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Abstract of the Dissertation 

 

Genetic analysis of small RNAs in Chlamydia trachomatis 

by 

Kevin Wang 

 

Doctor of Philosophy in Microbiology and Molecular Genetics 

University of California, Irvine, 2022 

Professor Ming Tan, Chair 

 
 
 

Bacterial small RNAs (sRNAs) are short transcripts that play critical roles in post-

transcriptional gene regulation. In the obligate intracellular pathogen Chlamydia 

trachomatis, however, sRNAs are poorly understood because genetic tools in 

Chlamydia have only recently become available. As such, functional studies of two 

chlamydial sRNAs were limited to an E. coli heterologous system. A major issue with 

this approach is that Chlamydia lacks the important sRNA chaperone protein, Hfq, that 

is found in E. coli. The heterologous system is also not suitable for studying the function 

of a sRNA in the Chlamydia developmental cycle, which involves conversion between 

the infectious (EB) and the replicative (RB) forms within a eukaryotic host cell. 

With recent advances in Chlamydia genetics, we have developed an inducible 

sRNA overexpression system in C. trachomatis. Utilizing our approach, we conducted a 

genetic screen and identified 4 previously uncharacterized sRNAs (i.e. CtrR3, CtrR7, 

CtrR0332, and CTIG684) whose individual overexpression reduced the production of 

infectious chlamydial progeny. We then determined that overexpression of CtrR3 and 
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CtrR0332 both blocked RB-to-EB conversion, whereas CtrR7 overexpression hindered 

RB replication. To demonstrate how our system can be used to find mRNA targets of a 

chlamydial sRNA, we took a multi-step approach to identify YtgB and CTL0389 as 

targets of CtrR3. We also showed the versatility of this genetic approach by applying it 

to develop a novel sRNA-mediated conditional knockdown system in C. trachomatis.  

This is the first study to analyze sRNAs in Chlamydia and to experimentally 

demonstrate that chlamydial sRNAs can regulate gene expression. Our genetic 

approach for studying sRNAs and for identifying mRNA targets can be readily applied to 

elucidate the function of other chlamydial sRNAs. In addition, our knockdown system 

can be utilized to investigate the function of essential genes in C. trachomatis. Overall, 

the work described in this dissertation has significantly advanced our understanding of 

sRNAs and post-transcriptional gene regulation in C. trachomatis.  
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Chapter 1: General Introduction 
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Significance of Chlamydia  

Chlamydiae is a phylum of gram-negative, obligate intracellular bacteria that 

infect protozoans, animals, and humans (Bachmann et al., 2014; Elwell et al., 2016). 

Three species of the phylum are pathogenic to humans, these include Chlamydia 

psitacci, Chlamydia pneumoniae, and Chlamydia trachomatis. Specifically, C. psitacci 

can be transmitted from birds to humans and causes psittacosis, a form of pneumonia 

(Bennett et al., 2014). C. pneumoniae infection accounts for ~10% of community-

acquired pneumonia and has been linked to asthma and atherosclerosis (Bennett et al., 

2014). Chlamydia trachomatis is most important clinically and is further divided into 

serovars that have specific tissue tropism and cause three separate clinical 

manifestations: 1) trachoma, 2) chlamydia, and 3) lymphogranuloma venerum (LGV) 

(Jordan et al., 2020). 

Serovars A-C infect the eye conjunctival epithelium and cause trachoma, which 

ranges from self-limiting follicular conjunctivitis to blindness due to conjunctival scarring 

(Stocks et al., 2014). Trachoma is highly contagious and can be eliminated by clean 

water sources, making it the world’s leading cause of preventable blindness (Jordan et 

al., 2020). In contrast, serovars D-K predominantly infect the urogenital tract and cause 

chlamydia, the most common bacterial sexually transmitted disease with >1.8 million 

new cases reported annually in the US alone (CDC, 2021). Most cases of chlamydia are 

asymptomatic (Stamm, 1999), however, chronic infection leads to severe sequelae such 

as pelvic inflammatory disease (PID), ectopic pregnancy, and infertility in women 

(Haggerty et al., 2010; Lan et al., 1995; Taylor & Haggerty, 2011). Interestingly, genital 

serovars have also been linked to HPV-induced cervical cancer (Appleby et al., 2007; 
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Fonseca-Moutinho, 2011; Silva et al., 2014). Serovars L1-L3 infect the mucosal 

surfaces of the anogenital tract, as well as macrophages. The latter attribute allows 

serovars L1-L3 to spread to regional lymph nodes and cause lymphogranuloma 

venerum, which is characterized by painful lymphadenopathy in the groin or pelvis 

(Bennett et al., 2014; Herring & Richens, 2006). 

Although antibiotics are available to treat chlamydial infection, the asymptomatic 

nature of the infection and the lack of vaccines make Chlamydia trachomatis a major 

public health issue. For these reasons, this dissertation and the rest of this chapter will 

focus mainly on C. trachomatis. 
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Developmental cycle of Chlamydia trachomatis 

Chlamydia trachomatis undergoes a unique developmental cycle within a 

eukaryotic host cell (Fig. 1). The Chlamydia developmental cycle is biphasic and 

requires the conversion between two specialized developmental forms. The first 

developmental form is called the elementary body (EB), which is smaller (~0.2 µm in 

diameter), has the ability to infect a host cell, but cannot replicate. EBs are also 

environmentally resistant due to their outer membrane complex that is composed of 

proteins cross-linked by disulfide bonds (Nelson, 2012). The second developmental 

form is called the reticulate body (RB), which is larger (~0.8 µm in diameter), non-

infectious, environmentally labile, and can undergo replication.  

  The Chlamydia developmental cycle begins with an EB adhering to the host cell 

membrane via interaction between chlamydial outer membrane proteins (e.g. OmcB) 

and host cell receptors (e.g. heparin sulfate proteoglycans) (Hegemann & Moelleken, 

2012; Mehlitz & Rudel, 2013; Rosmarin et al., 2012). Upon contact, EB secretes pre-

loaded T3SS effectors into the host cell that facilitate the endocytosis of the bacterium 

into a membrane-bound inclusion (Ghosh et al., 2020; Jiwani et al., 2013; Saka et al., 

2011). Within a few hours after entry, the EB differentiates into an RB, which divides to 

expand bacterial numbers (J. K. Lee et al., 2018; Rosario CJ, 2020). After multiple 

rounds of RB replication, individual RBs asynchronously convert back into an EB. The 

developmental cycle ends with EBs released from the host cell either through host cell 

lysis or inclusion extrusion (Hybiske & Stephens, 2007). The time course of the 

intracellular infection differs among species. For C. trachomatis, EB-to-RB conversion 

occurs around 2-8 hours post infection (hpi), RB-to-EB conversion starts at around 24 
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hpi, and the cycle ends at around 36-48 hpi (Belland, Zhong, et al., 2003; Rosario CJ, 

2020).  

If growth conditions are unfavorable, Chlamydia will divert from the 

developmental cycle and enter into a state of persistence (Fig. 1). Persistence is 

generally defined as a halt in the development cycle induced by stressors such as 

nutrient deprivation, beta-lactam antibiotics treatment, or IFN-g	treatment (Panzetta et 

al., 2018). Once the stress-inducing agent is removed, Chlamydia can exit from 

persistence and complete the development cycle with the formation of infectious EBs 

(Beatty et al., 1995; Hogan et al., 2004). The classic examples of persistence are 

induced by penicillin or IFN-g treatment (Kintner et al., 2014; Schoborg, 2011). In these 

cases, RBs will continue genome replication but will stop cell division, resulting in an 

inclusion containing only a few abnormally large RBs termed the aberrant bodies 

(Beatty et al., 1994, 1995). However, it is important to note that not all persistence is 

defined by the presence of aberrant RBs (Panzetta et al., 2018; Schoborg, 2011).  

A hallmark of the developmental cycle is the temporal expression of chlamydial 

genes in three main classes (early, midcycle, and late), which correlate with the timing 

of different steps in the developmental cycle (Table 1) (Rosario CJ, 2020). In C. 

trachomatis, early genes are expressed starting at 1-3 hpi and are thought to be 

important for establishing the inclusion (Belland, Zhong, et al., 2003; Rosario CJ, 2020). 

For example, CT850 is an early gene product that localizes to the inclusion membrane 

and interacts with host dynein (Clausen et al., 1997; S. S. Grieshaber et al., 2006; Mital 

et al., 2015). This interaction mediates the trafficking of the inclusion to the microtubule 

organizing center (MTOC) of the cell, where the inclusion is in a nutrient-rich 
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environment and in close proximity to various host organelles (e.g. Golgi) (Gitsels et al., 

2019). Midcycle genes are first transcribed by RBs at 8-16 hpi and are involved in 

nutrient acquisition and metabolism to support RB growth and replication (Belland, 

Zhong, et al., 2003; Rosario CJ, 2020). This class of genes also encodes proteins that 

are important for bacterial division (e.g. MreB) and cell wall synthesis (e.g. Penicillin-

binding-proteins) (Ouellette et al., 2012; Ranjit et al., 2020). Lastly, late genes are 

transcribed by RBs starting at 24 hpi and are important for RB-to-EB conversion. For 

example, the histone-like proteins, HctA (Hc1) and HctB (Hc2), are late gene products 

that are proposed to condense chlamydial DNA to silence transcription in EBs (Barry et 

al., 1992, 1993; Brickman et al., 1993a; Hackstadt et al., 1991; Pedersen et al., 1996).  
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Figure 1. Chlamydia trachomatis has a biphasic developmental cycle.  
Diagram depicts the chlamydial developmental cycle, which begins with an infectious 
elementary body (EB) attaching and entering a host cell. In the host cell, the EB resides 
in an inclusion, where it converts into a reticulate body (RB). In nutrient-rich conditions, 
RBs will undergo several rounds of replication. During late infection time, individual RB 
will start to asynchronously convert back into the infectious EB. Intermediate bodies (IB) 
are RBs in the process of converting into an EB. The cycle ends when EBs exit the host 
cell through lysis or extrusion and infect a nearby cell. During stress conditions, such as 
IFN-g treatment, Chlamydia enters a persistence state where the RBs do not divide, 
resulting in the formation of large aberrant RBs. Once the stressor is removed, aberrant 
RBs convert into EBs to complete the developmental cycle.  
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Table 1. Transcriptional regulators of temporal gene expression in C. trachomatis 
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Transcriptional regulation in Chlamydia trachomatis 

Chlamydia trachomatis uses different forms of RNA polymerase to 

transcriptionally regulate gene expression in a temporal manner (Table 1). A sigma 

factor (s) is a subunit of RNA polymerase (RNAP) that binds the core enzyme (a2bb¢ 

subunits in Chlamydia) and recognizes specific DNA sequences in the promoter region 

to initiate transcription (Toyoda et al., 2021). Chlamydia has three sigma factors: s66, 

s28, and s54 (Douglas & Hatch, 2000; Rosario CJ, 2020). s66 is the major chlamydial 

sigma factor and is a homolog of the E. coli major sigma factor s70. Expression of s66 is 

detected throughout the developmental cycle and s66 RNAP transcribes early and 

midcycle genes and the majority of late genes (Belland et al., 2003; Rosario CJ, 2020; 

Saka et al., 2011). In contrast, the alternative sigma factors, s28 and s54, have 

transcripts detected starting at 8 hpi.  s28 RNAP transcribes a subset of late genes (e.g. 

hctB) (Yu et al., 2006; Yu & Tan, 2003), whereas s54 RNAP is thought to transcribe a 

subset of midcycle and late genes that are involved in T3SS (Soules et al., 2020). 

C. trachomatis utilizes DNA supercoiling to activate the expression of midcycle 

genes and a subset of early genes (Rosario CJ, 2020). Negative DNA supercoiling level 

can increase transcription at specific promoters in bacteria (Travers & Muskhelishvili, 

2005). In the C. trachomatis developmental cycle, the chlamydial DNA is most 

negatively supercoiled during midcycle and relaxed during early and late infection times 

(Niehus et al., 2008). In addition, midcycle promoters and a subset of early promoters 

are responsive to negative supercoiling, whereas late promoters are not (Table 1) 

(Cheng & Tan, 2012, p. 2; Niehus et al., 2008). Thus, the current model is that 

expression of midcycle genes and a subset of early genes is activated when negative 
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supercoiling increases during midcycle infection time, which is mediated through the 

expression of chlamydial DNA gyrase (Orillard & Tan, 2016; Rosario CJ, 2020). It is 

also hypothesized that supercoiling provides a mechanism for C. trachomatis to 

coordinately upregulate transcription of hundreds of midcycle genes (~650 genes total) 

via their supercoiling-responsive promoters; however, further work is required to confirm 

this hypothesis (Belland, Zhong, et al., 2003). 

Chlamydia trachomatis, like other bacteria, employs transcription factors to 

activate or repress transcription of specific genes. Transcriptional activators bind to 

DNA sequence near the target promoter and interact with RNAP, which activates 

transcription by recruiting the RNAP to the promoter (Seshasayee et al., 2011). In 

contrast, transcriptional repressors bind to a specific DNA sequence, known as an 

operator, near the target promoter and prevent RNAP from interacting with the promoter 

(Rosario CJ, 2020; Seshasayee et al., 2011). The same activator or repressor-binding 

sequences can be located at different promoters, allowing transcriptional activators and 

repressors to coordinately regulate the transcription of a set of target genes. Chlamydia 

trachomatis is predicted to have 15 transcription factors, and the majority of them are 

transcriptional repressors (Domman & Horn, 2015; Rosario CJ, 2020). However, few 

chlamydial transcription factors are proposed to regulate the developmental cycle.  

One chlamydial transcriptional repressor, EUO, is proposed to regulate the 

developmental cycle by preventing premature late gene expression (Table 1). EUO is 

an early gene that is specific to and conserved within the Chlamydiae phylum (Belland, 

Zhong, et al., 2003; Domman & Horn, 2015). It represses the transcription of s66 and 

s28-dependent late promoters via binding operators near these promoters (Rosario et 
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al., 2014; Rosario & Tan, 2012). Thus, during early and midcycle infection times, EUO is 

proposed to repress the expression of late genes while allowing transcription to occur at 

EUO-independent early and midcycle promoters. It is proposed that during late infection 

time, the activity of EUO is de-repressed, allowing for late gene expression and 

subsequent RB-to-EB conversion. The mechanism of EUO de-repression is unknown 

but it can potentially occur through EUO protein degradation or decreased translation of 

the EUO mRNA (Rosario CJ, 2020).  

Chlamydia expresses two histone-like proteins, HctA and HctB, that are 

proposed to shut down transcription in EBs via DNA condensation (Table 1). HctA and 

HctB have amino acid sequence homology to the eukaryotic histones and are thought to 

bind to DNA in a nonspecific manner. This hypothesis is supported by in vitro 

experiments that demonstrated that both histone-like proteins can bind and condense 

DNA (Barry et al., 1992, 1993; Brickman et al., 1993a). Furthermore, the expression of 

HctA and HctB in E. coli led to the formation of nucleoids that are similar to the ones 

observed in EBs.  As a result of nucleoid formation, HctA and HctB expression 

decreased both transcription and translation in E. coli (Barry et al., 1992; Brickman et 

al., 1993a; N. A. Grieshaber, Grieshaber et al., 2006; N. A. Grieshaber, Sager, et al., 

2006). The two histone-like proteins are expressed at a time of RB-to-EB conversion 

and thus, are thought to be important for the formation of EBs by condensing chlamydial 

DNA and silencing transcription (Belland et al., 2003; E. I. Shaw et al., 2000). Out of the 

two proteins, HctA is proposed to be the primary driver of DNA condensation in EBs 

because only HctA is conserved in Chlamydia-related bacteria (Collingro et al., 2011).  
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Most of the work on chlamydial gene regulation has been focused on 

mechanisms of transcriptional regulation. In contrast, much less is known about post-

transcriptional regulation in Chlamydia, which includes small RNAs (sRNAs) that can 

affect the stability or the translational efficiency of one or more mRNAs. Before I 

introduce chlamydial sRNAs, I will first discuss the general function of bacterial sRNAs.  
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Bacterial small RNAs (sRNAs)  

Bacteria require tight control of gene regulation to adapt quickly to their 

environment. This is often achieved through the expression of sRNAs, which are 

transcripts that range from 50-400 nt. Bacterial sRNAs can regulate gene expression on 

both a transcriptional and post-transcriptional level (Storz et al., 2011). The mechanisms 

by which sRNAs can achieve this are diverse. Mechanisms of RNA regulation include 

Riboswitches, mRNA-binding RNA, protein-binding RNA (e.g. CsrB and 6S RNA), RNA 

mimicry of tRNAs for ribosome recycling (i.e. tmRNA), and CRISPR RNA (Storz et al., 

2011; Waters & Storz, 2009). The post-transcriptional mechanism that will be the main 

focus of this section involves direct complementary base pairing of the sRNA to one or 

more mRNA targets (Dutta & Srivastava, 2018; Waters & Storz, 2009). Examples of 

sRNA and its mRNA target will be shown in the following sections as sRNA-mRNA 

target pair.  

The majority of mRNA-binding sRNAs negatively regulates the target transcript. 

The classic mechanism of negative regulation is through sRNA binding at/or near the 

ribosome binding site (RBS) of the mRNA target to prevent ribosome loading or 

translation initiation (e.g. SymR-SymE in enterobacteria) (Dutta & Srivastava, 2018; 

Waters & Storz, 2009). The lack of translation or ribosomes on the mRNA target 

destabilizes the mRNA as the transcript is more prone to RNA cleavage by RNases, 

such as RNase E (Fig. 2A) (Hui et al., 2014; Vargas-Blanco & Shell, 2020). Additionally, 

sRNA-mRNA interactions can lead to active recruitment of RNase E to degrade the 

target transcript. Recruitment of RNase E is often mediated by an RNA chaperone 
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protein Hfq, which facilitates the sRNA-mRNA interaction (e.g. RyhB-MsrB in E. coli) 

(Dutta & Srivastava, 2018). 

In addition, sRNAs can negatively regulate their mRNA targets through 

noncanonical mechanisms. For example, sRNAs have been shown to bind sequences 

upstream of the RBS (e.g, Spot42-SdhC and OmrA-CirA in E. coli) or in the coding 

region of the mRNA target (e.g. RybB-OmpN in E. coli) (Bouvier et al., 2008; Desnoyers 

& Massé, 2012; Dutta & Srivastava, 2018; Guillier & Gottesman, 2008). Some sRNAs 

block translation of a target transcript without destabilizing the mRNA (e.g. Spot42-GalK 

in E. coli) (Møller et al., 2002). In some instances, negative regulation of sRNA occurs 

on a transcriptional level by inducing the formation of a transcriptional terminator (e.g. 

RnaG-IcsA in Shigella flexneri) (Dutta & Srivastava, 2018; Georg & Hess, 2011).  

Bacterial sRNAs can also activate the expression of their mRNA targets. In 

comparison to negative regulation, positive regulation of a sRNA on an mRNA target is 

less common. This positive regulation is achieved by the sRNA binding to the 5' UTR of 

the mRNA target and melting the intrinsic secondary structure that sequesters the RBS 

(e.g. RNAIII-Hla in Staphylococcus aureus) (Fig. 2A) (Papenfort & Vanderpool, 2015). In 

addition, some sRNAs mask RNase E cleavage sites in the mRNA target to prevent 

RNA decay (e.g. RydC-Cfa1 in Salmonella enterica) (Fröhlich et al., 2013; Vargas-

Blanco & Shell, 2020). Binding of sRNA to an mRNA target can also direct RNase III 

cleavage at the interaction site, generating stable mRNA transcripts (e.g. GadY-GadX in 

E. coli) (Georg & Hess, 2011; Opdyke et al., 2011). Lastly, sRNAs have been shown to 

activate the expression of the mRNA target on a transcriptional level by preventing 
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premature Rho-dependent transcription termination (e.g. DsrA-RpoS in E. coli) 

(Sedlyarova et al., 2016).  

Transcript-binding sRNAs are further divided into cis-encoded or trans-encoded 

sRNAs. Cis-encoded sRNAs are expressed as an anti-sense RNA to their mRNA target 

(Fig. 2B). As such, cis-encoded sRNAs have a single target to which they share an 

extended region of perfect complementary (Storz et al., 2011; Waters & Storz, 2009). 

Most of the cis-encoded sRNAs that have been studied are involved in maintaining 

mobile element copy numbers or acting as antitoxins to toxin mRNAs (Wagner et al., 

2002; Waters & Storz, 2009). Thus, anti-sense RNAs are often expressed constitutively. 

In contrast to cis-encoded sRNA genes, trans-encoded sRNA genes are located 

separately in the genome from their target genes (Fig. 2B). These sRNA genes are 

typically found in the intergenic region of the genome and are under the control of their 

own promoters. However, it is now clear that trans-encoded sRNAs can also be 

processed from an mRNA or even a tRNA (Carrier et al., 2018; Hör et al., 2020). Trans-

encoded sRNAs have short, limited complementary with their mRNA target(s). Due to 

this feature, trans-encoded sRNAs can have multiple mRNA targets and their interaction 

with mRNAs often requires the help of RNA chaperone proteins such as Hfq or ProQ 

(Dutta & Srivastava, 2018; Smirnov et al., 2017; Waters & Storz, 2009). The majority of 

trans-encoded sRNAs are crucial for responding to environmental stress (e.g. envelope 

stress, metal homeostasis) and thus, these sRNAs are often transcribed under specific 

growth conditions (Hör et al., 2020; Storz et al., 2011; Waters & Storz, 2009). 

Canonical trans-encoded sRNAs are expressed under a promoter that is 

controlled by a specific transcription regulator that senses the environmental condition. 
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For example, the transcription of the E. coli sRNA RyhB is repressed by the Fe2+-

dependent transcriptional repressor, Fur, under iron abundant conditions (Hassan & 

Troxell, 2013). However, during iron-depleted conditions, RyhB expression is de-

repressed as Fur lacks the co-repressor, Fe2+. RyhB then in turn downregulates the 

translation of iron-containing proteins to decrease iron usage in E. coli (Massé & 

Gottesman, 2002). In contrast, noncanonical sRNAs that function as an RNA sponge 

are constitutively expressed. For example, 3'ETSleuZ is an sRNA that is processed from 

the 3' external transcribed spacer of the glyW-cysT-leuZ tRNA precursor and is 

constitutively expressed. 3'ETSleuZ binds to and acts as a sponge to repress the 

transcriptional noise of sRNAs RybB and RyhB, which are expressed under powerful 

promoters (Lalaouna et al., 2015).  

There are advantages for bacteria to utilize trans-encoded sRNAs, instead of 

transcription factors, as a mechanism of gene regulation to respond to environmental 

stress. By nature, the production of sRNA, a short RNA transcript, requires less energy 

than the production of transcription factors, which requires the entire translation 

machinery (e.g. ribosomes, tRNAs, amino acids). In addition, sRNAs are less stable 

than transcription factors. This means that once a sRNA exerts its function and is no 

longer transcribed, the sRNA level will decrease and cease to regulate its mRNA targets 

(Storz et al., 2011). Regulation on a post-transcriptional level also allows sRNAs to 

quickly block the production of new protein synthesis of the target transcript, whereas 

transcriptional regulation cannot prevent the mRNAs that have already been 

synthesized from translating new proteins. It has become clear that trans-encoded 

sRNAs can largely impact gene expression by regulating multiple mRNA targets; thus, 
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trans-encoded sRNAs and their regulatory circuits have been the focus of bacterial 

sRNA research.  

The characterization of a trans-encoded sRNA function has been largely focused 

on the identification of mRNA targets. One approach is to alter the levels of sRNA and 

then measure genome-wide changes in transcript levels by RNA-sequencing (Sharma & 

Vogel, 2009a; Vogel & Wagner, 2007). sRNA levels can be altered either through gene 

deletion, exogenous overexpression, or induction of sRNA expression (e.g. iron 

depletion induces RyhB expression). It is important to note that the RNA-seq approach 

can only detect mRNA targets that are destabilized or stabilized from the sRNA-mRNA 

interaction, which is not always the case (e.g. Spot42-GalK) (Møller et al., 2002). Thus, 

a more comprehensive approach entails coupling RNA-sequencing with proteomics or 

conducting Ribo-Seq, which measures the translational efficiency of individual mRNA 

(J. Wang et al., 2015). sRNAs can also be tagged with RNA aptamers (e.g. MS2) that 

can be affinity purified to identify interacting mRNA targets (Lalaouna et al., 2017, 2018; 

Lalaouna & Massé, 2015; Said et al., 2009). Alternatively, putative mRNA targets can 

be identified via bioinformatic tools (e.g. TargetRNA2, IntaRNA) that predict sRNA-

mRNA interactions (Busch et al., 2008; Kery et al., 2014; Mann et al., 2017; Wright et 

al., 2014). More recently, interactions of different sRNAs with their respective mRNA 

targets have been captured on a genome-wide level by affinity purifying RNA chaperone 

proteins and searching for sRNA-mRNA chimeras (e.g. Hfq-CLASH, RIL-seq) (Iosub et 

al., 2020; Melamed et al., 2020). Unfortunately, methods that utilize Hfq as bait to 

identify sRNA-mRNA interaction are not applicable to bacteria that do not have any 

identifiable RNA chaperone proteins, including a subset of gram-positive bacteria (e.g. 
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Mycobacterium tuberculosis) and Chlamydia trachomatis. Interestingly, Zhang et al. 

recently demonstrated that the Hi-GRIL-seq approach, which utilizes a T4 RNA ligase to 

ligate sRNAs to their mRNA targets, was able to detect sRNA-mRNA pairs that are Hfq-

independent (Zhang et al., 2017). 

The mRNA targets identified by the aforementioned approaches must be 

validated experimentally. The best approach is to show that the sRNA regulates the 

endogenous protein level of a target. However, this requires an antibody to the protein 

of interest that is readably available. A good substitution for this approach is the use of 

translational fusions. Translational fusions are generated by fusing the 5'UTR of the 

putative mRNA target, where sRNAs typically bind, to a reporter gene such as gfp 

(Sharma & Vogel, 2009a). An mRNA target is considered a direct target of sRNA if 

altering the levels of the sRNA also alters the level of the translational fusion reporter 

protein. An advantage of translational fusion is that it allows for compensatory base-pair 

exchange experiments, which are the gold standard for validating sRNA-mRNA 

interactions (Sharma & Vogel, 2009a). 

Bacterial sRNAs regulate various pathogenic processes in prokaryotes such as 

virulence, biofilm formation, quorum sensing, and antibiotic resistance, making them 

good therapeutic targets (Dersch et al., 2017; Papenfort & Vanderpool, 2015; Wagner & 

Romby, 2015). For example, the E. coli sRNA GcvB negatively regulates the expression 

of CycA, which is a serine transporter that imports the antibiotic D-cycloserine 

(Pulvermacher et al., 2009). As such, GcvB can be targeted to combat antibiotic 

resistance against D-cycloserine (Dersch et al., 2017; Parmeciano Di Noto et al., 2019). 

RNA-based therapies such as delivering sRNAs or short antisense oligonucleotides 
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(ASOs) to bacteria are also being developed to generate pathogen-specific RNA 

antibiotics (Parmeciano Di Noto et al., 2019; Vogel, 2020). Our understanding of 

bacterial sRNAs is advancing at a fast rate. However, this has not been the case for 

Chlamydia trachomatis, where the function of chlamydial sRNAs is largely unknown due 

to the genetic intractability of this intracellular pathogen.  
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Figure 2. Modes of action and types of bacterial sRNAs.  
(A) Diagram of sRNA-mediated negative and positive regulations. Negative regulation is 
more common and is often achieved when a sRNA base pairs with the RBS of the 
mRNA target to prevent ribosome loading. The lack of translation and ribosomes on the 
mRNA target also leads to mRNA decay facilitated by RNases (e.g. RNase E). Positive 
regulation can be achieved when a sRNA base pairs with the mRNA target and melts 
the intrinsic secondary structure, revealing the RBS for ribosome loading.  
(B) Diagram of types of bacterial sRNAs. Cis-encoded sRNAs are anti-sense RNA 
against their target gene, resulting in long perfect complementarity with the mRNA 
target. The genes for trans-encoded sRNAs are found away from their target genes and 
form short imperfect base-pairing with the mRNA target, which usually requires the help 
of a sRNA chaperone protein Hfq.  
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Chlamydial sRNAs  

To date, 66 putative C. trachomatis sRNAs have been identified but only 21 (4 

cis and 17 trans) have been verified by northern blot analysis (AbdelRahman et al., 

2011; Albrecht et al., 2010). Albrecht utilized deep RNA-sequencing to identify 41 

sRNAs and verified 10 of them (3 cis and 7 trans) in C. trachomatis serovar L2. In 

contrast, AbdelRahman used intergenic microarray to identify an additional 25 sRNAs 

and validated 11 of them (1 cis and 10 trans) in C. trachomatis serovar D. None of these 

chlamydial sRNAs have homologs in other bacteria and only 6 have motifs that are 

conserved among other Chlamydia species (e.g. CtrR3 and CtrR0332) (Albrecht et al., 

2010). The majority of these chlamydial sRNAs have their transcription start sites (TSS) 

mapped either through manual annotation in the deep RNA-seq study or 5' RACE in the 

microarray study. The secondary structures and mRNA targets have been predicted 

bioinformatically for some of these C. trachomatis sRNAs; however, their mRNA targets 

and functions remain unknown. Currently, only two chlamydial sRNAs have been 

experimentally tested in an E. coli system.  

