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Abstract
While horizontal gene transfer is prevalent across the biosphere, the regulatory features that enable expression and
functionalization of foreign DNA remain poorly understood. Here, we combine high-throughput promoter activity
measurements and large-scale genomic analysis of regulatory regions to investigate the cross-compatibility of regulatory
elements (REs) in bacteria. Functional characterization of thousands of natural REs in three distinct bacterial species
revealed distinct expression patterns according to RE and recipient phylogeny. Host capacity to activate foreign promoters
was proportional to their genomic GC content, while many low GC regulatory elements were both broadly active and had
more transcription start sites across hosts. The difference in expression capabilities could be explained by the influence of the
host GC content on the stringency of the AT-rich canonical σ70 motif necessary for transcription initiation. We further
confirm the generalizability of this model and find widespread GC content adaptation of the σ70 motif in a set of 1,545
genomes from all major bacterial phyla. Our analysis identifies a key mechanism by which the strength of the AT-rich σ70
motif relative to a host’s genomic GC content governs the capacity for expression of acquired DNA. These findings shed
light on regulatory adaptation in the context of evolving genomic composition.

Introduction

The impressive adaptability of microbes to novel and
changing environments can be attributed to their genomic
variability and their ability to acquire new capabilities via
horizontal gene transfer (HGT) [1–3]. HGT is a prevalent
microbial phenomenon whereby genetic materials are
shuttled from one organism to another through mobile DNA
such as transposons, plasmids, phage, and other vectors
[4, 5]. Through HGT, organisms that diverged hundreds of
millions of years ago can readily exchange genetic material
and rapidly acquire new traits [6, 7]. HGT is also the major
driver of the spread of genes associated with virulence and
drug resistance, highlighting the importance of a deeper
understanding of transfer processes [8–12].

In order to provide a fitness advantage to the host cell,
horizontally acquired genes must be expressed at proper
levels, since underexpression may be insufficient to improve
fitness and overexpression may lead to cellular toxicity or
burden, both of which could prevent long-term retention of
horizontally acquired DNA [2, 13–16]. While transcription
factors and their cis-regulatory elements (REs) tend to evolve
faster than the target genes they regulate [17, 18], the core
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gene expression machineries (RNA polymerase, σ70) are
highly conserved. However, there is some evidence that
sequence specificities have diverged somewhat over evolu-
tionary time and it is unclear how any potential differences
may affect the functionalization of heterologous regulatory
sequences [19–21]. Furthermore, bacterial species vary
widely in their genomic repertoire of transcriptional regulators
and GC contents, which dictate what types of binding sites
can be targeted and the compositional context in which they
exist. Variation in regulatory compatibility between species
may impact the ability of organisms to express and functio-
nalize exchanged genetic material, posing a fundamental
question of how regulatory constraints may influence micro-
bial evolution through HGT. However, there have been few
studies that systematically examining the compatibility of
regulatory sequences and how gene regulation may affect the
successful utilization of transferred genes, especially between
diverse organisms. We and others have observed that REs can
behave differently in distinct host species [19, 22–24]. In our
previous study [22], we characterized the activity levels of
thousands of diverse natural REs in three species and found
that the canonical σ70 was the primary driver of RE expres-
sion in each species tested. However, we also observed
considerable differences between species in their ability to
activate heterologous REs. Therefore, the factors that deter-
mine compatibility between heterologous REs and a host’s
regulatory machinery remain unclear.

Here, we used a combination of experimental and com-
putational approaches to investigate transcriptional regulatory
compatibility between bacterial species. Using both existing
and new high-throughput reporter data from thousands of
natural REs from diverse prokaryotic species as well as mobile
genetic elements [22], we examined the distinct expression
capabilities of three bacterial species of distinct ecologies and
GC contents. We identified a mechanism by which an
organism’s σ70 stringency is adapted according to its genomic
GC content. Importantly, this mechanism provides key
insights into regulatory compatibility between diverse bacterial
species. We found further support for this mechanism through
analysis of 1545 diverse genomes from all major bacterial
phyla. Together, these findings explain how bacteria encode
regulatory information in varying compositional contexts and
also how these mechanisms influence an organism’s capacity
to activate horizontally acquired DNA.

