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The intracellular life cycle of Chlamydia has been difficult to study due to the 

inability to genetically manipulate the bacteria.  As a result, indirect methods 

have been employed to study the pathogen and the aspects that contribute to its 

unique intracellular life cycle.  A wide variety of laboratory adapted strains, 

animal strains, and clinical strains have been used to model different interactions 

with the host cell and to highlight, in the face of extreme genetic conservation, 

the molecular subtleties that distinguish each of these strains from one another.  

The use of sequencing, traditional biochemical analyses of proteins, and 

expression of chlamydial proteins in heterologous systems have been the stand 

by approaches for studying the biology in this system.  Here we have explored 

utilities, both inherent to the chlamydial system, and with the aid of high through 

put technologies, to develop genetic tools in a system without genetics.   

 Presented here is the early work that lead to the development of a 

recombination system and establishment of a recombinant strain library that 

allows for large scale genotype-phenotype analyses in Chlamydia. We have 

characterized the recombination events between two interspecies crosses with 

different antibiotic resistant markers and pioneered the use of next gen 

sequencing to do full genome characterization to identify regions targeted by 

recombination. Through these studies, we show that large regions of the 

chlamydial genome recombine at regions specific to the antibiotic selection 

markers, tetracycline, rifampin, and ofloxacin.  These studies also show that 



 

large fragments of DNA both insert into recipient genomes, resulting in 

duplication events, or recombine at homologous regions, resulting in functional 

replacement of the genetic sequence.     

In partnership with SIGA technologies, we conducted a high throughput 

screen against Chlamydia caviae GPIC to try to identify compounds that inhibited 

chlamydial growth, blocked host processes important in chlamydial development, 

and to develop new research tools that can be used in intracellular pathogen 

research.  Five compounds were identified that blocked chlamydial growth and 

two of these compounds also inhibited the growth of Coxiella or Staphylococcus 

aureus.  To understand the resistance determinants associated with the inhibitory 

properties of these compounds, a chemical genetics approach was utilized in the 

chlamydial system to select for resistance and genome sequence to identify the 

resistance-associated mutations.  Chlamydia develop resistance to certain 

antibiotics through the accumulation of mutations when exposed to increasing 

concentration of drugs in vitro.  In these studies, we show that they also mutate 

in response to stress induced by unknown chemical inhibitors and that the 

mutations associated with the resistance phenotype suggests potential 

resistance determinants of the uncharacterized inhibitors. 

We have also shown the utility of the chlamydial system as a model for 

characterizing host cell processes important to intracellular pathogen replication 

and used this system to aid in the development of a host-specific, broad-

spectrum anti-infective compound.  The data from these studies also suggests 

that lipid droplets are widely exploited by both viral and bacterial organisms to 

support their intracellular replication.   

  Collectively, this work highlights the genetic tools that are available to 

study a system without traditional genetic techniques and the use of the 

chlamydial intracellular life cycle to dissect host processes universally important 

to intracellular pathogen development. 
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ABSTRACT 

There are few documented reports of antibiotic resistance in Chlamydia and no 

examples of natural and stable antibiotic resistance in strains collected from 

humans. While there are several reports of clinical isolates exhibiting resistance 

to antibiotics, these strains either lost their resistance phenotype in vitro, or lost 

viability altogether.  Differences in procedures for chlamydial culture in the 

laboratory, low recovery rates of clinical isolates, and the unknown significance of 

heterotypic resistance observed in culture may interfere with the recognition and 

interpretation of antibiotic resistance.  Although antibiotic resistance has not 

emerged in chlamydiae pathogenic to humans, several lines of evidence suggest 

they are capable of expressing significant resistant phenotypes.  The adept 

ability of chlamydiae to evolve to antibiotic resistance in vitro is demonstrated by 

contemporary examples of mutagenesis, recombination, and genetic 

transformation.  The isolation of tetracycline resistant Chlamydia suis strains from 

pigs also emphasizes their adaptive ability to acquire antibiotic resistance genes 

when exposed to significant selective pressure. 

