all have a conserved nucleotide sequence across
the Shewanella genus and all have a conserved secondary structure
predicted by CMfinder (39) (see Data Set S2), which implies that
these 25 putative ncRNAs are probably functional.

Summary. In this study, we addressed the conservation and
putative function of unexpected transcription within a bacterial
genus. We generated high-resolution tiling microarray and 5=
RNA-seq data for Shewanella oneidensis MR-1 and identified
2,531 TSSs with high confidence. We classified these TSSs into
four categories based on their genomic positions: gTSSs if associ-
ated with annotated genes, iTSSs if inside genes and on the sense
strand, aTSSs if inside genes but on the antisense strand, or nTSSs
if intergenic and not associated with any annotated genes. Com-
parison of TSSs among the eight Shewanella species demonstrated
that the transcription of gTSSs and nTSSs is highly conserved. We
found that 87 (30%) of the iTSSs are also conserved, and their
promoter sequences tend to be under purifying selection. The
tiling microarray data suggest that most of these conserved inter-
nal TSSs drive the expression of nearby genes. The functional im-
portance of conserved iTSSs was further supported by the analysis
of their expression variation, the enrichment of regulatory motifs,
and the alleviation of polar effects in transposon mutants. In con-
trast to the other TSS classes, aTSSs were less likely to be conserved
(22%), and we conclude that most aTSSs are likely the result of
transcriptional noise. Overall, our findings provide insights into
the prevalence and role of unexpected bacterial gene expression.

MATERIALS AND METHODS
Strains and media. The high-resolution tiling microarray data for She-
wanella oneidensis MR-1 (ATCC 700550) were collected under five con-
ditions, including rich (aerobic growth in Luria-Bertani broth [LB]), HS
(after 10 min of 42°C heat shock), minimal (aerobic growth in defined
medium with lactate as the carbon source), DMSO (anaerobic growth in
defined medium with lactate as the carbon source and 20 mM DMSO as
the electron acceptor), and Fe(III) (anaerobic growth in defined medium
with lactate as the carbon source and 10 mM ferric iron citrate as the
electron acceptor). Cells were grown at 30°C and harvested at the mid-
exponential phase (optical density at 600 nm [OD600], ~0.7 for growth in
LB and ~0.4 for growth in minimal medium). For the heat shock experi-
ment, S. oneidensis MR-1 was grown to mid-exponential phase at 30°C in
LB and then incubated at 42°C for 10 min before harvesting. Two condi-
tions, aerobic growth in LB and in minimal lactate medium, were used for
5= RNA-seq analysis in eight diverse Shewanella species: S. oneidensis
MR-1, Shewanella sp. MR-4, Shewanella sp. MR-7, Shewanella sp. ANA3,

S. putrefaciens CN-32, Shewanella sp. W3-18-1, S. amazonensis SB2B, and
Shewanella sp. PV-4. All non-S. oneidensis MR-1 strains were supplied by
James Tiedje, Michigan State University.

RNA collection. Bacterial pellets were typically harvested at mid-log
phase and then stored at �80° C. After thawing, RNA was extracted by
using RNeasy miniprep columns (Qiagen) with on-column DNase treat-
ment. RNA quality was confirmed with an Agilent Bioanalyzer. rRNA was
depleted by using the MICROBExpress kit (Ambion). The resulting
mRNA-enriched samples were analyzed using tiling arrays or 5=RNA-seq.

Tiling microarray experiments. The S. oneidensis MR-1 tiling mi-
croarray experiments were performed as previously described (23).
Briefly, first-strand cDNA was synthesized with random hexamer primers
and the SuperScript indirect cDNA labeling system (Invitrogen). We
added actinomycin D to the reverse transcription reaction mixuture to
inhibit second-strand synthesis. First-strand cDNA was labeled with Al-
exa 555 and hybridized onto a custom-designed Nimblegen array with 2.1
million probes covering both strands. Genomic DNA extracted from
stationary-phase cells was also hybridized to the tiling array as a control
for differences in probe hybridization efficiency. The Nimblegen microar-
ray slides were scanned on an Axon Instruments Gene Pix 4200A scanner
with 100% gain and analyzed with Nimblescan software, with no local
alignment and a border value of �1.