Results

Variation in capacity for heterologous regulatory
DNA activation

We previously developed a high-throughput sequencing-
based approach to experimentally measure the

transcriptional activities of thousands of natural REs from
184 prokaryotic genomes within 3 phylogenetically, eco-
logically, and compositionally distinct recipients: Bacillus
subtilis (43% GC), Escherichia coli (51% GC), and Pseu-
domonas aeruginosa (67% GC) [22]. This library contained
29,249 barcoded REs attached to a GFP reporter, which
enabled large-scale examination of heterologous promoter
activity levels. Here, we have expanded this library by
generating data for additional REs associated from bioin-
formatically identified HGT events (3818 sequences) [25],
antibiotic resistance genes (1047 sequences) [26], virulence
factors (336 sequences) [27], as well as plasmids and
phage (2518 sequences) (Supplementary Table 1). Targeted
RNA-seq of reporter mRNAs and amplicon sequencing of
DNA were used to determine normalized transcriptional
activities from library-harboring populations grown in
rich media at mid-exponential phase (“Methods”). We
observed that recipients have different capabilities in
recognizing REs and distinct activity according to donor
phylogeny (Fig. 1). Regulatory sequences from low GC
species (e.g., Firmicutes) tended to be highly active across
P. aeruginosa and E. coli and relatively higher in B. subtilis.
When using the mean activity of endogenous REs
from each recipient’s genus as a reference point (included in
the library, “Methods”), most REs had lower activity
than the average B. subtilis endogenous RE and the opposite
was true for P. aeruginosa and its endogenous sequences.
These same trends held true for REs from mobile
elements, phage, and sequences from putative gene transfer
events.

Positional patterns of transcription initiation

Gene expression in bacteria originates from transcription
start sites (TSSs) that are found immediately downstream
from the recognition sites of the acting sigma or transcrip-
tion factors. To identify similarities and differences in how
our three species utilize regulatory signals, we compared
positional patterns of transcription initiation across our
library. Our library sequencing strategy amplifies whole 5′
untranslated regions (UTRs) through adaptor ligation and
targeted reverse transcription, enabling examination of
upstream cis-regulatory region locations and compositions.
By aligning RNA-seq reads associated with each barcoded
mRNA to its reference sequences, we can systematically
determine the transcription of each RE at TSS resolution
(Fig. 2a, see “Methods”). Transcription initiation can occur
from one or more distinct TSS locations within each RE
(Fig. 2b). Indeed, 66.8% of the transcribed REs showed
more than one measurable TSS in at least one recipient, and
interestingly, the number of such multiple TSS REs varied
depending on the recipient, with B. subtilis having the
fewest followed by E. coli, with P. aeruginosa having the
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highest (Fig. 2c, p < 10−15, Fisher’s exact test), which fol-
lows a trend of increasing genomic GC content.

We selected REs expressed in the three recipients and
classified the ones with the same TSS in all recipients as
having universally shared TSS, those with shared TSS in
two recipients and distinct TSS in one recipient as semi-
shared TSS, and those with distinct TSS in all three reci-
pients as unique TSS (see “Methods”). We classify REs to
contain a single TSS when at least 90% of reads align
within 5 bps of median TSS value. For REs that have a
single TSS in each recipient, 93% were universally shared
across all three recipients, while the rest showed varying
degrees of similarity or recipient specificity (4.1% P. aer-
uginosa-specific, 0.2% E. coli-specific, and 2.2% B. sub-
tilis-specific, 0.4% unique in all three species) (Fig. 2d).
REs with multiple TSSs also showed similarly high levels

of positional similarity across all unique TSS positions in
each RE across recipients (Fig. 2e), suggesting that the
majority of universally-active sequences share common
regulatory signals, with additional TSSs being utilized
depending on the species. De novo motif finding on
transcriptionally active REs from this expanded library
identified the canonical σ70 motif (TTGACA and TATAAT
for −35 and −10 sequences, respectively) as the only
identifiable signature involved in expression of acquired
REs, in line with our previous findings [22]. Furthermore,
we find here that the majority of experimentally identified
TSSs are located at a distance of ~34 bp downstream from a
sigma70 motif predicted in silico, corresponding to the
expected distance of the 5′ boundary of the −35 hexamer
from the first transcribed nucleotide (Supplementary
Fig. S1).