 

INTRODUCTION 

Chlamydiae are a successful group of obligate intracellular pathogens that cause 

serious diseases in a wide range of hosts (Table 1.1).  Chlamydial infection of 

cells is initiated by an infectious but metabolically inactive Elementary Body (EB) 

that subsequently differentiates into a metabolically active but non-infectious 

Reticulate Body (RB).  All chlamydial development occurs within a membrane 

bound vacuole called the inclusion (Figure 1.1 A,D).  Replication by Chlamydia 

trachomatis RBs is synchronous until ~18-24 hours post infection, at which point 

dedifferentiation to infectious EBs can first be observed [1].  During infection, a 

subset of host-derived vesicles are trafficked to the inclusion where chlamydiae 

direct the modification of the inclusion membrane through secretion of proteins 



 4 

that facilitate vacuolar modification and manipulate host signaling pathways via 

interactions with other chlamydial or host cell proteins [2,3,4].  Additional 

chlamydial proteins are secreted into the host cytosol where they affect immune 

recognition and intracellular survival of the pathogen [4,5,6,7].  Most chlamydial 

developmental cycles are complete in 40-72 hours when, in most cases, the host 

cell lyses and infectious progeny are released from the cell.  Although chlamydia 

have a highly reduced genome of ~1 Mb [8], the inability to introduce gene-

specific DNA or culture the organism in the absence of host cells imposes 

constraints on the experimental techniques available to study basic chlamydial 

biology.   As a result, genome sequencing and comparative genomics are of 

primary importance for gaining a clearer understanding of chlamydial biology.   

Although chlamydiae share many similarities with other Gram-negative 

bacteria, they constitute a distinct phylogenetic and genetic lineage. Their 

genomes are marked by a high degree of genetic conservation and very limited 

evidence of horizontally acquired foreign DNA.   Chlamydiae can evolve in vitro 

resistance to antibiotic stressors through the accumulation of point mutations, 

and these resistance properties can be circulated among strains via horizontal 

gene transfer and homologous recombination 

[9,10,11,12,13,14,15,16,17,18,19,20,21].  In spite of this ability to evolve in the 

laboratory, stable genetic antibiotic resistance in clinical settings has yet to be 

documented.   

Complications associated with the treatment of chlamydial infections  
The primary frontline antichlamydial antibiotics, tetracyclines and azithromycin, 

are highly effective in the treatment of uncomplicated chlamydial infections [22].   

However, accumulating data suggest that a break in the normal chlamydial 

developmental cycle can result in persistence and long-term infection that is 

refractory to antibiotic therapy.  An understanding of this phenomenon is far from 

complete.  Although 50% of genital Chlamydia trachomatis infections resolve 

spontaneously within a year of testing [23], a further understanding of long-term 

infections is important, as it is hypothesized that persistence can cause a 
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cascade of potentially serious inflammatory induced sequelae such as PID 

(pelvic inflammatory disease), infertility, blindness, arthritis, asthma, and 

atherosclerosis [24,25,26,27,28].   

Because chlamydiae are widely distributed and often at high prevalence in 

human populations, these organisms are often present with other bacterial, viral, 

and parasitic organisms [29,30,31].  For example, 15-60% of individuals with 

Neisseria gonorrhea genital tract infections are also infected with C. trachomatis 

and concurrent infections with both Treponema pallidum and C. trachomatis also 

occur [29,32].  These coinfections have historically led to therapy complications. 

For example, beta-lactam antibiotics have historically been the recommended 

drugs for both T. pallidum and N. gonorrheae [32,33,34], but treatment of 

chlamydial infections with these antibiotics induces chlamydia to become 

persistent.  This persistence may exacerbate disease in the genital tract and lead 

to treatment failure and long-term complications (see below) [33,34].  For these 

and other reasons, carefully evaluated broad spectrum antibiotic therapies for 

bacterial genital tract infections are recommended, and this has been the case 

for many years [32].  While significant antibiotic resistance is emerging in N. 

gonorrheae and T. pallidum, stable antibiotic resistance remains undetected in 

human chlamydial isolates in spite of significant selective pressures.   This lack 

of chlamydial antimicrobial resistance in clinical settings reinforces the relative 

resistance of chlamydiae to alterations of genome structure, a subject that 

remains a significant barrier of progress for chlamydial research scientists.  

