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ABSTRACT Chlamydia trachomatis is an obligate intracellular bacterium whose
unique developmental cycle consists of an infectious elementary body and a repli-
cative reticulate body. Progression of this developmental cycle requires temporal
control of the transcriptome. In addition to the three chlamydial sigma factors
(o, 028, and ¢°%) that recognize promoter sequences of genes, chlamydial tran-
scription factors are expected to play crucial roles in transcriptional regulation.
Here, we investigate the function of GrgA, a Chlamydia-specific transcription fac-
tor, in C. trachomatis transcriptomic expression. We show that 10 to 30 min of
GrgA overexpression induces 13 genes, which likely comprise the direct regulon
of GrgA. Significantly, o°¢-dependent genes that code for two important transcrip-
tion repressors are components of the direct regulon. One of these repressors is
Euo, which prevents the expression of late genes during early phases. The other is
HrcA, which regulates molecular chaperone expression and controls stress
response. The direct regulon also includes a o28-dependent gene that codes for
the putative virulence factor Pmpl. Furthermore, overexpression of GrgA leads to
decreased expression of almost all tRNAs. Transcriptomic studies suggest that
GrgA, Euo, and HrcA have distinct but overlapping indirect regulons. These find-
ings, together with temporal expression patterns of grgA, euo, and hrcA, indicate
that a transcriptional regulatory network of these three transcription factors plays
critical roles in C. trachomatis growth and development.

IMPORTANCE Chlamydia trachomatis is the most prevalent sexually transmitted bac-
terial pathogen worldwide and is a leading cause of preventable blindness in
underdeveloped areas as well as some developed countries. Chlamydia carries
genes that encode a limited number of known transcription factors. While Euo is
thought to be critical for early chlamydial development, the functions of GrgA and
HrcA in the developmental cycle are unclear. Activation of euo and hrcA immedi-
ately following GrgA overexpression indicates that GrgA functions as a master tran-
scriptional regulator. In addition, by broadly inhibiting tRNA expression, GrgA serves
as a key regulator of chlamydial protein synthesis. Furthermore, by upregulating
pmpl, GrgA may act as an upstream virulence determinant. Finally, genes coregu-
lated by GrgA, Euo, and HrcA likely play critical roles in chlamydial growth and de-
velopmental control.

KEYWORDS CT504, CTL0766, Chlamydia, Euo, GrgA, HrcA, transcription factors,
transcriptional regulatory network

July/August 2021 Volume 6 Issue4 e00738-21

Citation Wurihan W, Zou Y, Weber AM,
Weldon K, Huang Y, Bao X, Zhu C, Wu X, Wang
Y, Lai Z, Fan H. 2021. Identification of a GrgA-
Euo-HrcA transcriptional regulatory network in
Chlamydia. mSystems 6:¢00738-21. https://doi
.0rg/10.1128/mSystems.00738-21.

Editor Ryan McClure, Pacific Northwest
National Laboratory

Copyright © 2021 Wurihan et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Huizhou Fan,
huizhou fan@rutgers.edu.

, This work shows that GrgA functions as a
master transcription factor in Chlamydia. GrgA
activates two other TF-encoding genes, Euo
and HrcA. The GrgA-Euo-HrcA network likely
plays critical roles in chlamydial growth and
development.

Received 23 June 2021

Accepted 6 July 2021

Published 3 August 2021

@Systemsa msystems.asm.org 1


https://orcid.org/0000-0001-7853-0130
https://orcid.org/0000-0001-8186-1088
https://orcid.org/0000-0002-4903-926X
https://doi.org/10.1128/mSystems.00738-21
https://doi.org/10.1128/mSystems.00738-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msystems.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/mSystems.00738-21&domain=pdf&date_stamp=2021-8-3

Waurihan et al.

hlamydiae are obligate intracellular Gram-negative bacteria with a unique develop-

mental cycle characterized by two cellular forms (1). The small form, known as the
elementary body (EB), is capable of short-term extracellular survival but incapable of
proliferation. After entering the host cell through endocytosis, the EB differentiates
into a larger form known as the reticulate body (RB) inside a vacuole termed the inclu-
sion. The RB replicates with a doubling time of about 2 h (2-4). Around 24 h, some RBs
start to redifferentiate back into EBs while others continue to proliferate (3, 5). At the
end of the cycle, both infectious EBs and noninfectious RBs are released from host cells
through either cell lysis or extrusion of entire inclusions (6, 7).

Expression of the chlamydial transcriptome is developmentally regulated. Previous
cDNA microarray studies (8, 9) enumerate four successive stages of the Chlamydia tra-
chomatis developmental cycle. The immediate early stage is defined as the first hour
when EBs are inside nascent inclusions near the plasma membrane. Only a small number
of presumably crucial genes are transcribed in this stage to establish an intracellular
niche that enables EB survival, RB development, and eventual delivery of the inclusion to
a perinuclear region. During the subsequent early stage, an additional number of genes
are transcribed to complete the conversion of EBs into RBs. Midcycle commences upon
the completion of EB-to-RB conversion and ends when RBs start to differentiate back
into EBs. Almost all genes are transcribed during this stage. Last, transcription of a
smaller set of genes is initiated and/or upregulated before and during the late stage.

C. trachomatis carries genes that encode three sigma factors (10, 11), which guide
the RNA polymerase to different promoters (12, 13). The vast majority of C. trachomatis
promoters are 0% dependent, while some late genes may possess o2 or o>* pro-
moters (14-19). A few late genes have tandem promoters for ¢°¢ and an alternative o
(14). Consistent with their roles in the developmental cycle, expression of the three
sigma factors is also temporally regulated (8, 9, 20). 0°® RNA is detected by microarray
as early as 3 h postinoculation (hpi), whereas 028 and o> mRNAs are not detected until
8 hpi (8).

C. trachomatis carries genes that encode nearly 20 known transcription factors (TFs),
which regulate transcription from different promoters (10, 11, 21-34). To date, only
two TFs are known to regulate the chlamydial developmental cycle: Euo and CtcC. Euo
is produced immediately after EBs enter host cells and occupies o°°- and/or o28-de-
pendent late gene promoters to suppress their transcription (8, 18, 35-37). CtcC func-
tions as an activator of the ¢>*-RNA polymerase (RNAP) holoenzyme, which regulates
RB-to-EB differentiation (14, 38). CtcC also targets a gene that encodes the transcrip-
tion repressor HrcA, whose role in chlamydial development remains unclear. While two
microarray studies showed that hrcA is a late gene, one also showed high RNA levels of
grpE and dnakK, which are in the same operon as hrcA, at 3 hpi (8).

GrgA is the most recently discovered chlamydial TF (39). Identified via promoter
DNA pulldown, GrgA physically interacts with %6 and 2% and activates transcription
from both o%%- and o?8-dependent promoters in vitro (39-41). Transcriptomic studies
presented in this report define the regulon of GrgA and identify a GrgA-directed tran-
scriptional regulatory network (TRN). Similar to euo, expression analysis reveals that
hrcA is also an immediate early gene and suggests the possibility that the GrgA protein
prepackaged within EBs plays a critical role in the activation of euo, hrcA, and other
genes after the EB enters the host cell.

RESULTS

GrgA overexpression-mediated global transcriptomic changes include
upregulated euo, hrcA, and pmpl expression and downregulated tRNA expression.
We performed transcriptome sequencing (RNA-seq) analysis for C. trachomatis L2
(CtL2) transformed with an anhydrotetracycline (ATC)-inducible GrgA expression plas-
mid (4) to determine the role of GrgA in C. trachomatis transcriptomic expression. In
our pilot RNA-seq experiments, GrgA transformants (i.e., CtL2/GrgA) grown in mouse
fibroblast L929 cells were treated with or without ATC within two time periods: 12 to
16 hpi and 17 to 21 hpi (n=1 per experimental condition). The rates of reads mapped
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to the CtL2 genome of samples prepared at 16 hpi for noninduced and ATC-induced
cultures were 13.0% and 16.8%, respectively (see Data Set STA in the supplemental ma-
terial). The numbers of mapped reads resulted in 135-fold and 164-fold CtL2 genome
coverage, respectively. As expected, the rates of reads mapped to the CtL2 genome of
samples prepared at 21 hpi were 3- to 4-fold higher (i.e, 44.1% and 52.6%) (Data Set
S1A). Conversely, the rates of reads mapped to the mouse genome of samples pre-
pared at 16 hpi were higher than the rates of those at 21 hpi (data not shown). The
total mapped rate (i.e., the chlamydial and murine mapping rates combined) ranged
from 95.1% to 96.6% (data not shown).

With the exception of 55 and 16S rRNAs, which were depleted prior to library con-
struction, we detected RNAs of all but seven chlamydial genes at 16 hpi despite the
notably lower reads at this time point. In both sets of experiments, RNAs of two tran-
scription repressor-encoding genes euo and hrcA were noticeably increased in ATC-
induced cultures. For the 12 to 16 hpi induction, euo and hrcA increased by 3.1- and
2.8-fold, respectively. For the 17 to 21 hpi induction, they increased by 3.4- and 1.9-
fold, respectively (Data Set S1B).

Subsequent RNA-seq studies were conducted with samples harvested from infected
L929 cells at 16 hpi. We chose this time point first because it corresponds to the mid-
log phase of RB replication, and we are most interested in uncovering how GrgA medi-
ates RB growth regulation, and additionally because the genome coverages in the
above pilot study with samples prepared at 16 hpi exceeded the recommended cover-
age for bacteria with small genomes (42). We repeated RNA-seq analysis with ATC-
treated biological replicates for the 12 to 16 hpi time period to generate data that
could be analyzed statistically. Consistent with our previous two RNA-seq studies with
a single sample per condition (Data Set S1), transcripts of both euo and hrcA also
increased significantly in response to ATC treatment in the duplicated experiments.
euo increased by 3.3-fold, the highest increase not including ATC-induced increase in
the grgA RNA (Data Set S2B). hrcA increased by 2.1-fold, the fifth largest increase.
Transcripts of 81 other genes also increased by =1.33-fold with an adjusted P value of
<0.05 (Data Set S2B). We chose this relatively low cutoff to increase the chance of
identifying biological targets of GrgA, a strategy used by previous RNA-seq studies
(43-45). Among the 81 other upregulated genes is pmpl, which encodes a polymorphic
protein in the outer membrane complex that is a putative virulence factor (46, 47).
pmpl was upregulated by 2.5-fold, second only to euo (Data Set S2B). Retrospective
analysis showed that pmpl was also upregulated by 2.7-fold and 2.5-fold in the afore-
mentioned pilot study with ATC treatment from 12 to 16 hpi and from 17 to 21 hpi,
respectively, without biological replicates (Data Set S1B). Collectively, euo, hrcA, pmpl,
and the remaining 80 genes upregulated by GrgA fell into 14 different functional
groups, as will be described in TRN analysis.

Transcripts of 78 genes decreased by 1.33-fold with an adjusted P < 0.05 in the bio-
logically duplicated RNA-seq study (Data Set S2B). Of these 78 genes, 28 were tRNA
genes. Only 9 of the 37 tRNAs were not significantly downregulated (Table 1).
Retrospective analysis showed that 26 tRNAs were also decreased by more than 1.33-
fold in the pilot experiment with ATC treatment from 12 to 16 hpi without biological
replicates (Data Set S1B).

Taken together, these RNA-seq studies performed for cultures with 4-h ATC treat-
ment consistently demonstrated upregulated euo, hrcA, and pmpl expression in
response to GrgA overexpression. These findings suggest the possibility that GrgA
functions as an activator of euo, hrcA, and pmpl. In addition, the studies indicate that
GrgA regulates expression of numerous other genes either directly or indirectly.

Upregulation of euo and hrcA but not pmpl depends on ¢°° binding of GrgA.
Previously published in vitro studies showed that GrgA activates both o°¢-dependent
transcription and o?8-dependent transcription by physically interacting with ¢°® and
28, respectively (39, 40). To determine the roles of GrgA’s interactions with ¢ and
028 in GrgA overexpression-induced transcriptomic changes, we performed RNA-seq
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TABLE 1 tRNAs downregulated by 4-h GrgA overexpression?

