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Transcription factors (TFs) direct gene expression by binding to DNA regulatory regions. To explore
the evolution of gene regulation, we used chromatin immunoprecipitation with high-throughput
sequencing (ChIP-seq) to determine experimentally the genome-wide occupancy of two TFs,
CCAAT/enhancer-binding protein alpha and hepatocyte nuclear factor 4 alpha, in the livers of five
vertebrates. Although each TF displays highly conserved DNA binding preferences, most binding
is species-specific, and aligned binding events present in all five species are rare. Regions
near genes with expression levels that are dependent on a TF are often bound by the TF in multiple
species yet show no enhanced DNA sequence constraint. Binding divergence between species can be
largely explained by sequence changes to the bound motifs. Among the binding events lost in one
lineage, only half are recovered by another binding event within 10 kilobases. Our results reveal large
interspecies differences in transcriptional regulation and provide insight into regulatory evolution.

The relationship between genetic sequence
and transcriptional regulation is central to
understanding species-specific biology, dis-

ease, and evolution (1). Identifying the divergence
and conservation among functional regulatory ele-

ments is an important goal of comparative genomic
research, and this is often done via DNA sequence
comparisons using distant (2) and closely related
species (3). Although both approaches have suc-
cessfully identified conserved regulatory regions,
the majority of transcription factor (TF) binding
events can change rapidly between closely related
species, making them difficult to detect using DNA
sequence alone (4–7). For instance, the experimen-
tally determined binding events for homologous
TFs found in mouse and human livers are unlikely
to align with each other (7), despite conservation of
their functional targets (8) and global liver tran-
scription (9). The evolution of mammalian tran-
scriptional regulation remains largely unexplored
beyond limited mouse-human comparisons.

We therefore identified the genome-wide bind-
ing of two TFs: (i) CCAAT/enhancer-binding
protein alpha (CEBPA) in the livers of species

representing five vertebrate orders: human (pri-
mate), mouse (rodent), dog (carnivora), short-
tailed opossum (didelphimorphia), and chicken
(galliformes); and (ii) hepatocyte nuclear factor
4 alpha (HNF4A) in livers from humans, mice,
and dogs. Chromatin immunoprecipitation ex-
periments were combined with high-throughput
sequencing (ChIP-seq) using healthy, nutritionally
unstressed adult livers from the heterogametic sex
as a functionally and transcriptionally conserved
homologous tissue type (Fig. 1 and fig. S1) (8, 10).

CEBPA and HNF4A were selected as repre-
sentative TFs within the liver-specific regulatory
network, because both are conserved and con-
stitutively expressed with well-characterized tar-
get genes (10, 11). In addition, they represent
distinct TF classes, and the DNA binding domains
of each factor’s orthologs are nearly identical
among the study species (fig. S2).

The genomic TF occupancy data were repro-
ducible between different individuals of the same
species (fig. S3) and were validated by using alter-
native antibodies (fig. S4).Using amouse carrying a
human chromosome, we confirmed that genetic se-
quence, and not diet, lifestyle, or environment, is the
primary determinant of liver-specific TF binding
(fig. S5) (12). Given the greater evolutionary distance
to opossum and chicken, contributions from non-
genetic sources could be higher in those vertebrates.

We identified TF-bound regions using a dy-
namic programming algorithm, and our results
were robust to different peak-calling thresholds
(figs. S6 to S8) (13). To detect TF binding events
shared among any combination of the five verte-
brates, we used the Ensembl 12-way multispecies
alignment (14), which incorporates approximately
half of each species’ genome into global alignments.
Our findings did not substantially change with an
alternate methodology that used pairwise align-
ments in a separate algorithm (figs. S6 to S8) (13).

Each TF bound between 16,000 and 30,000 lo-
cations in eachmammalian genome;CEBPAbound
approximatelyhalf this number in the smaller chicken
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Fig. 1. CEBPA binding in vivo in livers
isolated from five vertebrate species
cross-mapped to the human PCK1 gene
locus. A rare ultraconserved binding
event is shown surrounded by species-
specific and partially shared binding
events. On the left is the evolutionary
tree of the five study species (Hsap,
Homo sapiens; Mmus, Mus musculus;
Cfam, Canus familiaris; Mdom, Mono-
delphis domesticus; Ggal, Gallus gallus),
with their approximate evolutionary dis-
tance in millions of years ago (MYA). The
bottom track shows evolutionary conser-
vation measured across 44 vertebrate
species, and darker shading represents
slower evolution.
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genome (Fig. 2 and figs. S6, S7, and S9). For both
factors, less than a quarter of bound regions were
within 3 kb of known transcription start sites (TSSs).
Between 30 and 50% of the binding sites of the two
TFs overlapped in the genome (table S1). These
overlapping sites did not exhibit substantially dif-
ferent characteristics in the conservation of under-
lying genetic sequence than the sites of CEBPA and
HNF4A did when considered individually.