Fig. 1 Phylogenetic trends in RE library expression. Mean tran-
scription activities of regulatory elements from diverse genomes (left)
and mobile DNA (right) are shown across the three distinct recipients
as bar plots. Values represent the mean activity of REs from individual
genomes and are normalized to endogenous reference sequences
(“Methods”). Higher transcription is generally observed in P. aeru-
ginosa compared with E. coli and B. subtilis. The donor phylogeny or

library type is represented on the top, each bar represents one distinct
donor. Error bars are two standard errors from the mean. Library
represents 1859 (genomic)+ 281 (mobile) REs that are informative in
all recipients (RNA+DNA counts > 15) and at least 1 read of RNA
and DNA. Only genomes with at least 3 informative RE measurements
are displayed.
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Genomic GC content and σ70 stringency

Donor-recipient regulatory compatibility may be evaluated
in terms of (1) the likelihood that a donor RE is active in a
recipient (i.e., promoter stringency) and (2) the ability of the
recipient’s transcriptional machinery to transcribe a variety
of foreign REs (i.e., recipient promiscuity). It may be
beneficial for an organism to possess flexible regulation
such that it can activate acquired genes from diverse sour-
ces. Bacterial intergenic regions tend to be lower in GC
content than coding sequences (Supplementary Fig. S2).
Due to its AT-rich nature, σ70-like sequences are more
likely to occur by chance throughout the genomes of low
GC REs. This fact, combined with the capacity of σ70 to
bind to degenerate binding sites may lead to a high potential
for off target initiation in low GC species [28]. To avoid
this, we reasoned that individual species may require dif-
ferent levels of stringency in recognizing σ70 sites in order
to properly distinguish promoters from their background
genomic context. Under this paradigm, low GC species may
require higher consensus binding to avoid spurious intra-
genic expression, while GC-rich species may have more lax
requirements when recognizing binding sites since AT-rich
sequences occur less frequently in their genomes (Fig. 3a
and Supplementary Fig. S3).

To determine if altered σ70 stringency can explain the
differences in capacity for activating heterologous pro-
moters among our three species, we quantitatively evaluated
σ70 stringency by controlling for each host’s genomic GC
content background when scanning for binding sites in
library REs (see “Methods”). For comparison, we also
generated simulated libraries of sequences of varying
composition in silico. Indeed, increasing host GC content
was associated with a higher abundance of σ70 hits across a
wide range of significance thresholds in both simulated
sequences and the natural REs in our library (Fig. 3b,c).
This trend held up across a range of RE compositions,
although significant σ70 hits were nearly exclusive to P.
aeruginosa at high RE GC contents. These results suggest
that the stringency required for an organism to recognize
and also encode σ70 binding sites within regulatory regions
is balanced to its genomic GC content.

Several trends observed in our experimental measure-
ments of heterologous RE activities can be explained
through our model of GC content balanced σ70 stringency.
First, the stark differences in capacity to activate diverse
REs (Fig. 4a) align with our prediction that endogenous
genomic GC content dictates the minimum activation
requirements for transcriptional initiation (Fig. 3b, c).
Similarly, the model explains why the GC content of

d
strain 1
strain 2
strain 3

mRNA

TSS

transcripts

Semi-shared

Shared

All-unique

strain 1
strain 2
strain 3

TSS 1 TSS 2

strain 1
strain 2
strain 3

TSS 1
TSS 2 TSS 3

100

93.1%

% of TSSs
S

em
i-s

ha
re

d

7550250

Shared

0.4%unique
All-

2.2%Ec & Pa

0.2%Bs & Pa

4.1%Bs & Ec

S
em

i-s
ha

re
d

100

83%

% of TSSs
7550250

Shared

2%unique
All-

4%Ec & Pa

2%Bs & Pa

10%Bs & Ec

e

c

0

500

1000

1500

-150 -100 -50 0
TSS (bp from start codon)

# 
m

ap
pe

d 
5’

 p
os

iti
on

s

0

20

40

60

single TSS -40

transcript

multiple TSS -60

transcript 1

transcript 2

-20

# 
m

ap
pe

d 
5’

 p
os

iti
on

s

-150 -100 -50 0
TSS (bp from start codon)

b

0

50

100

%
 M

ul
til

pl
e 

TS
S 

RE
s

B.s. E.c. P.a.