Category and locus tag tRNA Fold change Adjusted P value

=1.33-fold decrease (adjusted P < 0.05)
CTL_t02 tRNA-Ala2 —2.0448124 0.00027
CTL_t03 tRNA-Arg —1.6889674 0.00961
CTL_t06 tRNA-Asn —1.9534442 9.31E—08
CTL_t07 tRNA-Asp —1.7031689 3.33E—-05
CTL_t08 tRNA-Cys —2.0778794 1.74E—05
CTL_t09 tRNA-GIn —2.1846452 1.04E—09
CTL_t10 tRNA-Glu —1.6229639 6.69E—05
CTL_t11 tRNA-Gly —1.8190017 5.65E—05
CTL_t12 tRNA-Gly2 —1.8146205 5.52E—05
CTL_t14 tRNA-lle —1.6209525 0.000925
CTL_t15 tRNA-Leu4 —1.4443658 0.023179
CTL_t16 tRNA-Leu3 —1.7377065 1.01E—05
CTL_t17 tRNA-Leu —2.1501725 4.46E—11
CTL_t18 tRNA-Leu5 —1.9135418 1.74E—05
CTL_t19 tRNA-Leu2 —1.9158336 4.84E—08
CTL_t20 tRNA-Lys —1.6740043 0.00028
CTL_t22 tRNA-Met —1.5424232 0.00184
CTL_t24 tRNA-Phe —2.1952479 8.32E—05
CTL_t27 tRNA-Ser3 —1.7954104 1.10E—05
CTL_t28 tRNA-Ser4 —1.7413659 5.52E—05
CTL_t29 tRNA-Ser —1.8662364 4.16E—07
CTL_t30 tRNA-Ser2 —2.1874562 6.90E—10
CTL_t31 tRNA-Thr2 —1.6366313 5.66E—05
CTL_t32 tRNA-Thr —2.1215215 5.26E—08
CTL_t33 tRNA-Thr3 —1.4370903 0.00705
CTL_t34 tRNA-Trp —1.3942998 0.03454
CTL_t35 tRNA-Tyr —1.6703612 1.47E—05
CTL_t37 tRNA-Val —1.8533329 0.000204

<1.33-fold change or adjusted P > 0.05
CTL_tO1 tRNA-Ala —0.878068 0.691436
CTL_t04 tRNA-Arg3 —1.9399986 0.102252
CTL_t05 tRNA-Arg2 —1.7983519 0.132967
CTL_t13 tRNA-His —2.1978167 0.074222
CTL_t21 tRNA-Met2 —1.1130862 0.762719
CTL_t23 tRNA-Met3 —1.6251197 0.066761
CTL_t25 tRNA-Pro —1.5097685 0.051475
CTL_t26 tRNA-Pro2 —1.8040708 0.175928
CTL_t36 tRNA-Val2 —0.9681379 1

aValues were extracted from Data Set S2 obtained with biological duplicates.

for CtL2/GrgAAo%°BD and CtL2/GrgAAo22BD, which are CtL2 transformed with induci-
ble expression plasmids for GrgA that lacked either the o%-binding domain
(GrgAAo°¢BD) or the o?8-binding domain (GrgAAo?2BD), respectively. In ATC-treated
CtL2/GrgAA%¢BD cultured in L929 cells, upregulation of only a single gene was statis-
tically significant, while downregulation of only four genes was statistically significant
(Fig. 1 and Data Set S2C), even though all forms of transformed GrgA are expressed
upon ATC induction (Fig. S1). In ATC-treated CtL2/GrgAA¢28BD, the numbers of upreg-
ulated and downregulated genes were both higher than those of ATC-treated CtL2/
GrgA (Fig. 1 and Data Set S2D).

The sole gene upregulated by GrgAAg%BD overexpression was pmpl, which was
also upregulated by overexpression of both full-length GrgA and GrgAAo22BD (Fig. 1A
and Data Set S2E). Noticeably, pmpl expression increased after full-length GrgA overex-
pression and GrgAAo®BD overexpression by a similar magnitude (2.5-fold versus 1.7-
fold). These increases were substantially higher than the 40% increase observed after
GrgAAo28BD overexpression (Data Set S2E). Fifty-one genes, including euo and hrcA,
were upregulated following both full-length GrgA overexpression and GrgAAo28BD
overexpression (Fig. 1A and Data Set S2E).

July/August 2021 Volume 6 Issue4 e00738-21

mSystems’

msystems.asm.org 4


https://msystems.asm.org

A GrgA-Euo-HrcA Transcriptional Network in Chlamydia

Upregulated genes Downregulated genes
CtL2/GrgA CtL2/GrgA
31 1
0 1 51 1 64
0 pmpl 79 1 81
CtL2/GrgA 0 CtL2/GrgA CtL2/GrgA 0 CtL2/GrgA
Ac®*BD Ac?®BD Ac®*BD Ac®BD

FIG 1 Venn diagrams showing numbers of up- and down-regulated genes detected in ATC-treated C.
trachomatis L2 (CtL2) transformants of full-length GrgA (CtL2/GrgA), GrgAAc*°BD (CtL2/GrgAAc®°BD),
and GrgAAG#*BD (CtL2/GrgAAo?BD). CtL2/GrgA-, CtL2/GrgAAG**BD-, or CtL2/GrgAAo**BD-infected L929
cells in biological duplicates were treated with 10nM ATC at 12 hpi or left untreated. Cultures were
terminated at 16 hpi and processed for RNA-seq analysis as described in Materials and Methods. Venn
diagrams were derived from RNA-seq data presented in Data Set S2 in the supplemental material.
Identities of genes commonly upregulated or downregulated by all three GrgA constructs are shown.
Genes commonly upregulated or downregulated by any two of the constructs are listed in Data Set S2E.
Up- or down-regulation was defined as a = 1.33-fold change with an adjusted P < 0.05.

Two of the four genes downregulated by GrgAAg®BD overexpression were ndk
(nucleotide diphosphate kinase) and ctl0407 (lipoprotein releasing system ABC trans-
porter ATP-binding protein), which were also downregulated by overexpression of
both full-length GrgA and GrgAAo22BD (Fig. 1B and Data Set S3E). dppD (oligopeptide
ABC transporter ATP-binding protein) is the third GrgAAo®°BD-downregulated gene,
which was also downregulated by full-length GrgA. In total, 66 genes were downregu-
lated by both full-length GrgA overexpression and GrgAAg¢2®BD overexpression
(Fig. 1B). Remarkably, 28 of these 66 genes encode tRNAs (Data Set S2E).

Taken together, comparative transcriptomic analysis (Fig. 1 and Data Set S2) sug-
gests that nearly all transcriptomic changes (including upregulation of euo and hrcA)
induced by GrgA overexpression depend on GrgA binding of o¢. In contrast, fewer
changes (e.g., upregulation of pmpl) depend on GrgA binding of o-2%. However, overex-
pression of GrgAA¢28BD can induce additional transcriptomic changes not seen with
full-length GrgA overexpression. Therefore, the o0-28-binding domain may restrict up-
regulation of certain o-°¢-dependent genes in vivo.

euo, hrcA, and 11 other genes are upregulated immediately following GrgA
overexpression. All three RNA-seq studies presented above were performed in cul-
tures with and without 4-h ATC treatment. To identify genes directly targeted by GrgA,
we determined transcriptomic kinetics by extracting RNA at 16 hpi from GrgA trans-
formant-infected L929 cultures with 10 nM ATC treatment initiated at 15.5, 15, or 14
hpi or without ATC treatment. This treatment schedule allowed for 0.5, 1, or 2 h of
GrgA overexpression, respectively. Using Gaussian mixture models (48), the entire tran-
scriptome was divided into six groups based on changes in the expression kinetics of
individual genes (Fig. 2 and Data Set S3E). Group A contains six genes whose functions
are presented in Fig. 3A. These six genes were upregulated as early as 0.5 h after induc-
tion (Fig. 2A), although the upregulation at 0.5 h was statistically significant for only
four of the six genes. The four statistically significantly upregulated genes were euo,
pmpl, aroC, and IplA. These genes could be direct targets of GrgA. A total of 174 genes,
including hrcA, were upregulated by 1 h (Fig. 2B). Most genes of this large group may
be secondary or indirect targets of GrgA. Expression of 444 genes remained relatively
constant (Fig. 2C) and are therefore unlikely targets of GrgA considering GrgA acts as a
transcription activator (39, 40). Expression of the remaining genes decreased by various
degrees (Fig. 2D to F), likely in response to expression changes of the primary and/or
secondary targets.

A series of quantitative reverse transcription-PCR (qRT-PCR) experiments were per-
formed to validate the RNA-seq data for all genes upregulated by 0.5-h ATC induction
and selected genes upregulated by 1-h ATC induction because they might be directly
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FIG 2 Temporal patterns of transcriptomic changes induced by GrgA overexpression. CtL2/GrgA-
infected L929 cultures in biological triplicates were treated with 10nM ATC at 14, 15, or 15.5 hpi or
left untreated. Cultures were terminated at 16 hpi and processed for RNA-seq analysis. C. trachomatis
genes were clustered into six groups of temporal expression change patterns by analyzing RNA-seq
data presented in Data Set S3. (A) Six target genes were increased by 0.5 h of ATC induction. RNAs
whose increases were statistically significant (i.e., with an adjusted P < 0.05) are shown in solid lines.
RNAs that increased with an adjusted P > 0.05 by 0.5 h are shown in dashed lines. (B) RNAs of 175
genes are stimulated by GrgA overexpression only after 1 h of ATC induction. (C) RNAs of 444 genes
remained relatively constant. (D to F) Genes are downregulated following different kinetics. In panels
A to F, solid black lines are trend lines in the respective groups.

targeted by GrgA. Functions of genes further analyzed by gRT-PCR are shown in
Fig. 3A. Among the six genes upregulated by 0.5 h in RNA-seq (Fig. 2A and Data Set
S3), euo, pmpl, ctl0758, and ctl0418 are nonoperon genes (Fig. 3B). Results showed that
expression of euo and pmpl increased about 2- and 3-fold, respectively, at 10 min after
induction, and by more than 3- and 4-fold, respectively, at 30 min (Fig. 3B). Smaller but
significant increases were detected for the mRNA of ct/0758 from 10 to 30 min (Fig. 3B).
However, a 57% increase in ctl0418 expression was not detected until 30 min, and this
increase was not statistically significant (Fig. 3B).

Based on the genome organization (10, 11) and results of a study on C. trachomatis
transcriptional start sites (49), IpIA and ct/0536 lie within one operon (Fig. 3C), while
aroC and three other genes lie within another (Fig. 3D). Noticeably, RNA-seq did not
detect concordant upregulation of genes cotranscribed with Ip/A and aroC (Data Set
S3). Therefore, we also included a cotranscribed gene from the same operon in our
gRT-PCR analysis. This analysis shows that the expression trends of both Ip/A and
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A
Gene name Description
euo (ctl0706) Transcription repressor
pmpl (ctl0254) Polymorphic outer membrane protein
ctl0758 Hypothetical protein
ctl0418 Hypothetical protein
IplA (ctl0537) Lipoate-protein ligase A
ctl0536 Hypothetical protein
aroL (ctl0621) Shikimate kinase
aroC (ctl0622) Chorismate synthase
aroB (ctl0623) Dihydrodipicolinate reductase
aroDE (ctl0624) Bifunctional 3-dehydroquinate dehydratase/shikimate dehydrogenase
murE (ctl0521) UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase
hrcA (ctl0650) Heat-inducible transcription repressor
grpE (ctl0651) Heat shock protein-70 cofactor
dnaK (ctl0652) Heat shock protein-70 (chaperone protein)
B 7 -
c 6 - - Non-induced
S S
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FIG 3 gRT-PCR detection or confirmation of genes upregulated by GrgA within 10 to 30min of ATC treatment.
CtL2/GrgA-infected L929 cultures in biological triplicates were treated with 10nM ATC for 10, 20, or 30 min or left
untreated. Cultures were terminated at 16 hpi. The levels of expression of individual genes were determined using
gRT-PCR. (A) Descriptions of the genes studied in this figure. (B) Three of four nonoperon genes from Fig. 2A
showed increased mRNA levels by 10 to 30 min. The color code to the right of the graph applies to panels B to F.
(C) Expression of IplA and its cotranscribed gene ctl0536 was increased at 10 and 30min, respectively. (D)
Transcripts of both aroC and its cotranscribed gene aroB were increased by 30 min. aroL and aroDE from the same
operon were not analyzed. (E) Expression of the nonoperon gene murE was significantly increased at 30 min. (F)
Transcripts of hrcA and its cotranscribed genes grpE and dnaK were increased by 10 min, although the increases in
grpE were less pronounced with only trending significant adjusted P values. In panels B to F, data are averages
plus standard deviations (error bars). All P values were adjusted for multiple comparison. Upregulation detected by
RNA-seq at 0.5 h after ATC treatment (Data Set S3) is presented as a black bar for comparison.

ctl0536 (Fig. 3C) were similar to those of euo and pmpl (Fig. 3B) with a significant
increase for IplA and a trending significant increase for ctl0536 starting at 10 min.
Statistically significant increases were also found for aroC and aroB by 30 min (Fig. 3D).
These results validate Ip/A and aroC as genes immediately induced by GrgA and further
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suggest that aroL and aroDE, which lie within the same operon as aroB and aroC, are
also induced by GrgA though we did not perform qRT-PCR for either aroL or aroDE.