For these two liver-specific TFs, binding events
appear to be shared 10 to 22% of the time between
mammals from any two of the three placental

lineages we profiled, separated by approximate-
ly 80 million years of evolution (figs. S6 and S7).
This result reveals a rapid rate of evolution in
transcriptional regulation among closely related
vertebrates. Nevertheless, the number of CEBPA
and HNF4A TF binding events shared between
any two of our five study species is far greater
than could have occurred by chance (fig. S10).

We used the genome-wide binding of CEBPA
in opossum to test the hypothesis that regulatory
regions have diverged substantially between eu-
therian and metatherian mammals (15). Opossum

indeed showed dramatic changes in TF bind-
ing, and only between 6 and 8% of the genomic
regions that are occupied by CEBPA in opos-
sum liver align with CEBPA binding events also
found in mouse, dog, and/or human livers. This
divergence was even greater in chickens, which
shared only 2% of CEBPA binding with humans,
demonstrating extensive and continuous rewir-
ing of gene regulation during vertebrate evolu-
tion that corresponds to evolutionary distance.

Ultraconserved noncoding regions are re-
vealed by comparative genomic sequencing (16).

Fig. 2. Conservation and di-
vergence of TF binding. For
(A) CEBPA and (B) HNF4A,
the pairwise distribution and
numbers of binding events
are shown as a pie chart dis-
tributed into the following
segments: intergenic (red),
intronic (yellow), exonic (blue),
and promoter (TSS T3 kb)
(green) regions. The left-most
column contains the distribu-
tions of the bulk genomes.
The right-most pie chart rep-
resents all binding events in
each species, with the total
number of alignable peaks
above the total peaks (in
parentheses). (C and D) Mul-
tispecies CEBPA and HNF4A
binding event analysis, where
black circles indicate bind-
ing in a given species. For in-
stance, there are 764 regions
bound by CEBPA only in dog
and human (see also figs. S6,
S7, and S17 and tables S2
and S6). (E) The DNA sequence
constraint beneath binding
events was measured by aver-
age GERP (20) scores for peaks
found: in all five species (5-
way), among all the placen-
tal mammals (3-way), bound
in any two species (shared),
within 10 kb of the TSS of
functional targets (function-
al), and all peaks.
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We identified ultrashared interactions between
CEBPA and the vertebrate genome as binding
events that were preserved over the 300 million
years of evolution and thus were found in aligned
positions in all five species: human, mouse, dog,
opossum, and chicken. Using our most stringent

threshold, a set of 35 binding events were found
to be shared by all five vertebrate species, and
these binding events are almost invariably near
genes that are central to liver-specific biology
(Fig. 2C, tables S2 and S3). Although these ultra-
shared binding events are close to important liver-

specific genes, they make up less than 0.3% of
the total CEBPA binding found in humans.

About 250 direct functional HNF4A target
genes have recently been identified by using
multiple independent methodologies in mouse
and human, including perturbation analysis in

Fig. 3. DNA binding spe-
cificities of CEBPA and
HNF4A are highly con-
served during vertebrate
evolution. (A) The known
sequence motifs were iden-
tified de novo in each spe-
cies interrogated (13), and
found within almost all
binding events (fig. S12).
(B) Multiple aligned mo-
tif occurrences are highly
associated with binding
events shared among three
or more species. Peaks are
categorized by the num-
ber of species in which
they are shared, and the
fraction of peaks with 0
(blue), 1 (gray), and 2 or
more (red) aligned motifs
are shown.