Although relatively little work has been done on C. trachomatis sRNAs, 

Grieshaber et al. used E. coli as a heterologous system to characterize one chlamydial 

trans-encoded sRNA, IhtA, and its mRNA target, HctA. Co-expression of IhtA with the 

histone-like protein rescued the lethal effects of HctA expression in E. coli (N. A. 

Grieshaber, Grieshaber, et al., 2006). Bioinformatic analysis further predicted IhtA 

binding to the sequence at the start codon of HctA mRNA, which Grieshaber et al. 

confirmed through compensatory base-pair exchange experiments at the predicted 

interaction site (N. A. Grieshaber et al., 2015). The interaction between IhtA and HctA 
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mRNA is thought to halt translation initiation as expression of IhtA led to a decrease in 

HctA protein, but not mRNA levels, in E. coli (N. A. Grieshaber, Grieshaber, et al., 

2006). Lastly, IhtA may negatively regulate HctA translation in C. trachomatis because 

there is an inverse relationship in the expression patterns of IhtA and the HctA protein, 

with IhtA expressed in RBs and HctA protein found in EBs (N. A. Grieshaber, 

Grieshaber, et al., 2006). These findings, coupled with the function of HctA, led to the 

hypothesis that IhtA blocks the translation of HctA mRNA to prevent premature DNA 

condensation in RB. 

In addition to HctA, Grieshaber and colleagues identified CTL0322 as another 

potential target of IhtA. The group predicted that IhtA must bind to other mRNA targets 

similarly to how it interacts with HctA mRNA (N. A. Grieshaber et al., 2015). Using 

bioinformatic prediction software (i.e. TargetRNA), the group identified CTL0322 as a 

putative mRNA target as it was predicted to bind the IhtA target sequence at the start 

codon. More importantly, IhtA negatively regulated CTL0322 translational fusion in E. 

coli, suggesting that it is a potential mRNA target of IhtA (N. A. Grieshaber et al., 2015). 

Based on their recent work, Grieshaber and colleagues propose that CTL0322 (DdbA), 

similar to HctA, is also involved in EB production (N. A. Grieshaber et al., 2021). 

However, it is unclear how CTL0322 is involved in EB formation since its transcript is 

detected starting at 8 hpi, a time earlier than the onset of RB-to-EB conversion (Belland, 

Zhong, et al., 2003). Additionally, like HctA, the regulation of IhtA on CTL0322 has not 

been validated in C. trachomatis.  

Similar to work evaluating the function of IhtA, a cis-encoded sRNA was 

analyzed with co-expression studies in E. coli. AbdelRahman et al. showed that 
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expression of the cis-encoded sRNA, CTIG270, resulted in the downregulation of both 

protein and mRNA levels of its antisense gene ftsI, which encodes a peptidoglycan 

synthesis protein involved in RB replication (AbdelRahman et al., 2011; Ouellette et al., 

2012). This regulation requires the interaction of CTIG270 with the FtsI mRNA, as the 

expression of CTIG270D, a version of the anti-sense RNA that lacks the complementary 

base-pairing region, did not affect FtsI protein levels in E. coli. AbdelRahman also 

observed that in C. trachomatis, FtsI mRNA expression starts in midcycle and drops 

during late infection time, whereas CTIG270 is expressed as a late gene. Thus, the 

authors proposed that CTIG270 could potentially act as a mechanism to turn off RB 

replication in Chlamydia during late infection time.  

The use of E. coli as a heterologous system allowed both Grieshaber et al. and 

AbdelRahman et al. to hypothesize that a chlamydial sRNA represses the expression of 

an mRNA target on a post-transcriptional level to regulate a step in the C. trachomatis 

developmental cycle. However, no definite conclusions about Chlamydia sRNAs and 

their function can be drawn from these E. coli studies due to the limitations of the 

heterologous system. A major issue with this approach is that Chlamydia, in contrast to 

E. coli, has no apparent homolog of Hfq. This suggests that C. trachomatis could be 

utilizing different machinery to regulate sRNA activity and function. Another limitation is 

that the heterologous system does not reveal the roles of chlamydial sRNAs in the C. 

trachomatis developmental cycle. Importantly, these E. coli studies cannot provide 

direct evidence that chlamydial sRNAs post-transcriptionally regulate mRNA targets in 

Chlamydia or that they are important for the C. trachomatis infection. The two 
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aforementioned studies used E. coli to investigate chlamydial sRNAs because of the 

lack of genetic tools in Chlamydia. 
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Genetic tools in Chlamydia trachomatis  

The inability to transform and genetically manipulate Chlamydia has been a 

roadblock to defining the molecular mechanism of Chlamydia pathogenesis. Historically, 

the investigation of a gene function relied on ectopic expression of the chlamydial 

protein in the host cell (e.g. studying Inc protein-host protein interaction) or in 

heterologous systems such as E. coli or Salmonella (e.g. studying Type-III-secretion 

effectors) (Agaisse & Derré, 2014; Almeida et al., 2018; Alzhanov et al., 2009; Betts-

Hampikian & Fields, 2010; da Cunha et al., 2014; Dumoux et al., 2015). Importantly, the 

lack of Chlamydia transformation made it impossible to satisfy Molecular Koch’s 

postulates, which require gene deletion followed by mutant complementation to 

experimentally define the molecular function of a specific gene (Falkow, 1988). The first 

part has been achieved in a transformation-independent approach via chemical 

mutagenesis coupled with whole-genome sequencing. This approach takes advantage 

of lateral gene transfer (LGT) in Chlamydia (DeMars et al., 2007; Harris et al., 2012; 

Suchland et al., 2009), gene linkage, and spontaneous chromosomal mutants that are 

resistant to a specific antibiotic (e.g. rpoB mutant is resistant to Rifampin) (Bastidas & 

Valdivia, 2016). However, mutant strains produced from chemical mutagenesis often 

contain several mutations in the genome, and thus require mutant complementation and 

more importantly, Chlamydia transformation, to fulfill Koch’s postulates (Rahnama & 

Fields, 2018).   

Chlamydia transformation is difficult to achieve due to the biphasic nature of this 

obligate intracellular bacteria. The infectious EBs are not competent because of their 

rigid cell wall that contains highly cross-linked proteins (Hatch, 1996). In contrast, RBs 
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are thought to be competent because they express DNA repair enzymes involved in 

homologous recombination (Skipp et al., 2005). However, RB transformation is difficult 

because recombinant DNA has to cross the host, inclusion, and bacterial membranes. 

To circumvent this issue, one group has developed an axenic culture system to isolate 

and potentially transform host-free RBs (Omsland et al., 2012). One main roadblock of 

this approach is that transformed RBs must be converted back to EBs in the axenic 

media to infect a host cell, which is currently not possible. In addition, selection markers 

used for Chlamydia transformation are limited to antibiotics that can cross multiple lipid 

bilayers to reach the bacteria (e.g. ampicillin, penicillin), further demonstrating the 

difficulty in transforming Chlamydia (Bastidas & Valdivia, 2016; O’Neill et al., 2020, p. 

11; Rahnama & Fields, 2018).  

In a seminal study conducted in 2011, Wang et al. utilized a CaCl2-based 

approach to transform C. trachomatis serovar L2 EBs with a shuttle vector. This vector 

contained serovar L2 plasmid-encoded genes, an E. coli origin of replication, a gfp 

gene, and a bla gene (Y. Wang et al., 2011). More importantly, the group was able to 

generate transformants that stably maintained the recombinant vector. Transformation 

of C. trachomatis has also been achieved through electroporation (Tam et al., 1994) 

and dendrimer-enabled system (Kannan et al., 2013); however, the CaCl2-based 

approach is the most widely used. The transformation process is long (approximately 2 

months) as it requires serial passaging of transformed Chlamydia onto a new host cell 

monolayer under antibiotic selection, followed by plaque cloning to acquire a clonal 

population of a transformant. In addition, transformation efficiency is relatively low 

compared to transformation in other gram-negative bacteria. However, introducing 
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exogenous DNA into Chlamydia has opened the door for chlamydial genetic 

manipulation.  

Chlamydia transformation made it possible to ectopically express a specific 

chlamydial gene from the shuttle vector in C. trachomatis. Genes can be expressed 

from their endogenous promoters to study their temporal expression during the 

developmental cycle (Chiarelli et al., 2020; Cortina et al., 2019). However, expressing a 

chlamydial protein from its endogenous promoter will increase the concentration of the 

protein in Chlamydia due to increased copy number, which in some cases (e.g. 

expressing transcription factors), can be toxic to the bacteria. Alternatively, ectopic gene 

expression can be regulated under the control of a tetracycline-inducible promoter (e.g. 

shuttle vectors pBOMB4 or pASK) (Bauler & Hackstadt, 2014; Wickstrum et al., 2013). 

This approach has been utilized to investigate the effect of transcription factors on the 

chlamydial transcriptome (Soules et al., 2020; Wurihan et al., 2021). In addition, 

inducible expression of a tagged chlamydial protein allows for investigation of its cellular 

localization (Bauler & Hackstadt, 2014; J. Lee et al., 2020) and its interacting partners 

(Dickinson et al., 2019; Y. Han & Derré, 2017). Importantly, ectopic gene expression 

allows for mutant complementation and for defining the functional domain that is 

required to rescue a phenotype (Auer et al., 2020; Ghosh et al., 2020; Weber et al., 

2016; Wood et al., 2020). 

The ability to introduce recombinant DNA into C. trachomatis has also led to the 

development of multiple gene knockout systems (Andersen et al., 2021; C. M. Johnson 

& Fisher, 2013; LaBrie et al., 2019; Mueller et al., 2016). One example is the use of 

TargeTronTM (Sigma) for site-directed gene inactivation (C. M. Johnson & Fisher, 2013; 
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J. H. Shaw et al., 2018; Weber et al., 2016). This system takes advantage of mobile 

group II introns and their ability to insert into target genes with the help of intron 

encoded protein (IEP) (Lambowitz & Zimmerly, 2004). Another gene disruption method 

is the use of the hyperactive Himar transposase, which inserts transposons non-

specifically into the genome (Lampe et al., 1999, p. 19). This method has led to vector-

driven transposon mutagenesis screens conducted in both C. trachomatis and C. 

muridarum (LaBrie et al., 2019; Y. Wang et al., 2019). In addition, site-directed gene 

deletion through allelic exchange has been developed by Fields and colleagues, which 

involves replacing the gene of interest with a cassette that expresses an antibiotic 

resistance marker (Mueller et al., 2016). One limitation of utilizing these knockout 

systems is that insertion into the chlamydial chromosome can have polar effects on 

upstream or downstream genes or change the overall DNA topology, which may affect 

the transcription of multiple genes (O’Neill et al., 2020; Rahnama & Fields, 2018). Fields 

et al. resolved this issue by flanking the inserted cassette with LoxP sites, which can be 

excised when Cre is expressed (Keb et al., 2021). An important limitation of using gene 

knockout approaches to study a chlamydial gene is that Chlamydia has a reduced 

genome size, in which most genes are likely to be essential. As such, roughly only 15% 

of the chlamydial genome has been disrupted using the aforementioned approaches 

(LaBrie et al., 2019; O’Neill et al., 2020). 

To date, only one conditional gene knockdown system has been developed to 

study the function of essential genes in C. trachomatis. In a proof-of-principle study, 

Ouellette applied CRISPR interference (CRISPRi) to knockdown a non-essential gene, 

incA (Ouellette, 2018). This system utilizes an inactive Cas9 variant (dCas9) that binds 
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to a single guide RNA (sgRNA), which directs the complex to a target DNA sequence in 

the incA promoter region (Bikard et al., 2013; Qi et al., 2013). The target sequence must 

also have a downstream protospacer adjacent motif (PAM) site to be recognized by 

dCas9 (Mojica et al., 2009). The dCas9-sgRNA complex then blocks transcription of 

incA via steric hindrance. More importantly, the dCas9 is placed under the control of a 

tetracycline-inducible promoter, resulting in a conditional gene knockdown system 

(Ouellette, 2018; Ouellette et al., 2021). Using this approach, Ouellette and colleagues 

were able to knockdown the essential chlamydial genes clpP2 and clpX (Wood et al., 

2020). Repressing gene expression on a transcriptional level has a strong gene 

silencing effect, however, this also indicates that knocking down the first gene in an 

operon will cause a polar effect on downstream genes in an operon (Wood et al., 2020). 

Thus, a conditional knockdown system that can selectively target a gene in an operon 

would be beneficial.  
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Chapter concluding statement 

Small RNAs (sRNAs) are a class of regulatory RNAs that play important roles in 

bacterial physiology and pathogenesis. However, in the intracellular bacterium 

Chlamydia, sRNAs are poorly understood, and functional studies have been limited to a 

heterologous system. In this study, we took advantage of the recent advances in 

chlamydial genetics and developed an inducible sRNA overexpression system in C. 

trachomatis (Ch 2). We applied the genetic system to a screen and identified 4 

previously uncharacterized sRNAs that had a deleterious effect on the C. trachomatis 

developmental cycle when they were overexpressed (Ch 2). For 3 of the 4 sRNAs, we 

further determined which step in the developmental cycle was disrupted by their 

overexpression (Ch 2). Through a multi-step approach, we also demonstrated how our 

genetic system can be utilized to identify mRNA targets of a chlamydial sRNA (Ch 2). 

Lastly, we applied the overexpression system to develop a sRNA-mediated knockdown 

system in C. trachomatis (Ch 3). Overall, this work offers a novel and generalizable 

approach for investigating the role of chlamydial sRNAs in their native organism. 

In Chapter 5, I will also discuss a separate study that was conducted during the 

early stages of my Ph.D. training. In this work, we provided biological plausibility for C. 

trachomatis as a co-factor for HPV-induced cervical cancer.  
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Chapter 2: A novel genetic system to study small RNAs in 
Chlamydia trachomatis 
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Abstract 

sRNAs are non-coding transcripts that play critical roles in post-transcriptional 

regulation in prokaryotes. In the intracellular bacterium Chlamydia, sRNAs have been 

identified, but functional studies have been limited to an E. coli heterologous system. 

We have developed an inducible sRNA overexpression system in Chlamydia 

trachomatis and used it to screen putative sRNAs for effects on the Chlamydia 

developmental cycle, which involves conversion between replicating (RB) and infectious 

(EB) chlamydial forms. Overexpression of 6 of 15 C. trachomatis sRNAs decreased 

production of infectious EBs. We performed detailed characterization of CtrR3, CtrR7, 

and CtrR0332 the three sRNAs that caused the largest progeny defects in our screen. 

By quantifying chlamydial number and infectious progeny, and by visualizing chlamydial 

forms using electron microscopy, we showed that overexpression of CtrR3 and 

CtrR0332 prevented RB-to-EB conversion, whereas CtrR7 overexpression blocked 

bacterial replication. We also describe a workflow that allowed us to identify the mRNA 

targets of CtrR3 in Chlamydia. We first used MS2 aptamer affinity purification coupled 

with RNA sequencing as an unbiased approach to isolate interacting mRNAs. We then 

prioritized candidates based on sequence complementarity to the CtrR3 target 

recognition sequence, which we had identified with bioinformatic and mutational 

analyses. Finally, we tested putative targets with translational fusion assays in E. coli 

and C. trachomatis. Using this integrated approach, we provide experimental evidence 

that YtgB and CTL0389 are mRNA targets of CtrR3 in Chlamydia. These findings 

demonstrate how our C. trachomatis sRNA overexpression system can be used to 

investigate the functions and mRNA targets of chlamydial sRNAs. 
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Introduction 

Chlamydia are obligate intracellular bacteria that cause a wide array of human 

illnesses. Chlamydia trachomatis is the most common cause of bacterial sexually 

transmitted disease, with more than 1.8 million new cases reported annually in the 

U.S.(CDC, 2021). C. trachomatis also causes an infectious blindness called trachoma, 

and the related species, C. pneumoniae and C. psittaci, are responsible for community-

acquired pneumonia and psittacosis, respectively (Batteiger BE, Tan M., 2019).  

All Chlamydia spp. share a developmental cycle that is marked by conversion 

between two specialized forms within a eukaryotic host cell (Moulder, 1991). An 

infectious form, called the elementary body (EB), binds and enters the host cell. Within 

2-8 hours post infection (hpi), the EB differentiates into a larger, intracellular form, 

known as the reticulate body (RB), in a membrane-bound vacuole called the chlamydial 

inclusion. RBs are metabolically active and undergo multiple rounds of replication 

before asynchronously converting back into EBs. This conversion step is critical for 

transmission because only EBs can infect new host cells. The time course of the 

intracellular infection varies between species, but for C. trachomatis, RB-to-EB 

conversion starts at around 24 hpi, with EBs released by 48 hpi to end the 

developmental cycle (J. K. Lee et al., 2018).  

Another hallmark of this developmental cycle is the regulated expression of 

chlamydial genes in three temporal groups (Belland, Zhong, et al., 2003). Early genes 

play important roles in establishing the inclusion, and midcycle genes are expressed 

during RB replication. Late genes are expressed during RB-to-EB conversion and 
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include genes with EB-specific functions (Rosario CJ, 2020). For example, hctA and 

hctB encode histone-like proteins HctA (also known as Hc1) and HctB (or Hc2), which 

condense the DNA in EBs, while omcB encodes an EB-specific outer membrane protein 

(Brickman et al., 1993b; Hackstadt et al., 1991). Most of the work on chlamydial gene 

expression has focused on the regulation of transcription by transcription factors and 

alternative sigma factors (Rosario CJ, 2020). In contrast, little is known about the post-

transcriptional regulation of gene expression in Chlamydia.  

Small RNAs (sRNAs) play an important role in regulating protein expression in 

bacteria. These sRNAs are 50 to 500-nucleotides long and form stable secondary 

structures that are critical for their function. Binding of a sRNA to one or more mRNA 

targets through complementary base pairing commonly leads to decreased expression 

of each target protein (Gottesman & Storz, 2011; Storz et al., 2011). sRNAs can be 

grouped into two classes (Waters & Storz, 2009). A cis-encoded sRNA is transcribed 

from the complementary strand of its single target gene and functions as an anti-sense 

RNA that binds its mRNA target to regulate its stability (Georg & Hess, 2011). In 

contrast, a trans-encoded sRNA typically has multiple mRNA targets and binds at or 

near their respective ribosome binding site (RBS). This association occurs via a short 

region of imperfect sequence complementarity that impedes ribosome binding and/or 

promotes mRNA degradation. Target genes of trans-encoded sRNAs are located at 

different genomic sites from the sRNA, which makes their identification more 

challenging (Waters & Storz, 2009). 

Putative chlamydial sRNAs have been identified, but functional analysis has 

been limited to a heterologous system. Albrecht et al. and AbdelRahman et al. used 
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RNA sequencing or an intergenic tiling microarray to identify a total of 66 putative 

sRNAs in C. trachomatis, 21 of which were confirmed by northern blotting (4 cis and 17 

trans sRNAs) (AbdelRahman et al., 2011; Albrecht et al., 2010). Functional studies have 

been performed on two C. trachomatis sRNAs, IhtA and CTIG270. IhtA is a trans-

encoded sRNA that decreased protein, but not transcript levels of its target HctA when 

both were co-expressed in E. coli (N. A. Grieshaber, Grieshaber, et al., 2006). 

CTIG270, in contrast, is a cis-encoded sRNA that downregulated transcript and protein 

expression of the peptidoglycan synthesis gene ftsI in an E. coli co-expression assay 

(AbdelRahman et al., 2011; Ouellette et al., 2012). The functions and targets of these 

sRNAs have not been assessed in Chlamydia with its complex biphasic developmental 

cycle. 

In this study, we describe a novel C. trachomatis sRNA overexpression system to 

study chlamydial sRNAs in their native environment. We used this genetic approach to 

screen 15 chlamydial sRNAs for deleterious effects on the infection and identified 6 

whose overexpression caused a severe reduction in infectious progeny. We also 

applied our genetic system to identify mRNA targets of a chlamydial sRNA. By 

combining an unbiased screen to capture putative mRNA targets with a bioinformatics-

based prioritization scheme and functional studies in E. coli and Chlamydia, we 

identified YtgB and CTL0389 as likely mRNA targets of the uncharacterized sRNA 

CtrR3. 

 

 

 



 36 
 
 

 

Results 

2.1 Development of a sRNA overexpression system in Chlamydia 

To study the role of chlamydial sRNAs in the developmental cycle, we developed 

an inducible system to express individual sRNAs in C. trachomatis. This system is 

based on the pBOMB4 plasmid, a chlamydial shuttle vector for tetracycline-inducible 

protein expression in C. trachomatis (Bauler & Hackstadt, 2014). We modified pBOMB4 

by removing the downstream Tet operator to avoid adding extra nucleotides to the 5' 

end of the sRNA, which might alter its secondary structure and function (Fig. 3A). The 

sRNA overexpression cassette was also relocated to avoid possible read-through 

transcription of downstream genes. We call this new plasmid pBOMB5 (Fig. 4). 

We tested this overexpression system with IhtA, the best characterized 

chlamydial sRNA. In studies using a heterologous system, IhtA has been shown to 

negatively regulate translation of the histone-like protein HctA (N. A. Grieshaber, 

Grieshaber, et al., 2006). We generated pBOMB5-tet-IhtA, and a control plasmid, 

pBOMB5-tet-mCherry, and transformed each into C. trachomatis (Fig. 3A). Induction 

with anhydrotetracycline (aTc) increased IhtA expression in the IhtA transformant, as 

measured by northern blots (Fig. 3B) and decreased protein levels of HctA, but not for 

other late genes, HctB and OmcB (Fig. 3C). These effects were specific for IhtA 

because they were not seen when mCherry expression was induced by aTc in the 

control transformant (data not shown). IhtA overexpression did not change mRNA levels 

of HctA, HctB, or OmcB (Fig. 3D). These data show that IhtA negatively regulates 

protein, but not transcript, levels of HctA in Chlamydia. They also provide proof of 
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principle for our overexpression system as an approach for altering the levels of sRNA 

and its target in this intracellular bacterium.  

 

Figure 3. Development of an inducible sRNA overexpression system in C. 
trachomatis.  
(A) Schematics of the overexpression cassettes for mCherry (control) and IhtA in the 
pBOMB5 plasmid. +1 marks the transcriptional start site.  
(B) Northern blot of HeLa cells infected with Chlamydia transformants that 
overexpressed either mCherry or IhtA after incubation with or without 50 ng/mL aTc 
starting at 16 hpi. IhtA levels are shown at 36 hpi. 5S rRNA served as a loading control.  
(C) HeLa cells infected for 36 hours with mCherry or IhtA transformants that were either 
left uninduced or induced with aTc at 16 hpi were lysed and subjected to western 
blotting analysis with antibodies to HctA, HctB, and OmcB. MOMP and GAPDH served 
as loading controls for Chlamydia and host cells, respectively.  
(D) HeLa cells infected with the IhtA transformant and induced as above were analyzed 
by RT-qPCR for the transcript levels of HctA, HctB, and OmcB at 36 hpi. 16S rRNA 
served as the reference gene. Transcript levels for each gene in the induced sample 
was compared to the average transcript levels of each respective gene in the uninduced 
control via the Pfaffl equation. Data is presented as mean ± SEM (n= 3). 
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We attempted an alternative approach to knockout IhtA using fluorescence-

reported allelic exchange mutagenesis (FRAEM) (Mueller et al., 2017). This approach 

utilizes a suicide vector that contains the spectinomycin resistance and GFP reporter 

genes, flanked by the upstream and downstream regions of ihtA (Fig. 5A). We were 

successful in deleting IhtA from the genome (Fig. 5B) and observed a slight increase in 

HctA protein levels (Fig. 5C). However, we also observed polar effects of the cassette 

insertion into the ihtA gene locus as the expression of the downstream tRNA-thr was no 

longer detected by northern blot analysis (Fig. 5D). IhtA and tRNA-thr most likely share 

the same promoter as the s66-Chromatin immunoprecipitation (ChIP) experiment 

showed that s66 has one binding site upstream of the ihtA gene (Fig. 5E). In addition, 

alongside knocking out ihtA, we attempted to knockout another sRNA, CtrR7, and were 

unsuccessful. These results further demonstrated the limitation of utilizing the knockout 

approach to study chlamydial sRNAs.   
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Figure 4. Plasmid map of pBOMB5-tet-sRNA.  
The sRNA expression cassette was moved to prevent potential transcriptional read-
through into the bla gene. The IncG terminator was placed downstream of the bla gene 
to prevent read-through into the sRNA expression cassette.   
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Figure 5. Knockout of IhtA results in polar effects on tRNA-Thr. 
(A) Schematics of deleting ihtA through fluorescence-reported allelic exchange 
mutagenesis (FRAEM) (Mueller et al., 2016). SpecR encodes a spectinomycin 
resistance gene. Arrows mark the primers that were used to confirm ihtA gene deletion.  
(B) Genomic DNA from ihtA mutant or wildtype C. trachomatis and the knockout vector 
(pSUmC-4.0-IhtA) were PCR amplified with the indicated primer sets. 
(C) HeLa cells infected for 24 or 36 hours with ihtA mutant or WT C. trachomatis were 
lysed and subjected to western blotting analysis with antibodies to HctA, HctB, and 
OmcB. MOMP served as loading controls for Chlamydia. 
(D) Northern blot of RNA extracted from HeLa cells infected with ihtA mutant or WT C. 
trachomatis at 24 and 36 hpi. IhtA and tRNA-thr levels are shown and 5S rRNA served 
as a loading control.  
(E) HeLa cells infected with WT C. trachomatis were lysed and subjected to s66-ChIP 
analysis. Peak indicates the binding site of s66 in the Chlamydia genome. s66-ChIP 
experiment was conducted by Dr. Syed Rizvi.  
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2.2 A reverse genetic screen identifies sRNAs that are involved in a productive 

chlamydial infection  

We next used this sRNA overexpression system to screen putative C. 

trachomatis sRNAs for a potential role in the developmental cycle. We focused on 16 

sRNAs that have been previously confirmed by northern blot analysis and whose 

transcription start sites have been mapped (Table 2) (AbdelRahman et al., 2011; 

Albrecht et al., 2010). Each sRNA was cloned into pBOMB5, and 14 of 16 were 

successfully transformed into C. trachomatis. Using this panel of transformants and the 

IhtA transformant, we induced the overexpression of individual sRNAs and measured 

effects on the production of infectious EBs with a progeny assay, which is performed 

with a secondary infection (Fig 6A). 

Overexpression of six sRNAs caused measurable reductions in progeny 

production (Fig. 6B). The greatest defects were seen with overexpression of CtrR3, 

CtrR7, CtrR0332 (Fig. 7A-C), and CTIG648. CtrR3 overexpression decreased progeny 

by 68-fold at 32 hpi, compared to its uninduced control, and the severity of the defect 

was proportional to the aTc concentration used for induction (Fig. 8). Overexpression of 

CtrR7 and CTIG648 resulted in a 38-fold and 36-fold decrease in progeny at 32 hpi, 

respectively. The most drastic effect on progeny was seen with CtrR0332 

overexpression, which resulted in a 132-fold decrease in progeny. In comparison, IhtA 

and CTIG270 transformants showed only a 2.8-fold and 7.7-fold reduction in progeny, 

respectively (Fig. 6B). Induction of the nine other sRNAs did not affect progeny, and of 

these, we verified overexpression for CtrR1 and CtrR4 by northern blot analysis (Figs. 
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7D). These results demonstrate that CtrR3, CtrR7, CtrR0332, CTIG648, CTIG270 and 

IhtA have important functions in the developmental cycle. 

 
 

 
Figure 6. A screen to identify C. trachomatis sRNAs important for the Chlamydia 
developmental cycle.  
(A) Schematic of the sRNA overexpression screen.    
(B) For each transformant, the number of infectious EBs of induced samples is 
expressed as a percentage of the uninduced control samples. HeLa cells infected with 
transformants expressing mCherry or a sRNA were incubated in the absence or 
presence of 50 ng/mL aTc starting at 1 hpi. Lysates were collected at 32 hpi and 
analyzed for infectious progeny production in a secondary infection. Data are presented 
as mean ± SEM (n= 3), ***P<0.001. 
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Figure 7. Overexpression of CtrR3, CtrR7, CtrR0332, CtrR1, and CtrR4.  
Northern blots of Hela cells infected with (A) CtrR3, (B) CtrR7, (C) CtrR0332, and (D) 
CtrR1 or CtrR4 transformants. CtrR3, CtrR0332, CtrR1, and CtrR4 transformants were 
induced at 1 hpi and analyzed at the indicated time points. CtrR7 transformant was 
induced at 16 hpi and analyzed at 32 hpi because CtrR7 overexpression from 1 hpi 
strongly impacted bacterial growth. CtrR3, CtrR7, CtrR0332, CtrR1 and CtrR4 levels are 
shown; and 5S rRNA served as a loading control. 
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Figure 8. CtrR3 overexpression affects progeny in a dose-dependent manner.  
(A) Northern blot analysis of total RNA extracted from HeLa cells that were infected with 
CtrR3 transformants and that were incubated with different amount of aTc from 1-32 
hpi. Level of CtrR3 is shown; 5S rRNA served as loading control. 
(B) Infectious EBs from samples in the same conditions as (A) were harvested at 32 hpi 
and quantified by progeny assay. The number of infectious EBs in the induced 
conditions is expressed as a percentage of the number of EBs in uninduced control 
samples. Data are presented as mean ± SEM (n= 3). 
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Figure 9. CtrR3 is processed from pre-tmRNA.  
(A) The position of the ctrR3 gene in the C. trachomatis serovar L2 genome is shown.  
(B) Total RNA isolated from HeLa cells that were infected with wildtype C. trachomatis 
serovar L2 was analyzed by northern blotting at the indicated times. Blots were probed 
for CtrR3 and 5S rRNA as loading control.  
(C) HeLa cells were infected with the CtrR3 transformant or the tmRNA+CtrR3 
transformant and were incubated with or without aTc at 1 hpi. Total RNA isolated from 
the infected cells was analyzed by northern blotting at 24 hpi. Blots were probed with 
CtrR3 and tmRNA oligonucleotides. Black arrows: tmRNA+CtrR3; red arrow: tmRNA; 
purple arrow: CtrR3. 
(D) HeLa cells infected with WT C. trachomatis were lysed and subjected to s66-ChIP 
analysis. Peaks indicate the binding site of s66 in the Chlamydia genome. s66-ChIP 
experiment was conducted by Dr. Syed Rizvi.  
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2.3 Characterization of CtrR3 overexpression effects on the developmental cycle 

As CtrR3 overexpression caused a large defect in progeny production, we 

performed additional experiments to characterize this sRNA. CtrR3 is a trans-encoded 

sRNA located downstream of the tmRNA (Fig. 9A) and its endogenous expression was 

detected throughout the developmental cycle (Fig. 9B). Overexpression of the transcript 

containing both CtrR3 and tmRNA in Chlamydia showed increased levels of both RNAs 

under aTc induction via northern blot analysis (Fig. 9C). In addition, s66-ChIP showed a 

single binding site upstream of the tmRNA gene, suggesting that CtrR3 and tmRNA 

share the same promoter (Fig. 9D). These results indicate that CtrR3 and tmRNA are 

processed from the same transcript.  