cis-regulatory
element
library

gene reporter

12bp barcode

UTR
promoter

Transcriptional
Start Site (TSS)

mRNAR1 R2

0-50-100-150

targeted
RNAseq

align RNAseq 
reads to UTR 

sequence

Transcription

Next-Gen Seq

Estimate TSS from
RNASeq alignments

a
recipient

B. s. E.c. P.a.

0

2000

4000

6000

number of TSSs

N
um

be
r o

f R
E

s

2 4 61 3 5

23.9

51.9
67.0

Fig. 2 Transcription start site utilization in RE library across
hosts. a TSS locations can be computed by aligning RNA-seq reads to
their reference promoters. b TSS distributions show REs with single
(left) as well as multiple (right) TSSs. c The distribution of number of
TSSs per recipient. The fraction of promoters that contain multiple
TSSs varies per recipient. Only REs with at least 10 RNA counts are

considered, n= 3977, 10,515, and 19,154 B. subtilis, E. coli and P.
aeruginosa, respectively. d Comparison of TSS location among dif-
ferent recipients for REs with single TSS (n= 367). Most REs (93.1%)
are transcribed at the same TSS location, independent of the recipient
species. e Same as (d), but including REs with multiple TSSs (n=
1404).

2350 A. L. C. Gomes et al.



regulatory sequences is inversely proportional to their
activity levels (Fig. 4b and Supplementary Fig. 4a,b) and
also the observations that REs from low GC bacterial
groups like the Firmicutes have a higher likelihood and
magnitude of expression across recipients, while the acti-
vation of higher GC REs from Actinobacteria and other
high-GC species are rare in B. subtilis and more common in
the other two hosts. We computed the residual activity
(observed minus expected) by controlling for factors pre-
viously characterized to be predictive of RE expression
[22], namely the σ70 best motif score and the stability of the

5′ mRNA secondary structure and observed that the RE GC
content has no association with the residual expression
magnitude in B. subtilis and P. aeruginosa and only weak
association with E. coli (Fig. 4c and Supplementary Fig. 4c,
d). These factors largely explain the observed differences in
donor-recipient compatibility (Supplementary Figs. 5 and
6). In short, these analyses show that the AT-rich nature of
the σ70 motif is the key factor underlying the association of
RE GC content with expression.

Altered σ70 stringency also explains the differences in
utilization of multiple TSSs observed in these species. We
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reasoned that the lower stringency requirements for σ70-
driven transcription initiation in high-GC organisms may
lead to the utilization of additional binding sites at distinct
positions that are unrecognized by low GC species. Indeed,
the higher frequency of multiple TSSs in P. aeruginosa, and
to a lesser extent E. coli (Fig. 2c), is largely the result of less
stringent recognition of additional σ70 binding sites
(Fig. 4d). This effect is particularly evident in low GC REs,
which have a large difference in GC content with the P.
aeruginosa genome (Fig. 4e).

To further demonstrate promiscuity, we also cloned five
degenerate libraries of GC contents ranging from 33 to 66%
with downstream ribosome binding sites into our three hosts
using the same reporter scheme. The activity distributions
of each library were characterized through flow cytometric
analysis of sfGFP expression. No significant expression was
observed by flow cytometry in any library in B. subtilis,
while most of the random constructs in the lowest GC
content library were active in P. aeruginosa, indicating a
higher capacity for transcriptional activation in the latter

Fig. 4 Promiscuity and stringency in transcriptional activation
depends on recipient and RE GC compositions. a The fraction of
active promoters for different species show recipient promiscuity (P.
aeruginosa > E. coli > B. subtilis) in proportion to genomic GC con-
tent. Transcription activity is defined in log scale units normalized by
the activity of endogenous promoters, such as that a value of 0 indi-
cates the average endogenous activity (Eq. (4)), n= 20,327, 28,608,
and 24,473 for B. subtilis, E. coli, and P. aeruginosa, respectively. b
The fraction of active promoters across a range of activity thresholds is
shown for different promoter GC content. Low GC promoters show
more promiscuous activity than high-GC promoters in our regulatory
library. c Transcriptional profile as a function of residual activity (i.e.,