Fig. 4. Lineage-specific
loss and turnover of TF
binding events. (A) The
unbound regions in each
placental mammal that
align to regions showing
TF binding in the other
two placental mammals
were collected, and the
mechanisms by which the
underlying motifs were
disrupted were summa-
rized. (B) Turnoversoccurred
near lineage-specific lost
binding events approxi-
mately half the time;
shared turnovers repre-
sent cases where a cluster
of binding events likely
occurred in a common an-
cestor (fig. S16).
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both species (8). We experimentally identified a
similar set of transcriptional target genes whose
expression is dependent on CEBPA in adult mouse
livers by using a conditional knock-out strategy
(17). In mammals, the target genes for both TFs
have a disproportionate fraction of binding events
that are shared in at least two species (P value <
1 × 10−5) (table S4). CEBPA binding near direct
target genes did not overlap with the binding
events shared by five species.

We further compared our results to a set of 53
regulatory sequences within known, authentic
liver enhancers in humans (table S5) (18). Thirty-
eight of these regulatory sequences were located
within nine HNF4A-bound regions. CEBPA bind-
ing overlapped with five of these HNF4A-bound
regions, and we also found that five of the nine
HNF4A binding events were bound by HNF4A
in more than one species. Overall, these findings
suggest that functional targets are enriched for
TF binding events found in multiple species.

Mammalian TF binding studies have sug-
gested that functional enhancers show increased
sequence constraint (19). As expected, the rela-
tively few binding events shared among three or
five species showed increased sequence constraint.
The sequence constraint, which was evaluated by
genomic evolutionary rate profiling (GERP)
scores (20), in bound regions near functional tar-
gets was similar to that for all bound regions
for both TFs, and these results were robust to the
method applied. Regions bound by both CEBPA
and HNF4A have sequence constraint patterns
similar to those found for each factor analyzed
independently (Fig. 2E and fig. S11). In sum, TF
binding events near functional targets showed
enhanced sharing between species, without a cor-
responding increase in sequence constraint.

DNA binding specificities of TFs show re-
markable diversity and complexity (21), yet few
studies have compared specificities of orthologous
TFs among multiple species. The motifs we di-
rectly determined from experimental binding data
showed that in vivo bound consensus sequences
remained virtually unchanged during vertebrate
evolution, despite most binding events being
species-specific (Fig. 3A and fig. S12). Neither
the quality of a bound motif, as determined by
its similarity to the consensus, nor the regional
ChIP enrichment, as measured by sequencing
read depth, was correlated with the conservation
of TF binding events (fig. S13).

Searching for the sequence features that are
associated with shared binding events, we dis-
covered that binding events shared by more spe-
cies contain more aligned motifs (Fig. 4B). These
shared regions represent examples of deeply con-
served regulatory architecture featuring multiple
motifs at specific sequence locations maintained
through vertebrate evolution. The most conserved
of these, the five-way ultrashared sites, also ex-
hibit the strongest sequence constraint (Fig. 2E).

To explore the genetic mechanisms underly-
ing the divergence of TF binding, we identified
potentially lost CEBPA and HNF4A binding

events. A binding event was assumed to be lost
if it was not present in one placental mammal yet
was experimentally found at aligned, orthologous
regions in the other two placental mammals.
Using parsimony, this situation is best explained
by an ancestral TF binding event present before
the mammalian radiation that was subsequently
lost along one lineage.

The lost binding events were categorized by
the sequence changes to the alignable binding
motifs within the orthologous regions of the other
species (Fig. 4). Between 20 and 40% of the
motifs associated with lineage-specific binding
event losses were unchanged. These regions may
represent cases of epigenetic redirection, yet-to-
be characterized single-nucleotide polymorphisms
(SNPs) or indels, or loss of nearby genomic bind-
ing partners. A larger fraction of the absent bind-
ing events was associated with motifs whose
disruption could be assigned to base pair substi-
tutions, indels, and gaps in the alignment. Across
all the vertebrate species, indels appear to be
associated with loss of the underlying sequence
motif a third as often as mismatches. A four-
mammal analysis, using opossum as an outgroup,
afforded similar results (fig. S14). Analogous
mechanisms appear to explain species-specific
gains of TF binding events (fig. S15). Taken
together, the steady accumulation of small changes
in the genetic sequence appears to rapidly remodel
thousands of TF binding sites in mammals.