We next identified the stage in the developmental cycle that was disrupted by 

CtrR3 overexpression. CtrR3 overexpression only had a modest effect on RB 

replication, as shown by 1.9-fold and 1.6-fold decreases in genome copy number at 24 

hpi and 36 hpi, respectively, compared to uninduced controls (Fig. 10A). In contrast, 

there was a 24-fold and 104-fold reduction in progeny at 24 and 36 hpi, respectively 

(Fig. 10B), and thus a disproportionate effect on EB production compared to RB 

replication (Fig. 10C). Progeny counts did not recover at later times, which indicates that 

this defect could not be attributed to a delay in EB production (48 and 60 hpi, Fig. 10D). 

This progeny defect was dependent on the timing of CtrR3 induction, as CtrR3 

overexpression at 20 hpi or later did not affect progeny production (Fig. 10E) 

We confirmed the defect in EB production with additional assays. Western blot 

analysis at 36 hpi showed that CtrR3 overexpression decreased expression of the EB-

specific proteins HctB and OmcB, but not of MOMP, which is present in RBs and EBs 
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(Fig. 10F). Transmission electron microscopy at 36 hpi showed that CtrR3 

overexpression produced inclusions full of RBs and dividing RBs, with very few EBs and 

intermediate bodies (IBs), which are RBs in the process of converting into EBs (Fig. 

10G). This distribution of chlamydial developmental forms was strikingly different from 

uninduced control cells at this late time, which had predominantly EBs, with few RBs 

and IBs, similar to a wildtype infection (J. K. Lee et al., 2018). In addition, the RBs in the 

CtrR3 overexpressing condition appeared larger than the ones in control (Fig. 10H). 

These results show that the large progeny defect caused by CtrR3 overexpression was 

mainly due to a block in RB-to-EB conversion.  
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Figure 10. CtrR3 overexpression resulted in an RB-to-EB conversion. 
(A) The number of chlamydial genomes and (B) infectious EBs produced in HeLa cells 
infected either with the mCherry or the CtrR3 transformant were determined by qPCR 
and progeny assay, respectively, at the indicated time points and normalized to the 
number of host cells. mCherry or CtrR3 overexpression was induced as described in Fig 
6B. Data are mean ± SEM (n= 3); **P≤0.01 and ***P<0.001.  
(C) The numbers of chlamydial genomes and infectious EBs in CtrR3 overexpression 
samples are expressed as a percentage of their respective uninduced control to 
represent the relative effect of CtrR3 overexpression.  
(D) The number of infectious EBs per cell was determined at the indicated time points in 
HeLa cells infected with the CtrR3 transformant that was incubated with aTc at 1 hpi. 
Data are mean ± SEM (n= 3); *P≤0.5, **P≤0.01. 
(E) HeLa cells were infected with the CtrR3 transformant and incubated with aTc at the 
1, 16, 20 hpi. For each condition, the number of infectious EBs was determined at 32 
hpi, normalized to the uninduced control and expressed as a percentage. Data are 
mean ± SEM (n= 3). 
(F) Western blot analysis of lysates from Hela cells infected with the mCherry or CtrR3 
transformants treated with aTc from 1-36 hpi. The levels of HctB and OmcB (late gene 
products) MOMP (mid gene product) are shown. GAPDH served as a loading control.  
(G) Electron micrographs of CtrR3 transformant-infected HeLa cells at 36 hpi, in the 
absence or presence of aTc starting at 1 hpi. The chlamydial developmental forms are 
as indicated: RB, reticulate body; IB, intermediate body; and EB, elementary body. 
White scale bar: 2 µm, black scale bar: 1 µm.  
(H) Area of 30 RBs was determined by ImageJ from EM images of inclusions of CtrR3 
transformants that were either left uninduced or induced with aTc from 1-36 hpi. Data 
are mean ± SEM (n= 3 inclusions); ***P<0.001. 
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2.4 Characterization of CtrR7 overexpression effects on the developmental cycle 

CtrR7 is a trans-encoded sRNA that is located in the intergenic region between 

the oppA4 and ctl0742 genes (Fig. 11A). Its endogenous expression peaks between 20 

and 24 hpi and decreases at 36 hpi (Fig. 11B). In contrast to CtrR3, overexpression of 

CtrR7 had a strong effect on RB replication as shown by a 9.3-fold and 21-fold 

decrease in genome copy at 24 and 36 hpi, respectively (Fig. 11C). CtrR7 

overexpression caused a 14-fold and 47-fold decrease in progeny at 24 and 36 hpi (Fig. 

11D), and thus, its deleterious effect on RB replication and EB production were 

proportional (Fig. 11E). This progeny defect caused by CtrR7 overexpression was not 

observed when the induction started at 20 hpi (Fig. 11F). Western blot analysis further 

demonstrated that CtrR7 overexpression affected the expression of both late (HctB and 

OmcB) and midcycle gene products (MOMP) (Fig. 11G). In addition, transmission 

electron microscopy at 36 hpi showed that CtrR7 overexpression resulted in an 

inclusion that was mostly empty except for a few RBs. In addition, some of these RBs 

appeared to be lysed within the inclusion (Fig. 11H). Lastly, CtrR7 overexpression did 

not cause the formation of multiple inclusions within a host cell (data not shown), which 

suggests that the inclusion membrane protein, IncA, involved in inclusion fusion is 

expressed (Weber et al., 2015). Because IncA is expressed and secreted exclusively by 

RBs, this provided additional evidence that the few chlamydiae we observed in EM are 

RBs. Taken together, these results suggest that the severe reduction in progeny caused 

by CtrR7 overexpression is mainly due to an RB replication defect.  

Upon inspecting CtrR7 nucleotide sequences, we suspected that this sRNA may 

encode for a 53 amino acid small protein, which is conserved in C. suis and C. 
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muridarum (Fig 12A, B). To test this hypothesis, we inserted a 3xFlag tag at the C-

terminus of the predicted ORF in the CtrR7 sequence and overexpressed this version of 

CtrR7, called CtrR7-Flag, in C. trachomatis (Fig 12A). Western blot analysis showed an 

overexpression of a 15kD protein, which is larger than the predicted size of 8.6 kD (Fig 

12C). Immunofluorescence analysis demonstrated that the small protein may localized 

to the bacterial membrane, as it co-localized with a membrane protein (MOMP), in a 

ring-like structure (Fig 12D). Although the CtrR7 small protein is not bioinformatically 

predicted to have a transmembrane domain, it is predicted to have a Sec targeting 

signal peptide (Fig 12E).  

To test if the small protein is necessary for the progeny defect caused by CtrR7 

overexpression, we disrupted the ORF by introducing a nucleotide deletion that resulted 

in the formation of a premature stop codon and we called this sRNA CtrR7mut (Fig. 13A). 

Predicted secondary structures of CtrR7mut by RNAfold showed that the RNA secondary 

structure is similar to the predicted structure of the wildtype CtrR7 (Fig. 13A). 

Interestingly, overexpression of CtrR7mut no longer caused a defect on progeny at 32 

hpi (Fig. 13B), suggesting that the small protein is required for the deleterious effect of 

CtrR7 overexpression on the C. trachomatis developmental cycle. 
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Figure 11. CtrR7 overexpression resulted in RB replication defect.  
(A) The position of the ctrR7 gene in the C. trachomatis serovar L2 genome is shown.  
(B) Total RNA extracted from HeLa cells that were infected with wildtype C. trachomatis 
serovar L2 was analyzed by northern blotting at the indicated times. Blots were probed 
for CtrR7 and 5S rRNA as loading control.  
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(C) The number of chlamydial genomes and (D) infectious EBs produced in HeLa cells 
infected with the CtrR7 transformant were determined by qPCR and progeny assay, 
respectively, at the indicated time points and normalized to the number of host cells. 
CtrR7 overexpression was induced as described in Fig 6B. Data are mean ± SEM (n= 
3); **P≤0.01 and ***P<0.001.  
(E) The numbers of chlamydial genomes and infectious EBs in CtrR7 overexpression 
samples are expressed as a percentage of their respective uninduced control to 
represent the relative effect of CtrR7 overexpression.  
(F) HeLa cells were infected with the CtrR7 transformant and incubated with aTc at the 
1, 16, 20 hpi. For each condition, the number of infectious EBs was determined at 32 
hpi, normalized to the uninduced control and expressed as a percentage. Data are 
mean ± SEM (n= 3). 
(G) Western blot analysis of lysates from HeLa cells infected with the CtrR7 
transformants treated with aTc from 1-36 hpi. The levels of HctB and OmcB (late gene 
products) MOMP (mid gene product) are shown. GAPDH served as a loading control.  
(H) Electron micrographs of CtrR7 transformant-infected HeLa cells at 36 hpi, in the 
absence or presence of aTc starting at 1 hpi. White scale bar: 2 µm.  
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Figure 12. CtrR7 encodes a small membrane protein.  
(A) Nucleotide sequence of CtrR7 in Chlamydia trachomatis serovar L2 is shown. The 
predicted ORF is highlighted in purple and the predicted RBS is marked in red. The 
arrow indicates the position where 3xFlag was inserted.  
(B) Amino acid sequences of the predicted CtrR7 small protein in Chlamydia 
trachomatis serovar L2, Chlamydia suis, and Chlamydia muridarum are shown. Blue 
asterisks indicate the conserved amino acids.  
(C) Western blot analysis of lysates from HeLa cells infected with the CtrR7-Flag 
transformants treated with or without aTc from 1-36 hpi. The blot was probed with Flag 
antibody and MOMP served as a loading control.  
(D) Immunofluorescence image of HeLa cells infected with the CtrR7-Flag transformant 
and treated with aTc from 1-36 hpi is shown. CtrR7-Flag protein is visualized with Flag 
antibody (red), chlamydial membrane is visualized with MOMP antibody (green), and 
DNA is visualized by DAPI (blue). White scale bar: 20 µm. Yellow scale bar: 5 µm.  
(E) Signal peptide prediction by SignalP-5.0. Green peak indicates the predicted 
cleavage site.  
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Figure 13. CtrR7 small protein is necessary for CtrR7 overexpression-induced 
progeny defect.  
(A) Left: The wildtype CtrR7 protein codons and predicted secondary structure 
(RNAfold) are shown. The deleted nucleotide is indicated in red. Right: The mutated 
CtrR7 protein codons and predicted secondary structure are shown.  
(B) Infectious EBs produced in HeLa cells infected with CtrR7 or CtrR7mut transformants 
and were treated with aTc 1-32 hpi were determined using progeny assay. The 
numbers of infectious EBs in CtrR7 or CtrR7mut overexpression samples are expressed 
as a percentage of their respective uninduced control to represent the relative effect of 
CtrR7 or CtrR7mut overexpression. Data are mean ± SEM (n= 2). 
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2.5 Characterization of CtrR0332 overexpression effects on the developmental 

cycle 

CtrR0332 is a trans-encoded sRNA that is located downstream of the late gene, 

ltuB (Fig. 14A). Northern blot analysis revealed that CtrR0332 is also expressed as a 

late gene (Fig. 14B). s66-ChIP study showed a single s66-dependent promoter upstream 

of ltuB, suggesting that the sRNA may be processed from the same transcript as ltuB 

(Fig 14C). Similar to CtrR3, overexpression of CtrR0332 had a modest effect on RB 

replication as shown by a 1.6-fold and 2.2-fold decrease in genome copy at 24 and 36 

hpi compared to uninduced controls, respectively (Fig. 15A). CtrR0332 overexpression 

had 31.2-fold and 660-fold reduction in progeny at 24 and 36 hpi, respectively, and thus 

had a disproportionate effect on EB production compared to RB replication (Fig. 15B, 

C). Western blot analysis further demonstrated that CtrR0332 overexpression affected 

the expression of late (HctB and OmcB) and not the midcycle gene product (MOMP) 

(Fig. 15D). In addition, the effect on late gene expression and progeny was still 

observed when CtrR0332 overexpression was induced at 24 hpi (Fig. 15D, E). Lastly, 

transmission electron microscopy at 36 hpi showed that CtrR0332 overexpression 

resulted in an inclusion that contained only RBs that were larger than those observed in 

the uninduced control (Fig. 15F). The RBs also had small round fragments that were 

adjacent to the bacteria. These results suggest that CtrR0332 overexpression caused 

minimal RB defect and mostly an RB-to-EB conversion defect.  
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Figure 14. CtrR0332 is expressed as a late gene.  
(A) The position of the ctr0332 gene in the C. trachomatis serovar L2 genome is shown. 
(B) Total RNA extracted from HeLa cells that were infected with wildtype C. trachomatis 
serovar L2 was analyzed by northern blotting at the indicated times. Blots were probed 
for CtrR0332 and 5S rRNA as loading control.  
(C) HeLa cells infected with WT C. trachomatis were lysed and subjected to s66-ChIP 
analysis at 24 hpi. Peaks indicate the binding site of s66 in the Chlamydia genome. 
CTL0337 is a misannotated gene in the chlamydial genome. Position of CtrR0332 is 
shown in black arrow. s66-ChIP experiment was conducted by Dr. Syed Rizvi.  
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Figure 15. CtrR0332 overexpression resulted in an RB-to-EB conversion defect.  
(A) The number of chlamydial genomes and (B) infectious EBs produced in HeLa cells 
infected with the CtrR0332 transformant were determined by qPCR and progeny assay, 
respectively, at the indicated time points and normalized to the number of host cells. 
CtrR0332 overexpression was induced as described in Fig 6B. Data are mean ± SEM 
(n= 3); *P≤0.05 and **P≤0.01.  
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(C) The numbers of chlamydial genomes and infectious EBs in CtrR0332 
overexpression samples are expressed as a percentage of their respective uninduced 
control to represent the relative effect of CtrR0332 overexpression.  
(D) HeLa cells were infected with the CtrR0332 transformant and incubated with aTc at 
the 1, 16, 20, and 24 hpi. For each condition, lysates were collected at 36 hpi and were 
subjugated to Western blot analysis. The levels of HctB and OmcB (late gene products) 
MOMP (mid gene product) are shown. GAPDH served as a loading control.  
(E) HeLa cells were infected with the CtrR0332 transformant and incubated with aTc at 
the 1, 16, 20, and 24 hpi. For each condition, the number of infectious EBs was 
determined at 32 hpi, normalized to the uninduced control and expressed as a 
percentage. Data are mean ± SEM (n= 3). 
(F) Electron micrographs of HeLa cells infected with CtrR0332 transformants at 36 hpi, 
in the absence or presence of aTc starting at 1 hpi. Red arrow indicates small round 
fragments next to an RB. Yellow scale bar: 2 µm. White scale bar: 1 µm.  
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2.6 Identification of mRNA targets of CtrR3 

For the remainder of this study, we used CtrR3 to develop a generalizable, multi-

step approach to isolate and identify the mRNA targets of a sRNA in Chlamydia. 

 

2.6a Identification of the target recognition sequence of CtrR3 

To identify mRNA targets of CtrR3, we used a combined bioinformatic and 

mutational approach to identify the target recognition sequence, or seed region, of 

CtrR3. From the predicted secondary structure (RNAfold) (Lorenz et al., 2011) of CtrR3, 

we predicted its seed region to be in the large C-rich single-stranded hairpin loop, which 

has sequence complementarity to the ribosome binding site (RBS) sequence of 

bacterial mRNAs (Fig. 16A). In addition, the loop sequence is conserved from C. suis 

and C. muridarum (Fig. 16B).  

To test if this sequence is important for CtrR3 function, we generated a 

transformant expressing CtrR3 with a C-to-U substitution at two positions in the 

potential anti-RBS sequence (CtrR3mut) (Fig. 16A). We first tested if the two nucleotide 

substitutions affected the stability of CtrR3mut compared to CtrR3. To measure the 

stability of the sRNAs, we infected HeLa cells with either CtrR3mut or CtrR3 

transformants and first induced sRNA expression with aTc and then treated the cells 

with rifampicin, which halts prokaryotic transcription (Campbell et al., 2001; Ferreira et 

al., 2017). Northern blot analysis showed that CtrR3 and CtrR3mut were both stable 60 

minutes after rifampicin treatment (Fig 16C). In contrast, RT-qPCR analysis on the 

same samples showed that the EUO mRNA has a ½ life of ~17 minutes, demonstrating 

that the rifampicin treatment was effective (Fig 16D). These data suggest that the 
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mutations did not destabilize CtrR3mut, as it still has comparable stability to CtrR3. We 

next demonstrated that overexpression of CtrR3mut (Fig. 16E) no longer decreased 

progeny production (Fig. 16F), providing strong experimental evidence that this hairpin 

loop sequence is the seed region through which CtrR3 mediates its effects on EB 

production. 
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Figure 16.  The C-rich hairpin sequence is necessary for CtrR3 function. 
(A) The secondary structure of CtrR3 was predicted bioinformatically using the RNAfold 
software. The free energy of the thermodynamic ensemble is shown (DG). The box on 
the left shows its C-rich hairpin sequence (highlighted in green) interacting with the RBS 
(highlighted in purple) of a putative mRNA target. The box on the right box shows the 
sequence for CtrR3mut with two C-to-U substitutions.  
(B) Sequences of CtrR3 in Chlamydia trachomatis serovar L2, serovar D, Chlamydia 
suis, and Chlamydia muridarum are shown. Asterisk indicates conserved sequences 
among the species. The blue box marks the sequences of the main loop in the CtrR3 
predicted secondary structure.  
(C) HeLa cells were infected with CtrR3 or CtrR3mut transformants and were treated with 
50 ng/mL of aTc first for 90 minutes followed by 10 µg/mL of rifampicin. Total RNA was 
extracted at 0, 15, 30, or 60 minutes post rifampicin treatment and subjugated to 
northern blot analysis. Blot was probed with an oligonucleotide that recognize by CtrR3 
and CtrR3mut. 5S rRNA served as loading control 
(D) RT-qPCR of total RNA from (C) for the transcript level of EUO. 16S rRNA served as 
the reference gene and each sample was normalized to their respective 0 minute 
control. Data is presented as mean ± SEM (n= 2). 
(E) Northern blot analysis of the CtrR3mut transformant in the absence or presence of 
aTc from 1-32 hpi. CtrR3 and CtrR3mut levels were detected by a probe that recognized 
both forms of the sRNA; 5S rRNA served as the loading control.  
(F) The numbers of infectious EBs in Hela cells infected with either CtrR3 or CtrR3mut 
transformants after treatment with aTc from 1 hpi were determined by progeny assay at 
32 hpi and normalized to the number of host cells. Data are shown as mean ± SEM (n= 
3); *P≤0.05.  
 

2.6b MS2-affinity purification with RNA sequencing (MAPS)  

To identify mRNAs that bind to CtrR3, we overexpressed CtrR3 tagged at the 5¢ 

end with two MS2 hairpins (MS2-CtrR3). We used RNAfold (Lorenz et al., 2011) to 

check that these MS2 hairpins did not alter the predicted secondary structure of CtrR3 

(Fig. 16A). We also constructed a control consisting of two MS2 hairpins followed by a 

rnpB T1 terminator (MS2-Control, Fig. 17A). MS2-CtrR3 and MS2-Control were 

individually cloned into pBOMB5 and successfully transformed into C. trachomatis. 

Using northern blot analysis, we confirmed that these tagged RNA constructs were 

detected and that the sRNA levels at 1 hour after aTc induction were comparable to 

sRNA levels at 2 or 6 hours after aTc induction (Fig. 17B).  
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We then performed MS2-affinity purification coupled with RNA sequencing 

(MAPS) on these transformants (Lalaouna et al., 2018; Lalaouna & Massé, 2015; 

Mercier et al., 2021). We infected HeLa cells with MS2-CtrR3 or MS2-Control 

transformants and induced MS2-sRNAs expression with aTc for one hour before lysing 

the cells at 30 hpi. We captured MS2-sRNAs and their interacting mRNAs using MS2-

Maltose binding fusion proteins (MS2-MBP) that were bound to amylose resins. We 

verified that MS2-CtrR3 and MS2-Control were enriched in the eluted samples 

compared to the respective whole cell lysate (Fig. 17C), and analyzed the eluates by 

RNA-seq. We then performed a differential expression analysis to identify RNAs that 

were enriched in the MS2-CtrR3 library compared to the MS2-Control library. Using an 

enrichment cut-off of log2 fold change ≥ 2 (p-value ≤ 0.01), we identified 52 transcripts 

that were enriched in the MS2-CtrR3 library (Fig. 18).  

 

2.6c Bioinformatic prioritization scheme 

We performed a bioinformatics analysis to prioritize these CtrR3-interacting 

RNAs and to select likely mRNA targets of CtrR3. Using the program IntaRNA (Busch et 

al., 2008; Mann et al., 2017; Raden et al., 2018; Wright et al., 2014), which predicts 

sRNA-mRNA target base-pairing, we found that 34 of the 52 candidate mRNA targets 

showed sequence complementarity to the CtrR3 seed region (Table 3). We focused on 

four of these mRNAs, YtgB, CTL0389, CTL0015 and CTL0674, because they contained 

predicted CtrR3-interacting sequences located at their RBS, which is the site where 

sRNAs frequently bind to regulate protein expression (Fig. 18, Table 4). 
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Figure 17. Aptamer affinity purification of MS2-CtrR3.  
(A) The secondary structures of MS2-Control (MS2-RnpB T1) and MS2-CtrR3 were 
predicted bioinformatically using the RNAfold software. The free energy of the 
thermodynamic ensemble is shown (DG).  
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(B) Northern blot of lysates from MS2-Control and MS2-CtrR3 infected HeLas that were 
induced 1, 2, or 6 hours prior to collection at 30 hpi. Blot was probed with 
oligonucleotide against the MS2 sequence; 5S rRNA is shown as loading control.  
(C) Northern blot analysis of the whole cell lysates (WCL) and eluted materials (Elu) of 
MS2-Control and MS2-CtrR3 infected HeLas that were induced at 29 hpi with aTc and 
collected at 30 hpi for MS2-affinity purification. Northern blot was probed with 
oligonucleotide against the MS2 sequence. 
 

 

 

 
Figure 18.  MAPS identifies putative mRNA targets of CtrR3. 
Volcano plot demonstrating differential enrichment of the MS2-Control (left) vs MS2-
CtrR3 (right) (n=2). Cut-off for enrichment was set at Log2 fold ≥ 2 and p-value was set 
at < 0.01 as indicated by the dashed lines. Enriched transcripts are marked with red 
dots. Also marked are unenriched transcripts that had been bioinformatically predicted 
to interact with CtrR3 target recognition sequence at the RBS (yellow dots).   
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2.6d Functional testing with translational fusion reporter assays 

We tested these four candidates in translational fusion reporter assays, first in E. 

coli (Urban & Vogel, 2007), then in Chlamydia. For the E. coli analysis, we included five 

negative controls, which were C. trachomatis mRNAs predicted to have sequence 

complementarity to the CtrR3 seed region at or near the RBS, by the sRNA target 

prediction program TargetRNA2 (Kery et al., 2014), but not recovered in our MAPS 

analysis (Fig. 18, Table 4). For each of these nine mRNA candidates, we constructed a 

translational fusion reporter containing the region from -50 to +30 relative to the start 

codon, fused upstream of gfp. Co-expression of these translational fusion reporters with 

CtrR3 in E. coli decreased GFP levels for YtgB and CTL0389, but not for CTL0015, 

CTL0674 or the five control mRNAs (Fig. 19).  

To confirm that YtgB and CTL0389 are bona fide CtrR3 targets, we developed an 

analogous translational fusion assay in C. trachomatis (Fig. 20A). This analysis required 

generation of a C. trachomatis transformant for each sRNA-target pair that we tested. 

As proof of principle, we first showed that overexpression of IhtA downregulated GFP 

reporter expression for its known target HctA, but not for the negative control HctB 

(Figs. 20B, C). We then tested CtrR3 overexpression and found that it significantly 

decreased GFP reporter expression for YtgB and CTL0389 (Figs. 21A, B). For both 

these targets, the level of downregulation was proportional to the aTc concentration 

used for induction (Fig. 21C). Importantly, GFP expression was not decreased when 

either YtgB and CTL0389 were co-expressed with CtrR3mut, which contains a disrupted 

target recognition sequence (Fig. 21D). These data confirm our E. coli translational 
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fusion results and provide strong evidence that YtgB and CTL0389 are mRNA targets of 

CtrR3 in C. trachomatis.     

We also performed reciprocal mutation experiments to test if CtrR3 directly 

interacts with CTL0389. In initial experiments, we made mutations in the RBS of the 

CTL0389 translational fusion reporter to complement the CtrR3mut seed region (5'-

GGGAGG-3' to 5'-GAAAGG-3'). However, CtrR3mut did not downregulate this version of 

CTL0389 reporter (data not shown). We then generated a new reciprocal pair by 

making two CTàTC mutations in the seed region of CtrR3 (CtrR3m1) and introducing 

reciprocal mutations in the RBS of the CTL0389 GFP reporter (CTL0389m1::GFP) (Fig. 

21E). Overexpression of CtrR3m1, but not wildtype CtrR3, decreased CTL0389m1 GFP 

reporter expression, providing genetic evidence of base-pairing between CtrR3 and 

CTL0389 mRNA. 
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Figure 19.  E. coli translational fusion assays identify YtgB and CTL0389 as 
potential targets of CtrR3.  
(A) Western blots of lysates from E. coli co-expressing CtrR3 together with the reporter 
construct in which GFP was fused to of each candidate mRNA targets. CtrR3 was first 
expressed for 30 minutes with 200 ng/mL aTc. Subsequently, 0.02% arabinose was 
used to induce expression of GFP reporter constructs. The level of GFP is shown. E. 
coli GroEL served as a loading control.  
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(B) Quantification of the western blots in (A). GFP was normalized first to GroEL and 
then to the respective uninduced controls. Data are mean ± SEM (n= 3); ***P≤0.001.  
(C) Western blot analysis of lysates from E. coli co-expressing CtrR3 together with 6 
putative mRNA target sequences fused to GFP. Expression of CtrR3 or the translational 
fusion proteins was induced with aTc or arabinose, respectively. GFP levels are shown. 
GroEL served as a loading control.  
 
 
 

 
Figure 20. Development of a Chlamydia translational fusion assay.  
(A) Plasmid map of pBOMB5-tet-sRNA translational fusion. The -50 to +30 region, 
relative to the translational start site, of the mRNA targets were fused upstream of the 
gfp in the pBOMB5 plasmid. Translational fusion is under the control of the Neisseria 
meningitidis constitutive promoter.  
(B) Representative western blots of lysates from HeLa cells infected with Chlamydia 
transformants that co-expressed IhtA together with either HctA or HctB translational 
fusion proteins. Infected cells were induced with aTc at 20 hpi and lysates were 
collected at 24 hpi to avoid the deleterious effects of IhtA overexpression. The level of 
GFP is shown. MOMP served as a loading control for Chlamydia.  
(C) Quantification of the western blot in (A). GFP was normalized first to MOMP, then to 
the respective uninduced controls. Data are mean ± SEM (n= 3); *P≤0.05.   
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Figure 21.  C. trachomatis translational fusion assays validate YtgB and CTL0389 
as CtrR3 targets.  
(A) Representative western blots of lysates from HeLa cells infected with transformants 
that co-expressed CtrR3 together with HctB, YtgB, or CTL0389 translational fusion 
proteins. To minimize deleterious effects of CtrR3 overexpression, samples were 
induced with aTc at 20 hpi and analyzed at 24 hpi. The level of GFP is shown. MOMP 
served as a loading control for Chlamydia.  
(B) Quantification of the western blots in (A). GFP was normalized first to MOMP and 
then to the respective uninduced controls. Data are mean ± SEM (n= 3); ***P≤0.001.   
(C) Western blots of HeLa cells that were infected with transformants that co-expressed 
CtrR3 with either YtgB or CTL0389 translational fusion proteins. The infected cells were 
incubated with different amount of aTc at 20 hpi and samples were analyzed at 24 hpi. 
The level of GFP is shown. MOMP served as a loading control for Chlamydia.  
(D) Western blots of lysates from HeLa cells infected with transformants that co-
expressed the translational fusion proteins with either CtrR3 or CtrR3mut. sRNA 
overexpression was induced as described in (A). The level of GFP is shown, and 
MOMP served as a loading control.  
(E) Top: diagram of the compensatory mutations that were made to CtrR3 and the 
CTL0389 translational fusion. Each box shows the seed region (highlighted in green) of 
CtrR3 or CtrR3m1 interacting with the RBS (highlighted in purple) of either wildtype 
CTL0389 or CTL0389m1 translational fusion mRNAs. Bottom: representative western 
blots of lysates from HeLa cells infected with three different transformants that co-
expressed CtrR3 together with either the CTL0389 or CTL0389m1 translational fusions, 
or CtrR3m1 together with the CTL0389m1 translational fusion. sRNA overexpression 
was induced as described in (A). The level of GFP is shown, and MOMP served as a 
loading control.  
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Discussion 

Until now, functional studies of chlamydial sRNAs have been performed in E. coli 

but not in Chlamydia itself. The main impediment has been that Chlamydia genetics has 

not been possible until recently, and that new methodologic innovations, such as 

transformation of Chlamydia, have remained inefficient (Mueller et al., 2017; Rahnama 

& Fields, 2018). Studies in E. coli have demonstrated that two C. trachomatis sRNAs, 

IhtA and CTIG270, regulate their respective mRNA targets, HctA and FtsI 

(AbdelRahman et al., 2011; N. A. Grieshaber, Grieshaber, et al., 2006). While useful, 

this heterologous approach has two limitations: 1) target recognition between a 

chlamydial sRNA and its target transcripts may be different because Chlamydia lacks 

the RNA chaperone Hfq, which stabilizes sRNA-mRNA target interactions in E. coli (De 

Lay et al., 2013); and 2) potential roles of a chlamydial sRNA in the unique chlamydial 

developmental cycle cannot be investigated. 