5= RNA-seq and dRNA-seq experiments. For 5= RNA-seq experi-
ments, we treated the mRNA-enriched samples with Terminator 5=-
phosphate-dependent exonuclease (Epicenter) to remove processed
RNAs, including degradation products. The 5=-triphosphate ends of the
remaining RNA sample were converted to 5=-monophosphate with RNA
5=-polyphosphatase (Epicenter). We added a sequencing adaptor (5= AC
ACUCUUUCCCUACACGACGCUCUUCCGAUCU 3=) to the 5= end of
the transcripts by using T4 RNA ligase (Ambion). We used a random
hexamer primer with a sequencing adaptor on the 5= end (5= CAAGCAG
AAGACGGCATACGAGCTCTTCCGATCTNNNNNN 3=) to obtain
first-strand cDNA. We subjected the library to PCR amplification with
primers as described in reference 23. During the workflow, RNA samples
were purified with RNAClean XP beads and cDNA and PCR products
were purified with AMPure XP beads (Agencourt). The first library for
S. oneidensis MR-1 in minimal medium (minimal 1) was sequenced on an
Illumina Genome Analyzer II; all other libraries were sequenced on an
Illumina HiSeq 2000. Both platforms generated single-end 50-nt-long
reads. For multiplexing 5= RNA-seq, we used 3=-end reverse transcription
primer 5=-AGACGTGTGCTCTTCCGATCNNNNNN and PCR reverse
primer 5=-CAAGCAGAAGACGGCATACGAGATXXXXXXGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC to incorporate the bar codes.
In total, four different sets of 5= RNA-seq data were generated for S. one-
idensis MR-1 (2 rich and 2 minimal) and two each for the other seven
Shewanella species (1 rich and 1 minimal). The minimal 1 sample for
MR-1 was previously described (40).

We also compared our 5= RNA-seq results with those obtained from
dRNA-seq (2), for which libraries were constructed with the following
variations from the 5=RNA-seq protocol: (i) mRNA enrichment by rRNA
depletion was not performed; (ii) two parallel samples were processed,
with one treated with Terminator 5=-phosphate-dependent exonuclease
and the other not treated; (iii) tobacco acid pyrophosphatase (TAP; Epi-
center) was used to convert 5=-triphosphate to 5=-monophosphate, be-
cause it was used in the published dRNA-seq protocol (2) and is expected
to have the same effect as RNA 5=-polyphosphatase for prokaryotic RNAs.
We multiplexed and sequenced two pairs of S. oneidensis MR-1 dRNA-seq
libraries, in rich and minimal media, with Illumina MiSeq. In order to
have more reads for analysis, we sequenced the same libraries twice and
combined the reads from these two runs.

Data processing. For the 5= RNA-seq data, only the reads that passed
the quality filtering (Illumina CASAVA 1.8) were considered. Adapter-
only reads were filtered out, and the 3= adaptor sequences were trimmed
off. The trimmed reads were mapped to the corresponding genome se-
quences by using BOWTIE (version 0.12.7), allowing at most two mis-
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matches and only reporting the reads with uniquely matched genome
positions. For S. oneidensis MR-1, we used the genome sequence and gene
models in GenBank accession number AE014299.2. Using this approach,
76.3 million reads were mapped for the single-library 5= RNA-seq on rich
medium and 21.2 million on minimal medium, and 2 to 20 million reads
were mapped to each sample in the multiplexed 5= RNA-seq data (see
Table S1 in the supplemental material).

For the dRNA-seq data, we combined the reads from two MiSeq runs
and mapped the reads in the same way as for 5= RNA-seq (see Table S1).
Then, we calculated the log ratio of the number of reads from TEX[�] and
TEX[�] libraries and adjusted the values so that their median was 0.

Promoter sequence analysis. We first built a preliminary set of 1,127
putative TSSs in S. oneidensis MR-1 by using the combination of tiling
microarray and 5=RNA-seq data in minimal medium (minimal 1 library).
First, we identified rises in the tiling microarray data based on local cor-
relations to a step function (41). We then identified peaks from the 5=
RNA-seq data with at least 200 mapped reads and the highest number of
reads within a 50-nt region. We called the first preliminary set of putative
TSSs from 5= RNA-seq peaks if the TSS was within 60 nt of a rise in the
tiling microarray data and was located within a 200-nt neighboring region
of the first base of an annotated gene. We extracted the positions �50 to
�1 relative to these TSSs and determined the major promoter motifs by
using MEME (42) to identify ungapped motifs of 30 to 35 nucleotides. We
searched for hits to these motifs with Patser (43), scanning the entire
genome. We used the motif bit scores for �70 to help determine the final
list of TSSs with high confidence (see below). The TSSs of the other seven
Shewanella species were determined as the positions with at least 250 total
reads mapped across the two 5=RNA-seq experiments (because there were
no tiling microarray data for the non-S. oneidensis MR-1 species). The
promoter motifs for these seven Shewanella species were predicted by
MEME and using the methodology applied for S. oneidensis MR-1. The
detected motifs were visualized by using a sequence logo generator (44).

Determination of high-confidence TSSs in S. oneidensis MR-1. We
counted the first base of mapped 5=RNA-seq reads for each position of the
S. oneidensis MR-1 genome and considered the positions with reads
mapped from any 5= RNA-seq library as potential TSSs. For MR-1, we
determined the TSSs by a semisupervised machine learning approach (23)
using the following three groups of features: (i) the number of reads from
four sets of 5= RNA-seq data, (ii) the sharpness of a rise (i.e., local corre-
lation) and the scale of the rise (the difference between the log2 intensity
before and after the rise) in five tiling experiments (41), and (iii) the bit
score of the best hit to the MEME promoter motif of �70. For each feature,
the positive training set was chosen as “high confidence” according to the
other features. The negative training set was a group of 10,000 randomly
chosen locations from the entire genome. The log-odds of the subfeatures
within groups i or ii were combined by using logistic regression. The
integrated log-odds values were summed as for a naive Bayesian classifier
analysis under the assumption that the features were conditionally inde-
pendent. The false discovery rate was estimated by using a randomized
data set generated by replacing the locations of all potential TSSs with
random positions, recomputing all features, and shuffling the integrated
log-odds of grouped features from i, ii, and iii. We defined a position as a
TSS if its final log-odds was �10 (FDR � 0.59%), which generated 6,088
TSSs. Given that many TSSs had weaker peaks nearby, we selected the sites
with the highest log-odds value within each 50-nt window, resulting in
2,531 high-confidence TSSs from the list of 6,088 TSSs.