Approximately half of lineage-specific losses
of TF binding showed evidence of nearby com-
pensatory binding events (Fig. 4B). A quarter of
species-specific losses had a nearby (T10 kb)
gained binding event that is unique to the same
lineage (unshared turnover), and an additional
quarter of the losses had a nearby binding
event that is shared in one or more other species
(shared turnover) (fig. S16). The latter case sug-
gests the existence of a cluster of binding events
in the common ancestor. In both cases, the prob-
ability of finding a turnover decreased rapidly
with distance from the loss (fig. S16), but a
shared turnover was typically closer to the site
of the loss than was an unshared turnover [P
value < 1.0 × 10–10 (CEBPA) and P value < 1 ×
10–15 (HNF4A)].

Understanding the evolutionary dynamics of
TF binding is essential to understanding the evo-
lution of gene regulation. Many comparative ge-
nomics approaches assume that a multispecies
alignment of a high-quality motif is indicative
of functionality (20, 22–27). Our analysis of ex-
perimentally determined in vivo occupancy of
two TFs in multiple vertebrates revealed ap-
parent limitations to this model and a number
of other insights about the complex relationship
between genetic sequence, TF binding, and ge-
nome regulation.

First, the vast majority of ChIP-identified TF
binding events are unique to each vertebrate spe-
cies; in mammals, the binding events that occur
within species-specific, repetitive DNA are more
common than conserved binding events. Sec-

ond, ultrashared TF binding events, which are the
functional counterpart of ultraconserved sequences,
appear rarely in vivo among all five vertebrates.
Third, only approximately half of the binding
events that are lost in one placental mammal yet
present in at least two others are potentially re-
covered by nearby turnover events. Fourth, neither
motif nor strength of TF binding correlate with
conservation of a TF’s genomic occupancy. Alter-
ations in the DNA binding specificity of CEBPA
and HNF4A cannot account for rapid binding di-
vergence, nor can species-specific environmental
differences (12).

Nevertheless, comparing binding events with-
in 10 kb of the TSS of experimentally deter-
mined target genes of CEBPA and HNF4A has
shown that binding events near these genes are
more likely to be shared with other species, al-
though this does not correspond to an increase
in sequence constraint. In fact, the set of the ul-
trashared, five-way binding events is entirely
disjoint from the set of genes that are directly
dependent on CEBPA in adult liver. For HNF4A,
only 6% of binding events shared across three
placental mammals (Fig. 2D) are near the highest-
quality functional target genes, namely, those
genes that depend on HNF4A for proper expres-
sion in both mouse and human. Given that most
TFs are active in multiple cell types (28), it is
possible that the remaining shared sites are ac-
tive in other tissues or other developmental stages.
Indeed, the ultrashared CEBPA binding events
are uniformly found near liver-specific genes
that would be expected to be up-regulated upon
liver organogenesis. Conversely, those binding
events near functional targets in adult liver that
are neither shared nor show signs of sequence
constraint may represent lineage-specific regu-
latory interactions.

The preponderance of species-specific bind-
ing and the rapid lineage-specific loss of binding
events suggests that a sizeable majority of specific
TF-DNA interactions could be evolving neutral-
ly. Liver-specific TFs and subsequent gene ex-
pression are both highly conserved; the rapid
gain and loss of binding events may be indica-
tive of compensatory changes that maintain lo-
cal concentrations of TF binding near functional
targets (29). Indeed, a recent computational ap-
proach that uses a high concentration of TF bind-
ing motifs, regardless of their alignment, showed
improved ability to predict regulatory interac-
tions (30).

Despite the rapid gain and loss of TF binding
events in mammals, tissue-specific gene regu-
lation seems to be maintained by identifiable
regulatory architectures that can be independent
of sequence constraint.
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pH Sensing by Intracellular Salmonella
Induces Effector Translocation
Xiu-Jun Yu, Kieran McGourty, Mei Liu, Kate E. Unsworth,* David W. Holden†

Salmonella enterica is an important intracellular bacterial pathogen of humans and animals.
It replicates within host-cell vacuoles by delivering virulence (effector) proteins through a vacuolar
membrane pore made by the Salmonella pathogenicity island 2 (SPI-2) type III secretion system
(T3SS). T3SS assembly follows vacuole acidification, but when bacteria are grown at low pH,
effector secretion is negligible. We found that effector secretion was activated at low pH from
mutant strains lacking a complex of SPI-2–encoded proteins SsaM, SpiC, and SsaL. Exposure
of wild-type bacteria to pH 7.2 after growth at pH 5.0 caused dissociation and degradation
of SsaM/SpiC/SsaL complexes and effector secretion. In infected cells, loss of the pH 7.2
signal through acidification of host-cell cytosol prevented complex degradation and effector
translocation. Thus, intravacuolar Salmonella senses host cytosolic pH, resulting in the degradation
of regulatory complex proteins and effector translocation.