The apparent higher detection sensitivity of gRT-PCR analysis over RNA-seq (Fig. 3C
and D) prompted its use to determine whether certain genes whose expression did
not increase until 1 h might actually be upregulated at 30 min or even earlier. Our
inclusion criteria to select genes for qRT-PCR analysis were (i) a read increase with
adjusted P < 0.05, and (ii) at least one FPKM (fragment per kilobase of gene length per
million reads of the library) value > 900 for induced samples. Twelve genes met these
criteria (Data Set S3). An exception was made for hrcA (FPKM =369 * 66 [mean *
standard deviation {SD}]), because HrcA is a TF whose RNA was consistently increased
by GrgA overexpression in all previous RNA-seq studies conducted with 4-h ATC induc-
tion (Fig. 1 and Data Sets S1 and 2). qRT-PCR analysis detected apparently increased
levels for all mRNAs analyzed; however, only the increases in murE and hrcA were stat-
istically significant (adjusted P < 0.05). Further analysis confirmed that the murE RNA
increased at 30 min but not 10 or 20 min after ATC induction (Fig. 3E), while hrcA RNA
readily increased at even 10 min (Fig. 3F). hrcA is in the same operon as grpE (which
encodes heat shock protein-70 cofactor) and dnaK (a protein chaperone gene),
although dnaK also has an additional promoter for itself (50). Similar to the hrcA gene,
grpE and dnaK showed increased expression starting at 10 min, although the increase
in grpE was borderline significant (P = 0.073) (Fig. 3F).

In addition to analyzing expression at different times after 10 nM ATC induction, we
investigated euo and hrcA expression in response to multiple low concentrations of
ATC using gRT-PCR. This analysis demonstrated dose-dependent increases in both euo
and hrcA expression as early as 30 min after ATC induction (Fig. S2). Taken together,
the time- and dose-kinetic results presented in Fig. 3 and Fig. S2 demonstrate that four
nonoperon genes (euo, pmpl, murE, and ctl0758) and nine additional genes (ct/0536,
IplA, aroL, aroC, aroB, aroDE, hrcA, grpE, and dnaK) in three operons are upregulated by
10- to 30-min induction of GrgA overexpression. Most likely, these 13 genes comprise
GrgA'’s direct regulon.

GrgA stimulates transcription from euo, hrcA, and pmpl promoters in vitro. The
earlier obtained RNA-seq data from CtL2/GrgA, CtL2/GrgAA¢%¢BD, and CtL2/GrgAAo2BD
(Fig. 1 and Data Set S2) support the notion that GrgA activates genes with 0% promoters
as well as genes with 028 promoters. To provide further evidence for this proposition, we
searched for 0% and 28 promoter elements in the promoter regions of the four nonop-
eron genes and three operons that were upregulated by 30 min of GrgA overexpression
(Fig. 3). Among the four nonoperon genes (i.e., euo, pmpl, murk, and ctl0758) and three
operons (i.e., the ctl0536-IplA operon, aroLCBDE operon, and hrcA-grpE-dnaK operon) up-
regulated by GrgA overexpression at 10 to 30 min (Fig. 3), hexameric nucleotide sequen-
ces resembling the —10 elements of C. trachomatis o%° (51, 52) were readily recognized 6
to 9bp upstream of the perspective transcription start sites previously identified for euo,
hrcA, murE, and aroL (49, 51, 52), whereas hexameric nucleotide sequences resembling
putative —35 elements of C. trachomatis o promoters (53) were readily found 17 or 18
nucleotides upstream of the putative —10 elements for euo, hrcA, and arol. The core pro-
moter sequences, including the putative —10 and —35 elements, the spacing sequences
between the elements, and the transcription start sites of euo and hrcA are shown in
Fig. 4A. In addition, an octameric nucleotide sequence resembling the —10 element of C.
trachomatis o2 promoter (16, 51, 52) was readily found 8 nucleotides upstream of the
transcription start site previously identified for pmpl, while another octameric nucleotide
sequence resembling the —35 elements of C. trachomatis o-2¢ promoters (51, 52, 54) was
detected 11 nucleotides upstream of the —10 element (Fig. 4A). Next, we constructed
three in vitro transcriptional reporter plasmids, of which two carried a putative o-% pro-
moter of euo or hrcA. The third plasmid carried the putative 026 promoter of pmpl. All
three plasmids were able to direct RNA synthesis, with increased transcripts detected in
the presence of GrgA (Fig. 4B). These results confirm that euo, hrcA, and its cotranscribed
genes grpE, dnak, and pmpl are direct targets of GrgA. They provide further support for
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FIG 4 Stimulation of transcription from euo, hrcA, and pmpl promoters by GrgA in vitro. (A) Core
promoter sequences in the promoter fragments cloned into transcriptional reporter plasmids
pPMT1125-Peuo, pMT1125-PhrcA, and pMT1125-Ppmpl(c2®) (Table 2). Nucleotides shown in red and
marked with +1 signify the transcription start sites previously identified (49). —10 and —35 elements
of % and o2® promoters are indicated by a light blue background. (B) Stimulation of transcription
from indicated promoters by GrgA. Data are averages plus standard deviations of three independent
experiments. P values were adjusted for multiple comparison.

the notion that GrgA activates transcription from not only the % promoters but also the
28 promoter in C. trachomatis.

Identification of genes commonly regulated by GrgA, Euo, and HrcA. The con-
sistent upregulation of euo and hrcA by GrgA in both the transcriptomic kinetic studies
(Fig. 3 and Data Set S3) and 4 h induction RNA-seq studies (Data Sets S1 and S2), as
well as GrgA-mediated activation of transcription from the euo and hrcA promoters in
vitro (Fig. 4), imply the existence of a GrgA-Euo-HrcA transcriptional regulatory network
(TRN). As a first step to understand this TRN, we derived CtL2 transformants that car-
ried an inducible plasmid to express either Euo (CtL2/Euo) or HrcA (CtL2/HrcA). RNA-
seq studies were then conducted to identify transcriptomic changes in these trans-
formants following ATC induction between 12 and 16 hpi. The processed RNA-seq
data of these RNA-seq studies are presented in Data Set S4. qRT-PCR analysis was per-
formed for five genes with significantly increased RNA-seq reads and five genes with
significantly reduced RNA-seq reads from each transformant following ATC treatment.
The qRT-PCR data (Data Set S4D) were consistent with the RNA-seq data (Data Set S4B
and S4C).

We identified 27 genes that are commonly regulated in all three transformants (i.e.,
CtL2/GrgA, CtL2/Euo, and CtL2/HrcA) following ATC treatment (Fig. 5 and Data Set
S4E). Eight of these genes were commonly upregulated (Fig. 5A and B), while 19 genes
were commonly downregulated (Fig. 5C and D). Noticeably, four of the eight com-
monly upregulated genes encode proteins involved in DNA replication, while the
remaining four encode proteins with various functions (Fig. 5B). Among the 19 com-
monly downregulated genes, 13 encode functionally known proteins, 5 encode hypo-
thetical proteins, and 1 encodes a glutamic acid tRNA (Fig. 5D). Three (PPA, IspH, and
Fabl) of the 13 functionally known proteins are enzymes that catalyze metabolic reac-
tions; another three (RpsA, RplM, and RpmB) are ribosomal proteins. OmpA and
CTLO887 are the major and a minor component, respectively, of the outer membrane
protein complex. At least three proteins are related to type Il secretion (T3S): YajC is a
T3S protein translocase, CTL0299 is a T3S chaperone, and CTL0874 is virulence factor
secreted by the T3S system. Among the remaining two proteins, CTL0476 is an
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A Upregulated genes B Genes commonly upregulated by GrgA, Euo and HrcA
Name Description
CHL2Cra topA DNA topoisomerase |

& xerD Site-specific tyrosine recombinase XerD

dnaN DNA polymerase lll-beta chain
18 10 dnaB Replicative DNA helicase
8 pknD Serine/threonine protein kinase
147 47 glmM Phosphoglucosamine mutase
e gE AT ctl0466 Inclusion membrane protein

ctl0238b Hypothetical protein

¢ Downregulated genes D Genes commonly downregulated by GrgA, Euo and HrcA
Name Description
CtL2/GrgA ppa Inorganic pyrophosphatase

37 ispH 4-hydroxy-3-methylbut-2-enyl-pp reductase

fabl Enoyl-(acyl carrier protein) reductase
16 6 rpsA 30S Ribosomal protein S1
rplM 50S Ribosomal protein L13
romB 50S Ribosomal protein L28
ompA Major outer membrane protein
164 57 ctl0887 Outer membrane component
47 yajC T3SS preprotein translocase subunit YajC
CtL2/Euo CtL2/HrcA ctl0299  T3SS chaperone

ctl0874 Virulence protein CADD secreted by T3SS
ctl0476 Inclusion membrane protein

ctl0742a  Polysaccharide deacetylase

ctl0132 Hypothetical protein

ctl0500A Hypothetical protein

ctl0847 Hypothetical protein

ctl0887a  Hypothetical protein

ctl0895 Hypothetical protein

tRNA-Glu tRNA for glutamic acid

FIG 5 GrgA-, Euo-, and HrcA-coregulated genes. RNA-seq data generated from biologically duplicated
cultures of CtL2/GrgA (Data Set S2B), CtL2/Euo (Data Set S4B), and CtL2/HrcA (Data Set S4C) treated
with 10nM ATC from 12 to 16 hpi were analyzed to reveal genes coregulated by GrgA, Euo, and
HrcA. (A) Venn diagrams showing numbers of genes upregulated by overexpression of each of the 3
TFs as shown in Data Set S4E. (B) List of genes commonly upregulated by GrgA, Euo, and HrcA
overexpression. Note that genes commonly upregulated by two TFs are shown in Data Set S4E. (C)
Venn diagrams showing numbers of genes downregulated by overexpression of each of the three
TFs as shown in Data Set S4E. (D) List of genes commonly downregulated by GrgA, Euo, and HrcA
overexpression. Note that genes commonly downregulated by two TFs are shown in Data Set S4E.
Up- or downregulation was defined as a =1.33-fold change with an adjusted P < 0.05.

inclusion membrane protein secreted through a yet-undefined mechanism; CTL0742a
is a polysaccharide deacetylase. These commonly upregulated and downregulated
genes may serve as active regulators of RB growth.

GrgA-, Euo-, and HrcA-controlled transcriptional regulatory network. Next, we
extracted differentially regulated genes from the RNA-seq data sets generated from
experiments with biological duplicates or triplicates (Data Sets S2 to S4). The extracted
RNA-seq data (Data Set S5) were combined with qRT-PCR data (Fig. 3 and Fig. S3) to
elucidate GrgA TRNs. We used STRING to generate the TRNs because STRING can inte-
grate the GrgA TRNs with previously identified functional association networks (55). A
GrgA TRN within 10 to 30 min of ATC treatment was developed using qRT-PCR data
obtained from CtL2/GrgA cultures treated with ATC for 10 to 30 min (Fig. 3). In this net-
work, GrgA upregulated 13 genes and downregulated 8 genes (Fig. 6A). Among the 13
GrgA-upregulated genes, euo, hrcA, and pmpl were demonstrated as direct target
genes of GrgA by in vitro transcription from their perspective promoters (Fig. 4). In
addition, grpE and dnak, both with functions in protein folding and stress response,
are also considered direct targets of GrgA because they are cotranscribed with hcrA
(49, 50, 56-59) and upregulated following GrgA overexpression (Fig. 3). As for the
remaining eight upregulated genes, which are likely GrgA targets, four genes in the
aroLCBDE operon encode proteins in the chorismate synthetic pathway, which is
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FIG 6 GrgA-regulated TRN. (A) TRN established within 10 to 30 min of ATC-induced GrgA overexpression. Data Set S5A, which
contains RNA-seq data extracted from Data Set S3 (biological triplicates), and qRT-PCR data (biological triplicates) (Fig. 3), were
used to generate the TRN using STRING v11. Light blue and red nodes are genes upregulated and downregulated by GrgA,
respectively. Black lines connect functional or physical associations identified by the STRING v11 database. Solid and dashed lines
connect GrgA to upregulated and downregulated genes, respectively. (B) Interregulatory relationship among grgA, euo, and hrcA
deduced following 15-min and 30-min ATC treatments of transformants. qRT-PCR data obtained from biological triplicates of

CtL2/GrgA (Fig. 3B and F), CtL2/Euo (Fig. S3A), and CtL2/HrcA (Fig. S3B) were used to manually generate the TRNs. Arrows signify
(Continued on next page)
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upstream of the tryptophan synthetic pathway catalyzed by trpB and trpA.
Paradoxically, expression of the tribal operon is downregulated in RNA-seq (Fig. 6A
and Data Set S5Q).