For the promoter motif analysis, we aimed to identify TSSs without
relying on motifs; in this case, we requested the sum of the other log-odds
scores to be at least 8, which gave us 5,229 motif-naive TSSs (FDR � 10%)
and 2,196 nonredundant TSSs that had the highest log-odds scores.

By examining the tiling microarray and 5= RNA-seq data in Artemis,
we manually inspected the TSS list and assigned putative interpretations
to some of the unexpected TSSs (see Data Set S1 in the supplemental
material).

Conservation analysis. Two kinds of conservation were examined.
First, we checked the conservation of transcription. We used two types of
alignments— genome-wide mapping with MAUVE (version 2.3.1) (45)
and local mapping for the coding sequences with MUSCLE (version 3.6)
(46). Specifically, we aligned the S. oneidensis MR-1 main chromosome
with the other seven Shewanella genome sequences by using MAUVE.
Using the tree orthologs from these seven species against S. oneidensis
MR-1 from MicrobesOnline (32), we generated pairwise alignments for
their protein sequences by using MUSCLE. We only kept one-to-one
orthologs with sequence identity of no less than 40%. These alignments
were back-translated into nucleotide sequences that were used for correct-
ing the MAUVE-generated alignments in the protein-coding regions.
Given an alignment, the TSSs in S. oneidensis MR-1 were compared
against each other Shewanella species to determine if there were signifi-
cant numbers of reads mapped at the aligned locations. We defined an
S. oneidensis MR-1 TSS as “conserved” if its corresponding positions in at
least three other Shewanella species had at least 50 reads from the com-
bined rich and minimal 5= RNA-seq data sets. Using shuffled data, we
estimated the false-positive rate for conserved promoter identification to
be under 5%.

Second, we computed the promoter sequence conservation of the con-
served S. oneidensis MR-1 TSSs. To avoid potential bias, the high-
confidence S. oneidensis MR-1 TSS set for the conservation analysis was
generated without the bit scores (motif-naïve predictions [see above]). To
quantify the conservation of each S. oneidensis MR-1 promoter sequence,
we examined the aligned sequences (�50 to �10 sequences around the
conserved TSSs) only in other Shewanella species that had a 5= RNA-seq
peak at the corresponding location. Therefore, the conservation scores for
different S. oneidensis MR-1 TSSs were derived from different sets of She-
wanella species. The conservation level at each nucleotide was calculated
as the fraction of these species that had the same nucleotide as in S. one-
idensis MR-1. The conservation values were separated based on their rel-
ative position at each codon. For the internal TSSs, the TSSs whose up-
stream regions contained a coding sequence shorter than 40 nt were
excluded, because their promoter regions were flanked by the noncoding
sequences. Additionally, only the wobble positions from 4-fold-
degenerate codons were considered. We applied Student’s t test to calcu-
late the significance of the difference in the conservation levels between
the conserved promoter sites (�35, �34, �12, �11, and �7) and diver-
gent promoter sites (�31, �27 to �21, �16, �13, and �5 to �1), which
we selected by using the promoter motif of �70 in S. oneidensis MR-1.

Identification and conservation of putative noncoding RNAs. We
identified previously unannotated, noncoding RNAs from the transcript
ends based on sharp rises or drops in the tiling microarray data. We man-
ually examined each candidate and generated a list of 52 putative noncod-
ing RNAs (see Data Set S2 in the supplemental material). We mapped the
identified high-confidence S. oneidensis TSSs to the starts of these putative
noncoding RNA candidates. Lastly, we determined if the candidates had
conserved secondary structures by using CMfinder 2.0 (39), with the ho-
mologous sequences from the other seven Shewanella species from the
MAUVE alignment and from other genera identified by BLASTN (E �
1e�5).

Statistical tools. All statistical analyses were conducted in R 2.13 or
2.15 (http://r-project.org/).

Data availability. All tiling and 5= RNA-Seq data are available in the
Gene Expression Omnibus (GEO; GSE58337). All data and the major
codes are available from the authors’ website (http://genomics.lbl.gov/
supplemental/ShewanellaTSS/Shewanella_TSS_WS.htm).
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Figure S1, PDF file, 0.1 MB.
Figure S2, PDF file, 0.1 MB.
Figure S3, PDF file, 0.4 MB.
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