Persistence in vitro and in vivo 
In vitro or in vivo evidence of chlamydial persistence can be demonstrated in all 

chlamydia species, and can be routinely induced in the laboratory when infected 

cells are exposed to β-lactam antibiotics, interferon gamma, or are deprived of 

iron supplements or amino acids [35,36]. Persistent or “aberrant” RBs continue to 

synthesize proteins and replicate DNA, but they cease cell division. The resulting 

inclusions contain small numbers of very large aberrant RBs, and yield a 

prolonged infection caused by viable but non-culturable chlamydia (Figure 1.1 
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B,E).  Removal of the stressor results in septum formation, RB division, and 

differentiation to EBs [36].  Failure to respond to antibiotic treatment can follow 

establishment of chlamydial persistence in vitro, and it may be challenging in vivo 

to differentiate persistence from potential cases of antibiotic resistance. Although 

uncomplicated infections are quite responsive to antibiotics, unresolved genital, 

ocular and respiratory infections that fail to respond to antibiotic treatment are 

extensively documented [36,37,38].  It is possible that this is a function of poor 

therapeutic control of aberrant, persistent chlamydiae in patients. 

Both in vitro and in vivo evidence of penicillin treatment show that a dramatic 

change in the bacterial cell structure can suspend the developmental life cycle 

and trigger a persistent state.  

Several studies have identified possible ways that antibiotic therapy in clinical 

settings or long-term infection might lead to phenotypic resistance to antibiotics 

that are normally very effective in both C. trachomatis and C. pneumoniae 

[19,32,39,40,41].  Examples include a study showing that persistent chlamydia 

became phenotypically resistant to azithromycin clearance after initial exposure 

to penicillin [42], and work showing that the macrolide erythromycin blocked EB 

to RB differentiation if added prior to infection, but caused RBs to enlarge and 

blocked differentiation to EBs when the antibiotic was added 18 or 24 hours post-

inoculation [43].    

The presence of chlamydial RNA and DNA in culture-negative patients 

showing evidence of chronic chlamydial disease provides support for some form 

of persistence in clinical settings [44,45,46,47].  Atypical RBs were found in 

cases of reactive arthritis (Reiter’s syndrome) and in chronic prostatitis cases 

caused by C. trachomatis after antibiotic treatment [25,48].  Morphologically 

aberrant RBs in macrophages from an aortic valve sample from chronic 

Chlamydia (Chlamydophila) pneumoniae infection have been identified [49]. 

These in vivo reports along with in vitro experimental data establish possible 

mechanisms for clinical treatment failures in chlamydial infections that might lead 

to erroneous conclusions regarding the antibiotic resistance of a clinical isolate.  
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Heterotypic resistance in chlamydiae 
There are only a few reports describing the isolation of antibiotic resistant C. 

trachomatis strains from patients [50,51,52,53,54,55].  Although eleven out of the 

fifteen reportedly resistant isolates were associated with clinical treatment failure, 

all of the isolates screened displayed characteristics of “heterotypic resistance”, a 

form of phenotypic resistance in which a small proportion of an infecting microbial 

species is capable of expressing resistance at any one time.  This phenomenon 

has also been described in Staphylococcus spp [56,57] and parallel observations 

of similar phenotypic resistant states can be referred to in the literature as drug 

indifference, persistence, tolerance, and in some cases, as properties of biofilms 

[58,59]. It is possible that these descriptors of bacterial interactions with 

antibiotics can be associated with chlamydial aberrancy and phenotypic antibiotic 

resistance in chlamydiae.  For example, tolerance is often specific to antibiotics 

that affect cell wall synthesis, as is shown in the penicillin persistence model of 

chlamydiae [58,59].   

In each case of clinical resistance reported, only a small portion of the 

population (<1-10%) expressed resistance, and those that did also displayed 

altered inclusion morphology.  In addition, the isolates could not survive long-

term passage (in the presence or absence of antibiotics) or lost their resistance 

upon passage.  In some cases, heterotypic resistance was observed when a 

large inoculum was infected on to cells, but a smaller inoculum was not resistant 

under the same conditions [50,60]. Many of these characteristics suggest a form 

of phenotypic resistance is responsible for the sustained presence of small 

populations of clinical strains of C. trachomatis under antibiotic stress and may 

be an adaptive behavior that influences survival of bacteria within communities 

rather than stable genetic resistance mechanisms employed by singular cells. 