To determine whether Euo and/or HrcA directly regulate grgA expression and
whether euo and hrcA directly regulate each other’s expression, we performed gRT-
PCR analysis for CtL2/Euo and CtL2/HrcA treated without ATC or with ATC for 15 and
30 min. In ATC-treated CtL2/Euo, grgA was progressively downregulated from 15 to
30 min, whereas hrcA was transiently downregulated at 15 min before it returned to
the basal level (Fig. S3A). In ATC-treated CtL2/HrcA, grgA and euo were consistently
downregulated at both 15 and 30 min (Fig. S3B). Combined with findings from previ-
ous RNA-seq (Fig. 2A and Data Set S3) and qRT-PCR analyses (Fig. 3B and F), the new
gRT-PCR data in Fig. S3 revealed an interregulatory network among grgA, euo, and
hrcA (Fig. 6B). While GrgA overexpression consistently upregulated both euo and hrcA,
Euo overexpression demonstrated dynamic effects on hrcA. Accordingly, Euo overex-
pression led to an initial hrcA downregulation but then a complete reversal (Fig. 6B
and Fig. S3A). HrcA overexpression consistently resulted in downregulation of both
grgA and euo (Fig. 6B and Fig. S3B).

A GrgA TRN at 1 h of ATC treatment was developed using the RNA-seq data
obtained from cultures treated with ATC for 1 h (Data Set S3). In contrast to the TRN
developed at 30 min of ATC treatment, a larger number of additional genes were dif-
ferentially regulated at 1 h. These genes can be classified into 17 functional groups
(Fig. S4 and Data Set S5B). Further, a combined TRN in Fig. 6C was generated from dif-
ferentially expressed genes detected by RNA-seq of CtL2/GrgA, CtL2/Euo, and CtL2/
HrcA induced with 10 nM ATC for 4 h (Fig. 6C and Data Set S5C). The most striking take-
away from this combined TRN is the downregulation of 28 tRNAs. Of these 28 tRNAs in
CtL2/GrgA treated with ATC, 7 were also downregulated in CtL2/Euo treated with ATC.
However, four tRNAs downregulated by GrgA overexpression were upregulated by
Euo overexpression (Fig. 6C and Data Set S5Q).

In summary, network analysis suggests that the direct regulon of GrgA is comprised
of 13 genes, which include euo and hrcA (Fig. 6A), and the indirect regulon of GrgA
includes approximately 150 genes from a variety of functional groups (Fig. 6A and C
and Fig. S4). Furthermore, our analysis indicates the existence of a dynamic interregula-
tory network among grgA, euo, and hrcA (Fig. 6B and C). Interactive versions of Fig. 6A
and C and Fig. S4 can be accessed at the Figshare public data repository (https://doi
.org/10.6084/m9.figshare.14195447).

Differential developmental expression patterns for GrgA, Euo, and HrcA. The
interregulation among GrgA, Euo, and HrcA (Fig. 6) discussed earlier prompted us to
determine the temporal expression pattern of each TF during the developmental cycle
in wild-type CtL2 grown in L929 cells. Relative genome copy numbers were used to
normalize the expression levels (Fig. 7 and Fig. S5A). qRT-PCR analysis revealed a low
level of grgA mRNA from 0 to 5 hpi, which started to increase at 8 hpi before reaching
a peak at 18 hpi (Fig. 7 and Fig. S5B). Sandwich enzyme-linked immunosorbent assay
(ELISA) detected a similar temporal GrgA expression pattern (Fig. 7 and Fig. S5C).
Compared to the GrgA expression pattern, a marked increase in the level of euo mRNA
was detected at 1 hpi. The level peaked at 8 hpi, gradually decreasing through 18 hpi
before reaching a nadir at 24 hpi that was maintained through the end of the culture

FIG 6 Legend (Continued)

direction of regulation. Solid and dotted line indicate upregulation and downregulation, respectively. (C) TRN developed by 4 h of
ATC-induced GrgA overexpression. Data Set S5C, which contains a subset of RNA-seq data extracted from Data Set S2B (biological
duplicates of CtL2/GrgA), Data Set S4B (biological duplicates of CtL2/Euo), and Data Set S4C (biological duplicates of CtL2/HrcA),
were used to generate the TRN using STRING v11. See panel A for information for node colors and black lines. Solid and dashed
lines connect TFs to upregulated and downregulated genes, respectively. Blue, purple, and green lines connect GrgA, Euo, and
HrcA, respectively, to the genes that the TFs regulate. (A and C) Functional groups are labeled. Abbreviations: AA, amino acid;
metab., metabolism; Nt.M, nucleotide metabolism; post-transl., posttranslational protein modification; recom, recombination;
replic, replication. An interactive version of this figure is available at the Figshare public data repository (https://doi.org/10.6084/

mo.figshare.14195447).
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FIG 7 Genome copy numbers and temporary expression patterns of endogenous GrgA, Euo, and
HrcA during the CtL2 developmental cycle. L929 cells infected with wild-type CtL2 at the multiplicity
of infection of 0.5 inclusion-forming unit per cell were harvested at 0, 1, 3, 5, 8, 12, 18, 24, 30, and 36
hpi. Genomic DNA (gDNA) was quantified using qPCR (biological triplicates). RNAs of grgA, euo, and
hrcA were quantified using gRT-PCR (biological triplicates). GrgA protein was quantified using ELISA
(biological duplicates). All expression data were normalized with the amount of gDNA. See Fig. S5 for
genome copy number data and expression results of individual genes with error bars.

period (36 hpi) (Fig. 7 and Fig. S5D). A similar increase in the hrcA mRNA was also
detected at 1 hpi, although the magnitude of change was less than that observed dur-
ing euo MRNA detection. Similar to euo mRNA, levels of hrcA mRNA reached a peak
around 8 hpi. This high level of HrcA expression persisted through 18 hpi before
decreasing gradually thereafter (Fig. 7 and Fig. S5E). The temporal expression patterns
of the three TFs in wild-type CtL2 supports the notion that the GrgA-Euo-HrcA TRN is
crucial for chlamydial developmental and growth, as will be discussed below.

Effects of GrgA, GrgAAs%°BD, GrgAAs22BD, Euo, and HrcA overexpression on C.
trachomatis growth. The apparent roles that GrgA plays in C. trachomatis transcrip-
tomic expression predict that GrgA overexpression would lead to a chlamydial growth
defect. Indeed, treatment of CtL2/GrgA grown in L929 cells with 10 nM ATC between 0
and 35 hpi resulted in apparently smaller inclusions with lower intensities of a red fluo-
rescence protein (RFP) encoded by the mKate gene of the transformed plasmid
(Fig. 8A). However, identical treatment of CtL2/GrgAA¢%BD did not cause any observ-
able effects on these growth markers (Fig. 8A). ATC treatment of CtL2/GrgAAo22BD
reduced RFP intensities, albeit the reduction was much less severe than that in CtL2/
GrgA (Fig. 8A). We also demonstrated that treatment of CtL2/GrgA with 10nM ATC
starting at 12 hpi resulted in a 35% reduction in the genome copy number at 16 hpi
(Fig. 8B). These findings suggest that delicate regulation of physiological GrgA concen-
trations is required for adequate CtL2 growth. Further, %°-dependent transcriptomic
changes are absolutely required for GrgA overexpression-induced inhibition, whereas
o?8-dependent changes also play a significant role.

To probe the contributions of upregulated Euo and HrcA expression to GrgA over-
expression-induced growth inhibition, we determined the effects of lower ATC concen-
trations on genome replication in CtL2/Euo and CtL2/HrcA, respectively. Treatment
with subnanomolar ATC from 12 to 16 hpi increased euo and hrcA RNAs nearly 4-fold
(Fig. 8C). These degrees of induction were comparable to the euo and hrcA RNA
increases induced following 10 nM ATC treatment of CtL2/GrgA cultured in L929 cells
(Fig. 3 and Data Set S2). In parallel, we observed a significant 40% decrease in the ge-
nome copy in the CtL2/Euo, and a statistically insignificant 10% decrease in the ge-
nome copy in the CtL2/HrcA (Fig. 8D). These data support the notion that dysregulated
euo expression contributes to grgA overexpression-induced chlamydial growth inhibi-
tion, although an influence of upregulated hrcA expression cannot be ruled out due to
the relatively short (4 h) ATC treatment duration.
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FIG 8 Effects of overexpression of GrgA forms, Euo and HrcA on CtL2 growth in L929 cells. (A) Differential effects of
10nM ATC treatment on inclusion morphology and RFP intensity in cultures of CtL2/GrgA, CtL2/GrgAAc*®BD, and CtL2/
GrgAAc?®BD. ATC was added at 0 hpi. Images were acquired at 35 hpi. (B) Genome copy reduction in CtL2/GrgA after
treatment with 10 nM ATC for 4 h (from 12 to 16 hpi). Genome copy was determined using qPCR. (C) Moderate increases
in euo and hrcA expression in CtL2/Euo and CtL2/HrcA, respectively, after treatment with a low concentration of ATC for 4
h (from 12 to 16 hpi). RNAs of euo and hrcA were quantified using gRT-PCR. Note that mRNA expression values have been
normalized with gDNA due to (possible) overexpression-induced growth inhibition (D) Genome copy reduction in CtL2/
Euo but not CtL2/HrcA after treatment with a low concentration of ATC for 4 h. Genome copy was determined using
gPCR. In panels B to D, all quantitative data were obtained with biological triplicates.

GrgA overexpression-mediated CtL2 growth inhibition and upregulation of
euo and hrcA in infected human cells. All transcriptomic and growth data presented
above were obtained using mouse fibroblast L929 cells, a commonly used cellular sys-
tem for studying C. trachomatis (e.g., references 3, 9, 14, 50, and 60). We next deter-
mined the effects of GrgA overexpression on euo expression, hrcA expression, and chla-
mydial growth using human vaginal carcinoma Hela cells as the host. As in L929 cells
(Fig. 3B and F), we observed statistically significantly upregulated euo and hrcA tran-
script levels in Hela cells following 10 nM ATC treatment for 30 min (Fig. 9A). As was
observed in L929 cells (Fig. 8A), we also detected chlamydial growth inhibition in HelLa
cells following 10 nM treatment for 35 h (Fig. 9B). These findings indicate that GrgA-
mediated transcriptional regulation is conserved with either human or mouse cells as
the CtL2 host.

DISCUSSION
In this report, we documented the effects of full-length GrgA and domain deletion
mutant overexpression on C. trachomatis transcriptomic expression. We identified
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FIG 9 Upregulated euo and hrcA expression and growth inhibition in CtL2/GrgA cultured in human
Hela cells following ATC treatment. (A) Increased euo and hrcA RNA levels following treatment with
10nM ATC for 30min (from 15.5 to 16 hpi). RNAs of euo and hrcA in triplicated cultures were
quantified using qRT-PCR. (B) Reduced inclusion size and RFP intensity of inclusions formed by CtL2
treated with 10nM ATC from 0 to 35 hpi.

putative direct and indirect regulons of GrgA and uncovered a TRN that encompasses
GrgA, Euo, and HrcA. We also revealed temporal expression profiles for grgA, euo, and
hrcA. Our findings have important implications for the regulation of chlamydial gene
expression and progression of the chlamydial developmental cycle.

Direct and indirect regulons of GrgA. Our RNA-seq and gRT-PCR analyses predict
putative direct and indirect regulons of GrgA by detecting time-dependent transcrip-
tomic changes following ATC-induced GrgA overexpression. The direct regulon likely
includes 13 genes that are upregulated within 10 to 30 min of ATC treatment (Fig. 3
and 6A). Chromatin immunoprecipitation followed with high-throughput DNA
sequencing would be most useful for elucidating the GrgA regulon. In the absence of
supporting chromatin immunoprecipitation (ChlP) data, whether or not all 13 genes
are directly upregulated by GrgA requires further validation.

Evidence presented in this report reaffirms that GrgA activates both ¢°- and ¢28-
dependent promoters through direct interactions with the two sigma factors, a notion
drawn from our previous in vitro studies (39-41). Full-length GrgA overexpression
caused numerous transcriptomic changes, while GrgAAg°BD overexpression resulted
in upregulation of only pmpl expression and downregulation of only four genes (Fig. 1
and Data Set S2). Additionally, among seven promoter regions upstream of the four
nonoperon genes and three operons upregulated within 10 to 30 min of ATC treatment,
three have both recognizable —10 and —35 elements of the o®6-dependent promoter,
while one has noticeable —10 and —35 elements of the o?8-dependent promoter.
Finally, the transcription activities of two of the o%-dependent promoters (euo and
hrcA) and the o28-dependent pmpl promoter are stimulated by GrgA in vitro (Fig. 4).

Eight genes are downregulated 30 min after ATC treatment (Fig. 6A; see also Data
Sets S3 and S5A in the supplemental material). These genes are likely subject to indi-
rect rather than direct repression by GrgA. A bacterial TF can activate one of two
neighboring genes and repress the other if the genes share an intergenic promoter
region (61). Because none of the eight GrgA-downregulated genes is located next to a
upregulated gene, the opportunity for direct repression is unlikely. Indeed, RNA-seq
data from CtL2/HrcA and CtL2/Euo support possibilities that GrgA downregulates trpB,
trpA, and pmpA expression indirectly through HrcA (Data Set S4C) and downregulates
ctl0887 and ctl0874 expression through Euo and/or HrcA (Data Set S4B and S4C).
Nonetheless, we cannot completely rule out the possibility that GrgA acts as a
repressor since some bacterial TFs have dual functions (62, 63).