measured minus expected activity based on a regression model with
the variables σ70 motif and mRNA 5’end stability) barely shows GC
association, in contrast to (b). d Two examples of regulatory
sequences showing expected σ70 motifs (spike plot) and experimen-
tally identified TSS locations (red arrows). Low GC content promoters
(right) are more likely than higher GC promoters (left) to contain a
σ70-like motif. GC-rich recipients (e.g., P. aeruginosa) are more likely
to contain σ70-like signals. e Density of number of TSSs per reg-
ulatory sequences is higher in GC-rich recipients. Low GC promoters
are more likely to contain multiple TSS signals. b, c and low panel in e
show results for E. coli. Data for B. subtilis and P. aeruginosa are
shown in Supplementary Fig. 8.
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(Supplementary Fig. 7). Together these results show that
while the canonical σ70 motif is highly conserved, variation
in initiation stringency arising from adaptation of the tran-
scriptional machinery to host genomic GC content can lead
to different positional patterns and levels of gene
expression.

Widespread GC-adaptation in σ70 encoding within
bacterial genomes

In order to assess conservation of the canonical σ70 motif
across bacterial phylogenetic groups, we analyzed putative
σ70 binding sites in regulatory regions for a set of 1545
genomes representing diversity from all major bacterial
phyla. We first computationally extracted all non-
convergent intergenic regions from each genome and used
FIMO to identify putative σ70 binding sites (see “Meth-
ods”). The maximum σ70 motif –log10(p value) was taken
as the σ70 score for each intergenic region. Usage of σ70
was examined using the entire set of intergenic regions as
well as the subset associated with housekeeping genes of
COG categories J (translation) and K (transcription). We
tested the hypothesis of whether the average σ70 score from
natural sequences were significantly different from the one
observed in shuffled sequences and assumed evidence of
σ70 motif usage at an FDR threshold of 0.01 (“Methods”).
We found evidence of significant σ70 motif usage in a
substantial fraction of bacterial species (1303 out of 1545
organisms). The majority of cases (1171) have intergenic
regions significantly enriched in σ70 matches and fewer
organisms (132) showed depleted signal for σ70 matches
(Supplementary Fig. 8).

Next, we investigated the relationship between σ70 motif
composition and genomic GC content in our set of 1545
genome sequences. Consistent with previous studies, gen-
ome size had a strikingly strong correlation with genome
GC content (Pearson R= 0.54) [29], indicating an

underlying link between GC content and genome expansion
(Fig. 5a). Further we compared the motif score of regulatory
regions obtained by FIMO assuming the near-neutral GC
content background of E. coli (51%) or controlled by the
genomic GC content of each species (see “Methods”). The
mean intergenic region σ70 score of each genome was
strongly and negatively correlated with genomic GC con-
tent when calculated using the nearly uniform background
nucleotide probabilities of E. coli MG1655 (Pearson cor-
relation r=−0.96, Fig. 5b). However, the average
σ70 scores were relatively uniform when the motif scanning
corrects for each organism’s GC content (Pearson correla-
tion=−0.06, Fig. 5c), highlighting the importance of
considering background genomic GC content composition
when assessing putative σ70 binding sites. These findings
suggest that our proposed mechanism of GC-adapted cis-
regulatory encoding of σ70 binding sites is generalizable
throughout the bacterial kingdom (Fig. 5d).

Discussion

Here, we have identified a mechanism to explain regulatory
compatibility between bacteria of diverse genomic compo-
sitions. Through large-scale characterization of natural
promoters from diverse bacterial species and mobile ele-
ments, we identified a relationship between host genomic
GC content and regulatory sequence composition that
determines the likelihood and magnitude of transcriptional
strength. We suggest a model whereby the stringency
required for σ70-mediated transcription initiation may vary
across different bacterial species. The need for bacteria to
distinguish true binding sites from spurious σ70-like motifs
throughout their genomes requires tuning promoter strin-
gency to each species’ genomic GC content. This model
explains why GC-rich species have a high capacity for
activating diverse promoters and also why low GC content
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Fig. 5 The signal for σ70 motif is nearly uniform among 1,545
representative genomes after background GC content correction.
a GC content is highly correlated with genome size in bacteria (blue
curve shows LOESS smooth). b, c Mean σ70 motif scores across non-
convergent intergenic regions > 100 bp in length from 1545 genomes.
A strong bias in σ70 motif score and GC content occurs when motif is