Our inducible sRNA overexpression system has a number of advantages. Most 

importantly, it allows a sRNA to be studied in the context of the chlamydial sRNA 

machinery and in the native environment of an infected host cell. Its inducible design 

allows the level and timing of sRNA expression to be controlled by adjusting the 

concentration and duration of aTc induction. Furthermore, it is versatile and can be 

applied in a reverse genetic screen to identify chlamydial sRNAs involved in a specific 

aspect of Chlamydia biology (e.g. the developmental cycle, host-pathogen interactions), 

which has been done in E. coli as well (Bak et al., 2015). Furthermore, the genetic 

system can be used to investigate sRNA target recognition and sRNA-mRNA 

interactions with functional studies. 
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An alternative strategy would be to delete the endogenous sRNA gene, but our 

results with knocking out IhtA demonstrated the limitations of this approach. Not only is 

gene deletion technically difficult in Chlamydia, this approach also requires the insertion 

of reporter genes into the targeted gene locus, which causes polar effects on 

downstream genes. We observed this phenomenon when we deleted IhtA and also saw 

the loss of tRNA-Thr expression. Polar effect can be eliminated by excising the reporter 

genes using the Cre-LoxP system (Keb et al., 2021), however, this requires a second 

round of transformation. Another limitation to the knockout approach is that Chlamydia 

has mostly essential genes as it has a reduced genome. This was demonstrated by our 

inability to knockout another sRNA, CtrR7, which is likely to be essential. Future 

investigation of sRNA functions could also utilize the inducible knockdown system (i.e. 

CRISPRi) that has just been optimized available last year (Ouellette, 2018; Ouellette et 

al., 2021). This approach blocks transcription by targeting the promoter, and thus may 

have limitations if the sRNA is processed from an mRNA or pre-tRNA transcript, as may 

be the case for IhtA (Fig. 5E).   

We were surprised to find that we were able to delete IhtA from the C. 

trachomatis genome, suggesting that it is not essential. Grieshaber et al. previously 

proposed that IhtA represses HctA expression to prevent premature DNA condensation 

and RB-to-EB conversion in a normal developmental cycle. Based on our result, it is 

possible that IhtA is not essential for completion of the Chlamydia developmental cycle 

but could be important for other processes, such as persistence. During persistence, 

RBs remain viable but do not convert into EBs until the environmental stressor is gone. 

Coincidentally, persistent RBs also express high levels of IhtA and low levels of HctA 
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protein (AbdelRahman et al., 2011; N. A. Grieshaber, Grieshaber, et al., 2006). Thus, 

IhtA may be crucial for preventing persistent RBs from converting into EBs, allowing 

these RBs to remain dormant until the environment is optimal for the Chlamydia 

developmental cycle to continue. This model can be tested by comparing the progeny 

productions of wildtype strain and DihtA strain that are in or coming out of persistence.  

Our sRNA genetic system allowed us to identify chlamydial sRNAs whose 

overexpression had deleterious effects on the intracellular infection. We used a progeny 

defect as our read-out, but the same sRNA overexpression transformants can also be 

screened for other phenotypes, such as alteration of a known Chlamydia-host 

interaction. In our study, six sRNAs produced a progeny defect when overexpressed, 

which suggests that they each may have an important function in the developmental 

cycle. This conclusion is supported by published reports showing that two of these four 

sRNAs, IhtA and CTIG270, regulate proteins with roles in the Chlamydia infection. In 

studies with E. coli, IhtA decreased levels of HctA, which controls RB-to-EB conversion, 

and CTIG270 decreased expression of FtsI (Pbp3), which is involved in chlamydial 

division (AbdelRahman et al., 2011; N. A. Grieshaber, Grieshaber, et al., 2006; 

Ouellette et al., 2012). CtrR3, CtrR7, CtrR0332, and CTIG648, the four other sRNAs 

with an overexpression phenotype, are uncharacterized trans-encoded sRNAs that 

caused a much greater progeny defect than IhtA or CTIG270. We did not detect 

progeny defects with nine of the sRNAs that we tested, but we cannot exclude their 

potential involvement in Chlamydia-host interactions or pathogenesis in vivo. These 

negative findings also provide confidence that the progeny defects we observed in the 

screen are specific to the sRNAs that were identified.  
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Based on our screen and chlamydial sRNA conservation, we propose that CtrR3, 

CtrR7, CtrR0332, and CTIG648 are likely to have important roles in the C. trachomatis 

developmental cycle. This hypothesis is supported by the observation that individual 

overexpression of all four sRNAs caused a 30-fold or more reduction in progeny 

production, which is greater than the progeny defect observed with IhtA or CTIG270 

overexpression. In addition, out of the four sRNAs identified, CtrR3, CtrR7, and 

CTIG648 have sequence motifs that are conserved in C. suis and C. muridarum, while 

CtrR0332 is conserved among C. pneumoniae. This observation provides further 

support that these sRNAs may have important functions in the Chlamydia 

developmental cycle.  

Our results demonstrated that CtrR3 is processed from the pre-tmRNA transcript 

at the 3¢ end. This is supported by the observation that overexpression of tmRNA+CtrR3 

in Chlamydia increases levels of both RNAs. Additionally, we did not observe a higher 

level of CtrR3 in the uninduced tmRNA+CtrR3 transformant compared to the uninduced 

CtrR3 transformant, which should occur if CtrR3 has a promoter residing within the 

tmRNA sequence due to increased copy numbers from the plasmids. Consistent with 

this model is the observation that both CtrR3 and tmRNA may share the same 

promoter. The fact that CtrR3 is constitutively expressed also illustrates that the sRNA 

is processed from pre-tmRNA, which is a housekeeping RNA. Currently, we do not 

know which RNAse is responsible for cleaving CtrR3 from the pre-tmRNA. However, 

RNAse E and RNase Z have been shown to process the 3¢ end of pre-tmRNA in E. coli 

and B. subtilis respectively (Gilet et al., 2015; Lin-Chao et al., 1999). We propose that 

CtrR3 is cleaved from pre-tmRNA via RNase Z (CTL0600) because RNAse Z 
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transcripts are detected at 8 hpi, a time when CtrR3 is detected, whereas RNase E 

(CafE) transcripts are detected starting at 16 hpi (Belland, Zhong, et al., 2003). Lastly, 

having CtrR3 processed from a larger transcript could be a strategy Chlamydia utilizes 

to express a sRNA despite having very few and small intergenic regions (Albrecht et al., 

2010).  

We hypothesize that CtrR3 overexpression does not directly interfere with RB-to-

EB conversion, but instead, may act indirectly through effects on RBs. CtrR3 

overexpression only decreased progeny if treatment was started before 20 hpi, which is 

a time in the developmental cycle when RBs are actively replicating but before RB-to-

EB conversion can be detected (J. K. Lee et al., 2018). In addition, our EM studies 

revealed that CtrR3 overexpression increased RB size, compared to uninduced 

controls, although these RBs were not as big as the non-dividing aberrant bodies seen 

with classical chlamydial persistence (Beatty et al., 1993; Belland, Nelson, et al., 2003; 

Panzetta et al., 2018). The correlation between larger RBs and a block in RB-to-EB 

conversion is intriguing because RB size has been proposed as an intrinsic signal that 

controls conversion (J. K. Lee et al., 2018). According to this size control model, large 

RBs are unable to convert and have to get smaller through replication in order to 

differentiate into an EB. Thus, it is possible that CtrR3 overexpression may inhibit RB-

to-EB conversion by altering RB size. This hypothesis can be tested by investigating if 

there is a correlation between RB size and progeny defect in CtrR3 transformants that 

are induced with different concentrations of aTc. Lastly, our analysis here demonstrates 

that we cannot draw definite conclusion on the function of a sRNA based on of the 
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sRNA overexpression phenotype, especially in cases when the overexpression 

phenotype can be achieved through direct or indirect mechanism.  

Based on our results, we propose that CtrR7 is involved in the RB replication 

process. This is supported by our analysis of the CtrR7 overexpression phenotype, 

which showed a block in RB replication. However, our CtrR3 analysis demonstrated that 

it is difficult to conclude the function of a sRNA based on of its overexpression 

phenotype. This was largely due to our inability to rule out the possibility that CtrR3 

overexpression indirectly blocked RB-to-EB conversion by affecting RBs. In contrast, we 

were able to show that CtrR7 overexpression directly affected RB replication by 

confirming that it does not affect EB-to-RB conversion. Our EM analysis suggests that 

bacteria overexpressing CtrR7 have successfully converted into an RB. Furthermore, 

we observed that induction of CtrR7 overexpression at 16 hpi, a time past the EB-to-RB 

conversion stage, still had an effect on progeny production. Additionally, in principle, the 

transcriptionally silent EB has to first differentiate into an RB to start transcription of the 

exogenous CtrR7. Thus, we propose that CtrR7 overexpression directly blocks RB 

replication and is likely to be involved in facilitating RB replication. In accordance with 

our model, the endogenous CtrR7 is expressed as a mid-cycle gene, which is 

expressed during RB replication. 

We hypothesize that CtrR7 encodes a small periplasmic protein. Bacterial small 

proteins (~50 amino acid or less) are often membrane proteins that regulate nutrient 

transport (Kim et al., 2018; Storz et al., 2014; Yadavalli & Yuan, 2021). Similarly, the 

CtrR7 protein is likely a membrane protein as it co-localized with MOMP in the 

immunofluorescent analysis and is only present in larger bacteria, which are 
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presumably RBs. Interestingly, the small protein is not predicted to have a 

transmembrane domain, but it is predicted to have a signal peptide. This predicted 

signal peptide can be recognized by the SecYEG complex, which translocate unfolded 

protein through the inner membrane and into the periplasm (Natale et al., 2008; L. 

Wang et al., 2004). Thus, we propose that the small protein encoded in CtrR7 is a 

periplasmic protein.  

We propose that the small protein is responsible for the block in RB replication 

observed in CtrR7 overexpression. This was strongly supported by the inability of 

CtrR7mut overexpression to reduce progeny production. CtrR7mut has a one nucleotide 

deletion that resulted in a premature stop codon in the ORF. More importantly, this 

deletion did not alter the predicted RNA secondary structure of CtrR7, which have 

preserved the hairpin structures important for sRNA function. Thus, if CtrR7 

overexpression phenotype was due to a sRNA function, then CtrR7mut should still cause 

a block in RB replication. From this analysis, we cannot conclude that CtrR7 only 

encodes a small protein and does not have a sRNA function. It is possible that CtrR7 

can function as a sRNA, but the overexpression of the sRNA does not affect progeny 

production. Additionally, we cannot rule out the possibility that the deleted nucleotide is 

required for sRNA base-pairing with mRNA targets. The latter point can be resolved by 

demonstrating that the small protein alone is sufficient to cause the progeny defect.  

We hypothesize that CtrR0332 has different function and targets from those of 

CtrR3, despite the fact that overexpression of both sRNAs resulted in an RB-to-EB 

conversion defect. Similar to CtrR3, overexpression of CtrR0332 resulted in the 

formation of larger RBs as observed in EM. However, unlike CtrR3, CtrR0332 
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overexpression caused the formation of “miniature” RBs adjacent to the larger RBs 

(Beatty et al., 1994). This phenomenon has been observed in aberrant RBs attempting 

to produce infectious EBs during persistence (Beatty et al., 1994). Another dissimilarity 

between the two sRNAs is that induction of CtrR3 overexpression at 20 hpi no longer 

had an effect on progeny production. In contrast, induction of CtrR0332 overexpression 

at 24 hpi, a time when RB-to-EB conversion is first detected, still had an effect on late 

gene expression and EB production (Belland, Nelson, et al., 2003; J. K. Lee et al., 

2018). This suggests that CtrR0332 overexpression, compared to CtrR3 

overexpression, is more likely to directly impair late gene expression and RB-to-EB 

conversion in C. trachomatis. In support of this hypothesis, endogenous CtrR3 is 

expressed constitutively, whereas endogenous CtrR0332 is expressed in late infection 

time. 

Our analysis of CtrR3, CtrR7, and CtrR0332 shows how overexpression of these 

sRNAs caused different effects on the C. trachomatis infection. Based on assays of 

chlamydial genome number, progeny production, late gene expression and 

ultrastructural analysis, we propose that overexpression of CtrR3 and CtrR0332 disrupts 

RB-to-EB conversion, whereas overexpression CtrR7 mainly blocks RB replication. 

Upon further analysis, we also observed differences in the effects of CtrR3 and 

CtrR0332 overexpression as mentioned above. These differential effects demonstrate 

that 1) these sRNA most likely control different mRNA targets; 2) the overexpression 

phenotypes are specific for each sRNA and not due to general toxicity; and 3) it is 

possible to narrow down a progeny defect to a specific step in the developmental cycle. 

We do not yet know how CtrR3, CtrR0332, and CtrR7 overexpression inhibits RB-to-EB 
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conversion or RB replication, but they could do so through direct or indirect 

mechanisms. Further studies are ongoing to delineate the roles of these sRNAs in the 

C. trachomatis developmental cycle.  

We utilized our sRNA genetic system in multiple complementary approaches to 

identify the mRNA targets of a chlamydial sRNA. For example, it allowed us to 

overexpress an MS2-tagged CtrR3 so that we could use MAPS as an unbiased method 

to identify interacting mRNA targets. This approach is attractive for chlamydial sRNA 

target identification because it does not rely on a sRNA chaperone protein, such as Hfq, 

as the bait to capture a sRNA and its bound targets. Our genetic approach also allowed 

us to identify the target recognition sequence of CtrR3, which we then used to prioritize 

candidate mRNA targets based on sequence complementary to the seed region. In this 

analysis, we focused on complementarity to the RBS (Storz et al., 2011; Waters & 

Storz, 2009), but there is also precedent for a sRNA to bind to the coding region of its 

mRNA targets (Carrier et al., 2018; Fröhlich et al., 2012; Lalaouna & Massé, 2015). Our 

MAPS analysis also recovered mRNAs lacking complementarity to the CtrR3 seed 

region, which are less likely to be bona fide targets. Since interactions identified through 

MAPS may be direct or indirect (Lalaouna et al., 2017; Lalaouna & Massé, 2015), it is 

important to confirm the regulation of the sRNA on a candidate mRNA target.  

We paired our sRNA overexpression approach with a translational fusion reporter 

to test and validate candidate mRNA targets. This reporter approach is commonly used 

in other bacteria to demonstrate that a sRNA regulates specific mRNA targets (Sharma 

& Vogel, 2009b) and can distinguish between direct and indirect targets identified by 

MAPS (Lalaouna et al., 2017). However, translational fusion assays in Chlamydia are 
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labor-intensive because a transformant with a customized translational reporter has to 

be generated for each candidate target. For this reason, we first tested candidate 

targets with a translational fusion reporter in E. coli and then used the C. trachomatis 

translational fusion for confirmation. Using this approach, we identified YtgB, an ATPase 

for iron transport, and CTL0389, an uncharacterized inclusion membrane protein, as 

likely mRNA targets of CtrR3 (Thompson et al., 2012; Weber et al., 2015). We do not 

yet know if CtrR3 has other mRNA targets and which target(s) may mediate its 

observed progeny defect. 

Our studies of CtrR3 target recognition shed light on how C. trachomatis sRNAs 

interact with their mRNA targets in the absence of Hfq. Small RNAs in Mycobacterium, 

and other gram-positive bacteria that lack Hfq and another RNA chaperone ProQ, are 

proposed to use C-rich motifs to interact with their mRNA targets (Jørgensen et al., 

2020). For example, Mycobacterium sRNA 6C, which is named after the 6 C-

nucleotides in its recognition motif, requires 5 of these 6 C-nucleotides to regulate its 

target (Mai et al., 2019). Our translational fusion studies with reciprocal compensatory 

mutations showed that an intact 5 C/G base-pairing was necessary for functional 

interactions between CtrR3 and the CTL0389 translational fusion reporter (Fig 7D). 

These findings are consistent with the E. coli studies conducted by Grieshaber et al. 

who showed that interactions between IhtA and HctA mRNA required 5 G/C 

interactions. This observation led these authors to propose that perfect complementarity 

with G/C-rich base-pairing is important for Chlamydia sRNA-mRNA binding to 

compensate for the absence of Hfq (N. A. Grieshaber et al., 2015).  
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Chapter concluding remarks 

In summary, we have developed a Chlamydia sRNA overexpression system that 

provides a genetic means to study the function of a chlamydial sRNA during the 

intracellular infection. This approach is particularly suited for investigating the roles of 

sRNAs in the control of Chlamydia-specific functions, such as the developmental cycle, 

that cannot be studied with a heterologous system. Our overexpression system is 

versatile because 1) it can be readily used to screen sRNAs for effects on the infection; 

2) it can be combined with mutational analyses to identify and validate the sRNA target 

recognition sequence; and 3) it can be used together with an unbiased approach, such 

as MAPS, followed by bioinformatic prediction and functional testing, to identify 

candidate mRNA targets. In the next chapter, we will investigate if a chlamydial sRNA 

could be modified to recognize a non-native mRNA target, as the basis for a novel 

conditional protein knockdown method in Chlamydia, as has been done in E. coli 

(Magistro et al., 2018; Nakashima et al., 2006). Thus, our sRNA overexpression system 

represents an advance for studying an important post-transcriptional mechanism of 

gene regulation and may help to elucidate the molecular mechanisms that control the 

intracellular Chlamydia infection. 
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Materials and Methods 

DNA oligonucleotides and plasmids 

DNA oligonucleotides and plasmids can be found in the Tables 5 and 6. 

 

Antibodies used in this study 

Primary antibodies used were polyclonal rabbit anti-HctA and polyclonal rabbit 

anti-HctB (gifts from Ted Hackstadt), monoclonal mouse anti-MOMP (gift from Ellena 

Peterson), polyclonal rabbit anti-OmcB (gift from Guangming Zhong), monoclonal 

mouse anti-Flag (M2Flag) (F3165, Sigma-Aldrich), monoclonal mouse anti-GFP 

(11814460001, Roche), polyclonal rabbit anti-GroEL (G6532, Sigma-Aldrich), and 

mouse anti-GAPDH (sc-47724, Santa Cruz). Secondary antibodies were goat anti-rabbit 

IgG LI-COR IRDYE 680 (926-680-71, Fisher Scientific) and goat anti-mouse IgG LI-

COR IRDye 800 (926-32210; Fisher Scientific). Membranes were imaged on Odyssey 

CLx LI-COR machine. 

 

Cell culture and Chlamydia infection  

HeLa cells were obtained from ATCC and cultured at 37°C and 5.0% CO2 in 

DMEM (11995-065, Gibco) supplemented with 10% FBS (S11550, Atlanta Biologicals). 

McCoy cells (ATCC) were also cultured in a similar condition. 

Chlamydia infections were done by infecting near-confluent cell monolayers with 

C. trachomatis serovar L2 (ATCC) or Chlamydia transformants at an MOI of 3 in SPG 

(200 mM sucrose, 20 mM sodium phosphate and 5 mM glutamate; pH 7.2) followed by 

centrifugation at 700´g for 1 hour at room temperature. After centrifugation, the 
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inoculum was removed and replaced with DMEM containing 10% FBS. For induction of 

mCherry or sRNAs expression, infected cells were incubated with 50ng/mL of aTc 

(94664, Supelco) in complete DMEM media at the indicated times. For experiments with 

aTc inductions starting at 1 hpi, aTc was replenished at 16 hpi due to the short half-life 

of aTc at 37°C(Politi et al., 2014). 

 

Chlamydia transformation 

Transformation of C. trachomatis serovar L2 was performed as previously 

described(Y. Wang et al., 2011). In brief, Chlamydia EBs were incubated with 10 µg of 

plasmid and CaCl2 buffer (10 mM TRIS pH 7.4 in 50mM CaCl2), followed by spin 

infection of a cell monolayer. The inoculum was then removed and replaced with DMEM 

containing 10% FBS. At 10 hpi, the medium was replaced with complete DMEM 

containing 10 µg/mL of ampicillin (A9518, Sigma-Aldrich). At around 48 hpi, the infected 

host cell monolayer was disrupted via glass beads, with the collected EBs being used to 

infect a new cell monolayer. After this second spin infection, the infected cells were 

immediately incubated in complete DMEM containing 10 µg/mL of ampicillin or 100 

µg/mL of spectinomycin and 1 µg/mL of cycloheximide (NC9651091, Chem Service 

Inc). This infection was labeled as passage 1 (P1). The previous two steps were 

repeated until P3, resulting in a selected population of Chlamydia transformants. To 

obtain a clonal population of transformants, EBs from P3 underwent two rounds of 

plaque purifications in McCoy cells as previously described (Skipp et al., 2005). IhtA 

knockout was conducted following protocol as previously described (Keb & Fields, 

2020). 
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Progeny assay 

Progeny assays were performed as previously described (K. J. Muñoz et al., 

2021). In brief, at the indicated times, Chlamydia-infected cells were washed with 

1´PBS and collected in SPG to harvest infectious EBs from the primary infection. 

Samples were subjected to one cycle of freeze-thaw to lyse the host cells, then serially 

diluted in SPG and used to re-infect a new monolayer of HeLa cells in the absence of 

aTc. At 27 hpi, cells were fixed with ice-cold methanol, followed by visualization of 

chlamydial inclusions with mouse anti-MOMP antibodies (gift from Ellena Peterson, UC 

Irvine) using immunofluorescence microscopy. The number of inclusions, determined in 

10 fields of view using a 20´ objective, was used to calculate the total number of 

infectious progeny (IFU/mL). Progeny per cell was determined by dividing IFU/mL by 

the number of host cells present at the time of the infection, which was determined 

through counting trypsinized cells on a hemocytometer.  

 

Northern blot 

Total RNA was prepared from Chlamydia infected cells using TRIzol (15-596-

026, Invitrogen) and chloroform with Phase Lock Gel tubes (2302830, Quantabio). 

Northern blot was performed as previously described (Sheehan & Caswell, 2017). 

Briefly, 12 µg of RNA was resolved in 10% polyacrylamide gel with Tris-Borate-EDTA 

(TBE) and 7M urea. Low molecular-weight ladder (N3233, NEB) was radiolabeled with 

(γ-32P)-ATP (Perkin Elmer) using polynucleotide kinase (M0201, NEB) to identify RNA 

sizes. RNA samples were then transferred to Hybond-N+ membrane (GERPN303N, 

Cytiva) and then UV cross-linked to the membrane. Membranes were prehybridized 
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with ULTRAhyb-Oligo buffer (AM8663, Invitrogen) for 30 minutes at 42°C. The 

oligonucleotide probes, which can be found in Table 5, were end labeled with γ-32P-ATP 

and incubated with the membranes overnight. The following day, membranes were 

washed four times with 2x SSC, 1x SSC, 0.05x SSC, and 0.025x SSC (1x SSC is 

0.15M NaCl and 0.015M sodium citrate) plus 0.1% SDS. Membranes were exposed to 

phosphor-imager screens and visualized by Typhoon TRIO+ Imager. 

 

Western blot 

Cell lysates were prepared by lysing Chlamydia-infected cells or E. coli cells 

directly in 2% SDS, followed by boiling the samples at 95°C for 5 min as previously 

described(K. J. Muñoz et al., 2021). Equal volumes of lysates were loaded and resolved 

by SDS-PAGE, followed by transferring onto nitrocellulose membranes.  

 

RT-qPCR and qPCR 

RT-qPCR was used to measure relative transcript levels in Chlamydia. Total 

RNA extracted from Chlamydia-infected cells was subjected to DNAse (FEREN0521, 

Thermo Scientific) treatment, followed by cDNA synthesis with qScript cDNA SuperMix 

(95048-025, QuantaBio). qPCR reactions were conducted on diluted cDNA with 

SsoAdvanced universal SYBR green supermix (1725271, Bio-Rad) and was run on a 

Bio-Rad thermocycler. qPCR of the C. trachomatis 16s rRNA gene was used as control 

for all samples. Primers used can be found in Table 5. PCR efficiencies were calculated 

using LinRegPCR software(Ruijter et al., 2009), and relative levels of mRNA abundance 
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compared to the uninduced control samples were calculated using the Pfaffl equation 

(Pfaffl, 2001). 

The number of chlamydial genomes per host cell was measured by qPCR. 

Genome copy number was determined using a standard curve generated from a 

plasmid containing the C. trachomatis euo gene(K. J. Muñoz et al., 2021). The number 

of host cells was determined from PCR reactions of the host cell gene gapdh. 

Chlamydia genomes per host cell was calculated by normalizing genome copy number 

(euo) to gapdh values in each sample. Primer sequences to euo and gapdh can be 

found in Table 5. qPCR was performed using SsoAdvanced universal SYBR green 

supermix and analyzed on the Bio-Rad thermocycler. 

 

Immunofluorescence microscopy 

 HeLa cells, grown on glass coverslips, were fixed with 100% cold methanol for 

10 minutes and were subsequently incubated with blocking buffer (2% FBS, 0.1% 

Saponin) for 30 minutes at room temperature. After serial incubation of primary and 

secondary antibodies, coverslips were mounted with ProLong Glass Antifade containing 

NucBlue (Invitrogen, P36985). Immunofluorescence microscopy images were acquired 

on Zeiss Axiovert 200. 

 

MS2-affinity purification coupled with RNA sequencing  

MS2-affinity purification was conducted by modifying the protocol previously 

described (Mercier et al., 2021). Two 150 mm dishes of HeLa cells were infected with 

either the MS2-Control or the MS2-CtrR3 transformants at an MOI of 3. At 29 hpi, 
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50ng/mL of aTc was added to each plate to induce MS2-sRNA expression. At 30 hpi, 

infected HeLa cells were trypsinized, pelleted at 500 g for 5 minutes, and washed once 

in PBS. After PBS removal, the cell pellets were frozen with liquid nitrogen and stored at 

-80°C. Cell pellets were then thawed on ice and resuspended in Buffer A, which is 

composed of 20mM Tris-HCl pH 8, 150mM KCl, 1mM MgCl2, 60U of SUPERase 

(Fischer Scientific AM2694), and 1mM DTT in DEPC-treated water. Resuspended cells 

were transferred to Matrix B tube (MP Biomedical 116911050-CF) and lysed with the 

Fast Prep-24 homogenizer (MP Biomedical) at 4.0 m/s for 15 seconds. Lysates were 

then transferred to a new Eppendorf tube after spinning down the matrix beads at 3000 

g for 5 minutes. A small fraction of the lysate (whole cell lysate, WCL) was saved for 

northern blot analysis.  

 Prior to loading the lysates onto the columns, amylose resin (NEB E8021S) was 

added to the Poly-prep Chromatography columns (Bio-Rad #731150). The resin was 

washed with Buffer A (no SUPERase added) and then incubated with 6mL of MS2-MBP 

(~1,200 pmol) in Buffer A. The columns were washed once with Buffer A then the 

lysates were loaded onto the columns. After 3 washes with Buffer A, the MS2-sRNAs 

were eluted with Buffer E, which is composed of 150mM KCl, 1mM DTT, and 12mM 

maltose in DEPC-treated water. RNA from both the WCLs and eluates were extracted 

with 1:1 Acid-Phenol: Chloroform: IAA (Invitrogen AM9720) followed by one chloroform 

wash. The RNA was then precipitated in -20°C with GlycoBlue (Thermo Scientific 

AM9515) and 2.5 times in volume of 100% ethanol. The next day, precipitated RNAs 

were pelleted and washed once with 70% ethanol. RNA pellets were dried at room 

temperature and resuspended in nuclease-free water. Extracted RNAs were then 
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treated with Turbo DNase (Invitrogen AM2238) and re-extracted using the 

aforementioned method. From here the RNA integrity of the DNAse-treated RNAs was 

assessed by determining the 3':5' ratio of the cDNA(Die et al., 2011). After confirmation 

of the RNA qualities, the DNAse-treated RNAs subsequently underwent RNA 

sequencing (eluates only) or northern blot analysis(Die et al., 2011). MS2-affinity 

purification was done in duplicates.  