Excluding the 13 putative direct target genes, we consider almost all genes whose
RNA levels statistically significantly increased or decreased between 1 h and 4 h as con-
stituents of the indirect regulon of GrgA. It is important to point out that our approach
of classifying direct and indirect target genes based on the induction time needed for
an increase to be observed could be an overly simplistic approach because it precludes
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the recognition of direct target genes whose promoters have low affinities for GrgA
and thus require longer time to be activated.

Because GrgA is an activator of euo and hrcA, GrgA’s indirect regulon is expected to
be much larger than its direct regulon. Nearly 150 target genes were identified by 4 h
when an arbitrary threshold of 1.33-fold change was applied. This approximation likely
underestimates the true size of the regulon for a number of considerations.
Technically, we find that RNA-seq (Data Set S3) is not as sensitive as qRT-PCR (Fig. 3)
for the detection of mRNA expression changes, a phenomenon also noted recently by
Soules et al. in their CtcC transcriptomic study (14). Also, as discussed above, physio-
logical targets that show less than 1.33-fold change are excluded.

Chlamydial growth and development controlled by the GrgA-Euo-HrcA TRN.
RNA-seq and qRT-PCR analyses performed for CtL2/GrgA, CtL2/Euo, and CtL2/HrcA
suggest that the GrgA, Euo, and HrcA regulate each other’s expression. Whereas GrgA
serves as an activator of both euo and hrcA, Euo likely represses grgA and hrcA directly.
HrcA also represses grgA and euo (Fig. 6A and B). These observations are consistent
with GrgA'’s role as a transcription activator and Euo and HrcA’s roles as transcription
repressors. However, a transient hrcA downregulation following Euo overexpression
(Fig. 6B and Fig. S3A) highlights the highly complex nature of transcriptional regulation
in the RB, which likely involves other transcriptional regulators.

The rapid and substantial increases in the RNAs of euo and hrcA in chlamydiae
within 1 hpi (Fig. 7 and Fig. S5D and E) suggest that Euo and HrcA as well as GrpE and
DnaK (other products of the hrcA-grpE-dnaK operon) play critical roles in immediate
early chlamydial development. Even though grgA is not transcribed until 8 hpi, we
hypothesize that the GrgA protein prepackaged within EBs is critical for the activation
of euo and hrcA immediately after EBs enter host cells, based on the interconnected
relationship among grgA, euo, and hrcA (Fig. 6). Although our GrgA protein expression
curve indicates that on average, an RB at 18 hpi (when the GrgA level peaks) contains
about 5 times more GrgA molecules than an EB (Fig. 7 and Fig. S5C), the concentration
of GrgA in the invading EB would be about 8 times higher than that in the RB since the
RB is nearly 40 times larger in volume (3). Previously, multiple groups also detected sig-
nificant amounts of GrgA protein in EBs (39, 64, 65). Therefore, the GrgA protein
expression profile supports the possibility that GrgA activates euo and hrcA after DNA
decondenses during the EB-to-RB transition. The inverse correlation between Euo and
GrgA expression between 8 and 18 hpi likely reflects the suppression of grgA by Euo,
which is indicated by the interregulatory network (Fig. 6B).

The large increase in GrgA expression during the midcycle (Fig. 7) suggests that
GrgA plays important roles in RB replication. Given the large number of genes in its
indirect regulon (Fig. 6), GrgA likely fulfills its function as a growth regulator through
balanced actions of its direct and indirect target genes with roles in biosynthesis (e.g.,
polA [DNA polymerase] and gimM [phosphoglucosamine mutase in peptidoglycan bio-
synthesis]), metabolism (e.g., atpl [ATP synthase]), and other processes (e.g., pknD [ser-
ine/threonine protein kinase)). It is conceivable that GrgA downregulates tRNA genes
and other genes to coordinate the transition of RBs to EBs in later developmental
stages.

We identified 8 commonly upregulated and 19 commonly downregulated genes in
CtL2/GrgA, CtL2/Euo, and CtL2/HrcA undergoing growth arrest due to ATC-induced
overexpression of respective TFs (Fig. 5 and Data Sets S2B and 4). Their dysregulated
expression may contribute to or result from chlamydial growth inhibition. Paradoxically,
four of the eight commonly upregulated genes encode proteins involved in DNA replica-
tion and repair: topoisomerase I, DNA polymerase Ill, DNA helicase, and a site-specific ty-
rosine recombinase (XerD). Interestingly, all these four genes are upregulated during
gamma interferon (interferon-y)-induced chlamydial persistence when growth is also
reduced to a certain degree. Equally interesting is the observation of downregulated
trpBA expression following GrgA overexpression (Fig. 6A and C and Data Sets S2, S3, and
S5) because trpBA is activated in response to interferon-y that causes tryptophan
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Plasmid Description or use Reference
PASK-GFP-L2-mKate2 Shuttle vector carrying a tet-inducible GFP gene and a constitutively expressed RFP gene Wickstrum et al. (82)
pTRL2Agfp pASK-GFP-L2-mkate2 with gfp deleted, used as control for TF overexpression in C. trachomatis Wurihan et al. (73)
pTRL2-NH-GrgA For conditionally overexpressing GrgA in C. trachomatis Waurihan et al. (4)
pTRL2-GrgAAo%BD For conditionally expressing GrgAAo®*BD (A1-64) in C. trachomatis Waurihan et al. (4)
pTRL2-GrgAAG2%BD For conditionally expressing GrgAAo2BD (A138-165) in C. trachomatis Wurihan et al. (4)
pTRL2-NH-Euo For conditionally overexpressing Euo in C. trachomatis This study
PTRL2-NH-HrcA For conditionally overexpressing HrcA in C. trachomatis This study
pMT1125 Transcriptional reporter plasmid Wilson and Tan (58)
pMT1125-Peuo C. trachomatis euo promoter reporter plasmid This study
pPMT1125-PhrcA C. trachomatis hrcA promoter reporter plasmid This study
PMT1125-Ppmpl(c-28) C. trachomatis pmpl o?8-dependent promoter reporter plasmid This study

degradation in host human cells (23, 66, 67). In addition, RNAs of ct505 (cotranscribed
with GrgA [ct504 in C. trachomatis D] from the same operon) and euo are increased in
response to interferon-y treatment (68). We postulate that GrgA could contribute to the
increased euo expression and the growth inhibition observed during interferon-y-induced
persistence, which would require further study to confirm (68-70).

Numerous tRNAs are downregulated following GrgA midcycle overexpression
(Table 1; Fig. 6C; see also Fig. S4 and Data Sets S1, S2, S3, and S5 in the supplemental
material). Among the tRNAs downregulated by GrgA overexpression, several are also
downregulated by Euo overexpression, but others are upregulated by Euo overexpres-
sion (Fig. 6C and Data Sets S4 and 5). While the underlying mechanism is unclear, tRNA
downregulation almost certainly contributes to growth inhibition. It is probable that
expression of chlamydial tRNAs is temporarily delayed in the immediate early develop-
mental stage and also downregulated later as RBs convert to EBs.

In summary, we have identified 13 genes that are likely direct targets of GrgA, the
most recently discovered TF in Chlamydia. By activating expression of two major tran-
scription factors (Euo and HrcA) and by regulating expression of numerous additional
genes with functions in almost all cellular processes, GrgA acts as a master transcrip-
tional regulator that controls chlamydial growth and development.

MATERIALS AND METHODS

Plasmids. Plasmids used for this study are listed in Table 2. An NEBuilder HiFi DNA assembly cloning
kit was used to generate all new plasmids. Expression vectors for Euo and HrcA were constructed by
replacing the green fluorescence protein (GFP) gene in pASK-GFP-L2-mKate2 with the appropriate DNA
fragments. In vitro transcriptional reporter plasmids pMT1125-Peuo and pMT1125-PhrcA were con-
structed by cloning an euo promoter fragment (nucleotides 835937 to 835773, GenBank accession num-
ber NC_010287.1) and an hrcA promoter fragment (nucleotides 768239 to 768421), respectively, into
PMT1125 (58). pMT1125-Ppmpl(c28) was constructed in two steps. First, the putative o?®-dependent
(nucleotides 321618 to 321396) and fragments were cloned into the Xbal and EcoRV sites of pMT1125
using T4 DNA ligase. Second, the guanine nucleotide inside the EcoRV site was deleted using Q5 site-
directed mutagenesis kit.

Plasmids constructed were Sanger sequenced at Genscript or Psomagen to confirm sequence au-
thenticity. For chlamydial expression vectors, sequencing analysis covered the CtL2 plasmid-encoded
genes, ATC-inducible promoter, and tet repressor-coding sequence, in addition to the coding sequences
of TFs or their deletion mutants. Promoter fragments and the reporter cassette in pMT1125-derived vec-
tors were sequenced.

CtL2 strains. Wild-type C. trachomatis L2 (CtL2) (strain 434/BU) was purchased from ATCC (71). The
bacterium was grown using L929 cells and Dulbecco’s modified Eagle medium containing 4.5 g/liter glu-
cose and 110 mg/liter sodium pyruvate and supplemented with fetal bovine serum (final concentration,
5%), gentamicin (10 xg/ml), and cycloheximide (1 ug/ml). CtL2/GrgA, CtL2/GrgAAc®®BD, and CtL2/
GrgAAa?®BD were reported recently (4). CtL2/Euo and CtL2/HrcA were derived in the same manner as
CtL2/GrgA (4). MD-76 gradient-purified EBs of clonal transformant populations were used for transcrip-
tomic and growth studies (72).

Microscopic analysis of inclusions. L929 or Hela cells grown on six-well plates were inoculated
with EBs of transformants. Following centrifugation at 900 x g and room temperature for 20 min, cells
were switched into above-described medium without or with 10nM ATC and incubated at 37°C. Phase
contrast and RFP images were acquired at 35 hpi (73). The Java-based ImageJ software was then used to
quantify RFP intensities (4).
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Cellular gDNA and RNA isolation. Induction of GrgA, GrgA domain deletion mutants, Euo, and
HrcA expression in C. trachomatis transformant-infected L929 or Hela cells was performed with 10nM
ATC, unless indicated otherwise. Total host and chlamydial genomic DNA (gDNA) and RNA were isolated
using TRI reagent (catalog no. 93289; Sigma), which separates DNA and RNA into different phases. DNA
and RNA were purified in accordance with the manufacturer’s instructions (74). gDNA was dissolved in a
buffer containing 0.1 M HEPES and 8 MM NaOH. These samples were stored at —20°C. RNA was dis-
solved in diethyl pyrocarbonate (DEPC)-treated H,O and further treated with RNase-free DNase | to elim-
inate residual DNA contamination. Concentrations of purified gDNA and RNA samples were determined
using Qubit DNA HS (high-sensitivity) (catalog no. Q32854) and RNA HS (catalog no. Q32855) assay Kkits,
respectively (Thermo Fisher). The resultant DNA-free RNA samples were stored at —80°C.

Quantitative PCR (qPCR) and reverse transcription-qPCR (qRT-PCR). Thermo Fisher QS5 qPCR
machine was used for gPCR and qRT-PCR analyses to quantify relative CtL2 genome copy numbers
and mRNA levels, respectively. Genomic qPCR was performed using Applied Biosystems PowerUp
SYBR green master mix (catalog no. A25742; Thermo Fisher Scientific) following the manufacturer’s
instructions. For each reaction, 5ng of purified total host and bacterial gDNA was used as the tem-
plate. The primers for genomic qPCR were qPCR-ctl0631-F (5'CGCGCACGGTTTATTGGTTT3’) and qPCR-
ctl0631-R (5'AAATAGGCCCGTGTGATCCT3'). qRT-PCR was performed using Luna Universal one-step
qRT-PCR kit (catalog no. E3005E; New England BioLabs [NEB]) following the manufacturer’s instruc-
tions. For each reaction, 10 ng of purified total host and bacterial RNA was used as the initial template
for cDNA synthesis. All genomic and qRT-PCRs were performed in technical duplicates or triplicates.
gRT-PCR data of the developmental expression study were normalized with gDNA due to increases in
the number of chlamydial cells from midcycle toward late cycle points. qRT-PCR data obtained from
experiments with 4-h ATC treatments were also normalized with gDNA due to overexpression-induced
growth inhibition in CtL2/GrgA and CtL2/Euo. No normalization was performed for qRT-PCR data
obtained from short-term (10 min to 1 h) ATC treatments because gPCR demonstrated no change in
the genome copy number during the treatments.