Type III secretion systems (T3SSs) are
assembled in the cell envelope of many
Gram-negative bacterial pathogens. They

secrete three classes of proteins: subunits of a
surface-exposed needle-like structure; translocon
proteins, which form a pore in host membranes;
and effectors, which pass through the needle
channel and translocon pore into the host cell,
where they manipulate cellular processes and
promote bacterial virulence (1). Translocon pore
assembly must precede effector translocation,
and it is thought that upon assembly of the pore,
bacteria sense host cell signals to activate effector
secretion. The physiological signals and mecha-
nisms underlying transition from translocon to
effector secretion are not understood.

Assembly of the Salmonella pathogenicity
island 2 (SPI-2) T3SS in vivo occurs after acid-
ification of Salmonella-containing vacuoles (SCVs)
to pH ~5.0 (Fig. 1A) (2, 3). Bacteria grown in
vitro at pH 5.0 secrete translocon proteins but
negligible levels of effectors (4). SPI-2–encoded
SsaL is a member of the YopN/InvE/MxiC/SepL
family of regulatory proteins found throughout
T3SSs of animal pathogens (5) and is required
for secretion of the translocon proteins SseB and
SseD (6). To study regulation of the translocon-to-
effector switch, we examined protein secretion
from a Salmonella enterica serovar Typhimurium
(S. Typhimurium) ssaLmutant after growth at pH
5.0 in vitro (7). This strain displayed enhanced
secretion of chromosome-expressed double hemag-
glutinin (2HA)–tagged SPI-2 T3SS effector SseJ
(Fig. 1B) and chromosome or plasmid-expressed
SseF (fig. S1) and did not secrete translocon pro-
teins SseB or SseC (Fig. 1, B and C). The se-
cretion pattern for SseJ-2HA and translocon
proteins was restored to wild type by introduction
of a plasmid expressing SsaL-2HA (Fig. 1C).
There was no detectable secretion of SseB or ef-

fectors by an ssaV mutant strain, which has a
nonfunctional SPI-2 T3SS (Fig. 1B). The ssaL
mutant phenotype is very similar to that of strains
lacking SPI-2–encoded SpiC or SsaM (Fig. 1B)
(4). Thus SsaL, SsaM, and SpiC are all required
for secretion of translocon proteins and suppress
the secretion of effectors under conditions that
simulate the vacuolar environment (Fig. 1A).

SpiC and SsaM form a complex (4). To de-
terminewhether SsaL interacts with the SpiC/SsaM
complex when produced at physiological levels,
we constructed a bacterial strain in which chro-
mosomal copies of spiC, ssaM, and ssaL were
replaced with versions expressing epitope-tagged
proteins (SpiC-2HA, T7-SsaM, and SsaL-3Flag).
This strain (wt-3tag) was indistinguishable from
the wild-type strain in terms of intracellular rep-
lication and SPI-2 T3SS effector-dependent tu-
bule formation in infected cells, indicating a
functional T3SS (fig. S2). The wt-3tag strain and
an isogenic mutant lacking endogenous or epitope-
tagged SpiC (spiC) were grown at pH 5.0, and
whole-cell lysates were immunoprecipitated with
an antibody to T7. SsaL-3Flag was coprecipitated
from the wt-3tag strain but not from the spiC
mutant (Fig. 1D). Co-immunoprecipitation and
pull-down experiments also showed that the
C-terminal 18 amino acids of SsaMwere required
for interaction with SpiC (4) and SsaL (Fig. 2A).
Thus, SsaL, SsaM, and SpiC form a complex
when bacteria are grown at pH 5.0 (Fig. 1A).

To determine whether an intact complex is
necessary to suppress effector secretion at pH
5.0, we constructed three small deletion mutants
in an N-terminal region of SsaL corresponding to
the chaperone-binding domain of YopN (fig. S3),
which is necessary for its interaction with SycN
and YscB (8). These mutants, and a truncated
SsaM protein lacking its 18 C-terminal amino
acids, all prevented formation of the ternary com-
plex (Fig. 2, A and B) and caused the same
phenotype as individual null mutants: no detect-
able translocon secretion and greatly enhanced
effector secretion at pH 5.0 (Fig. 2, C and D).
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