MS2-enriched paired end libraries were sequenced on an Illumina NovaSeq 

6000 sequencing platform in duplicate. Two MS2-CtrR3 enriched libraries were 

sequenced to 85 and 98 million reads each with 10 and 16 million reads, respectively, 

mapping to Chlamydia trachomatis L2 434/Bu genome (accession GCA_000068585.1) 

excluding reads mapped to rRNAs. Similarly, two MS2-Control libraries were sequenced 

to a total of 102 and 78 million reads of which 10 and 6 million reads were mapped to 

the Chlamydia genome, excluding reads mapped to rRNA. All mappings and data 

analysis were performed on Qiagen CLC Genomics Workbench (version 21.0.5) 

software with high stringency settings (mismatch cost 2, and insertion and deletion cost 

3, length and similarity fraction 0.8 each, maximum number of hits for a read to 10, and 

minimum read count fusion table to 5). The differential expression statistical analysis 

was done with MS2-CtrR3 Vs. MS2-Control libraries using “Differential Expression in 

Two Groups” function filtering for average expression for False Discovery Rate (FDR) 

correction. The p-value reported are FDR p-value. Default RNA-seq analysis method in 

CLC Genomics Workbench software counts fragments (FPKM) instead of individual 

reads. This method is more accurate as only unbroken fragment pairs are assigned a 

read, removing low quality read fragments from the analysis.   
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E. coli culture conditions and co-expression study 

E. coli strain DHFa (NEB5-alpha) were grown in LB (Miller) under aerobic 

conditions at 37°C. Where appropriate, antibiotics were used at the following 

concentrations: 100 µg/mL ampicillin (A9518, Sigma-Aldrich) and 25 µg/ml 

chloramphenicol (C0378, Sigma-Aldrich). Co-expression studies were conducted by co-

transforming E. coli with the high-copy pRSETC plasmid containing the sRNA under the 

Tet-inducible promoter and the low-copy pBAD33.1 plasmid containing the translational 

fusion protein under the control of an arabinose-inducible promoter. Overnight culture of 

the co-transformed E. coli was diluted to an OD600 of 0.1 and grown to an OD600 of 0.5. 

sRNA expression was induced with 200 ng/mL aTc for 30 minutes, followed by 

induction of the translational fusion protein expression with 0.02% arabinose. Bacteria 

were collected 90 minutes post arabinose induction. Lysates, prepared through 

incubation 2% SDS, were subjected to SDS-PAGE and western blot analysis. 

 

EM 

For transmission electron microscopy analysis, Chlamydia-infected cells were 

fixed in 2% paraformaldehyde (100503-917, VWR) and 2.5% glutaraldehyde 

(NC9861069, Polysciences) in 0.1M cacodylate buffer for 2 hours at room temperature. 

Samples were processed and imaged by Dr. Wandy Beatty at Washington University, 

School of Medicine.  
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Statistical analyses 

For each experiment, 3 independent biological replicates were performed, and 

the results are presented as mean ± SEM. Data were analyzed by unpaired, two-tailed 

t-tests with Welch’s correction on Graph Pad PRISM software version 8. 

 

Plasmid construction 

All plasmids were constructed with Gibson assembly via the NEBuilder HiFi DNA 

assembly mastermix (E2621, NEB) and subsequently transformed into E. coli strain 

DHFa (NEB5-alpha). The plasmid constructs were then confirmed via Sanger 

sequencing using Retrogen Inc.  

To construct pBOMB5-tet-IhtA, the Tet-inducible mCherry expression cassette 

was first removed from pBOMB4-tet-mCherry using primer pairs P1+P2 and P3+P4. 

Subsequently, IncG terminator and the IhtA overexpression cassette was placed 

downstream of the bla gene using primer pairs P1+P5, P6+P7, P8+P9, P10+P11, and 

P12+P4. To overexpress mCherry and other sRNAs in the pBOMB5 plasmid, primer 

pairs P1+P13 and P10+P4 were used to amplify the vector backbone of pBOMB5-tet-

IhtA. IhtA was then replaced by using primer pairs from P28 to P57. pBOMB5-tet-

tmRNA+CtrR3 was constructed in a similar fashion with the primer pairs P32+P58.  

 IhtA knockout plasmid was constructed by using primer pairs P1+P16, P4+P17, 

and P18+19 with pSUmC 4.0 (Keb & Fields, 2020) as template. The 5F and 3F 

homology regions were amplified with primer pairs P24+P25 and P22+P23. 

 pBOMB5-tet-CtrR7-Flag was made with primer pairs P1+P60 and P4+P59 using 

pBOMB5-tet-CtrR7 as template. The two fragments were linked by P61. pBOMB5-tet-
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CtrR7mut was made using primer pairs P1+P63 and P4+P62 with pBOMB5-tet-CtrR7 as 

template.  

pBOMB5-tet-MS2-CtrR3 was generated with primer pairs P1+P64 and P10+P4 

using pBOMB5-tet-CtrR3 as template. The two fragments were joined by P65. 

pBOMB5-tet-MS2-RnpB T1 was made using primer sets P1+P66 and P67+P4 using 

pBOMB5-tet-MS2-CtrR3 as template. These two fragments were joined by P68. 

pBOMB5-tet-CtrR3mut was generated with primer pairs P69+P4 and P1+P70 using 

pBOMB5-tet-CtrR3 as template.  

 pRSETC-tet-CtrR3 was constructed with primer pairs P71+P72 for the pRSETC 

vector backbone and P73+P74 for the CtrR3 overexpression cassette amplified from the 

pBOMB5-tet-CtrR3 plasmid. To generate the plasmid for arabinose-inducible 

translational fusion expression, pBAD33.1 vector backbone was amplified with 

P75+P76. GFP was amplified from the pBOMB5-tet-sRNA plasmid using primer pairs 

P77+P78. The -50 to +30 region of each putative mRNA targets were amplified with 

primer pairs P79 to P96.  

The pBOMB5-tet-sRNA translational fusion plasmid was generated by amplifying 

the vector backbone using P1+P97 and P77+P4 using either pBOMB5-tet-IhtA or 

pBOMB5-tet-CtrR3 as templates. The -50 to +30 region of hctA, hctB, ytgB, ctl0389 

were amplified using primer pairs P98+P99, P100+P80, P101+P82, P102+P84 

respectively. Plasmid with CtrR3mut co-expressing with YtgB or CTL0389 translational 

fusion proteins were generated with primer pairs P69+P4 and P1+P70 using pBOMB5-

tet-CtrR3-YtgB::GFP and pBOMB5-tet-CtrR3-CTL0389::GFP as templates, respectively. 

Plasmid with CtrR3 co-expressing with CTL0389m1 translational fusion protein were 
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generated with primers pair P1+P104 and P103+P4 using pBOMB5-tet-CtrR3-

CTL0389::GFP as template. The two fragments were then assembled using P105 link 

oligonucleotide. Plasmid with CtrR3m1 co-expressing CTL0389m1::GFP was generated 

with primer pairs P1+P70 and P106+P4 using pBOMB5-tet-CtrR3-CTL0389m1::GFP as 

template. The two fragments were assembled using P107 link oligonucleotide.  

 

Bioinformatic predictions of CtrR3 targets 

IntaRNA (Busch et al., 2008; Mann et al., 2017; Wright et al., 2014) was used to 

analyze the 52 transcripts that were enriched > 2 Log2-fold in MAPS analysis to identify 

likely mRNA targets of CtrR3. This bioinformatic tool predicts base-pairing between a 

query sRNA and specific candidate mRNAs entered into the program. The entire CtrR3 

sequence was entered as query ncRNA in the IntaRNA prediction site. For each mRNA 

transcript, 50 nucleotides upstream of the start codon, the coding sequence, and 50 

nucleotides downstream of the stop codon were entered into the prediction site. The 

mRNA sequences were obtained from Chlamydia trachomatis 434/Bu genome 

(GCA_000068585.1). The parameters were set to default except for the “Min. number of 

base-pairs in seed” was set to 6. The list of putative mRNA targets was first narrowed 

down by identifying those with sequence complementarity to the CtrR3 seed region (49-

61 nt). We then prioritized mRNAs which had sequence complementarity at their RBS 

(i.e. A/G-rich sequences upstream of the start codon).  

TargetRNA2 (Lorenz et al., 2011) was utilized to identify mRNA targets that were 

also predicted to base-pair with the CtrR3 seed region at or near the RBS but were not 

identified in the MAPS analysis. This bioinformatic tool predicts sites of complementarity 
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base-pairing with the sRNA sequence in the genome, which is beneficial for when 

candidate mRNAs are not known. The hairpin loop sequence 5'-

TGTCCTCCCAAATAAC-3' of CtrR3 was entered into the TargetRNA2 prediction site 

against the Chlamydia trachomatis 434/Bu genome (GCA_000068585.1). The 

constraints were set to search 50 nucleotides upstream and 30 nucleotides downstream 

of the translational start site. The hybridization seed was set to 6 nucleotides and P-

value threshold was set to 0.5. Similar to the IntaRNA analysis, the list of predicted 

mRNA targets was further narrowed down by selecting for candidates that were 

predicted to base-pair with the seed region at the RBS, upstream of the RBS, or 5¢ 

coding region of the mRNA.  
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Table 2. List of chlamydial sRNAs investigated in this study 
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Table 3. List of transcripts enriched in MAPS 
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Table 4. List of candidate mRNA targets of CtrR3 tested in this study 
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Table 5. List of DNA oligonucleotides used in this study 
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Table 6. List of plasmids and strains generated in this study 
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Abstract 

The molecular mechanism of Chlamydia trachomatis pathogenesis remains 

largely unexplored due to the scarcity of genetic tools in this important obligate 

intracellular pathogen. In addition, Chlamydia has a reduced genome with mostly 

essential genes, which cannot be investigated using gene deletion approaches. 

Recently, the CRISPR interference (CRISPRi) system for conditional gene knockdown 

has been described in C. trachomatis. Although powerful, CRISPRi cannot be utilized to 

investigate the function of genes in an operon as it causes polar effects on downstream 

or upstream genes. In the present work, we describe a novel sRNA-mediated 

conditional knockdown system in C. trachomatis. We demonstrate that our system can 

silence a non-essential protein, IncA, in an inducible and reversible manner. We further 

test the sRNA-mediated knockdown system by targeting a gene in an operon, IncG, and 

show that knockdown of IncG does not inhibit the protein expression of an upstream 

gene, IncE. We also demonstrate the power of our genetic system by silencing an 

essential gene, MOMP, in C. trachomatis. Overall, this sRNA-mediated gene 

knockdown system is an important addition to Chlamydia genetics and a great 

complement to the CRISPRi approach.  
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Introduction 

A conditional knockdown system is needed for investigating gene functions in C. 

trachomatis. Chlamydia has a reduced genome that encompasses mostly essential 

genes. Pan-genomic analysis showed that approximately 700 ORFs, 75% of the 

chlamydial genome, are part of the ‘core’ genome, which likely contains genes that are 

crucial for chlamydial infection (Sigalova et al., 2019). The functions of these genes 

cannot be investigated via current knockout approaches, such as type II introns or allelic 

exchange (C. M. Johnson & Fisher, 2013; Keb et al., 2021; J. H. Shaw et al., 2018; 

Weber & Faris, 2019). Thus, conditional knockdown systems in C. trachomatis are 

required to elucidate the functions of the majority of genes in the chlamydial genome.  

A knockdown system in C. trachomatis that has been recently described is 

CRISPR interference (CRISPRi) (Ouellette, 2018; Ouellette et al., 2021). The CRISPRi 

system involves a complex formed by the single guide RNA (sgRNA) and the 

catalytically inactive form of Cas9 (dCas9). The sgRNA base pairs with a target 

sequence in the genome that is upstream of a protospacer adjacent motif (PAM) 

sequence, which is recognized by the dCas9. The presence of dCas9 will physically 

block RNA polymerase from transcribing the gene of interest (Bikard et al., 2013; Qi et 

al., 2013). In the chlamydial CRISPRi system, the sgRNA is constitutively expressed 

whereas dCas9 is inducibly expressed, making this a conditional knockdown system. 

Ouellete et al. has demonstrated the power of this system by repressing IncA 

expression in an inducible and reversible manner (Ouellette et al., 2021). More 

importantly, the group also showed that they can knockdown the essential chlamydial 

gene clpP2 (Wood et al., 2020).  
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However, the chlamydial CRISPRi system has some limitations. One issue with 

CRISPRi is that it can cause polar effects. This system represses the transcription of a 

target gene and as a consequence, will also prevent the expression of downstream or 

upstream genes. Thus, CRISPRi is not suitable for investigating the function of genes in 

an operon. This will greatly limit the number of genes that can be studied in C. 

trachomatis with CRISPRi as more than 40% of the chlamydial genes are predicted to 

be in an operon via MicrobesOnline (Alm et al., 2005). The ability to knockdown a 

specific gene may also be restricted by the available PAM sites in the chlamydial 

genome. Ouellette et. al. addressed this limitation by extending the system to include 

dCas12, which recognizes a different PAM site from dCas9 (Ouellette et al., 2021; 

Terns, 2018). However, further expansion of the number of available PAM sites would 

require optimization of additional CRISPR/Cas systems in Chlamydia. Additionally, 

different sgRNA sequences must be individually tested in C. trachomatis to evaluate 

their efficacy, which requires generating separate chlamydial transformants. Thus, 

Chlamydia genetics would benefit from having an additional conditional knockdown 

system.  

Small RNA (sRNA)-mediated gene silencing is an alternative system for 

conditional knockdown in prokaryotes. Briefly, sRNAs are engineered to target the RBS 

of a specific mRNA. The sRNA will prevent the expression of the mRNA by blocking 

translation initiation and/or destabilizing the mRNA (Man et al., 2011; Na et al., 2013; 

Nakashima et al., 2006; Noh et al., 2017, p. 201). Importantly, sRNA-mediated 

knockdown has also been used to specifically target a gene in an operon without 

causing polar effects on downstream or upstream genes in E. coli (Goh et al., 2015). 
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Additionally, this knockdown system is titratable as sRNA-mediated regulation depends 

on the stoichiometry between the levels of the sRNA and the mRNA target (Noh et al., 

2017, p. 201). However, this also indicates that engineered sRNAs must be expressed 

at a sufficient level for efficient gene silencing. Groups have circumvented this issue by 

increasing the stability of the sRNA via placing the target sequence adjacent to a Hfq-

binding site or in a hairpin secondary structure (Na et al., 2013; Nakashima et al., 2006; 

Noh et al., 2017). 

In this chapter, we describe a novel sRNA-mediated conditional knockdown 

system in C. trachomatis. We demonstrate that the knockdown system can repress the 

expression of IncA in an inducible and reversible manner. In addition, we can restore 

IncA expression using our complementation system. We then used the sRNA-mediated 

knockdown system to target a specific gene in an operon. We also show that we can 

silence an essential chlamydial protein with our genetic system. Overall, our sRNA-

mediated knockdown system is an important addition to C. trachomatis genetics and 

help elucidate the molecular function of chlamydial genes.  
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Results 

3.1 Development of a conditional knockdown system in Chlamydia 

3.1a Knockdown of IncA as proof of principle 

To develop an inducible knockdown system in C. trachomatis, we utilized the 

pBOMB5 plasmid to overexpress an engineered sRNA that contains an anti-sense 

sequence to a specific mRNA target. Our strategy for designing the sRNA is to use 

CtrR3 as a scaffold and replace the main loop of CtrR3 with an anti-sense RNA 

(asRNA) sequence (Fig. 22A). We took this approach because our previous work 

indicated that the loop sequence is the target recognition site of CtrR3 (Fig. 16A). 

Additionally, CtrR3 is a stable sRNA (Fig. 16C) that would allow for high expression of 

the anti-sense RNA.  

As a proof of principle study, we attempted to knockdown a non-essential protein, 

IncA. IncA is an inclusion membrane protein that is required for homotypic fusion 

between chlamydial inclusions (Hackstadt et al., 1999; Weber et al., 2016) and thus, 

lack of IncA in C. trachomatis results in multiple inclusions in a single host cell (C. M. 

Johnson & Fisher, 2013; Ouellette, 2018; Ouellette et al., 2021; Weber et al., 2016). To 

knockdown IncA, we designed different lengths of asRNAs against the RBS of the IncA 

mRNA and cloned them into the CtrR3 sRNA (Fig 22A). We used E. coli translational 

fusion to test the knockdown efficiency of the sRNA with 10, 30, or 60 bp targeting 

sequence. Western blot analysis demonstrated that the co-expression of the 30 bp anti-

sense sequence caused the greatest reduction in IncA translational fusion levels (Fig. 

22B). This engineered sRNA, which we called C3-IncA, was cloned into pBOMB5 and 

subsequently transformed into C. trachomatis. Immunofluorescence analysis at 24 hpi 
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showed that induction of C3-IncA expression in Chlamydia resulted in a loss of IncA 

staining at the inclusion membrane, as well as the formation of multiple inclusions within 

a host cell (Fig. 22C). This effect was not seen in Chlamydia overexpressing CtrR3mut, 

suggesting that the IncA knockdown was specific to the anti-sense sequence. These 

results demonstrated that we can utilize our system to knockdown a targeted protein.   

To measure off-target effects in our system, we conducted progeny assays on 

the C3-IncA transformant. Previous work demonstrated that knockout or knockdown of 

IncA has no effect on infectious EB production (Ouellette et al., 2021; Weber et al., 

2016). Overexpression of C3-IncA with 50 ng/ml aTc knocked down IncA (Fig. 23A) but 

caused an 8.4-fold decrease in progeny at 32 hpi compared to the uninduced control 

(Fig. 23B). This suggests that the level of C3-IncA produced with 50 ng/ml of aTc is 

affecting expression of off-target mRNAs. To circumvent this issue, we induced C3-IncA 

expression with 3 or 10 ng/ml of aTc. Overexpression of C3-IncA with 3 ng/ml of aTc 

was able to decrease IncA protein (Fig. 23A) but no longer caused a defect in progeny 

(Fig. 23B). RT-qPCR also showed that induction of C3-IncA expression with 3 ng/ml 

caused a 3-fold reduction in the mRNA levels of IncA but not EUO (Fig. 23C). These 

results suggest that we can titrate the expression of the sRNA to minimize off-target 

effects.  
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Figure 22.  Development of a sRNA-mediated knockdown system in C. 
trachomatis. 
(A) Schematic of the engineered sRNA designed to knockdown IncA. 
(B) Western blot analysis of lysates from E. coli co-expressing IncA translational fusion 
GFP with C3-IncA that has a 10 bp, a 30 bp, or a 60 bp asRNA sequence. GFP levels 
are shown and GroEL served as loading control. Normalized values are shown below 
where GFP was normalized first to GroEL and then to the respective uninduced 
controls. 
(C) Immunofluorescence images of HeLa cells infected with either C3-IncA or CtrR3mut 
transformants and treated with 50 ng/mL aTc from 1-24 hpi are shown. IncA staining is 
shown in red. C. trachomatis was detected with the MOMP antibody (green), and DNA 
was detected by DAPI (blue). White scale bar: 20 µm. 
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Figure 23. Low aTc concentration can minimize off-target effects. 
(A) Immunofluorescence images of HeLa cells infected with C3-IncA transformants and 
were treated with 3 ng/mL, 10 ng/mL, or 50 ng/mL of aTc from 1-24 hpi are shown. IncA 
staining is shown in red. C. trachomatis was detected with the MOMP antibody (green) 
and DNA was detected by DAPI (blue). White scale bar: 50 µm. 
(B) Infectious EBs produced from HeLa cells infected with C3-IncA transformants and 
incubated with different amount of aTc from 1-32 hpi were quantified by progeny assay. 
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The number of infectious EBs in the induced conditions is expressed as a percentage of 
the number of EBs in uninduced control samples. Data are mean ± SEM (n= 2). 
(C) RT-qPCR of total RNA extracted from HeLa cells infected with C3-IncA 
transformants and treated with 3 ng/mL of aTc from 1-24 hpi for the transcript levels of 
IncA and EUO. 16S rRNA and GAPDH served as the reference genes and each sample 
was normalized to their respective uninduced control. Data is presented as mean ± 
SEM (n= 2).  
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3.1b Knockdown of IncA in C. trachomatis is reversible 

We next tested if our inducible knockdown system is reversible. We induced C3-

IncA expression with 3 ng/ml of aTc from 1 hpi. At 20 hpi, we washed out the inducer 

and collected samples 4 or 6 hours after (24 and 26 hpi). We also conducted the same 

experiment without removing aTc as negative control. Immunofluorescence analysis 

detected IncA protein staining 4 and 6 hours after aTc removal (Fig. 24). In contrast, 

IncA remained undetectable in the control. This data demonstrated that the knockdown 

of a target is reversible.  
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Figure 24. IncA knockdown is reversible. 
Immunofluorescence images of HeLa cells that were infected with C3-IncA 
transformants and treated with 3 ng/mL of aTc from 1-20 hpi. At 20 hpi (0hr), aTc was 
either left in the media or washed out, and samples were analyzed 4 and 6 hr after. IncA 
staining is shown in gray. C. trachomatis was detected with MOMP antibody (green) 
and DNA was detected with DAPI (blue). White scale bar: 20 µm. 
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3.1c Targeting RBS is required for sRNA-mediated knockdown of IncA 

To define the base-pair requirement for C3-IncA to regulate the IncA mRNA, we 

conducted a mutational analysis. We generated six versions of C3-IncA (5nt1-5nt6) with 

each version containing 5 nucleotide substitutions that resulted in a loss of base-pairing 

to a specific region of the IncA mRNA (Fig. 25A). We then utilized E. coli to test the 

ability of the mutated C3-IncAs to regulate the expression of the IncA translational 

fusion. Western blot analysis demonstrated that mutations in the anti-RBS of C3-IncA 

(5nt4) abrogated the ability of the sRNA to downregulate the GFP levels of the IncA 

translational fusion (Fig. 25B). To a lesser extent, mutations in C3-IncA sequence that 

base-pairs with the 5' coding region of the mRNA (5nt1 and 5nt2) also decreased 

protein levels of IncA translational fusion. To further test if the RBS is the more 

important target site, we designed a new anti-sense sequence that targets the RBS but 

not the 5' coding region (C3-IncA2) (Fig. 25C). Using E. coli translational fusion, we 

observed that co-expression of C3-IncA2 was able to decrease the GFP level of the 

IncA translational fusion. More importantly, overexpression of C3-IncA2 in C. 

trachomatis also resulted in the lack of IncA staining by immunofluorescence analysis 

and the multiple inclusions phenotype (Fig. 26B). Overall, these analyses suggest that 

targeting the RBS is required for the sRNA-mediated knockdown system.  
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Figure 25. Targeting the RBS is required from IncA knockdown. 
(A) Schematic of the C3-IncA anti-sense sequence and the IncA mRNA sequence. 
Mutations made for 6 different versions of the C3-IncA (5nt1-5nt6) are indicated by the 
arrows. 
(B) Western blots of lysates from E. coli co-expressing IncA translational fusion GFP 
with each of the 6 mutated versions of C3-IncA. GFP levels are shown and GroEL 
serves as a loading control. Normalized values are shown below where GFP was 
normalized first to GroEL and then to the respective uninduced controls. 
(C) Top: Schematic of C3-IncA2. Bottom: Western blots of lysates from E. coli co-
expressing IncA translational fusion GFP with C3-IncA2. GFP levels are shown and 
GroEL serves as a loading control. Normalized values are shown below where GFP 
was normalized first to GroEL and then to the respective uninduced controls. 
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3.1d Complementation of IncA in the knockdown system 

 To complement IncA in our knockdown system, we aimed to co-express CtrR3-

IncA2 with an exogenous IncA protein. The complement IncA protein was designed to 

have a C-terminal Flag tag and be driven under a Tet promoter (Fig 26A). This Tet 

promoter sequence originated from the chlamydial shuttle plasmid pASK and differs 

from the one driving the sRNA expression. This is because we wanted to prevent 

having identical sequences on the plasmid, which may cause recombination in C. 

trachomatis. In addition, we removed the second Tet operator in this promoter 

sequence to ensure that the complementation plasmid has a total of two Tet operators. 

Importantly, the 5' UTR sequence of incA-flag also originated from the pASK plasmid 

and contains an RBS that does not form complementarity base-pairing with CtrR3-

IncA2. As a negative control, we designed a plasmid that co-expresses CtrR3-IncA2 

with mCherry (Fig. 26A) 

 Next, we generated transformants that either harbored the control or the 

complementation plasmid. Control transformant induced with 3 ng/mL aTc resulted in 

mCherry expression (data not shown) and IncA knockdown at 24 hpi (Fig. 26B). This 

demonstrated that co-expression of CtrR3-IncA2 with mCherry does not affect the ability 

of the sRNA to knockdown its target. In contrast, immunofluorescence analysis showed 

that aTc induction on the complementation transformant had similar IncA staining 

compared to the uninduced control at 24 hpi (Fig. 26C). In addition, 

immunofluorescence analysis using the Flag antibody showed co-localization with IncA 

at the inclusion membrane (Fig. 26D), demonstrating that the complementing IncA is 

exogenously expressed. The uninduced sample had some signal at the inclusion 
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membrane, suggesting that the Tet promoter driving the complementation protein is 

leaky. Overall, these data provide evidence that we can perform complementation in our 

knockdown system.  

 



 123 
 
 



 124 
 
 

Figure 26. Complementation of IncA knockdown. 
(A) Plasmid maps of the control (mCherry) and the complementation (IncA-Flag) 
plasmids.  
(B, C) Immunofluorescence images of HeLa cells infected with (B) C3-IncA2+mCherry 
or (C) C3-IncA2+IncA-Flag transformants and were treated with 3 ng/mL of aTc from 1-
24 hpi are shown. IncA staining is shown in red. C. trachomatis was detected with the 
MOMP antibody (green) and DNA was detected with DAPI (blue). White scale bar: 20 
µm. 
(D) Immunofluorescence images of infected HeLa cells with the same condition as (C). 
IncA staining is shown in red. IncA-Flag was detected with the Flag antibody (green) 
and DNA was detected with DAPI (blue). White scale bar: 20 µm. 
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3.2 Knockdown of a gene in an operon 

We tested if the knockdown system is able to downregulate the expression of a 

specific gene in an operon. The operon we chose to test is the incDEFG operon 

because we have available antibodies to the inclusion membrane proteins, IncE and 

IncG. We designed a 30 bp asRNA sequence against the IncG mRNA, which targeted a 

portion of the RBS (Fig. 27A). We chose this anti-sense sequence because it gave us 

the least number of bioinformatically predicted off-targets via TargetRNA2 (data not 

shown) (Kery et al., 2014). The anti-sense sequence was cloned into CtrR3 (C3-IncG) 

and confirmed by E. coli translational fusion to downregulate IncG translational fusion 

GFP level (data not shown).  

We then cloned C3-IncG into pBOMB5 and successfully transformed the plasmid 

into C. trachomatis. Immunofluorescence analysis at 24 hpi demonstrated that induction 

of C3-IncG expression with 3 ng/mL and 10 ng/mL of aTc resulted in the loss of IncG 

(Fig. 27B). Knockdown of IncG also resulted in the loss of 14-3-3b recruitment to the 

inclusion membrane, which is a host protein that is proposed to interact with IncG (Fig. 

27C) (Scidmore & Hackstadt, 2001). In contrast, overexpression of C3-IncG did not 

affect IncE protein expression by immunofluorescence analysis at 24 hpi (Figs. 28A, B), 

suggesting that C3-IncG is able to knockdown IncG without depleting another protein 

encoded in the operon. Immunofluorescence analysis with IncE antibodies also showed 

multiple inclusions under the C3-IncG overexpressing condition, suggesting that IncG 

may be required for inclusions fusion (Fig. 28A). Additionally, antibodies against the 

bacterial membrane protein, MOMP, showed larger chlamydiae in the induced cells 

compared to the uninduced control, which may indicate that C3-IncG overexpression 
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had deleterious effects on the chlamydial infection (Fig. 28A). Overall, these data 

suggest that C3-IncG overexpression is able to specifically knockdown IncG without 

largely affecting the protein levels of IncE.    

Next, we investigated if the transcript levels of IncE and IncG are affected by C3-

IncG overexpression. RT-qPCR analysis at 24 hpi showed that overexpression of C3-

IncG starting at 1hpi resulted in a 1.7-fold and 1.8-fold decrease in IncE and IncG 

transcript levels, respectively (Fig. 29A). In contrast, the levels of EUO and IncA mRNA 

remained unaffected compared to the uninduced control (Fig. 29A). To minimize the 

confounding factor that C3-IncG overexpression at 1 hpi had a deleterious effect on C. 

trachomatis, we also induced C3-IncG expression at 16 hpi and analyzed at 24 hpi. In 

this condition, 16S rRNA levels were no longer affected by C3-IncG overexpression 

(Fig. 29B), whereas IncE and IncG mRNA levels were still decreased (Fig. 29A). This 

result suggests that C3-IncG overexpression may destabilize the entire incDEFG 

operon mRNA.  
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Figure 27. Knockdown of a gene in an operon, IncG.  
(A) Schematic of the IncDEFG operon and the target site of C3-IncG. 
(B) Immunofluorescence images of HeLa cells infected C3-IncG+mCherry and treated 
with 3 ng/mL or 10 ng/mL of aTc from 1-24 hpi are shown. IncG staining is shown in 
green and DNA was detected with DAPI (blue). White scale bar: 20 µm. 
(C) Immunofluorescence images of infected HeLa cells with the same condition as (B). 
IncG staining is shown in green and 14-3-3b staining is shown in red. DNA was 
detected with DAPI (blue). White scale bar: 20 µm. These images were produced by Dr. 
Janina Ehses.  
 