RNA sequencing. Total RNA integrity was determined using Fragment Analyzer (Agilent) prior to
RNA-seq library preparation. lllumina MRZE706 Ribo-Zero Gold Epidemiology rRNA removal kit was used
to remove mouse and chlamydial rRNAs. Oligo(dT) beads were used to remove mouse mRNA. RNA-seq
libraries were prepared using lllumina TruSeq stranded mRNA-seq sample preparation protocol, sub-
jected to the quantification process, pooled for cBot amplification, and sequenced with the lllumina
HiSeq 3000 platform with 50-bp single-read sequencing module. On average, 20 to 25 million reads
were obtained for each RNA-seq sample. Short read sequences were first aligned to the CtL2 chromo-
some (accession number NC_010287.1) and the transformed plasmids using TopHat2 aligner, quantified
for gene expression by HTSeq to obtain raw read counts per gene, and then converted to FPKM (frag-
ment per kilobase of gene length per million reads of the library) (75-77). DESeq, a statistical method
appropriate for analyzing a small number of RNA-seq replicates (76), was used to normalize data and
find group-pairwise differential gene expression based on three criteria: P < 0.05, average FPKM > 1,
and fold change = 1. Genes were clustered into groups based on temporal patterns of transcriptomics
using Gaussian mixture models (48).

TRN development. TRNs were developed for significantly differentially regulated genes (i.e., genes
with a =1.33-fold change, adjusted P < 0.05) using program STRING v11 (55). Edges for GrgA-, Euo-,
and/or HrcA-regulated genes encoding hypothetical proteins were manually developed (55). Previously
identified networks were automatically integrated into the GrgA TRN by STRING v11. Genes were placed
into functional groups as previously described (78) with modifications (79, 80).

In vitro transcription assay. Chlamydial RNA polymerase holoenzyme was partially purified from
RBs of pTRL2Agfp-transformed CtL2 using heparin agarose (Sigma) as previously described (39). In vitro
transcription assays for o°¢-dependent promoters and o**-dependent promoters were performed as
previously described (39, 40).

Quantification of the GrgA protein. Expression of the GrgA protein during the C. trachomatis devel-
opmental cycle was quantified using ELISA. The plates (24-well plates) were seeded with L929 cells. On each
plate, four wells were inoculated with wild-type CtL2 434/BU at a multiplicity of infection (MOI) of one inclu-
sion-forming unit (IFU) per two cells. The plates were centrifuged for 20 min at 900 x g and washed five
times thereafter with 100 wg/ml heparin in HBSS to remove free and cell surface-bound EBs. They were cul-
tured at 37°C with medium containing 1 ug/ml cycloheximide. At the intended time (0, 1, 3, 5, 8, 12, 18, 24,
30, or 36 hpi), a plate was removed from the incubator. Cells from two infected wells and two mock-infected
wells were harvested in 1% sodium dodecyl sulfate (SDS) (200 wl/well) and immediately heated for 10 min at
100°C. After centrifugation (20,000 x g, 10min), supernatants were collected and stored in aliquots at
—20°C. gDNA was extracted from the remaining two infected wells and further purified as described above.

The capture antibody for the GrgA ELISAs was an antigen-affinity purified rabbit anti-GrgA antibody
(81). It was diluted with 0.1 M NaHCO, to a final concentration of 2 ug/ml and added (50 ul/well) to
ELISA plates (catalog no. 505021; Nest Scientific). After an overnight incubation at 4°C, the plates were
washed four times with phosphate-buffered saline (PBS) to remove residual capture antibodies and
blocked thereafter with 10% fetal bovine serum (FBS) at room temperature for 1h. Samples of stored
cell extracts were thawed and brought to homogeneity again by gentle pipetting. Cell extracts har-
vested between 0 to 8 hpi were diluted with equal volume of H,0 to yield 0.5% SDS after dilution. Those
harvested at 12 hpi were diluted fivefold using 0.3% SDS. Those harvested at 18, 24, 30, and 36 hpi were
diluted 150-, 500-, 1,500- and 1,500-fold, respectively, with 0.5% SDS. Diluted cell extracts in triplicate
were added to ELISA plates (100 ul/well) after removal of FBS and two washes. The plates were incu-
bated on a shaker for 1 h at room temperature (RmT), washed five times with PBS, and sequentially
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reacted with 1:1,000 diluted polyclonal mouse anti-GrgA (39), and 1:1,000 diluted peroxidase-conjugated
goat anti-moue IgG (catalog no. A4416; Sigma) (1 h per reaction with five washes after each).
Developing solution was prepared fresh by adding a 0.1 M TMB (3,3',5,5'-tetramethylbenzidine) solution
(catalog no. 806336; Sigma) and 3% H,O, with a phosphate citrate buffer (0.2 M Na,HPO,, 0.1 M citric
acid [pH 5.0]) to yield final concentrations at 2.5mM and 0.02% H,0,, respectively. The developing solu-
tion was added onto the ELISA plates (100 wl/well). After 30-min incubation at RmT, 100 ul of 2 N H,SO,/
well was added to stop the reaction. Absorbance at 450 nm was obtained on a Spectramax iD5 plate
reader (Molecular Devices). The concentrations of GrgA in the infected-cell extracts were calculated
using standard curves obtained with 0 to 1,000 pg/ml purified recombinant GrgA (39, 40) after removing
signals generated with mock-infected cell extracts. Genome copy numbers obtained by qPCR for corre-
sponding time points were used to normalize the GrgA expression level.
Statistical analysis. qRT-PCR, in vitro transcription data, and RFP intensity were analyzed using t
tests in Excel of Microsoft Office. When applicable, P values were adjusted for multiple comparisons by
Benjamini-Hochberg procedure to control the false discovery rate.
Data availability. RNA-seq data have been deposited into the NCBI Gene Expression Omnibus
under accession number GSE153747.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 0.2 MB.
DATA SET S2, XLSX file, 0.5 MB.
DATA SET S3, XLSX file, 0.6 MB.
DATA SET S4, XLSX file, 0.4 MB.
DATA SET S5, XLSX file, 0.1 MB.
FIG S1, PDF file, 1.4 MB.

FIG S2, PDF file, 0.4 MB.

FIG S3, PDF file, 0.5 MB.

FIG S4, PDF file, 0.6 MB.

FIG S5, PDF file, 0.3 MB.

ACKNOWLEDGMENTS
We thank our colleagues Joseph Fondell and Wei Vivian Li for discussions and P. Scott

Hefty (University of Kansas) for the supply of pASK-GFP/mKate2-L2.

This work was supported by grants from the National Institutes of Health (grants
Al122034, Al140167, and Al154305 to H.F.) and New Jersey Health Foundation (grant
PC98-20 to H.F.). The Genome Sequencing Facility at the University of Texas Health San
Antonio (UTHSA) is supported by NIH-NCI P30 CA054174 (Cancer Center at UT Health
San Antonio), NIH Shared Instrument grant OD021805 (510 grant), and CPRIT Core Facility
Award (RP160732). Y.H. was supported by a scholarship from the China Scholarship
Council (CSC) from September 2018 to September 2020.

REFERENCES

1.

July/August 2021

Abdelrahman YM, Belland RJ. 2005. The chlamydial developmental
cycle. FEMS Microbiol Rev 29:949-959. https://doi.org/10.1016/j.femsre
.2005.03.002.

. Shaw El, Dooley CA, Fischer ER, Scidmore MA, Fields KA, Hackstadt T.

2000. Three temporal classes of gene expression during the Chlamydia
trachomatis developmental cycle. Mol Microbiol 37:913-925. https://doi
.org/10.1046/j.1365-2958.2000.02057 ..

. Lee JK, Enciso GA, Boassa D, Chander CN, Lou TH, Pairawan SS, Guo MC,

Wan FYM, Ellisman MH, Sutterlin C, Tan M. 2018. Replication-dependent
size reduction precedes differentiation in Chlamydia trachomatis. Nat
Commun 9:45. https://doi.org/10.1038/541467-017-02432-0.

. Wurihan W, Weber AM, Gong Z, Lou Z, Sun S, Zhou J, Fan H. 2021. GrgA

overexpression inhibits Chlamydia trachomatis growth through sigma66-
and sigma28-dependent mechanisms. Microb Pathog 156:104917. https://
doi.org/10.1016/j.micpath.2021.104917.

. Stirling P, Richmond S. 1977. The developmental cycle of Chlamydia tra-

chomatis in McCoy cells treated with cytochalasin B. J Gen Microbiol
100:31-42. https://doi.org/10.1099/00221287-100-1-31.

. Hybiske K, Stephens RS. 2007. Mechanisms of Chlamydia trachomatis

entry into nonphagocytic cells. Infect Immun 75:3925-3934. https://doi
.org/10.1128/IA1.00106-07.

Volume 6 Issue4 e00738-21

. Hybiske K, Stephens RS. 2007. Mechanisms of host cell exit by the intracel-

lular bacterium Chlamydia. Proc Natl Acad Sci U S A 104:11430-11435.
https://doi.org/10.1073/pnas.0703218104.

. Belland RJ, Zhong G, Crane DD, Hogan D, Sturdevant D, Sharma J, Beatty WL,

Caldwell HD. 2003. Genomic transcriptional profiling of the developmental
cycle of Chlamydia trachomatis. Proc Natl Acad Sci U S A 100:8478-8483.
https://doi.org/10.1073/pnas.1331135100.

. Nicholson TL, Olinger L, Chong K, Schoolnik G, Stephens RS. 2003. Global

stage-specific gene regulation during the developmental cycle of Chla-
mydia trachomatis. J Bacteriol 185:3179-3189. https://doi.org/10.1128/JB
.185.10.3179-3189.2003.

. Stephens RS, Kalman S, Lammel C, Fan J, Marathe R, Aravind L, Mitchell

W, Olinger L, Tatusov RL, Zhao Q, Koonin EV, Davis RW. 1998. Genome
sequence of an obligate intracellular pathogen of humans: Chlamydia
trachomatis. Science 282:754-759. https://doi.org/10.1126/science.282
.5389.754.

. Thomson NR, Holden MTG, Carder C, Lennard N, Lockey SJ, Marsh P,

Skipp P, O’Connor CD, Goodhead |, Norbertzcak H, Harris B, Ormond D,
Rance R, Quail MA, Parkhill J, Stephens RS, Clarke IN. 2008. Chlamydia tra-
chomatis: genome sequence analysis of lymphogranuloma venereum
isolates. Genome Res 18:161-171. https://doi.org/10.1101/gr.7020108.

msystems.asm.org 19


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153747
https://doi.org/10.1016/j.femsre.2005.03.002
https://doi.org/10.1016/j.femsre.2005.03.002
https://doi.org/10.1046/j.1365-2958.2000.02057.x
https://doi.org/10.1046/j.1365-2958.2000.02057.x
https://doi.org/10.1038/s41467-017-02432-0
https://doi.org/10.1016/j.micpath.2021.104917
https://doi.org/10.1016/j.micpath.2021.104917
https://doi.org/10.1099/00221287-100-1-31
https://doi.org/10.1128/IAI.00106-07
https://doi.org/10.1128/IAI.00106-07
https://doi.org/10.1073/pnas.0703218104
https://doi.org/10.1073/pnas.1331135100
https://doi.org/10.1128/JB.185.10.3179-3189.2003
https://doi.org/10.1128/JB.185.10.3179-3189.2003
https://doi.org/10.1126/science.282.5389.754
https://doi.org/10.1126/science.282.5389.754
https://doi.org/10.1101/gr.7020108
https://msystems.asm.org

Waurihan et al.

12.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

July/August 2021

Feklistov A, Sharon BD, Darst SA, Gross CA. 2014. Bacterial sigma factors: a
historical, structural, and genomic perspective. Annu Rev Microbiol
68:357-376. https://doi.org/10.1146/annurev-micro-092412-155737.

. Helmann JD. 2019. Where to begin? Sigma factors and the selectivity of

transcription initiation in bacteria. Mol Microbiol 112:335-347. https://doi
.org/10.1111/mmi.14309.

. Soules KR, LaBrie SD, May BH, Hefty PS. 2020. Sigma 54-regulated tran-

scription is associated with membrane reorganization and type Ill secre-
tion effectors during conversion to infectious forms of Chlamydia tracho-
matis. mBio 11:e01725-20. https://doi.org/10.1128/mBi0.01725-20.

. Yu HH, Kibler D, Tan M. 2006. In silico prediction and functional validation

of sigma28-regulated genes in Chlamydia and Escherichia coli. J Bacteriol
188:8206-8212. https://doi.org/10.1128/JB.01082-06.

. Shen L, Feng X, Yuan Y, Luo X, Hatch TP, Hughes KT, Liu JS, Zhang YX. 2006.

Selective promoter recognition by chlamydial sigma28 holoenzyme. J Bac-
teriol 188:7364-7377. https://doi.org/10.1128/JB.01014-06.

. Hiu Yin Yu H, Tan M. 2003. Sigma28 RNA polymerase regulates hctB, a late

developmental gene in Chlamydia. Mol Microbiol 50:577-584. https://doi
.0rg/10.1046/j.1365-2958.2003.03708 x.

. Rosario CJ, Hanson BR, Tan M. 2014. The transcriptional repressor EUO

regulates both subsets of Chlamydia late genes. Mol Microbiol
94:888-897. https://doi.org/10.1111/mmi.12804.