scanned assuming a neutral background (b), but this bias disappears
when motif scoring is corrected by genome GC content (c). d Sche-
matic representation of expression barrier and promiscuity in terms of
REs and recipient GC content. Gray points represent the GC contents
of individual genomes and their intergenic regions. Pearson correlation
coefficient values (r) are displayed in (a)–(c).
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sequences are easier to be expressed by diverse recipients.
The model also suggests that while most promoters are
transcribed at shared TSSs across different recipients, a GC-
rich host like P. aeruginosa can recognize additional σ70-
signals, leading to more observed TSSs. By analyzing 1545
diverse genomes, we found widespread evidence for GC-
adaptation of σ70 stringency throughout the bacterial
kingdom.

Future studies could examine the mechanistic basis of
altered σ70 stringency. Interestingly, while alternative
sigma factors tend to require stringent binding site matches
to initiate transcription from their target promoters, certain
mutations to their protein sequences enable recognition of
binding sites with more degeneracy [30]. These findings
suggest that similar evolutionary tuning may enable GC-
adaptation of σ70 stringency in concert with evolving GC
content. In line with our proposed mechanism, promoters
from GC-rich Rhizobium and Streptomyces species (61.5
and 72.1 %GC, respectively) [31, 32] have higher levels of
degeneracy in their σ70 motifs than low GC organisms like
Clostridium fermentans (GC%= 35) [33], consistent with
less stringent requirements for initiation of transcription. A
study of synthetic promoter sequences in industrial Clos-
tridium species with similarly low GC contents identified a
strong preference for AT-rich promoters [23], providing
further support for GC-adaptation of promoter stringency.
Future studies combining the high-throughput approaches
as described here and rationally designed libraries may help
reveal the biophysical basis of promoter promiscuity and its
evolution [34, 35]. Furthermore, deeper understanding of
promoter stringency and host promiscuity may aid efforts to
tailor transcriptional regulation in synthetic gene circuits for
more reliable engineering of diverse organisms of ranging
GC compositions.

Our proposed mechanism may help explain patterns
observed in bioinformatic analyses of HGT in bacterial
genomes. For example, it has been observed that horizon-
tally acquired regions have often lower GC content than the
host background genome, even after long-term retention
[36]. This pattern may result from low GC DNA having an
inherent tendency toward constitutive expression when
transferred to new hosts, thus facilitating functionalization
of encoded genes. Relatedly, mobile DNA encoded on
phage and plasmids have also been shown to be more AT-
biased than their hosts [37]. We speculate these sequences
may be under selection for lower GC content to ensure
transcriptional activity in various recipient strains. Further-
more, our findings help explain the prevalence of DNA
silencing mechanisms in the bacterial kingdom. DNA
silencing proteins are known to suppress the fitness burden
caused by uncontrolled expression of horizontally acquired
DNA. In particular, H-NS-like proteins transcriptionally
repress long stretches of horizontally acquired DNA that are

more AT-rich than the endogenous genome [29, 38–40] and
there are no known mechanisms for silencing GC-rich DNA
[29, 41]. The long-term retention of GC content bias in
HGT regions may be contingent to the process in which
they are wired in the host genome. DNA silencing proteins
may initially buffer fitness cost at the time of acquisition
[42] and later become the regulator in regions of horizon-
tally acquired DNA [43].

GC-adaptation of σ70 encoding to host GC content may
provide a driving force for shaping genomic GC evolution
in bacteria [44–46]. Given the GC-to-AT mutational bias
that often occurs in bacteria [47, 48], there must be a
counteracting selective force that balances the GC compo-
sitions to what is observed within genomes. As such,
transcriptional promiscuity could be a major contributor to
this selective force. In this context, an increase in AT
content could increase the rate of nonspecific transcription,
resulting in a fitness burden that may be especially higher
for GC-rich species. This idea is supported by studies
showing that synonymously recoding genes to a higher AT
content generally reduces the fitness of the host organism in
synthetic studies [16, 38, 47]. It has also been proposed that
E. coli has evolved to avoid intragenic σ70 sites through its
codon choices [49]. We expect that low GC organisms have
developed a highly stringent threshold for activation of σ70
motifs to avoid spurious transcription initiation from the
frequent promoter-like sequences found in their genomes.
Furthermore, while natural sequences may have selected
against spurious internal promoters, synthetic biologists
may wish to take promoter promiscuity and regulatory
stringency requirements into account in order to avoid
inadvertent regulatory signals in codon-optimized versions
of gene.