 

 
Figure 28. Knockdown of IncG does not affect IncE protein expression.  
(A) Immunofluorescence images of infected HeLa cells with the same condition as (Fig. 
27B). IncE staining is shown in red. C. trachomatis was detected with MOMP antibody 
(green) and DNA was detected with DAPI (blue). White scale bar: 20 µm. 
(B) Mean fluorescence intensity was calculated from immunofluorescence images of 
HeLa cells infected with C3-IncG+mCherry and treated with 3 ng/mL of aTc from 1-24 
hpi using ImageJ. Mean fluorescence intensity was calculated by dividing average 
intensity density of an inclusion by the area of the inclusion. The mean fluorescence 
intensity of 3 ng/mL aTc sample was then normalized to the uninduced control. For 
each experiment, at least 100 inclusions were analyzed. Data is presented as mean ± 
SEM (n= 2). This quantification was conducted by Dr. Janina Ehses.  
 

  



 129 
 
 

 

 
Figure 29. C3-IncG overexpression destabilizes the IncDEFG operon. 
HeLa cells infected with C3-IncG+mCherry transformants and treated with 3 ng/mL of 
aTc from 1-24 hpi or 16-24 hpi were analyzed by RT-qPCR for (A) EUO, IncA, IncE, and 
IncG. 16S rRNA and GAPDH served as reference genes. (B) shows RT-qPCR for 16S 
rRNA levels with GAPDH served as a reference gene. Each experimental condition was 
normalized to the respective uninduced control. Data is presented as mean ± SEM (n= 
2). This data was completed with the help of Dr. Janina Ehses. 
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3.3 Knockdown of an essential chlamydial gene 

To investigate if we can silence an essential gene using our system, we knock 

downed the chlamydial major outer membrane protein (MOMP or OmpA). MOMP is 

proposed to provide cell wall rigidity to EBs (Hatch, 1996, p. 199), to function as a 

general porin in the outer membrane (G. Sun et al., 2007), and to act as an adhesion 

protein for host attachment (Su et al., 1990; Swanson & Kuo, 1994).  Following our 

general knockdown approach, we designed a 30 bp asRNA that includes an anti-RBS to 

the MOMP mRNA and cloned it into CtrR3 (C3-MOMP) (Fig. 30A). We first confirmed 

that C3-MOMP can downregulate its target in E. coli translational fusion (data not 

shown) and subsequently cloned it into pBOMB5, which was used to transform C. 

trachomatis. Western blot analysis at 24 hpi showed that C3-MOMP overexpression 

decreased MOMP protein levels in an aTc dose-dependent manner (Fig. 30B, C). This 

regulation is specific to MOMP because overexpression of C3-MOMP at 3 ng/mL did 

not affect the levels of the chlamydial housekeeping protein Hsp60 (Figs. 30D, E). 

Immunofluorescence analysis at 24 hpi of the transformant overexpressing C3-MOMP 

showed sparse MOMP intensity at the bacterial membrane, whereas the expression of 

an inclusion membrane protein, IncE, remained unaffected (Fig. 30F). In addition, C3-

MOMP transformant induced with aTc resulted in the formation of few large aberrant 

RBs in the inclusion under phase-contrast microscopy, which resembles ampicillin 

induced-persistence (Fig. 30G) (Beatty et al., 1994; Hogan et al., 2004; Panzetta et al., 

2018; Skilton et al., 2009). Lastly, overexpression of C3-MOMP caused a 16.3-fold 

decrease in progeny compared to the uninduced control at 32 hpi (Fig. 30H). Overall, 
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these results demonstrated that our system can knockdown an essential protein in C. 

trachomatis.  
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Figure 30. Knockdown of an essential protein, MOMP. 
(A) Schematic of the MOMP mRNA and the target site of C3-MOMP.  
(B) Western blot analysis of lysates from HeLa cells infected with C3-MOMP+mCherry 
transformants and treated with 3 or 10 ng/mL of aTc from 1-24 hpi. MOMP levels are 
shown and a-tubulin served as loading control.  
(C) Quantification of the western blots in (B). MOMP was normalized first to a-tubulin 
and then to the uninduced control. Data are mean ± SEM (n= 2). 
(D) Western blot analysis of lysates from (B). MOMP and Hsp60 levels are shown. a-
tubulin served as loading control.  
(E) Quantification of the western blots in (D). MOMP and Hsp60 were first normalized to 
a-tubulin and then to their respective uninduced controls. Data are mean ± SEM (n= 2). 
(F) Immunofluorescence images of HeLa cells infected with C3-MOMP+mCherry 
transformants and treated with 3 ng/mL of aTc from 1-24 hpi are shown. IncE staining is 
shown in red and MOMP staining is shown in green. DNA was detected with DAPI 
(blue). White arrow indicates a single aberrant RB. White scale bar: 20 µm; yellow scale 
bar: 5 µm. 
(G) Phase contrast images of HeLa cells infected with C3-MOMP+mCherry 
transformants or wildtype C. trachomatis serovar L2 and treated with 3 ng/mL of aTc or 
10 µg/mL of ampicillin from 1-24 hpi are shown.  
(H) Infectious EBs produced by HeLa cells infected with C3-IncA transformants and 
incubated with or without 3 ng/mL of aTc from 1-32 hpi were quantified by progeny 
assay. The number of infectious EBs in the induced conditions is expressed as a 
percentage of the number of EBs in uninduced control samples. Data are mean ± SEM 
(n= 2). 
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Discussion 

Although the CRISPRi system has been described in C. trachomatis, we provide 

justification for developing a second knockdown system. For example, CRISPRi blocks 

expression on a transcriptional level and causes polar effects, resulting in the silencing 

of upstream and downstream genes in an operon (Table 7 and 8). In contrast, the 

sRNA-mediated knockdown system blocks the translation of specific mRNA target and 

has been shown to not cause polar effects in E. coli (Goh et al., 2015). Additionally, 

testing the knockdown efficiency of sgRNAs is labor-intensive as it requires the 

generation of individual chlamydial transformants. For our approach, we can test the 

efficacy of each engineered sRNA in an E. coli translational fusion, which has a faster 

turn-around time (Table 8). Lastly, both approaches have the potential to have off-target 

effects as well as limited target sites, thus it is imperative to have two systems to 

provide options and versatility when knocking down a specific gene. CRISPRi and our 

system can also be utilized to separately knockdown the same gene to demonstrate the 

specificity of the knockdown to a certain phenotype.  

In this study, we developed a novel sRNA-mediated conditional knockdown 

system in C. trachomatis by overexpressing a version of CtrR3 that has its loop 

sequence modified to target a specific mRNA. The strength of our approach is that the 

engineered sRNA expression is inducible, titratable, and reversible. The control of the 

timing of the sRNA expression will be beneficial to investigate the role of the targeted 

protein during a specific time in the developmental cycle. In addition, controlling the 

level of sRNA expression can also minimize off-target effects.  
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The present study indicates that a 30 bp long asRNA sequence is optimal for 

efficient protein knockdown. We were surprised to observe that the 10 bp anti-sense 

sequence did not affect IncA translational fusion, since it was designed to mimic the 

wildtype CtrR3 by having a similar loop sequence length and an anti-RBS sequence. 

We propose that this lack of regulation is due to a weak interaction between the asRNA 

and the IncA mRNA, which only has 4 G/C base-pairing, whereas CtrR3 has 5 G/C 

interactions with its mRNA targets. Similarly, the 60 bp anti-sense RNA sequence had 

minimal regulation on IncA translational fusion expression. This could be a result of a 

large loop sequence that either destabilizes the sRNA structure or forms additional 

secondary structures in the loop, thus hindering binding to the IncA mRNA. Overall, we 

believe that the 30 bp sequence worked best because it had a long enough 

complementarity with the mRNA to establish a strong interaction, but not too long to 

disrupt the sRNA structure.  

 Our work on defining the mRNA target site requirement for efficient knockdown is 

useful when designing an asRNA sequence. From the E. coli translational fusion study, 

we know that the asRNA sequence has to include the RBS of the mRNA. In the later 

part of this chapter, we will demonstrate that including a portion of the RBS in the target 

sequence is also sufficient for an efficient knockdown. Knowing this rule allows us to 

have options when designing an asRNA sequence. Different asRNA sequences can be 

entered into a bioinformatic software (i.e. TargetRNA2 or IntaRNA) to predict potential 

off-targets. The asRNA sequence with the least number of predicted off-targets can 

then be prioritized and tested in the E. coli translational fusion assay.  
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 We took the approach of expressing the complementing protein under a Tet 

inducible promoter. The complement protein has to be under an inducible promoter to 

prevent exogenous protein expression, which may be toxic to Chlamydia during the 

transformation process. This approach worked well in complementing IncA knockdown, 

however, it does not allow for separate control of the expression of the sRNA and the 

complement protein. This could pose an issue when we are trying to complement a high 

expressing protein and are using low aTc concentration to prevent off-target effects. Our 

lab is currently devising ways to increase the expression of the complement protein via 

altering the Tet promoter sequence and/or adding a transcriptional terminator. 

Alternatively, translation of the complement protein can be controlled by a synthetic 

riboswitch E, which can be induced with theophylline (N. A. Grieshaber et al., 2022).  

We were surprised to observe that C3-IncG overexpression blocked the protein 

expression of only IncG but not IncE, and yet, mRNA levels of both genes were 

decreased. This observation is consistent with the model that the mechanism of sRNA 

repression is mostly on the level of blocking translational initiation, rather than mRNA 

target destabilization (Rice & Vanderpool, 2011; Waters & Storz, 2009). In addition, the 

mRNAs that are not yet destabilized are still capable of translating IncE proteins. Lastly, 

translation of IncE may occur before the IncG target site is transcribed, as translation 

and transcription are coupled in prokaryotes (Irastortza-Olaziregi & Amster-Choder, 

2021; Miller et al., 1970). We also cannot rule out the possibility that an overall 

decreased in IncE mRNA levels will eventually lead to a decreased in IncE protein at 

later time points (i.e. 36 hpi). We are currently working to determine if the phenotypes 

we observed, such as multiple inclusions and larger bacteria, are a result of an IncG 
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knockdown, which can be addressed by IncG complementation. Overall, our knockdown 

system has the potential to downregulate a specific gene in an operon without largely 

affecting the protein expression of an upstream gene in the same operon and therefore, 

may be an important addition to the C. trachomatis genetic toolbox. 

Based on our results, we hypothesize that C3-IncG expression leads to 

destabilization of the incDEFG operon. We propose this occurs when C3-IncG binds to 

the IncG mRNA and induces RNase cleavage at or near the binding site. Cleavage of 

IncG mRNA will result in the loss of the downstream transcriptional terminator and 

subsequently, in the destabilization of the incDEFG mRNA (He et al., 2020). 

Nonetheless, the fact that the engineered sRNA destabilizes the target transcript may 

be beneficial. This feature would allow us to measure the transcript level to verify the 

knockdown of a target gene instead of relying on available antibodies. However, our 

data also indicates that quantifying changes in transcript level may not be an accurate 

way to measure changes in protein levels of a non-targeted gene (i.e. IncE).  

For both IncA and IncG knockdown, we observed that the engineered sRNA 

destabilizes the mRNA target. This is in contrast with IhtA, in which IhtA overexpression 

affected the protein but not the mRNA level of HctA (Fig. 3). The differential effects 

between the chlamydial sRNA and the engineered sRNA could be due to the 

differences in length between the target sequences. We hypothesize that the 30 bp of 

perfect complementarity between the engineered sRNA and the mRNA target allows for 

RNA cleavage by RNase III, resulting in mRNA destabilization. RNase III is an 

endoribonuclease that processes double-stranded RNA and it has been shown to 

cleave, either one or both strands, at the interaction site between the anti-sense sRNA 
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and the mRNA target (Court et al., 2013; Georg & Hess, 2011). For a dsRNA to be 

bound and cleaved by RNase III, however, the helix has to be approximately 22 bp long 

(Court et al., 2013). This requirement for RNase III cleavage suggests that the 7 bp 

interaction between an endogenous chlamydial sRNA and its mRNA target is not 

sufficient for RNase III processing. Thus, we propose that engineered sRNA-mRNA 

interaction is cleaved by RNase III, whereas chlamydial sRNA-mRNA interaction is not.  

We also utilized the knockdown system to target MOMP, an essential chlamydial 

protein. We have reasons to suspect that our knockdown is specific to MOMP as we did 

not observe a defect in the expression of two other chlamydial proteins under C3-

MOMP overexpressing conditions. In addition, we expressed C3-MOMP at 3 ng/mL, a 

concentration that did not produce off-target effects when we knocked down IncA. We 

are currently confirming the specificity of the knockdown via MOMP complementation.  

Our result suggests that MOMP might be involved in RB division. This is due to 

the presence of aberrant RBs in C3-MOMP overexpressing transformants, which 

resembled the ones found in ampicillin-treated C. trachomatis. The formation of 

aberrant RBs is largely due to a block in chlamydial cell division (Panzetta et al., 2018; 

Skilton et al., 2009). Interestingly, MOMP has recently been shown to be highly 

enriched in the daughter cell membrane during polarized division in C. trachomatis (Cox 

et al., 2020), suggesting that it may have a role in RB division. In addition, MOMP or 

OmpA in other gram-negative bacteria can anchor the bacterial outer membrane to the 

peptidoglycan layer (Park et al., 2012). This interaction can play a role in outer 

membrane constriction during bacterial cell division (Egan, 2018). Thus, it is plausible 

that the loss of MOMP in Chlamydia may result in a block of chlamydial cell division due 
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to the inability of outer membrane constriction. This hypothesis can be tested by 

conducting EM analysis which may show the separation between outer and inner 

membrane. Alternatively, we can use immunofluorescence analysis to determine the 

relative position of MOMP to the peptidoglycan layer, which can be visualized by EDA-

DA, an analog of D-alanine dipeptide (Liechti et al., 2014).  

Overall, we propose the following steps to knockdown a specific target. 1) Design 

a 30 bp long asRNA sequence that has an anti-RBS sequence. 2) Replace the loop 

sequence of CtrR3 with the asRNA sequence (C3-sRNA). 3) Use E. coli translational 

fusion to test the ability of the C3-sRNA to downregulate the expression of its target. 4) 

Clone C3-sRNA into the pBOMB5 plasmid and transform it into C. trachomatis. 5) Test 

the ability of C3-sRNA to knockdown its target in Chlamydia using antibody or RT-

qPCR. 6) Complement the knockdown to show specificity.  
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Chapter concluding remarks 

In this chapter, we described a novel sRNA-mediated conditional knockdown 

system in Chlamydia. This system is inducible, titratable, and reversible, allowing for 

fine-tuned control of the knockdown. Specificity of the knockdown can be potentially 

validated through our complementation system. In addition, our sRNA-mediated 

knockdown system has the potential to silence a specific gene in an operon. More 

importantly, it can be utilized to knockdown essential genes to study their molecular 

function. We propose that our knockdown system complements the CRISPRi approach 

and together, both will play an important role in investigating the molecular mechanism 

of C. trachomatis pathogenesis.   
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Materials and Methods 

The following Material and Methods are described in Chapter 2 Materials and Methods: 

Cell culture and Chlamydia infection, Chlamydia transformation, Western blot, 

Immunofluorescence microscopy, RT-qPCR, E. coli culture conditions and co-

expression study 

 

DNA oligonucleotides and plasmids 

DNA oligonucleotides and plasmids can be found in the Tables 9 and 10. 

 

Antibodies used in this study 

 Primary antibodies used were monoclonal mouse anti-GFP (11814460001, 

Roche), polyclonal rabbit anti-GroEL (G6532, Sigma-Aldrich), monoclonal mouse anti-

MOMP (gift from Ellena Peterson), polyclonal rabbit anti-IncA (gift from Guangming 

Zhong), monoclonal mouse anti-Flag (M2Flag) (F3165, Sigma-Aldrich), polyclonal rabbit 

anti-IncG (gift from Guangming Zhong), polyclonal rabbit anti-14-3-3b (K-19) (sc-629, 

Santa Cruz), polyclonal rabbit anti-IncE (gift from Joanne Engel), monoclonal mouse 

anti-Hsp60 (GroEL) (gift from Rick Morrison), and polyclonal rabbit anti-a-tubulin 

(ab18251, Abcam). Secondary antibodies for immunofluorescence microscopy: Donkey 

anti-Rabbit IgG Alexa Fluor 488 (Invitrogen, A21206), Donkey anti-Rabbit IgG Alexa 

Fluor 555 (Invitrogen, A31572), Donkey anti-Mouse IgG Alexa Fluor 488 (Invitrogen, 

A21202), and Donkey anti-Mouse IgG Alexa Fluor 555 (Invitrogen, A31570), Secondary 

antibodies for western blot: goat anti-rabbit IgG LI-COR IRDYE 680 (926-680-71, Fisher 

Scientific) and goat anti-mouse IgG LI-COR IRDye 800 (926-32210; Fisher Scientific).  
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Plasmid construction 

All plasmids were generated with Gibson assembly via the NEBuilder HiFi DNA 

assembly mastermix (E2621, NEB) and subsequently transformed into E. coli strain 

DHFa (NEB5-alpha). The plasmid sequences were then confirmed via Sanger 

sequencing using Retrogen Inc.  

The pRSETC-C3-IncA (10bp), (30bp), and (60bp) were constructed with primer 

sets P1+P2, P3+P4, P5+P6, respectively, using pRSETC-CtrR3 as template. pRSETC-

C3-IncA (60bp) also required P7 oligonucleotide as link.  

pBAD33.1 incA::gfp, incG::gfp, and momp::gfp plasmids were generated by 

amplifying the pBAD33.1 ctl0389::gfp vector backbone primer set P8+P9. The 

amplicons made with primer sets P10+P11 (incA), P35+P36 (incG), and P38+P39 

(momp) using C. trachomatis serovar L2 genomic DNA as template were then 

assembled into the the vector backbone. 

pBOMB5-tet-C3-IncA was constructed by using primers P14+P15 and P16+P17 

to amplify the vector backbone from pBOMB5-tet-CtrR3. Then, primer set P12+P13 was 

used to amplify C3-IncA (10bp) from pBAD33.1 C3-IncA (10bp) plasmid.  

The pRSETC-5nt plasmids were constructed by amplifying the vector backbone 

(pRSETC-CtrR3) with P18+P2 and utilizing P19-P25 to link the vector backbone. 

pRSETC-C3-IncA2, C3-IncG, and C3-MOMP plasmids were constructed in a similar 

fashion but with P25, P34, and P37 as oligonucleotides, respectively, to link the vector 

backbone.  
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pBOMB5-tet-C3-IncA+mCherry and C3-IncA+IncA-Flag plasmids were 

constructed by utilizing primer sets P14+P27 and P17+P26 to amplify the vector 

backbone, pBOMB5-tet-C3-IncA. Tet promoter driving mCherry or IncA-Flag expression 

was amplified from pASK (gift from Scott Hefty). mCherry was amplified from pBOMB5-

tet-mCherry using P30+P31 and IncA-Flag was amplified using P32+P33.  
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Tables 
 
Table 7. Mechanism of action: CRISPRi vs sRNA-mediated knockdown. 
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Table 8. Characteristics of CRISPRi vs sRNA-mediated knockdown. 
 

 
 
 
 
 
 
 
 
  



 147 
 
 

Table 9. List of DNA oligonucleotides used in this study. 
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Table 10. List of Plasmids and strains generated in this study. 
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Impact and Summary 

The goal of this work was to advance our understanding of post-transcriptional 

gene regulation in Chlamydia trachomatis by studying chlamydial sRNAs. Prior to this 

study, relatively little was known about sRNAs in Chlamydia. Although chlamydial 

sRNAs have been identified, their function and mRNA targets remained unknown. One 

trans-encoded sRNA, IhtA, has been proposed to regulate HctA expression. However, 

this hypothesis was formulated based on work done in E. coli and has never been 

tested in C. trachomatis, which is crucial as Chlamydia lacks the sRNA chaperone 

protein, Hfq. Importantly, it was not known if sRNAs can regulate gene expression in C. 

trachomatis or if they have an important function in chlamydial infection. The knowledge 

gap in the function of chlamydial sRNAs was largely attributed to the previous lack of 

genetic tools in this obligate intracellular pathogen.  

To investigate the function of chlamydial sRNAs, we developed a novel inducible 

sRNA overexpression system in C. trachomatis. The power of this system is that it 

allowed us to investigate chlamydial sRNAs in their native environment. As we have 

shown, the sRNA overexpression system is versatile and can be used to study many 

different aspects of a chlamydial sRNA. We first utilized the system to confirm that IhtA 

negatively regulates HctA expression in C. trachomatis (Ch 2.1). Our work also provided 

experimental evidence that chlamydial sRNAs may have important functions in the C. 

trachomatis developmental cycle. This hypothesis is based on our genetic screen, 

which identified 4 uncharacterized sRNAs (i.e. CtrR3, CtrR7, CtrR0332, CTIG648) 

whose overexpression caused a severe reduction in infectious EB production (Ch 2.2). 

We further showed that overexpression of 3 of these sRNAs affected different steps in 
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the developmental cycle, as overexpression of CtrR3 and CtrR0332 resulted mostly in 

an RB-to-EB conversion defect, whereas CtrR7 overexpression caused an RB 

replication defect (Ch 2.3-2.5). Additionally, we applied the genetic system through a 

multi-step approach to identify YtgB and CTL0389 as mRNA targets of CtrR3 (Ch 2.6). 

Lastly, we expanded the Chlamydia genetic toolbox by successfully utilizing the 

overexpression approach to develop a novel sRNA-mediated conditional knockdown 

system in C. trachomatis (Ch 3). Overall, this study represents a major advance in the 

field of chlamydial sRNAs, and the genetic systems we have developed will help unravel 

the function and mechanism of post-transcriptional regulation in C. trachomatis.  

In the following sections, I will discuss and speculate on some remaining 

unanswered questions regarding the overall functions of chlamydial sRNAs, the 

mechanism of chlamydial sRNA regulation, and the current approach we can take to 

define the function of a specific chlamydial sRNA. 

 

What are the functions of chlamydial sRNAs? 

We propose that the overall function of chlamydial sRNAs in C. trachomatis is to 

provide an additional level of gene regulation by regulating individual mRNA targets. C. 

trachomatis has limited means to differentiate gene expression transcriptionally, as it 

only possesses three sigma factors and 12-15 transcription factors (Domman & Horn, 

2015). For example, around 650 midcycle genes are transcriptionally upregulated 

simultaneously, chlamydial sRNAs could act as a means to further differentiate their 

expression (e.g. temporally) via regulating a subset of target genes. In addition, unlike 

transcription factors which often turn target genes “on” or “off”, chlamydial sRNAs may 
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have the ability to modulate the expression level of their mRNA targets because the 

mechanism of sRNA regulation is typically based on stoichiometry. Thus, we 

hypothesize that by having chlamydial sRNAs (i.e. post-transcriptional regulation) in 

addition to transcriptional regulation, Chlamydia can generate complex and customized 

gene expression patterns to orchestrate the intricate developmental cycle of C. 

trachomatis. 

Based on published reports on bacterial sRNAs and our work, we propose that 

there are three classes of chlamydial sRNAs that differ in their expression profiles. 

Class I sRNAs are constitutively expressed throughout the developmental cycle. Class 

II sRNAs are only expressed during a certain time frame in the developmental cycle. 

Class III sRNAs are similar to the traditional bacterial sRNAs, in that their expressions 

are induced under certain stress conditions.  

 

Class I: constitutive chlamydial sRNAs 

We hypothesize that this class of chlamydial sRNAs has a constitutively active 

promoter and/or is processed from a housekeeping RNA. This hypothesis is based on 

two E. coli sRNAs that are expressed constitutively: ChiX, which has a constitutively 

active promoter, and 3'ETSLeuZ, which is processed from a pre-tRNA (Figueroa-Bossi et 

al., 2009; Lalaouna et al., 2015). Based on these criteria, we propose that CtrR3 is a 

prototype of Class I chlamydial sRNAs as we showed that it is expressed throughout the 

developmental cycle and that it is likely cleaved from a pre-tmRNA (Ch 2.3). In addition, 

we demonstrated that CtrR3 has a long half-life and is stable, which is a feature that 

may also contribute to its constitutive expression (Ch 2.6). Currently, it is unclear if there 
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are additional Class I sRNAs in C. trachomatis besides CtrR3. In principle, these sRNAs 

could be processed from housekeeping RNA such as tRNAs or SRP (4.5S RNA). For 

example, CtrR1 and CTIG504 could be processed from tRNA-thr and tRNA-leu, 

respectively, based on their genomic locations.  

Because the expression of Class I sRNAs is constitutive, we anticipate that these 

sRNAs modulate the expression of their mRNA targets. One of the ways to achieve this 

is for the sRNA to set a concentration threshold for which the mRNA target has to 

overcome to express the target protein. This model is supported by studies conducted 

on the function of 3'ETSLeuZ (Lalaouna et al., 2015). Lalaouna et al. showed that 

3'ETSLeuZ negatively regulates the expression of RyhB, a sRNA involved in the iron-

starvation response (Lalaouna et al., 2015; Massé & Gottesman, 2002). During iron-rich 

conditions, the repressor Fur is bound to Fe2+ and represses transcription of RyhB 

(Massé & Gottesman, 2002). The authors proposed that the repression is incomplete 

and that there is some expression of RyhB whose activity is then blocked by 3'ETSLeuZ. 

During iron-depleted conditions, RyhB expression is induced and is functional as its 

level overcomes the concentration threshold set by 3'ETSLeuZ. This mechanism is in 

place to regulate intracellular iron levels because iron overload can result in the 

formation of reactive oxidative species, which is toxic to bacteria (Braun, 1997; Frawley 

& Fang, 2014). 

 We speculate that CtrR3 may be functioning similarly to 3'ETSLeuZ. When the 

intracellular iron level is high, the chlamydial repressor YtgR binds to Fe2+ and 

represses the transcription of the YtgABCD operon, which encodes an iron import 

complex (Pokorzynski et al., 2019). In this condition, CtrR3 could further prevent iron 
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import and iron overload in C. trachomatis by blocking the translation of existing YtgB 

mRNAs. In contrast, when the intracellular iron level is low, transcription of YtgB is de-

repressed and YtgB mRNA level can overcome the CtrR3 concentration threshold, 

allowing YtgB protein to be made. Our model is supported by the fact that Chlamydia 

trachomatis does not have a bacterioferritin homolog, an iron-storage protein found in 

most bacteria, suggesting that it requires stringent regulation on iron import (Andrews, 

1998). One way to test our model is to decrease endogenous CtrR3 level or activity, 

and subsequently measure oxidative stress in C. trachomatis as an indirect 

measurement of iron toxicity. CtrR3 level or activity can be decreased via either 

CRISPRi or overexpressing an RNA with multiple CtrR3 binding sites, and oxidative 

stress in Chlamydia could be potentially measured with CellROXTM. If the model holds 

true, diminishing CtrR3 level or activity should increase oxidative stress in the bacteria.  

 

Class II: developmental-regulated chlamydial sRNAs 

We propose that this class of chlamydial sRNAs is developmentally expressed, 

similar to the temporal expression of chlamydial genes (i.e. early, midcycle, and late 

genes). This suggests that the promoters of these sRNAs are transcriptionally regulated 

through the same mechanisms as the promoters of other genes in the same temporal 

group (Table 1). Chlamydial sRNAs may also achieve a specific temporal expression 

profile by being processed from an mRNA transcript. For example, we proposed that 

CtrR0332, which is expressed during late infection time, is processed from the mRNA 

transcript of a late gene, ltuB (Ch 2.5). Based on the time-course analyses of sRNA 

expression conducted by AbdelRahman et al. and our group, we anticipate that most of 
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the identified chlamydial sRNAs fall under this class, including IhtA, CtrR7, and 

CtrR0332 (AbdelRahman et al., 2011).  

Due to their expression pattern, Class II sRNAs may fine-tune the temporal 

expression of target genes on a post-transcriptional level. Transcriptional regulation in 

Chlamydia occurs in broad strokes, in which multiple genes from the same temporal 

class are transcribed simultaneously. In addition, after early and midcycle genes are 

expressed, the mRNA levels for these genes often remain constant throughout the 

developmental cycle (Belland, Zhong, et al., 2003). As such, a midcycle gene that is 

transcribed starting at 8 hpi may still be translated during late infection time. In this 

case, a sRNA that is expressed late (i.e. CtrR0332) could shut off the translation of a 

midcycle mRNA target to ensure that the encoded protein is only made during a specific 

time frame in the developmental cycle.   

Because Class II chlamydial sRNAs may have the ability to temporally control the 

expression of their target genes, we propose that these sRNAs can function as 

regulators of a specific step in the developmental cycle. This is exemplified by 

CtrR0332, which we speculate to be a late-expressed sRNA that hinders bacterial 

division during RB-to-EB conversion. We hypothesize that CtrR0332 negatively 

regulates RB division because overexpression of CtrR0332 resulted in a modest 

decrease in genome copy, no late gene expression, and the presence of “miniature” 

RBs attached to larger RBs by electron microscopy (Ch 2.5). These three phenotypes 

are also associated with chlamydial persistence (Beatty et al., 1993, p. 1, 1994; Belland, 

Nelson, et al., 2003). During persistence, RBs do not undergo cell division, resulting in 

the formation of aberrant RBs, which are thought to maintain DNA replication and do not 
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express late genes (Belland, Nelson, et al., 2003; Hogan et al., 2004; Skilton et al., 

2009). In addition, RBs in the process of exiting persistence have been shown to 

produce “miniature” RBs next to aberrant RBs by electron microscopy (Beatty et al., 

1994; Wyrick, 2010). Based on these similarities, we propose that CtrR0332 

overexpression produces some degree of persistence by hindering RB division. Taking 

into consideration that CtrR0332 is expressed as a late gene, we hypothesize that this 

sRNA is expressed during RB-to-EB conversion to prevent RBs from further dividing. As 

such, we anticipate CtrR0332 negatively regulates midcycle mRNA targets that encode 

bacterial division proteins, such as MreB, a chlamydial protein proposed to direct RB 

division (Ranjit et al., 2020). Additionally, we propose that CtrR0332 is binding and 

inhibiting the activity of a protein involved in RB division. This model will be discussed in 

a later section.  