. Mathews SA, Timms P. 2000. Identification and mapping of sigma-54 pro-

moters in Chlamydia trachomatis. J Bacteriol 182:6239-6242. https://doi
.org/10.1128/JB.182.21.6239-6242.2000.

Mathews SA, Volp KM, Timms P. 1999. Development of a quantitative
gene expression assay for Chlamydia trachomatis identified temporal
expression of sigma factors. FEBS Lett 458:354-358. https://doi.org/10
.1016/50014-5793(99)01182-5.

Domman D, Horn M. 2015. Following the footsteps of chlamydial gene
regulation. Mol Biol Evol 32:3035-3046. https://doi.org/10.1093/molbev/
msv193.

Akers JC, Tan M. 2006. Molecular mechanism of tryptophan-dependent tran-
scriptional regulation in Chlamydia trachomatis. J Bacteriol 188:4236-4243.
https://doi.org/10.1128/JB.01660-05.

Carlson JH, Wood H, Roshick C, Caldwell HD, McClarty G. 2006. In vivo and
in vitro studies of Chlamydia trachomatis TrpR:DNA interactions. Mol Micro-
biol 59:1678-1691. https://doi.org/10.1111/j.1365-2958.2006.05045 x.

Wood H, Roshick C, McClarty G. 2004. Tryptophan recycling is responsible
for the interferon-gamma resistance of Chlamydia psittaci GPIC in indole-
amine dioxygenase-expressing host cells. Mol Microbiol 52:903-916.
https://doi.org/10.1111/j.1365-2958.2004.04029.x.

Schaumburg CS, Tan M. 2006. Arginine-dependent gene regulation via the
ArgR repressor is species specific in Chlamydia. J Bacteriol 188:919-927.
https://doi.org/10.1128/JB.188.3.919-927.2006.

Case ED, Akers JC, Tan M. 2011. CT406 encodes a chlamydial ortholog of
NrdR, a repressor of ribonucleotide reductase. J Bacteriol 193:4396-4404.
https://doi.org/10.1128/JB.00294-11.

Akers JC, HoDac H, Lathrop RH, Tan M. 2011. Identification and functional
analysis of CT069 as a novel transcriptional regulator in Chlamydia. J Bac-
teriol 193:6123-6131. https://doi.org/10.1128/JB.05976-11.

Thompson CC, Nicod SS, Malcolm DS, Grieshaber SS, Carabeo RA. 2012.
Cleavage of a putative metal permease in Chlamydia trachomatis yields
an iron-dependent transcriptional repressor. Proc Natl Acad Sci U S A
109:10546-10551. https://doi.org/10.1073/pnas.1201398109.

Barta ML, Hickey JM, Anbanandam A, Dyer K, Hammel M, Hefty PS. 2014.
Atypical response regulator ChxR from Chlamydia trachomatis is structur-
ally poised for DNA binding. PLoS One 9:91760. https://doi.org/10.1371/
journal.pone.0091760.

Hickey JM, Hefty PS, Lamb AL. 2009. Expression, purification, crystalliza-
tion and preliminary X-ray analysis of the DNA-binding domain of a Chla-
mydia trachomatis OmpR/PhoB-subfamily response regulator homolog,
ChxR. Acta Crystallogr Sect F Struct Biol Cryst Commun 65:791-794.
https://doi.org/10.1107/51744309109025184.

Hickey JM, Lovell S, Battaile KP, Hu L, Middaugh CR, Hefty PS. 2011. The
atypical response regulator protein ChxR has structural characteristics
and dimer interface interactions that are unique within the OmpR/PhoB
subfamily. J Biol Chem 286:32606-32616. https://doi.org/10.1074/jbc
.M111.220574.

Hickey JM, Weldon L, Hefty PS. 2011. The atypical OmpR/PhoB response
regulator ChxR from Chlamydia trachomatis forms homodimers in vivo and
binds a direct repeat of nucleotide sequences. J Bacteriol 193:389-398.
https://doi.org/10.1128/JB.00833-10.

Volume 6 Issue4 e00738-21

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

mSystems’

Koo IC, Walthers D, Hefty PS, Kenney LJ, Stephens RS. 2006. ChxR is a tran-
scriptional activator in Chlamydia. Proc Natl Acad Sci U S A 103:750-755.
https://doi.org/10.1073/pnas.0509690103.

. Yang C, Kari L, Sturdevant GL, Song L, Patton MJ, Couch CE, ligenfritz JM,

Southern TR, Whitmire WM, Briones M, Bonner C, Grant C, Hu P, McClarty
G, Caldwell HD. 2017. Chlamydia trachomatis ChxR is a transcriptional reg-
ulator of virulence factors that function in in vivo host-pathogen interac-
tions. Pathog Dis 75:ftx035. https://doi.org/10.1093/femspd/ftx035.
Wichlan DG, Hatch TP. 1993. Identification of an early-stage gene of Chla-
mydia psittaci 6BC. J Bacteriol 175:2936-2942. https://doi.org/10.1128/jb
.175.10.2936-2942.1993.

Zhang L, Douglas AL, Hatch TP. 1998. Characterization of a Chlamydia
psittaci DNA binding protein (EUO) synthesized during the early and mid-
dle phases of the developmental cycle. Infect Immun 66:1167-1173.
https://doi.org/10.1128/1A1.66.3.1167-1173.1998.

Rosario CJ, Tan M. 2012. The early gene product EUO is a transcriptional
repressor that selectively regulates promoters of Chlamydia late genes.
Mol Microbiol 84:1097-1107. https://doi.org/10.1111/j.1365-2958.2012
.08077 x.

Koo IC, Stephens RS. 2003. A developmentally regulated two-component
signal transduction system in Chlamydia. J Biol Chem 278:17314-17319.
https://doi.org/10.1074/jbc.M212170200.

Bao X, Nickels BE, Fan H. 2012. Chlamydia trachomatis protein GrgA acti-
vates transcription by contacting the nonconserved region of . Proc Natl
Acad Sci U S A 109:16870-16875. https://doi.org/10.1073/pnas.1207300109.
Desai M, Wurihan W, Di R, Fondell JD, Nickels BE, Bao X, Fan H. 2018. Role
for GrgA in regulation of o-**-dependent transcription in the obligate in-
tracellular bacterial pathogen Chlamydia trachomatis. J Bacteriol 200:
€00298-18. https://doi.org/10.1128/JB.00298-18.

Desai M, Di R, Fan H. 2019. Application of biolayer interferometry (BLI)
for studying protein-protein interactions in transcription. J Vis Exp
2019:10.3791/59687. https://doi.org/10.3791/59687.

McClure R, Genco CA. 2019. Strategies for global RNA sequencing of the
human pathogen Neisseria gonorrhoeae. Methods Mol Biol 1997:163-183.
https://doi.org/10.1007/978-1-4939-9496-0_11.

Palozola KC, Donahue G, Liu H, Grant GR, Becker JS, Cote A, Yu H, Raj A,
Zaret KS. 2017. Mitotic transcription and waves of gene reactivation during
mitotic exit. Science 358:119-122. https://doi.org/10.1126/science.aal4671.
Gage MC, Bécares N, Louie R, Waddington KE, Zhang Y, Tittanegro TH,
Rodriguez-Lorenzo S, Jathanna A, Pourcet B, Pello OM, De la Rosa JV,
Castrillo A, Pineda-Torra I. 2018. Disrupting LXRa: phosphorylation pro-
motes FoxM1 expression and modulates atherosclerosis by inducing
macrophage proliferation. Proc Natl Acad Sci U S A 115:E6556-E6565.
https://doi.org/10.1073/pnas.1721245115.

Kong BW, Hudson N, Seo D, Lee S, Khatri B, Lassiter K, Cook D, Piekarski A,
Dridi S, Anthony N, Bottje W. 2017. RNA sequencing for global gene
expression associated with muscle growth in a single male modern
broiler line compared to a foundational Barred Plymouth Rock chicken
line. BMC Genomics 18:82. https://doi.org/10.1186/s12864-016-3471-y.
Wang Y, LaBrie SD, Carrell SJ, Suchland RJ, Dimond ZE, Kwong F, Rockey
DD, Hefty PS, Hybiske K. 2019. Development of transposon mutagenesis
for Chlamydia muridarum. J Bacteriol 201:@00366-19. https://doi.org/10
.1128/JB.00366-19.

Gomes JP, Nunes A, Bruno WJ, Borrego MJ, Florindo C, Dean D. 2006. Poly-
morphisms in the nine polymorphic membrane proteins of Chlamydia tra-
chomatis across all serovars: evidence for serovar Da recombination and
correlation with tissue tropism. J Bacteriol 188:275-286. https://doi.org/10
.1128/JB.188.1.275-286.2006.

Wang Y, Xu M, Wang Z, Tao M, Zhu J, Wang L, Li R, Berceli SA, Wu R. 2012.
How to cluster gene expression dynamics in response to environmental
signals. Brief Bioinform 13:162-174. https://doi.org/10.1093/bib/bbr032.
Albrecht M, Sharma CM, Reinhardt R, Vogel J, Rudel T. 2010. Deep sequenc-
ing-based discovery of the Chlamydia trachomatis transcriptome. Nucleic
Acids Res 38:868-877. https://doi.org/10.1093/nar/gkp1032.

Hanson BR, Tan M. 2015. Transcriptional regulation of the Chlamydia
heat shock stress response in an intracellular infection. Mol Microbiol
97:1158-1167. https://doi.org/10.1111/mmi.13093.

. Mathews S, Timms P. 2006. In silico identification of chlamydial promoters

and their role in regulation of development, p 133-157. In Bavoil P,
Wyrick P (ed), Chlamydia genomics and pathogenesis. Horizon Bio-
science, Wymondham, Norfolk, United Kingdom.
Tan M. 2006. Regulation of gene expression, p 103-131. In Bavoil P,
Wyrick P (ed), Chlamydia genomics and pathogenesis. Horizon Bio-
science, Wymondham, Norfolk, United Kingdom.

msystems.asm.org 20


https://doi.org/10.1146/annurev-micro-092412-155737
https://doi.org/10.1111/mmi.14309
https://doi.org/10.1111/mmi.14309
https://doi.org/10.1128/mBio.01725-20
https://doi.org/10.1128/JB.01082-06
https://doi.org/10.1128/JB.01014-06
https://doi.org/10.1046/j.1365-2958.2003.03708.x
https://doi.org/10.1046/j.1365-2958.2003.03708.x
https://doi.org/10.1111/mmi.12804
https://doi.org/10.1128/JB.182.21.6239-6242.2000
https://doi.org/10.1128/JB.182.21.6239-6242.2000
https://doi.org/10.1016/s0014-5793(99)01182-5
https://doi.org/10.1016/s0014-5793(99)01182-5
https://doi.org/10.1093/molbev/msv193
https://doi.org/10.1093/molbev/msv193
https://doi.org/10.1128/JB.01660-05
https://doi.org/10.1111/j.1365-2958.2006.05045.x
https://doi.org/10.1111/j.1365-2958.2004.04029.x
https://doi.org/10.1128/JB.188.3.919-927.2006
https://doi.org/10.1128/JB.00294-11
https://doi.org/10.1128/JB.05976-11
https://doi.org/10.1073/pnas.1201398109
https://doi.org/10.1371/journal.pone.0091760
https://doi.org/10.1371/journal.pone.0091760
https://doi.org/10.1107/S1744309109025184
https://doi.org/10.1074/jbc.M111.220574
https://doi.org/10.1074/jbc.M111.220574
https://doi.org/10.1128/JB.00833-10
https://doi.org/10.1073/pnas.0509690103
https://doi.org/10.1093/femspd/ftx035
https://doi.org/10.1128/jb.175.10.2936-2942.1993
https://doi.org/10.1128/jb.175.10.2936-2942.1993
https://doi.org/10.1128/IAI.66.3.1167-1173.1998
https://doi.org/10.1111/j.1365-2958.2012.08077.x
https://doi.org/10.1111/j.1365-2958.2012.08077.x
https://doi.org/10.1074/jbc.M212170200
https://doi.org/10.1073/pnas.1207300109
https://doi.org/10.1128/JB.00298-18
https://doi.org/10.3791/59687
https://doi.org/10.1007/978-1-4939-9496-0_11
https://doi.org/10.1126/science.aal4671
https://doi.org/10.1073/pnas.1721245115
https://doi.org/10.1186/s12864-016-3471-y
https://doi.org/10.1128/JB.00366-19
https://doi.org/10.1128/JB.00366-19
https://doi.org/10.1128/JB.188.1.275-286.2006
https://doi.org/10.1128/JB.188.1.275-286.2006
https://doi.org/10.1093/bib/bbr032
https://doi.org/10.1093/nar/gkp1032
https://doi.org/10.1111/mmi.13093
https://msystems.asm.org

A GrgA-Euo-HrcA Transcriptional Network in Chlamydia

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

July/August 2021

Schaumburg CS, Tan M. 2003. Mutational analysis of the Chlamydia tra-
chomatis dnaK promoter defines the optimal -35 promoter element.
Nucleic Acids Res 31:551-555. https://doi.org/10.1093/nar/gkg150.