Promoter promiscuity may also be the reason for the
striking positive correlation between genome size and GC
content [29]. Previous theoretical work suggested that a
high-GC genome may experience a stronger barrier to
generate new regulatory binding sites since regulatory
regions tend to be AT-rich [50]. Our data however show
that, in the case of σ70, binding site signal must be sig-
nificantly distinct from organism’s background genome in
order to be recognized and expressed. According to our
model, low GC content bacteria have evolved stronger
transcription stringency to compensate for the background
σ70 motif signal encoded in their AT-rich genome. This
mechanism would cause a difficulty to low GC organisms in
functionalizing horizontally acquired DNA from higher GC
organism and ultimately limit genome expansion. In con-
trast, high-GC genomes contain fewer AT-rich sequences
and have a more relaxed activation requirement that may
facilitate successful functionalization and incorporation of
acquired genes from diverse organisms, thus enabling
genome expansion.
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Finally, it is possible that regulatory compatibility may
constrain the rates and directionality of HGT between species
of different GC compositions. One study observed that 86%
of transfers occurred between species within 5% GC content
difference [51]. Promoter promiscuity and regulatory strin-
gency may impact the rates and directionality of transfers
between compositionally distinct species. Bioinformatically
identified HGT events are biased toward compatible
exchanges and may not be representative of all attempted
transfers that occur in nature. In order to investigate the
mechanisms associated with HGT, new approaches that
measure real-time HGT in natural or synthetic microbial
communities will enable deeper characterization of transfer
processes, from acquisition to functionalization [52].

Methods

We previously generated and characterized the gene
expression properties of 29,249 natural REs from 184 diverse
prokaryotic genomes [22]. In this study, we describe the
further characterization of five additional RE libraries from
bioinformatically identified gene transfer events
(n= 3818) [25], antibiotic resistance genes (n= 1047, from
ARDB) [26], virulence factors (n= 336, from VFDB) [27],
as well as from plasmids and phage genomes (n= 2518,
from IMG) [53]. Transformation and activity measurements
were performed as described in previous studies [22, 54].
Briefly, synthesized REs were cloned as a pooled library
upstream of a GFP reporter, transformed into target bacteria.
Library cultures were grown to mid-exponential phase,
divided, pelleted, and subjected to DNA and RNA purifica-
tion. Targeted RNA-seq of sfGFP mRNA and amplicon
DNA-seq libraries were prepared from total RNA and pur-
ified library DNA respectively and were sequenced on Illu-
mina HiSeq platforms. Reads were processed
bioinformatically and filtered to account for synthesis errors.
Transcription activity levels were computed according to the
log transformed relative abundances of RNA and DNA
reads. Transcription values were also normalized according
to those of endogenous control sequences from each target
organism’s genus that were included in the library. For TSS
analysis, we only considered promoters with at least 10 RNA
reads. For Transcription activity, we only considered pro-
moters with at least 15 total count of RNA+DNA reads
(Supplementary Fig. 9). The number of TSSs per promoter
per recipient was computed using k-means clustering. The
MEME package [55] was used to identify regulatory motifs
in our dataset. The FOLD function from the RNAstructure
algorithm [56] was used to compute mRNA stability. Null
model of best kmer motif degeneracy was obtained according
to an extreme value distribution [57]. The random regulatory
libraries were designed with defined proportions of GC

content and evaluated according to its GFP fluorescence
using a BD Fortessa flow cytometer. For our large-scale in
silico analysis of regulatory regions, we downloaded the
entire set of 1545 representative complete bacterial genomes
from NCBI and reannotated them using Prokka [58]. We
annotated functional categories using Diamond [59] to map
genes into COG database [60] and extracted non-convergent
intergenic regions for motif analysis. Data used in this paper
are available in supporting data.

Detailed description of methods for library design, data
acquisition and analysis are provided as supporting mate-
rial. Raw sequencing reads can be found at PRJNA431139.
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