 

Class III: stress-induced chlamydial sRNAs 

 Based on sRNA function in other bacteria, we speculate that there are chlamydial 

sRNAs that are only expressed under certain stress conditions. Several stress 

conditions have been studied in C. trachomatis, including nutrient starvation, iron 

depletion, IFN-g treatment, and beta-lactam antibiotics treatment, all of which lead to 

persistence (Brockett & Liechti, 2021; Hogan et al., 2004; Panzetta et al., 2018). 

Currently, we have not explored any stress conditions that may induce the expression of 

the sRNAs investigated in this study. AbdelRahman and colleagues, however, have 

observed increased expression of specific sRNAs after 24 and 48 hours post 

carbenicillin treatment, which induces chlamydial persistence (AbdelRahman et al., 
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2011). These results are hard to interpret because stress-induced persistence in C. 

trachomatis causes significant changes in the chlamydial transcriptome (Belland, 

Nelson, et al., 2003; Ouellette et al., 2006). Thus, it is difficult to conclude if a sRNA is 

induced directly or indirectly by a stressor. To circumvent this issue, it would be more 

appropriate to induce stress for a short duration and subsequently test if the levels of 

sRNAs are altered.  

 We also speculate that the RNA-seq and microarray studies that were conducted 

to discover chlamydial sRNAs may not have identified any Class III sRNAs 

(AbdelRahman et al., 2011; Albrecht et al., 2010). This is because bacterial sRNAs that 

are induced under a specific stress condition are usually not expressed or are lowly 

expressed during normal bacteria growth (Hör et al., 2020). Both the deep sequencing 

and the microarray studies were performed in C. trachomatis undergoing the normal 

developmental cycle. In the future, it would be worthwhile to place Chlamydia-infected 

cells under different stress conditions and conduct small RNA-seq. Similar approaches 

have been utilized to uncover sRNAs involved in iron starvation conditions in 

Mycobacterium tuberculosis (Gerrick et al., 2018). If successful, it would be powerful 

because the chlamydial sRNAs that are identified under certain stress conditions are 

likely to have a physiological role or function in the stress response.  

 We anticipate that, compared to other gram-negative bacteria, C. trachomatis 

may have relatively few Class III sRNAs. The induction of sRNA expression in E. coli is 

mediated by the two-component signal transduction system (TCS) and/or regulated by 

specific transcription factors, both of which can sense the presence or absence of a 

stressor in the bacterial environment (Brosse et al., 2016; Mei et al., 2015; Storz et al., 
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2011). The Chlamydia genome, however, is predicted to have only one intact TCS (Koo 

& Stephens, 2003) and 15 transcription factors (Domman & Horn, 2015; Rosario CJ, 

2020); whereas E. coli has 30 TCS and 300 transcription factors (Yamamoto et al., 

2005). This observation supports the concept that Chlamydia grows in a stable 

environment (i.e. the inclusion) and is likely to encounter few stressors (Rosario CJ, 

2020). Interestingly, the one intact chlamydial TCS, the CtcB-CtcC system, activates an 

alternative sigma factor, s54 (Soules et al., 2020). Although it is not known what the 

CtcB-CtcC system is sensing, identifying sRNAs that are part of the s54 regulon would 

be another approach to discovering Class III chlamydial sRNAs.  

 

Additional chlamydial sRNA functions 

 In addition to the three classes of chlamydial sRNAs proposed above, we 

postulate that C. trachomatis could potentially have dual function sRNAs. This class of 

sRNAs has two functions: 1) regulates mRNA targets through base-pairing and 2) 

encodes a small protein (Storz et al., 2014). The two functions are often related and 

regulate the same biological processes. For example, the E. coli dual-function sRNA, 

SgrS, encodes a small protein called SgrT. SgrT blocks the activity of PtsG, a glucose 

transporter, whereas SgrS base-pairs with and negatively regulates the expression of 

mRNA targets, including PtsG, that are involved in sugar uptake (Raina et al., 2018; 

Vanderpool & Gottesman, 2004; Wadler & Vanderpool, 2007; Wassarman et al., 2001). 

In our work, we discovered that CtrR7, an uncharacterized sRNA, encodes a small 

protein (Ch 2.4). 
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We speculate that the CtrR7 small protein regulates the activity of oligopeptide 

transport in C. trachomatis. There is precedent for a bacterial small protein to regulate 

membrane transport complexes (Garai & Blanc-Potard, 2020). In some cases, the gene 

encoding the small protein is located near the genes of its protein targets (Storz et al., 

2014). For example, the S. Typhimurium small protein KdpF stabilizes the KdpABC 

potassium transport complex, which is encoded by an operon located downstream of 

the kdpF gene (Gannoun-Zaki et al., 2014; Garai & Blanc-Potard, 2020; Gaßel et al., 

1999; Storz et al., 2014). Interestingly, the ctrR7 gene is located downstream of the 

oppA4, oppB2, and oppC2 operon, which encodes a hypothetical oligopeptide 

transporter complex. In addition, OppA4 is a substrate-binding protein located in the 

periplasm, which is where we propose the CtrR7 small peptide is localized. Thus, we 

speculate that the CtrR7 small protein binds and represses the activity of OppA4 in the 

periplasm, thereby reducing oligopeptide transport in C. trachomatis. This model also 

explains why we observed a block in RB replication when CtrR7 is overexpressed (Ch 

2.4). Our lab is currently determining if CtrR7 also has a sRNA function. If it does, we 

would predict the sRNA to regulate mRNA targets that are also involved in oligopeptide 

transport.  

In addition to dual-function sRNAs, we anticipate that certain chlamydial sRNA 

can bind and inhibit protein function. There is precedent for a sRNA to function through 

this mechanism, including E. coli 6S RNA, which regulates transcription by acting as a 

decoy promoter site for s70 RNAP (Wassarman, 2007). We proposed earlier that 

CtrR0332 could hamper Chlamydia cell division by interacting and blocking the activity 

of a protein involved in RB division. This model is mainly supported by dissertation work 
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from the Rudel lab, which demonstrated that CtrR0332 binds to a putative SNF2-related 

helicase called CTL0077 (Klepsch, 2019). SWI/SNF and related proteins are found in 

eukaryotes and they mobilize the nucleosome to alter gene expression (Pazin & 

Kadonaga, 1997). Interestingly, CTL0077 is in the same operon as MreB, a protein that 

directs RB division, and both are expressed as midcycle genes (Belland, Zhong, et al., 

2003). This suggests that the putative helicase could be involved in altering gene 

expression to promote chlamydial cell division. Taken together, we speculate that 

CtrR0332 is expressed as a late gene to bind and inhibit CTL0077 activity, resulting in 

downregulation of RB division during RB-to-EB conversion. In support of this model, 

long non-coding RNAs in eukaryotes can also bind to SWI/SNF complex subunits to act 

as a decoy and repress their activity (Tang et al., 2017). In addition, both CtrR0332 and 

CTL0077 are conserved in Chlamydia spp., suggesting that an interaction between the 

sRNA and the putative helicase is likely to be conserved. We can test the model by 

affinity purifying MS2-CtrR0332 in C. trachomatis and examine if we can co-purify the 

CTL0077 protein, and vice versa. Additionally, we can knockdown CTL0077 in C. 

trachomatis and test if the knockdown generates a phenotype similar to the one we 

observed with CtrR0332 overexpression (i.e. RB-to-EB impairment, persistent-like 

phenotype).  

 

How do chlamydial sRNAs regulate their mRNA targets? 

Is there a sRNA chaperone protein in C. trachomatis?  

In many gram-negative bacteria, the RNA chaperone Hfq protects sRNAs from 

degradation and helps facilitate the sRNA-mRNA interaction. On the genomic sequence 
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level, there does not appear to be an Hfq homolog in Chlamydia. The lack of Hfq in 

Chlamydia is further supported by the fact that the chlamydial RNase E homolog is 

missing the C-terminal domain, which is utilized to interact with Hfq in E. coli (Ikeda et 

al., 2011). The C. trachomatis genome does, however, encode an YbeY protein, which 

is a conserved endoribonuclease that is required for bacterial rRNA processing (e.g. 

16S rRNA) (Davies et al., 2010; Grinwald & Ron, 2013; Jacob et al., 2013). More 

recently, YbeY has been proposed to be involved in sRNA regulation (Pandey et al., 

2011, 2014; Vercruysse et al., 2014). This is because YbeY is an RNA-binding protein 

that shares structural similarities to the MID domain of the eukaryotic protein, Argonaute 

(AGO), which binds to small RNAs in eukaryotes (Mallory & Vaucheret, 2009; Nowotny 

& Yang, 2009; Pandey et al., 2011, 2014). In addition, deletion of ybeY in Sinorhizobium 

meliloti caused a similar phenotype as a hfq mutant, including altered levels of sRNAs 

and their mRNA targets (Pandey et al., 2014). Thus, it is possible that the C. 

trachomatis YbeY is also involved in chlamydial sRNA-mediated regulation. This 

hypothesis can be tested by knocking down YbeY and assessing the changes in sRNA 

and mRNA levels. Alternatively, a temperature-sensitive mutant for YbeY (CTL0681) 

has been isolated in C. trachomatis that can be investigated in a similar fashion 

(Brothwell et al., 2016). We can also utilize the MS2-affinity purification to examine if 

YbeY could be pulled down by a sRNA or conduct MS2-sRNA purification coupled with 

mass spectrometry to identify sRNA-interacting proteins.  

 

How do chlamydial sRNAs bind to their targets? 
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To compensate for the apparent lack of an sRNA chaperone in Chlamydia, we 

propose that a chlamydial sRNA requires perfect complementarity with its mRNA for at 

least 7 base pairs, of which 5 are G/C interactions. In reciprocal mutation experiments, 

we showed that a 5 G/C interaction must be maintained for CtrR3 to regulate CTL0389 

translational fusion expression (Ch 2.6). The minimal base-pairing length is supported 

by our observation that CtrR3 is predicted to form an 8 and a 7 base-pair interaction 

with YtgB and CTL0389, respectively (Ch 2.6). This requirement may explain why 

putative mRNA targets that have 5 G/C interactions but only a 6 base-pair interaction 

with CtrR3 (e.g. RpsM, CTL0015) were not regulated by this sRNA in the translational 

fusion assay. Nonetheless, this rule needs to be confirmed with our C. trachomatis 

translation fusion system and may not be generalizable to other chlamydial sRNAs. 

Interestingly, the interaction between IhtA and HctA mRNA also satisfies these two 

requirements (N. A. Grieshaber et al., 2015). Our model is further supported by the 

observations that sRNAs in Hfq-deficient bacteria (i.e. Mycobacterium tuberculosis) also 

utilize G/C-rich sequences to bind and regulate their mRNA targets (Gerrick et al., 2018; 

Jørgensen et al., 2020; Mai et al., 2019).  

 

How do chlamydial sRNAs repress the expression of their mRNA targets? 

We anticipate that when a chlamydial sRNA binds to the RBS of an mRNA 

target, it blocks translation initiation but does not destabilize the target transcript. This 

model is supported by the observation that IhtA overexpression decreased the protein 

level, but not the mRNA level, of HctA (Ch 2.1). These findings differed from what has 

been typically observed with bacterial sRNAs which, upon binding to their mRNA 
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targets, destabilize the transcript. Transcript destabilization is often achieved through 

the recruitment of the degradosome to the sRNA-mRNA interaction site by Hfq (Ikeda et 

al., 2011; Massé et al., 2003; Morita et al., 2005; Prévost et al., 2011). The 

degradosome is a complex that facilitates mRNA decay of untranslated transcripts in 

bacteria (Kaberdin et al., 1998; Kido et al., 1996; Sheehan et al., 2020; Tejada-Arranz et 

al., 2020; Vargas-Blanco & Shell, 2020). The bacterial degradosome is composed of 

RNase E (RNase Y in B. subtlis), PNPase, an RNA helicase (RhlB), and enolase. The 

N-terminal domain of RNase E is the catalytic domain, whereas the C-terminal domain 

acts as a scaffold and binds to other proteins in the degradosome (Carpousis, 2007; 

Vargas-Blanco & Shell, 2020).  

Interestingly, C. trachomatis does not have an identifiable RhlB homolog and the 

RNase E homolog does not have the C-terminal tail, suggesting that Chlamydia may not 

have a degradosome or may have an alternative mRNA degradation complex. In 

addition, as an obligate intracellular bacterium, C. trachomatis possesses mRNA with 

longer half-lives than those in extracellular (e.g. E. coli) or facultative intracellular 

bacteria (e.g. M. tuberculosis) (Ferreira et al., 2017). Overall, we postulate that 

chlamydial sRNAs do not destabilize their mRNA target due to the lack of Hfq and the 

lack of an efficient mRNA degradation machinery. This form of sRNA regulation could 

be energetically favorable for Chlamydia as the bacterium would not have to re-

synthesize the mRNA targets once the sRNA level has been depleted. Our model can 

be tested by co-expressing the E. coli sRNA RyhB with its mRNA target SodB in 

Chlamydia. RyhB blocks the translation of the SodB mRNA and destabilizes the 

transcript (Prévost et al., 2011). However, transcript destabilization, but not translation 
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block, requires Hfq and the degradosome. Thus, if our model holds true, RyhB would 

block SodB translation but not cause transcript destabilization in C. trachomatis.  

 

How do we define the function of a specific chlamydial sRNA? 

To define the function of a specific chlamydial sRNA, we need to combine clues 

from 1) the endogenous expression pattern of the sRNA, 2) the phenotypes resulting 

from altered levels of sRNA in C. trachomatis, 3) the mRNA targets and the effect of the 

sRNA on the target, and 4) the function of the mRNA targets. In the above sections, we 

have discussed and demonstrated how the expression pattern of a sRNA can provide 

crucial insight into sRNA function. In the following section, we will discuss how the other 

clues provide insights about sRNA function that can be further investigated.  

 

Phenotypes resulting from altered levels of sRNA 

 By altering the levels of sRNA in Chlamydia, we are changing the expression of 

specific mRNA targets, which may result in phenotypes. In principle, characterization of 

the phenotype can thereby, provide insight into the function of the mRNA targets as well 

as the sRNA. Our work illustrates, however, that the overexpression phenotype alone 

may not allow us to draw firm conclusions about endogenous sRNA function. For 

example, CtrR3 overexpression inhibited RB-to-EB conversion, but we could not 

definitively conclude that CtrR3 is a regulator of conversion (Ch 2.3). This is because 

CtrR3 overexpression may be blocking RB-to-EB conversion indirectly by affecting an 

upstream mechanism. We observed that CtrR3 overexpression caused an increase in 

RB size. A link between RB size and RB-to-EB conversion has been proposed by our 
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lab, in which RBs must reduce to a certain size threshold to initiate conversion. Thus, 

CtrR3 overexpression may cause an RB-to-EB conversion defect by affecting RB size. 

In addition, like any genetic system, there is always the possibility that the phenotype is 

a result of off-target effects, such as expressing the exogenous sRNA when it is not 

normally present or at too high of a level.  

 Nonetheless, we can utilize the known properties of a chlamydial sRNA and 

additional approaches to help interpret the overexpression phenotype. In the case of 

CtrR3, we know that endogenous CtrR3 is constitutively expressed, making it less likely 

to regulate a specific step in the developmental cycle, such as RB-to-EB conversion. 

We can also use complementary approaches, such as decreasing the sRNA level or 

activity, in conjunction with the overexpression phenotype to elucidate the function of 

the endogenous sRNA. For example, based on our proposed model for CtrR3, if 

downregulation of endogenous CtrR3 results in smaller RBs and earlier conversion, this 

would provide direct evidence that CtrR3 regulates RB size. Our lab is currently working 

on this complementary approach by knocking down endogenous CtrR3 with CRISPRi 

and overexpressing an RNA with multiple CtrR3 binding sites to decrease CtrR3 

activity. 

 

mRNA targets of a chlamydial sRNA 

 Perhaps the most important clue to elucidating the function of a chlamydial sRNA 

is the identification of its mRNA targets. Due to chlamydial sRNA biology, however, 

there are limitations to the approaches we can utilize to identify the targets. The first 

limitation is the apparent lack of sRNA chaperone proteins (i.e. Hfq or ProQ), which 
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prevents us from using approaches that rely on utilizing sRNA chaperone proteins as 

bait to capture sRNA-mRNA target complexes. These techniques include cross-linking 

immunoprecipitation-sequencing (CLIP-seq), RNA immunoprecipitation-sequencing 

(RIP-seq), UV crosslinking, ligation and sequencing of hybrids (CLASH), and RNA 

interaction by ligation and sequencing (RIL-seq) (Saliba et al., 2017). Additionally, we 

have to be cautious when using mRNA target prediction software (e.g. TargetRNA2, 

IntaRNA), because these platforms were built to predict sRNA-mRNA interactions in 

gram-negative bacteria, which often occur in the context of Hfq (Busch et al., 2008; 

Gerrick et al., 2018; Kery et al., 2014). A second limitation is that chlamydial sRNAs do 

not appear to destabilize their mRNA targets. This prevents us from overexpressing a 

specific sRNA for a short duration and subsequently using RNA-seq to identify mRNA 

targets.  

 To circumvent these limitations, we combined sRNA overexpression with MAPS 

to identify mRNAs that interact with CtrR3 in an Hfq-independent manner (Ch 2.6). In 

the future with more advanced chlamydial genetic tools, our MAPS system can be 

improved by tagging the endogenous sRNA with MS2 aptamers on the chromosome. 

Another approach to identifying mRNA targets of a chlamydial sRNA is via high-

throughput global sRNA target identification by ligation and sequencing (Hi-GRIL-Seq), 

which has been shown to capture Hfq-independent sRNA-mRNA target interactions 

(Zhang et al., 2017). Hi-GRIL-Seq requires expression of T4 RNA ligase in bacteria to 

ligate the sRNA to its mRNA targets, creating sRNA-mRNA chimeras that can 

subsequently be detected through sequencing (K. Han et al., 2016; Zhang et al., 2017). 

Overexpression of the sRNA also improves the detection of the chimera (K. Han et al., 
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2016). Thus, our complementation plasmid described in Chapter 3 can be utilized to co-

express a sRNA and T4 RNA ligase to conduct Hi-GRIL-Seq in C. trachomatis. mRNA 

targets can also be identified by overexpressing a sRNA and conducting Ribo-Seq, 

which measures the translation efficiency of each mRNA (J. Wang et al., 2015). One 

drawback of this approach is that separating host from chlamydial ribosomes may be 

difficult. Targets identified from these approaches can be confirmed either through 

checking the target protein level with an antibody or utilizing the chlamydial translational 

fusion system we have developed in this study.  

 After identifying the mRNA targets of a chlamydial sRNA, it would valuable if we 

can connect the mRNA targets back to the sRNA overexpression phenotype to help 

understand the sRNA function. One question that remains from our work is if the 

downregulation of YtgB and/or CTL0389 caused the block in RB-to-EB conversion that 

we observed from CtrR3 overexpression. Answering this question, however, may not be 

straightforward. This is because the CtrR3 overexpression phenotype could be a 

combined result of CtrR3 downregulating multiple targets, including the ones that have 

yet to be identified. A way to address this question is to test if exogenous expression of 

YtgB or CTL0389 can rescue the CtrR3 overexpression phenotype, which can be 

accomplished using our complementation vector. Alternatively, we can knockdown YtgB 

or CTL0389 separately and investigate if they phenocopy CtrR3 overexpression at 

some level (e.g. increases RB size or decrease EB production). The identification of 

additional CtrR3 targets would also help address this question, which can be achieved 

by testing more targets identified in the CtrR3 MAPS or utilizing the aforementioned 

approaches. 
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The function of the mRNA targets  

The function of an mRNA target is crucial in defining the function of the sRNA.  

For example, YtgB is predicted to be the cytosolic ATPase for iron transport based on 

previous work and protein homology (Luo et al., 2019; Pokorzynski et al., 2017; 

Thompson et al., 2012). This information led us to hypothesize that CtrR3 functions as a 

sRNA that modulates intracellular iron levels in C. trachomatis. Unfortunately, many 

proteins remained uncharacterized in the chlamydial genome due to the lack of genetic 

tools. Such is the case for CTL0389, which is an inclusion membrane protein (Inc) with 

no known function (Bauler & Hackstadt, 2014). There are some indications that 

CTL0389 may be essential for chlamydial infection. Bonner et al. subjected Chlamydia 

trachomatis serovar K to serial passage in vitro and observed that the ctl0389 gene 

remained stable, whereas the downstream gene in the operon, ctl0390, accumulated 

frameshift mutations rapidly (Bonner et al., 2015). This suggests that CTL0389 

expression may be necessary for the completion of the developmental cycle. In support 

of this model, there are currently no ctl0389 mutants available in either transposon or 

chemical mutagenesis studies (Andersen et al., 2021; Brothwell et al., 2016). To better 

understand CtrR3 function, future work includes defining CTL0389 function by 

ectopically expressing CTL0389 in a host cell to identify interacting host or chlamydial 

proteins. Additionally, CTL0389 expression can be silenced in C. trachomatis with our 

knockdown system to gain a better understanding of CTL0389 function. 
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Chapter concluding remarks 

In conclusion, the present work has furthered our understanding of chlamydial 

sRNAs. It has led us to propose five different classes of sRNAs and their functions in C. 

trachomatis. Our data has allowed us to predict the function of several sRNAs, including 

putative roles for CtrR3 in modulating chlamydial iron levels, CtrR0332 in regulating RB-

to-EB conversion, and a CtrR7-encoded small protein in controlling RB replication. 

Further characterizations of these novel regulators are required to test and confirm 

these hypotheses, including the use of MAPS to identify mRNA targets of CtrR7 and 

CtrR0332. Moreover, our work has improved our knowledge of the mechanism of 

chlamydial sRNA regulation, such as the base-pairing requirements for a sRNA to target 

an mRNA in Chlamydia. Overall, the study described in this dissertation is an important 

step toward uncovering the mechanism and the role of post-transcriptional regulation in 

the pathogenesis and the developmental cycle of C. trachomatis. 
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Chapter 5: Chlamydia and HPV induce centrosome amplification 

in the host cell through additive mechanisms 
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Graphical Abstract 

 

 

 

HPV and Chlamydia have additive effects on the prevalence of centrosome 
amplification when present in the same host cell. While HPV primarily causes centriole 
overduplication through expression of the oncoprotein E7, Chlamydia causes 
cytokinesis defects, which then lead to centrosome amplification and multinucleation in 
the host cell.  
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Abstract 

Based on epidemiology studies, Chlamydia trachomatis has been proposed as a 

co-factor for human papillomavirus (HPV) in the development of cervical cancer. These 

two intracellular pathogens have been independently reported to induce the production 

of extra centrosomes, or centrosome amplification, which is a hallmark of cancer cells. 

We developed a cell culture model to systematically measure the individual and 

combined effects of Chlamydia and HPV on the centrosome in the same host cell. We 

found that C. trachomatis caused centrosome amplification in a greater proportion of 

cells than HPV and that the effects of the two pathogens on the centrosome were 

additive. Furthermore, centrosome amplification induced by Chlamydia, but not by HPV, 

strongly correlated with multinucleation and required progression through mitosis. Our 

results suggest that C. trachomatis and HPV induce centrosome amplification through 

different mechanisms with the chlamydial effect being largely due to a failure in 

cytokinesis that also results in multinucleation. Our findings provide support for C. 

trachomatis as a co-factor for HPV in carcinogenesis and offer mechanistic insights into 

how two infectious agents may cooperate to promote cancer.  
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Introduction 

Each year, cervical cancer causes 300,000 deaths in the world, making it the 

fourth most common cancer in women (Arbyn et al., 2018). Human papillomavirus 

(HPV) is its main etiologic agent, with 90% of cervical carcinomas linked to “high-risk” 

HPV types, such as HPV16 and 18 (N. Muñoz et al., 2003). However, not all women 

infected with HPV develop cervical cancer, which suggests that additional factors are 

involved in carcinogenesis. A number of co-factors, including smoking, long-term use of 

oral contraceptives, and Chlamydia trachomatis infection, have been proposed (Appleby 

et al., 2007; Fonseca-Moutinho, 2011; Silva et al., 2014). The evidence for C. 

trachomatis as co-factor is based on sero-epidemiology studies showing that women 

with cervical cancer were more likely to have had a prior Chlamydia infection (Smith et 

al., 2002; Zhu et al., 2016).  

HPV contributes to oncogenesis through multiple mechanisms. It causes 

aberrant proliferation of host cells, which supports viral DNA replication (Münger et al., 

2004). It also promotes genomic instability in an infected host cell by inactivating cell 

cycle checkpoints, dysregulating host DNA repair pathways, and inducing centrosome 

abnormalities (Thomas & Laimins, 1998; Banerjee et al., 2011; Spardy et al., 2009; S. 

Duensing et al., 2000). As a consequence, HPV-infected cells accumulate cellular 

mutations while undergoing enhanced proliferation, which together lead to malignant 

transformation. 

The centrosome, an organelle with a key role in microtubule organization, is 

dysregulated in many cancer cells (Salisbury et al., 1999; Chan, 2011). Normal diploid 

cells have a single centrosome, which duplicates in parallel to DNA in S-phase of the 
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cell cycle. Cancer cells often contain extra, or supernumerary, centrosomes, which is a 

phenomenon called centrosome amplification (Lingle et al., 1998; Pihan et al., 1998). 

Such supernumerary centrosomes contribute to carcinogenesis by leading to 

chromosome missegregation, genomic instability, and enhanced cell invasiveness 

(Ganem et al., 2009; Godinho et al., 2014). Centrosome amplification is caused by at 

least three distinct mechanisms, which include cell-cell fusion, cytokinesis defects, and 

dysregulation of the centrosome duplication machinery (Godinho & Pellman, 2014). 

High risk HPV induces centrosome amplification through its oncoproteins E6 and 

E7. Co-expression of E6 and E7 is sufficient to increase centrosome number in normal 

human keratinocytes, which leads to multipolar spindles and ultimately to genomic 

instability (S. Duensing et al., 2000). Additionally, mice expressing E6 and E7 have 

cervical and skin lesions containing cells with multiple centrosomes (Schaeffer et al., 

2004). E7 expression has been proposed to promote centrosome amplification by 

altering the centrosome duplication machinery, whereas the mechanism for E6-induced 

centrosome amplification is less understood (A. Duensing et al., 2006; S. Duensing & 

Münger, 2002).  

C. trachomatis also induces centrosome amplification (Grieshaber et al. 2006; 

Johnson et al. 2009). Tissue culture cells infected with this obligate intracellular 

bacterium formed extra centrosomes in interphase and multipolar spindles in mitosis (S. 

S. Grieshaber et al., 2006). Intriguingly, these phenotypes persisted after the cells were 

cured of the infection. C. trachomatis has been proposed to induce centrosome 

abnormalities by dysregulating the centrosome duplication machinery and by causing 

cytokinesis defects in host cells (K. A. Johnson et al., 2009; Alzhanov et al., 2009). An 
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important caveat is that prior mechanistic investigations were mostly done in C. 

trachomatis-infected HeLa cells, which contain HPV-18 DNA (Schwarz et al., 1985). 

Thus, these studies measured the combined effects of Chlamydia and HPV on the 

centrosome, but not the individual contribution of C. trachomatis. 

In the present study, we investigated the respective roles of HPV and Chlamydia 

in causing centrosome abnormalities. To accomplish this goal, we developed a cell 

culture system that allowed us to determine the individual and combined effects of these 

two sexually transmitted pathogens on the centrosome in the same host cell. Our 

results provide biologic plausibility for a role of Chlamydia as a co-factor for HPV in the 

development of cervical cancer.  

 

 

 

 

 

 

 

 

 

 

 

 

  



 176 
 
 

Results 

An experimental system for studying the effects of Chlamydia and HPV on the 

centrosome 

We developed a cell culture model that allowed us to separate the effects of HPV 

and Chlamydia trachomatis (referred to as Chlamydia hereafter) on the centrosome in 

the same human cell (Fig. 31A). We used retinal pigment epithelial cells (RPE-1) as the 

host cell because these diploid epithelial cells are neither cancerous nor transformed by 

HPV, unlike HeLa or A2EN cells that are commonly utilized for Chlamydia infection 

(Buckner et al., 2016). To mimic the effects of HPV on the centrosome, we generated 

an RPE-1 cell line that stably expresses the viral oncoproteins HPV16 E6 and E7 

(referred to as “HPV cells”) (Fig. 32). Prior studies showed that ectopic co-expression of 

the HPV oncoproteins E6 and E7 was sufficient to induce centrosome amplification (S. 

Duensing et al., 2000; S. Duensing & Münger, 2002). Ectopic E6/E7 expression is 

proposed to mimic the effect of HPV on the centrosome, with the advantage that this 

approach does not require a stratified epithelium typically used in an HPV infection 

model (Bienkowska-Haba et al., 2018). However, because we are not performing actual 

HPV infections, we cannot exclude the possibility that other HPV factors may contribute 

to the phenotypes measured in this study. RPE-1 cells transduced with an empty vector 

lacking these viral oncogenes served as a negative control (“control cells”).  