Yu HH, Di Russo EG, Rounds MA, Tan M. 2006. Mutational analysis of the
promoter recognized by Chlamydia and Escherichia coli sigma(28) RNA po-
lymerase. J Bacteriol 188:5524-5531. https://doi.org/10.1128/JB.00480-06.
Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J,
Simonovic M, Doncheva NT, Morris JH, Bork P, Jensen LJ, von Mering C.
2019. STRING v11: protein—protein association networks with increased
coverage, supporting functional discovery in genome-wide experimental
datasets. Nucleic Acids Res 47:D607-D613. https://doi.org/10.1093/nar/
gky1131.

Roncarati D, Scarlato V. 2017. Regulation of heat-shock genes in bacteria:
from signal sensing to gene expression output. FEMS Microbiol Rev
41:549-574. https://doi.org/10.1093/femsre/fux015.

Wilson AC, Tan M. 2004. Stress response gene regulation in Chlamydia is
dependent on HrcA-CIRCE interactions. J Bacteriol 186:3384-3391.
https://doi.org/10.1128/JB.186.11.3384-3391.2004.

Wilson AC, Tan M. 2002. Functional analysis of the heat shock regulator
HrcA of Chlamydia trachomatis. J Bacteriol 184:6566-6571. https://doi
.org/10.1128/JB.184.23.6566-6571.2002.

Tan M, Wong B, Engel JN. 1996. Transcriptional organization and regula-
tion of the dnaK and groE operons of Chlamydia trachomatis. J Bacteriol
178:6983-6990. https://doi.org/10.1128/jb.178.23.6983-6990.1996.

Lee CK, Moulder JW. 1981. Persistent infection of mouse fibroblasts
(McCoy cells) with a trachoma strain of Chlamydia trachomatis. Infect
Immun 32:822-829. https://doi.org/10.1128/iai.32.2.822-829.1981.

Balleza E, Lopez-Bojorquez LN, Martinez-Antonio A, Resendis-Antonio
O, Lozada-Chavez |, Balderas-Martinez YI, Encarnacién S, Collado-Vides
J. 2009. Regulation by transcription factors in bacteria: beyond descrip-
tion. FEMS Microbiol Rev 33:133-151. https://doi.org/10.1111/j.1574
-6976.2008.00145.x.

Weinstein-Fischer D, Altuvia S. 2007. Differential regulation of Escherichia
coli topoisomerase | by Fis. Mol Microbiol 63:1131-1144. https://doi.org/
10.1111/j.1365-2958.2006.05569.x.

Gerlach P, Segaard-Andersen L, Pedersen H, Martinussen J, Valentin-
Hansen P, Bremer E. 1991. The cyclic AMP (cAMP)-cAMP receptor protein
complex functions both as an activator and as a corepressor at the tsx-p2
promoter of Escherichia coli K-12. J Bacteriol 173:5419-5430. https://doi
.org/10.1128/jb.173.17.5419-5430.1991.

Skipp PJ, Hughes C, McKenna T, Edwards R, Langridge J, Thomson NR,
Clarke IN. 2016. Quantitative proteomics of the infectious and replicative
forms of Chlamydia trachomatis. PLoS One 11:e0149011. https://doi.org/
10.1371/journal.pone.0149011.

Saka HA, Thompson JW, Chen YS, Kumar Y, Dubois LG, Moseley MA,
Valdivia RH. 2011. Quantitative proteomics reveals metabolic and patho-
genic properties of Chlamydia trachomatis developmental forms. Mol Micro-
biol 82:1185-1203. https://doi.org/10.1111/j.1365-2958.2011.07877 x.

Ziklo N, Huston WM, Hocking JS, Timms P. 2016. Chlamydia trachomatis
genital tract infections: when host immune response and the microbiome
collide. Trends Microbiol 24:750-765. https://doi.org/10.1016/j.tim.2016
.05.007.

Caldwell HD, Wood H, Crane D, Bailey R, Jones RB, Mabey D, Maclean |,
Mohammed Z, Peeling R, Roshick C, Schachter J, Solomon AW, Stamm
WE, Suchland RJ, Taylor L, West SK, Quinn TC, Belland RJ, McClarty G.
2003. Polymorphisms in Chlamydia trachomatis tryptophan synthase
genes differentiate between genital and ocular isolates. J Clin Invest
111:1757-1769. https://doi.org/10.1172/JCI17993.

Volume 6 Issue4 e00738-21

68.

69.

70.

71.

72.

73

74.

75.

76.

77.

78.

79.

80.

81.

82.

mSystems’

Belland RJ, Nelson DE, Virok D, Crane DD, Hogan D, Sturdevant D, Beatty
WL, Caldwell HD. 2003. Transcriptome analysis of chlamydial growth dur-
ing IFN-y»-mediated persistence and reactivation. Proc Natl Acad Sci U S A
100:15971-15976. https://doi.org/10.1073/pnas.2535394100.

Slade JA, Brockett M, Singh R, Liechti GW, Maurelli AT. 2019. Fosmidomy-
cin, an inhibitor of isoprenoid synthesis, induces persistence in Chlamydia
by inhibiting peptidoglycan assembly. PLoS Pathog 15:e1008078. https://
doi.org/10.1371/journal.ppat.1008078.

Dreses-Werringloer U, Padubrin |, Zeidler H, Kohler L. 2001. Effects of azi-
thromycin and rifampin on Chlamydia trachomatis infection in vitro. Anti-
microb Agents Chemother 45:3001-3008. https://doi.org/10.1128/AAC
/45.11.3001-3008.2001.

Balakrishnan A, Patel B, Sieber SA, Chen D, Pachikara N, Zhong G, Cravatt
BF, Fan H. 2006. Metalloprotease inhibitors GM6001 and TAPI-0 inhibit the
obligate intracellular human pathogen Chlamydia trachomatis by targeting
peptide deformylase of the bacterium. J Biol Chem 281:16691-16699.
https://doi.org/10.1074/jbc.M513648200.

Caldwell HD, Kromhout J, Schachter J. 1981. Purification and partial char-
acterization of the major outer membrane protein of Chlamydia tracho-
matis. Infect Immun 31:1161-1176. https://doi.org/10.1128/iai.31.3.1161
-1176.1981.

. Wurihan W, Huang Y, Weber AM, Wu X, Fan H. 2019. Nonspecific toxicities of

Streptococcus pyogenes and Staphylococcus aureus dCas9 in Chlamydia tra-
chomatis. Pathog Dis 77:ftaa005. https://doi.org/10.1093/femspd/ftaa005.
Bao X, Gylfe A, Sturdevant GL, Gong Z, Xu S, Caldwell HD, Elofsson M, Fan
H. 2014. Benzylidene acylhydrazides inhibit chlamydial growth in a type
Il secretion- and iron chelation-independent manner. J Bacteriol
196:2989-3001. https://doi.org/10.1128/JB.01677-14.

Anders S, Pyl PT, Huber W. 2015. HTSeq-a Python framework to work with
high-throughput sequencing data. Bioinformatics 31:166-169. https://doi
.0rg/10.1093/bioinformatics/btu638.

Anders S, Huber W. 2010. Differential expression analysis for sequence
count data. Genome Biol 11:R106. https://doi.org/10.1186/gb-2010-11
-10-r106.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H,
Salzberg SL, Rinn JL, Pachter L. 2012. Differential gene and transcript
expression analysis of RNA-seq experiments with TopHat and Cufflinks.
Nat Protoc 7:562-578. https://doi.org/10.1038/nprot.2012.016.
Mirrashidi KM, Elwell CA, Verschueren E, Johnson JR, Frando A, Von Dollen J,
Rosenberg O, Gulbahce N, Jang G, Johnson T, Jager S, Gopalakrishnan AM,
Sherry J, Dunn JD, Olive A, Penn B, Shales M, Cox JS, Starnbach MN, Derre |,
Valdivia R, Krogan NJ, Engel J. 2015. Global mapping of the Inc-human inter-
actome reveals that retromer restricts Chlamydia infection. Cell Host
Microbe 18:109-121. https://doi.org/10.1016/j.chom.2015.06.004.

Galperin MY, Makarova KS, Wolf YI, Koonin EV. 2015. Expanded microbial
genome coverage and improved protein family annotation in the COG
database. Nucleic Acids Res 43:D261-D269. https://doi.org/10.1093/nar/
gku1223.

Wu'S, Zhu Z, Fu L, Niu B, Li W. 2011. WebMGA: a customizable web server
for fast metagenomic sequence analysis. BMC Genomics 12:444. https:/
doi.org/10.1186/1471-2164-12-444.

Li JL, Yang N, Huang L, Chen D, Zhao Y, Tang MM, Fan H, Bao X. 2018. Pyo-
cyanin inhibits Chlamydia infection by disabling infectivity of the elemen-
tary body and disrupting intracellular growth. Antimicrob Agents Chemo-
ther 62:€02260-17. https://doi.org/10.1128/AAC.02260-17.

Wickstrum J, Sammons LR, Restivo KN, Hefty PS. 2013. Conditional gene
expression in Chlamydia trachomatis using the tet system. PLoS One 8:
e76743. https://doi.org/10.1371/journal.pone.0076743.

msystems.asm.org 21


https://doi.org/10.1093/nar/gkg150
https://doi.org/10.1128/JB.00480-06
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/femsre/fux015
https://doi.org/10.1128/JB.186.11.3384-3391.2004
https://doi.org/10.1128/JB.184.23.6566-6571.2002
https://doi.org/10.1128/JB.184.23.6566-6571.2002
https://doi.org/10.1128/jb.178.23.6983-6990.1996
https://doi.org/10.1128/iai.32.2.822-829.1981
https://doi.org/10.1111/j.1574-6976.2008.00145.x
https://doi.org/10.1111/j.1574-6976.2008.00145.x
https://doi.org/10.1111/j.1365-2958.2006.05569.x
https://doi.org/10.1111/j.1365-2958.2006.05569.x
https://doi.org/10.1128/jb.173.17.5419-5430.1991
https://doi.org/10.1128/jb.173.17.5419-5430.1991
https://doi.org/10.1371/journal.pone.0149011
https://doi.org/10.1371/journal.pone.0149011
https://doi.org/10.1111/j.1365-2958.2011.07877.x
https://doi.org/10.1016/j.tim.2016.05.007
https://doi.org/10.1016/j.tim.2016.05.007
https://doi.org/10.1172/JCI17993
https://doi.org/10.1073/pnas.2535394100
https://doi.org/10.1371/journal.ppat.1008078
https://doi.org/10.1371/journal.ppat.1008078
https://doi.org/10.1128/AAC.45.11.3001-3008.2001
https://doi.org/10.1128/AAC.45.11.3001-3008.2001
https://doi.org/10.1074/jbc.M513648200
https://doi.org/10.1128/iai.31.3.1161-1176.1981
https://doi.org/10.1128/iai.31.3.1161-1176.1981
https://doi.org/10.1093/femspd/ftaa005
https://doi.org/10.1128/JB.01677-14
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1016/j.chom.2015.06.004
https://doi.org/10.1093/nar/gku1223
https://doi.org/10.1093/nar/gku1223
https://doi.org/10.1186/1471-2164-12-444
https://doi.org/10.1186/1471-2164-12-444
https://doi.org/10.1128/AAC.02260-17
https://doi.org/10.1371/journal.pone.0076743
https://msystems.asm.org

	RESULTS
	GrgA overexpression-mediated global transcriptomic changes include upregulated euo, hrcA, and pmpI expression and downregulated tRNA expression.
	Upregulation of euo and hrcA but not pmpI depends on σ66 binding of GrgA.
	euo, hrcA, and 11 other genes are upregulated immediately following GrgA overexpression.
	GrgA stimulates transcription from euo, hrcA, and pmpI promoters in vitro.
	Identification of genes commonly regulated by GrgA, Euo, and HrcA.
	GrgA-, Euo-, and HrcA-controlled transcriptional regulatory network.
	Differential developmental expression patterns for GrgA, Euo, and HrcA.
	Effects of GrgA, GrgAΔσ66BD, GrgAΔσ28BD, Euo, and HrcA overexpression on C. trachomatis growth.
	GrgA overexpression-mediated CtL2 growth inhibition and upregulation of euo and hrcA in infected human cells.

	DISCUSSION
	Direct and indirect regulons of GrgA.
	Chlamydial growth and development controlled by the GrgA-Euo-HrcA TRN.

	MATERIALS AND METHODS
	Plasmids.
	CtL2 strains.
	Microscopic analysis of inclusions.
	Cellular gDNA and RNA isolation.
	Quantitative PCR (qPCR) and reverse transcription-qPCR (qRT-PCR).
	RNA sequencing.
	TRN development.
	In vitro transcription assay.
	Quantification of the GrgA protein.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