We infected either control cells with C. trachomatis to produce “Chlamydia cells”, 

or HPV cells to generate “HPV+Chlamydia cells”. For these infections, we used C. 

trachomatis serovar L2 because this strain has been used as an experimental model to 

study C. trachomatis-induced centrosome amplification (S. S. Grieshaber et al., 2006; 
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K. A. Johnson et al., 2009). This strain is representative of other C. trachomatis strains, 

such as the genital serovars D and G, that produce comparable levels of centrosome 

amplification (S. S. Grieshaber et al., 2006). 

We then compared the percentage of control, HPV, Chlamydia and 

HPV+Chlamydia cells with amplified centrosomes. We detected centrosomes by 

immunofluorescence microscopy with antibodies to the centrosomal marker proteins g-

tubulin and centrin2, which stain the pericentriolar material (PCM) and centrioles, 

respectively. Centrosome amplification was defined as cells harboring more than 2 

centrosomes (n>2 g-tubulin dots) (Fig. 31B). 
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Figure 31. Chlamydia and HPV have additive effects on the host cell centrosome  
(A) Schematic representation of the experimental design to study the separate and 
combined effect of Chlamydia and HPV on the centrosome. Control cells are RPE-1 
cells transfected with an empty plasmid. “HPV cells” are RPE-1 cells that stably express 
HPV16 oncoproteins E6 and E7 (gray cell). “Chlamydia cells” are RPE-1 cells infected 
with Chlamydia trachomatis (yellow circle), while “HPV+Chlamydia” cells are RPE-1 
cells that stably express HPV16 oncoproteins and that are infected with C. trachomatis. 
Individual centrosomes are presented as green dots.  
(B) Control RPE-1 cells or HPV cells, grown on coverslips, were either mock-infected or 
infected with C. trachomatis L2 at an MOI of 3. Samples were fixed at 36 hours post 
infection (hpi). Centrosomes were visualized with antibodies to g-tubulin (green) and 
centrin (red), host and chlamydial DNA was detected with DAPI (blue). Chlamydial 
inclusions are outlined with white dashed lines. Scale bar: 5 µm.  
(C) The percentage of host cells with supernumerary centrosomes (n>2 centrosomes) 
from the four different conditions is shown. 100 cells were analyzed for each condition. 
For the samples with a Chlamydia infection, only infected cells were examined and 
quantified. Data are represented as mean ± SD (n=3); **P≤0.01 and ***P<0.001.  
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Figure 32. Confirmation of E6 and E7 expression in HPV cells 
Reverse transcription PCR (RT-PCR) analysis of HPV cells to confirm that they express 
the viral oncogenes E6 and E7. RPE-1 cells transfected with the empty plasmid served 
as the control.  
 

Figure 33. Chlamydia and HPV have additive effects on centrosome amplification 
in A549 cells 
(A) RT-PCR of A549 cells that stably express HPV16 E6 and E7 to confirm viral 
oncogene expression. Control cells are A549 cells transfected with an empty plasmid. 
These cell lines were a generous gift from Dr. Ashok Aiyar, LSU  
(B) The percentage of cells with supernumerary centrosomes for each of the four 
experimental conditions is shown. 100 cells were analyzed for each condition at 36hpi. 
Data are represented as mean ± SD (n=3); **P≤0.01, ***P<0.001, ns: not statistically 
significant.  
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Chlamydia and HPV dysregulated centrosome number in an additive manner 

This systematic approach revealed different effects of these two pathogens on 

the centrosome.  Control cells had only few supernumerary centrosomes (Prevalence of 

1.9%). Chlamydia cells showed a higher prevalence of amplified centrosomes than HPV 

cells (Prevalence of 32.2% vs 21.1%) (Fig. 31C), but the highest percentage of extra 

centrosomes (59.5%) was seen in HPV+Chlamydia cells. These data demonstrated that 

Chlamydia had a greater effect on the centrosome than HPV, and that together, they 

caused more centrosome amplification than either infectious agent alone (Fig. 31C). 

Thus, HPV and Chlamydia cause centrosome amplification in a host cell through 

additive mechanisms. 

We also examined effects of HPV and Chlamydia on the centrosome of A549 

cells, which are HPV-negative lung carcinoma cells. Similar to our results with RPE-1 

cells, there was a greater prevalence of centrosome amplification in Chlamydia cells 

when compared to HPV cells. However, because E6/E7 expression did not cause a 

statistically significant increase in the percentage of A549 cells with amplified 

centrosomes, we were unable to test if the effects of HPV and Chlamydia on 

centrosome amplification are additive (Fig. 33). We conclude from these experiments 

that unlike for HPV, the prominent effects of Chlamydia in dysregulating centrosome 

number is independent of the cell type used as the host cell. 
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Chlamydia- and HPV-induced centrosome amplification did not disrupt the 

function of the centrosome in organizing microtubules 

We next tested if Chlamydia and HPV altered the function of the centrosome, 

which organizes microtubules by controlling their nucleation and anchoring. HPV, 

Chlamydia and HPV+Chlamydia cells all formed a radial array of interphase 

microtubules that was indistinguishable from that of control cells (Fig. 34A). There was 

also no difference in the growth kinetics of microtubules as measured in regrowth 

assays (Fig. 34B).  

We further analyzed spindle formation to assess centrosome function in mitosis 

(Fig. 34C). HPV and HPV+Chlamydia cells showed a higher prevalence of abnormal 

spindles, including multipolar and pseudo-bipolar spindles, than control or Chlamydia 

cells (Figs. 34C and 34D). This finding suggests that the abnormal interphase 

centrosomes in HPV and HPV+Chlamydia cells may promote the formation of abnormal 

mitotic spindles. In contrast, while a high percentage of Chlamydia cells had 

supernumerary centrosomes in interphase (Fig. 31C), only few of these cells actually 

progressed into mitosis and formed abnormal spindles. We conclude that all cells with 

abnormal centrosomes were able to form mitotic spindles and that cell cycle 

progression to reach mitosis may be disrupted in Chlamydia cells with supernumerary 

centrosomes.  
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Figure 34. Centrosome amplification does not disrupt centrosome function 
(A) Immunofluorescence images of mock or Chlamydia-infected RPE-1 or HPV cells 
fixed at 36hpi in interphase. Microtubules were visualized with a-tubulin antibodies 
(white) and centrosomes were detected with g-tubulin antibodies (red). Scale bar: 5µm.  
(B) Microtubule regrowth assays are shown for cells of each of the four experimental 
conditions. Cells were incubated on ice to depolymerize microtubules (0 min) and then 
shifted to 37ºC for 4 minutes to allow microtubule nucleation and polymerization (4 min). 
Cells were fixed at the indicated time points and analyzed by immunofluorescence 
microscopy, detecting microtubules and centrosomes as described in (A). Scale bar: 
5µm.  
(C) Immunofluorescence images of mitotic cells in the samples in (A). Mitotic spindles 
were identified with antibodies to a-tubulin antibodies (red) and centrosomes were 
visualized with g-tubulin antibodies (green). DNA was visualized with DAPI (blue). Scale 
bar: 5µm. 
(D) The percentage of mitotic cells with abnormal spindles in each of the four conditions 
is shown. Both pseudo-bipolar (centrosome clustering) and multipolar spindles were 
considered abnormal. 50 mitotic cells were analyzed for each condition. For the 
samples with a Chlamydia infection, only infected cells were examined and quantified. 
Data are represented as mean ± SD (n=3); *P≤0.05 and ***P<0.001.  
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Chlamydia cells with amplified centrosomes are multinucleated and defective in 

cell cycle progression 

We observed that Chlamydia was more likely to cause host cell multinucleation 

than HPV. 32.9% of Chlamydia cells and 32.1% of HPV+Chlamydia cells were 

multinucleated, compared to only 3.9% of HPV cells and 1.0% of control cells (Fig. 

35A). In Chlamydia cells, multinucleation and centrosome amplification were often 

present in the same cell. Consistent with this observation, we determined a f coefficient 

of 0.94 between the two phenotypes, which indicates a strong correlation (Fig. 35B). In 

contrast, HPV cells had a low f coefficient of 0.23. HPV+Chlamydia cells displayed an 

intermediate correlation (f coefficient = 0.49), consistent with a mixed effect (Fig. 35B).  

As multinucleation can cause cells to arrest in the G1 phase of the cell cycle 

(Ganem et al., 2009; Hart et al., 2021), we compared cell cycle progression in mono- 

and multinucleated Chlamydia and HPV+Chlamydia cells. Mononucleated Chlamydia 

and HPV+Chlamydia cells, as well as multi-nucleated HPV+Chlamydia, incorporated 

EdU, a marker for S-phase entry, to similar extents (Fig. 36). In contrast, the percentage 

of EdU-positive multinucleated Chlamydia cells was reduced (Fig. 36), suggesting that 

these cells become arrested in a pre-S-phase stage of the cell cycle, likely in G1.  
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Figure 35. Multinucleation is strongly correlated with centrosome amplification in 
Chlamydia cells but not in HPV cells 
(A) The percentage of multinucleated host cells described in Figure 1C is shown. 100 
cells were examined for each condition. For Chlamydia cells, only infected cells were 
counted. Data are shown as mean ± SD (n=3); ns: not statistically significant.  
(B) f coefficients between multinucleation and centrosome amplification were calculated 
for the HPV, Chlamydia, and HPV+Chlamydia cells of Figure 1C. f coefficients range 
from -1 to 1, with -1 or +1 indicating perfect negative or positive relationships, 
respectively, while 0 shows no relationship between the two phenotypes. The control 
sample was not included due to low level of centrosome amplification in these cells. 
Data are shown as mean ± SD (n=3). 
 

 

 

 

 

 

 



 186 
 
 

 

 
Figure 36. Multinucleation prevents cell cycle progression in Chlamydia cells but 
not in HPV+Chlamydia cells 
Control or HPV cells, grown on coverslips, were infected with C. trachomatis at an MOI 
of 3. Samples were incubated with EdU for 30 minutes prior to fixation at 36 hpi. The 
percentage of either mono-nucleated or multinucleated EdU positive cells is shown. 60 
cells were analyzed for each condition. Data are represented as mean ± SD (n=2).  
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Chlamydia-induced centrosome amplification and multinucleation result from a 

cytokinesis defect  

The strong correlation between centrosome amplification and multinucleation in 

Chlamydia cells is indicative of a cytokinesis defect in the host cell, a reported 

consequence of Chlamydia infection (Alzhanov et al., 2009; H. S. Sun et al., 2016). To 

test this hypothesis, we counted the number of Cep164-positive foci in HPV, Chlamydia, 

and HPV+Chlamydia cells, focusing on cells with supernumerary centrosomes (Fig. 37). 

In a normal mitotic cell, the two mature Cep164-positive centrioles are passed on to the 

two daughter cell after cytokinesis (Schmidt et al., 2012). The presence of two mature 

centrioles in the same cell is therefore a strong indicator of a cytokinesis defect. Greater 

than 60% of Chlamydia cells had two Cep164-positive foci, whereas HPV cells 

contained predominantly a single Cep164 focus. HPV+Chlamydia cells showed an 

intermediate phenotype (Fig. 37).  

As a complementary approach, we prevented Chlamydia, HPV and 

HPV+Chlamydia cells from reaching cytokinesis by blocking cell cycle progression 

either in S-phase or G2 and then measuring the prevalence of amplified centrosomes 

and multinucleation in each cell population. We induced a cell cycle arrest in S-phase 

by treating cells with thymidine. We also arrested cells in G2 by first synchronizing cells 

in S-phase, with thymidine treatment and washout, and then incubating them with the 

G2 inhibitor RO-3306 (Ma & Poon, 2017). Each of these cell cycle manipulations 

decreased the prevalence of multinucleation as well as centrosome amplification in 

Chlamydia cells, but not in HPV cells (Figs. 38A and 38B). Once again, 

HPV+Chlamydia cells showed an intermediate phenotype. Thus, multinucleation and 
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centrosome amplification are closely linked in Chlamydia cells, with both phenotypes 

depending on progression through the cell cycle. Together, these results indicate that 

centrosome amplification in Chlamydia, but not in HPV cells, may be the consequence 

of a cytokinesis defect. They also provide further support that these pathogens 

contribute to centrosome abnormalities through different mechanisms in the same host 

cell. 

Our experimental set-up allowed us to examine an alternative model in which 

centrosome amplification in Chlamydia cells was proposed to cause multinucleation 

(Brown et al., 2014). To test this order of events, we prevented centrosome duplication 

through the use of the Plk4 inhibitor centrinone, which has been shown to block new 

centriole assembly in RPE-1 cells (Wong et al., 2015). Centrinone treatment 

significantly reduced centrosome amplification in HPV, Chlamydia and HPV+Chlamydia 

cells (Fig. 39A), which is consistent with published results on Plk4 inhibition (K. A. 

Johnson et al., 2009; Korzeniewski et al., 2011). However, centrinone treatment did not 

prevent multinucleation in Chlamydia cells (Fig. 39B), suggesting that centrosome 

amplification is not necessary for Chlamydia-induced multinucleation. 
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Figure 37. The amplified centrosomes in Chlamydia cells contain mostly two 
Cep164-positive mature centrioles 
HPV, Chlamydia and HPV+Chlamydia cells at 36 hpi were stained with antibodies to g-
tubulin to detect centrosome amplification and Cep164 to mark mature mother 
centrioles. The percentage of Cep164-positive centrioles is shown for those cells that 
has amplified centrosomes (n>2 g-tubulin foci). 60 cells were analyzed for each 
condition. Data are represented as mean ± SD (n=2).  
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Figure 38. Multinucleation and centrosome amplification in Chlamydia-infected 
cells require mitotic progression 
The cells of our four experimental conditions were arrested in S-phase with thymidine, 
or in G2 by the addition of RO-3306. Untreated samples were incubated in equivalent 
volume of DMSO. The percentage of cells with (A) multiple nuclei and (B) 
supernumerary centrosomes is shown. 100 cells were analyzed for each condition at 
36hpi. Data are represented as mean ± SD (n=3); **P≤0.01, ***P<0.001, ns: not 
statistically significant.  
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Figure 39. Multinucleation in Chlamydia-infected cells does not depend on 
centrosome amplification 
The percentage of HPV, Chlamydia, and HPV+Chlamydia cells with (A) supernumerary 
centrosomes or (B) multiple nuclei after treatment with the Plk4 inhibitor centrinone is 
shown. Untreated samples were incubated in equivalent volume of DMSO. 100 cells 
were analyzed for each condition at 36hpi. Data are represented as mean ± SD (n=3); 
***P<0.001.  
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Discussion 

To investigate how C. trachomatis could contribute to HPV-mediated 

carcinogenesis, we measured the respective effects of these intracellular pathogens on 

the centrosome in the same host cell. We found that Chlamydia induced more cells to 

have amplified centrosomes than HPV and that these pathogens together caused an 

even higher percentage of cells with supernumerary centrosomes. These additive 

effects, together with our mechanistic analyses, suggest that Chlamydia and HPV 

induce centrosome amplification through different mechanisms. This study thus 

provides evidence that C. trachomatis, as a co-factor for HPV, may contribute to the 

development of cervical cancer by enhancing centrosome defects. 

 Chlamydia has been reported to cause centrosome amplification (S. S. 

Grieshaber et al., 2006; K. A. Johnson et al., 2009). These prior cell culture studies 

have predominantly used transformed cell lines that have an HPV background, such as 

HeLa cells (S. S. Grieshaber et al., 2006; K. A. Johnson et al., 2009; Knowlton et al., 

2013). Although Chlamydia was found to also induce centrosome amplification in HPV-

negative cell lines, such as NIH3T3 or HFF, these studies did not separate or compare 

the effects on the centrosome caused by either Chlamydia, HPV, or both pathogens 

together (S. S. Grieshaber et al., 2006; K. A. Johnson et al., 2009; Knowlton et al., 

2013). Furthermore, comparing centrosome amplification between different Chlamydia-

infected HPV-negative and positive cell lines can be difficult. We avoided these issues 

by developing a cell culture model that uses the same cellular background to measure 

the respective effects of Chlamydia and HPV on the centrosome. 
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 HPV has been shown to induce centrosome amplification through its 

oncoproteins E6 and E7. E7 is proposed to be the primary driver of centrosome 

amplification in an HPV infection. This conclusion is based on data showing that E7 

dysregulates the centrosome duplication machinery in a Cdk2-dependent manner (A. 

Duensing et al., 2006) and that transient E7 expression is sufficient to cause 

centrosome amplification (S. Duensing et al., 2001; S. Duensing & Münger, 2002). In 

contrast, E6 has been proposed to play a lesser role in centrosome amplification by 

disabling the p53-dependent checkpoint (S. Duensing et al., 2001; S. Duensing & 

Münger, 2002). The loss of this checkpoint could lead to a cytokinesis defect (Bunz et 

al., 1998; S. Duensing et al., 2001), in which the nucleus and the two centrosomes 

duplicate normally, but the cell fails to divide, resulting in a multinucleated cell with extra 

centrosomes (Cosenza & Krämer, 2016). 

This present study compared the mechanisms through which Chlamydia and 

HPV produce supernumerary centrosomes. We propose that Chlamydia-induced 

centrosome amplification is the result of a cytokinesis defect. This idea is supported by 

the observation that centrosome amplification in Chlamydia cells strongly correlated 

with host cell multinucleation and required progression through mitosis. Additionally, 

most Chlamydia cells with supernumerary centrosomes had two Cep164-positive foci. 

In contrast, centrosome amplification in HPV cells did not correlate with multinucleation 

and was independent of cell cycle progression. Furthermore, most HPV cells with 

amplified centrosomes only contained one mature Cep164-positive mother centriole. 

 Together, these data suggest that HPV and Chlamydia induce centrosome 

defects through different mechanisms in the same host cell. While HPV primarily 
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dysregulate the centrosome duplication machinery through E7 (S. Duensing et al., 

2001; S. Duensing & Münger, 2002), Chlamydia appears to cause centrosome 

dysregulation by disrupting cytokinesis. Consistent with this model, blocking cell cycle 

progression in HPV+Chlamydia cells partially reduced the prevalence of amplified 

centrosomes because it eliminated the contribution of Chlamydia, but not HPV, to this 

phenotype. Overall, our results suggest that these two pathogens activate two distinct 

pathways to induce centrosome dysregulation, although the respective contribution of 

each pathway to centrosome amplification appears to be cell type specific (Fig. 33).  

Chlamydia is proposed to block cytokinesis through multiple mechanisms, 

including the physical presence of the inclusion and expression of the chlamydial 

proteins, CT223 (IPAM) or the protease CPAF (Greene 2001, Alzanov, 2009, Sun 2011, 

Brown 2014). The latter two studies both described evidence for a link between 

multinucleation and centrosome amplification, but Brown and colleagues suggested that 

multinucleation is the consequence of CPAF-induced centrosome amplification in 

Chlamydia-infected cells (Brown et al., 2014). Our data, however, suggests that the 

cytokinesis defect is upstream of the other two phenotypes because centrinone 

treatment blocked centrosome amplification in Chlamydia cells, but did not prevent 

multinucleation. Currently, it is not clear if centrosome amplification and multinucleation 

are functionally linked or if they are two independent consequences of the cytokinesis 

defect. 

The presence of Chlamydia and HPV in the same cells produced a high 

prevalence of abnormal spindles but did not to affect the function of the centrosome in 

organizing microtubules in interphase or mitosis. As supernumerary centrosomes can 
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lead to spindle defects, we propose that Chlamydia and HPV together produce 

abnormal spindles by altering centrosome number rather than function. These abnormal 

spindles may lead to chromosome mis-segregation and aneuploidy (Zhou et al., 1998), 

thereby providing a mechanism by which Chlamydia may contribute to HPV-induced 

carcinogenesis. 

Our study provides evidence for Chlamydia-induced cell cycle dysregulation in 

the host cell. We observed that fewer multinucleated Chlamydia cells progressed 

through the cell cycle than either mononucleated Chlamydia or multinucleated 

HPV+Chlamydia cells (Fig. 36). Thus, in addition to the known effect on cytokinesis, 

which leads to centrosome amplification and multinucleation, Chlamydia appears to 

disrupt progression through interphase. This Chlamydia-induced cell cycle arrest is 

likely in G1 and may be the consequence of either centrosome amplification or 

multinucleation. Centrosome amplification and multinucleation have been reported to 

lead to a G1 arrest through p53-dependent or p53-independent mechanisms, 

respectively (Hart et al., 2021; Mikule et al., 2007). However, as Chlamydia infection is 

known to induce p53 degradation, the presence of multiple nuclei in an infected cells is 

more  likely to induce this G1 arrest in a p53-independent manner (González et al., 

2014; Hart et al., 2021; Siegl et al., 2014). In HPV+Chlamydia cells, the presence of E6 

and E7 may release the G1 arrest, possibly by degrading retinoblastoma protein (pRB) 

(Boyer et al., 1996; Giacinti & Giordano, 2006), resulting in cell cycle progression and 

the formation of aberrant mitotic spindles .  

 We hypothesize that these combined effects on the centrosome occur through 

co-infection, with HPV infection preceding the Chlamydia infection. Both sexually 



 196 
 
 

transmitted agents are highly prevalent, making co-infection likely. These pathogens 

each infect the stratified epithelia of the cervix, but they do so at different locations, with 

HPV infecting basal cells (Spurgeon & Lambert, 2017), while Chlamydia infects the 

superficial cell layer (Murall et al., 2019). It is known, however, that HPV-infected basal 

cells divide, differentiate and migrate to the epithelial surface (Pinidis et al., 2016), thus 

providing a population of HPV-infected cells that can be infected acutely by Chlamydia. 

Our HPV/Chlamydia cell culture model mimics this sequence of events by taking cells 

expressing HPV E6 and E7 and then infecting them with C. trachomatis. 

 Our data is consistent with a ‘hit-and-run’ model, in which C. trachomatis infects 

a cervical cell that has an on-going HPV infection and contributes to HPV-induced 

carcinogenesis by augmenting centrosomal defects in these cells. Chlamydia typically 

causes a lytic infection, but we propose that some co-infected cells survive the 

Chlamydia infection and have enhanced centrosomal defects that promote their 

progression into cancer cells. This model is supported by data showing that cervical 

cancer cells do not have evidence of active Chlamydia infection (Wallin et al., 2002). In 

addition, cervical cancer has been associated with serological evidence of past, rather 

than current, Chlamydia infection (Wallin et al., 2002). There is also evidence that cells 

can be cleared of a C. trachomatis infection with antibiotics, while retaining amplified 

centrosome number (S. S. Grieshaber et al., 2006) or can survive through a non-lytic 

process called extrusion (Hybiske & Stephens, 2007).  

 Our findings provide biologic plausibility for C. trachomatis as a co-factor for HPV 

in carcinogenesis and have implications for the management of HPV and C. trachomatis 

infections. Based on this study, HPV-infected women who have had a prior C. 
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trachomatis infection may be at a higher risk for the development of cervical cancer. Our 

findings suggest that current screening for cervical cancer, which is based on Pap 

smear identification of premalignant cells and HPV test may not be adequate (Fontham 

et al., 2020). Enhanced screening for past C. trachomatis infection could be performed 

with an antibody blood test, but not with the standard C. trachomatis test, which is a 

nucleic acid amplification test (NAAT) that only detects an active or resolving infection 

(Meyer, 2016). If Chlamydia does contribute to cervical cancer, there will also be a 

greater need to identify and treat active infections and to develop a vaccine. 
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Materials and Methods 

Antibodies used in this study 

Primary antibodies: anti-Centrin (Millipore, 04-1624), anti-g-tubulin (Abcam, 

ab11321), anti-a-tubulin (Sigma, T5168), anti-Cep164 (Santa Cruz, sc-240226). 

Secondary antibodies for immunofluorescence microscopy: Donkey anti-Rabbit IgG 

Alexa Fluor 488 (Invitrogen, A21206), Donkey anti-Mouse IgG Alexa Fluor 555 

(Invitrogen, A31570), Goat anti-Rat IgG Alexa Fluor 564 (Invitrogen, A11081), Donkey 

anti-Goat IgG Alexa Fluor 488 (Invitrogen, A21202).  

 

Cell culture and Chlamydia infection  

The parental hTERT-RPE-1 cell line was obtained from ATCC and cultured at 

37°C and 5.0% CO2 in DMEM (Gibco, 11995-065) supplemented with 10% FBS 

(Atlanta Biologicals, S11550). A549 cells stably expressing HPV16 E6/E7 were a 

generous gift from Dr. Ashok Aiyar (LSU New Orleans) and were grown in DMEM 

supplemented with 10% FBS.  

Chlamydia infection was done by infecting near-confluent cell monolayers with C. 

trachomatis serovar L2 (ATCC) at an MOI of 3 in SPG (200 mM sucrose, 20 mM 

sodium phosphate and 5 mM glutamate; pH 7.2) followed by centrifugation at 700´g for 

1 hour at room temperature. As control, cells were mock infected with SPG alone. After 

centrifugation, the inoculum was removed and replaced with DMEM containing 10% 

FBS. The same infection conditions were used for RPE-1 and A549 cells. 
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Generation of RPE-1 cell lines expressing HPV16 E6/E7 oncoproteins 

 The pLXSN-HPV16 E6/E7 retroviral vector was obtained from Addgene (Plasmid 

#52394). From this vector, the pLXSN-Empty control vector was generated using 

Gibson assembly with forward primer 5¢-

TCCTCTAGAGTCCTGTAATCCTACCATGGCTGATCCTGCAG-3¢ and reverse primer 

5¢-GATTACAGGACTCTAGAGGATC-3¢. The pLXSN retroviral vectors and helper 

plasmid were co-transfected in 293T cells with calcium phosphate (293T cells and 

helper plasmid were generous gifts from Dr. Aimee Edinger, UC Irvine). Viral particles 

were collected 48 hours post transfection and used to infect RPE-1 cell monolayers with 

10ug/mL polybrene (Sigma). Colonies were pooled after 10 days of selection with 

600ug/mL G418 (Fisher, BP-918). HPV16 E6/E7 expressions were confirmed via RT-

PCR. Forward primer 5¢-GCAAGCAACAGTTACTGCG-3¢ and reverse primer 5¢- 

GGTTTCTCTACGTGTTCTTG-3¢ were used to detect HPV16 E6 expression and primer 

pair 5¢-CAGCTCAGAGGAGGAGGATG-3¢ and 5¢-GCCCATTAACAGGTCTTCCA-3¢ 

were used to detect HPV16 E7 expression.  

 

Immunofluorescence microscopy 

Cells, grown and infected on glass coverslips, were fixed in 100% ice-cold 

methanol for 10 minutes. Cells were permeabilized and incubated in blocking buffer (2% 

FBS, 0.1% Triton) for 30 minutes at room temperature. C. trachomatis and host cell 

DNA was stained with NucBlue (Invitrogen, P36985). Centrosomes were detected with 

antibodies to Centrin to observe centrioles, Cep164 to mark mother centrioles and g-

tubulin to observe pericentriolar material. Mitotic spindles and microtubule regrowth 
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were visualized with anti-a-tubulin antibody. Coverslips were mounted with ProLong 

Glass Antifade containing NucBlue (Invitrogen, P36985). Immunofluorescence 

microscopy images were acquired on a Zeiss Axiovert 200M microscope.  

 

Microtubule regrowth assay 

Cells grown on coverslips in growth medium supplemented with 25mM HEPES, 

were first incubated on ice for 40 minutes to depolymerize microtubules and then shifted 

to room temperature for 4 minutes to allow microtubule regrowth. Cells were rinsed for 

40 seconds with microtubule buffer (60mM PIPES, 25mM HEPES, 10mM EGTA, 2mM 

MgCl2, 0.25nM Nocodazole, 0.25nM Paclitaxel, pH 6.9) and fixed with ice-cold methanol 

for 7 minutes prior to immunofluorescence microscopy analysis with antibodies to a-

tubulin and g-tubulin.  

 

Pharmacological inhibition of cell cycle progression and centrosome duplication  

Mock or Chlamydia-infected RPE-1 cells were arrested in S-phase by incubating 

them with 2mM thymidine (ACROS Organics, 226740050) in standard growth medium 

for 24 hours, starting at 12 hpi. Cells were arrested in G2 by first incubating them with 

2mM thymidine for 18 hours, followed by release from the thymidine block for 6 hours 

and incubation with 10μM RO-3306 (TOCRIS, cat # 4181) in standard medium for 12 

hours. Both the S-phase and the G2 arrest experiments were analyzed at 36 hpi using 

immunofluorescence microscopy.  

 To inhibit centrosome duplication, Chlamydia, HPV and HPV+Chlamydia cells 

were incubated with 125nM of the Plk4 inhibitor centrinone (MedChemExpress HY-
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18682) in standard growth medium starting at 1 hpi. The experiment was evaluated by 

immunofluorescence microscopy at 36 hpi.  

 

EdU labeling 

Cells undergoing S-phase were identified using the Click-iT EdU Cell 

Proliferation kit (Invitrogen, C10337). Control or HPV cells were grown on coverslips 

and infected with Chlamydia at an MOI of 3. At 36 hpi, cells were incubated with 10μM 

EdU for 30 minutes and fixed with 4% PFA. EdU labeled cells were detected following 

the manufacturer’s protocol.   

 

Statistical analyses 

For each experiment, 3 independent biological replicates were performed, and 

the results are presented as mean ± SD. Data were analyzed by unpaired, two-tailed t-

tests with Welch’s correction on Graph Pad PRISM software version 8. 
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