A distinct characteristic of chlamydial growth is the asynchronous 

differentiation of RBs to EBs that begins relatively early and continues throughout 

the developmental cycle.  A midstage inclusion will harbor actively dividing RBs 

as well as non-dividing EBs.  It is plausible that multistage development is an 
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evolved trait that can ensure the survival of a subset of the population regardless 

of the timing of antibiotic or metabolic stress. Azithromycin, clarithromycin, 

levofloxacin, and ofloxacin approach 100% inhibition in synchronized assays, but 

when used in a continuous model of C. pneumoniae infection none of these 

antibiotics eliminated the organism, even in the presence of concentrations 

greater than 4 times their MICs [39,40,61]. A continuous model may more 

accurately reflect in vivo infections as inclusions of varying developmental stages 

will be present at any given time.  The standard MIC assay synchronizes the 

infection and applies antibiotics within 1-2 hours post infection, long before EB 

differentiation can be observed. Perhaps chlamydia are most vulnerable in the 

log phase of growth prior to EB differentiation and are capable of expressing 

phenotypic resistance when both replicating and non-replicating forms are 

present. This principle is corroborated by other studies, in particular one in which 

ciprofloxacin and ofloxacin failed to eradicate C. trachomatis in infected cells and 

induced persistence when antibiotics were applied to established infections (2-3 

days post infection) [41,43]. Although it is assumed that the inclusion is a nutrient 

rich environment, it is unknown if adequate nutrient levels can support replication 

and sustain active metabolism, or if toxic byproducts accumulate, particularly in 

the late stages of the developmental cycle when several hundred bacteria 

occupy a single inclusion.  These factors may also contribute to the onset of 

phenotypic or heterotypic resistance observed both in vivo and in vitro.   

It is challenging to distinguish persistence from issues of treatment 

compliance, reinfection of treated patients, and actual antibiotic resistance in 

chlamydiae, and it remains even more challenging to assess the relevance of 

heterotypic resistance when it is observed in strains isolated from patients with 

clinical treatment failure. In the absence of true genetic differences, it is 

challenging to find a way to study antibiotic resistance that arises only under 

certain conditions in approximately 1% of the population and which often does 

not appear to manifest itself following expansion of the bacteria. 
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Challenges to accurate and reproducible surveillance of antibiotic 
resistance 
All antimicrobial susceptibility assays in the chlamydial system involve isolating 

and expanding clinical isolates and then culturing chlamydial progeny in cells 

with media containing different dilutions of antibiotics. There remains no universal 

testing methodology for these assays, and the techniques themselves are 

technically challenging and time consuming [60].  Many different cell lines and 

techniques are used in different diagnostic laboratories, which presents 

significant challenges in monitoring and evaluating potential emergence of 

antibiotic resistance. The cell line, the passage number of both host cells and 

chlamydiae, the multiplicity of chlamydial infection, the developmental stage 

when antibiotic is added to the infected cells, and the presence or absence of 

cycloheximide (used to slow growth of the host cells) can all influence the 

outcome of antibiotic susceptibility analysis [60]. Additional attributes of 

chlamydial growth as well as cellular uptake of antibiotics by host cells can vary 

substantially in different models of polarized and non-polarized cells 

[42,62,63,64,65].  For example, different cell lines permit differential growth of 

chlamydia strains when exposed to the same concentration of azithromycin.  The 

relevance of this observation is highlighted in a report of azithromycin resistant 

isolates from patients with relapsing infections that were characterized using a 

cell line permissive to chlamydial growth in the presence of inhibitory 

concentrations of azithromycin [55,66].  These observations highlight to the 

challenges that arise when small differences in methodological approaches can 

further complicate the interpretation of in vitro resistance and its association with 

clinical relevance.   

Clinical isolates can be extremely fastidious and often have much slower 

growth rates, increased potential for cytotoxicity or persistence, or can be present 

in very low numbers relative to the reference strains that are used as controls in 

MIC/MCC assays (Minimum Inhibitory Concentration/Minimum Chlamydiacidal 

Concentration).  Although specific percentages vary, there is a significant fraction 

of nucleic acid amplification test (NAAT)-positive cases that are not detected by 
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culture. Culture recovery rate is particularly low from rectal samples and is 

modestly better from urine, cervical, oropharyngeal, and other sites [67,68,69]. In 

spite of the marginal sensitivity of culture based diagnostics, their specificity 

approaches 100%.   In contrast, even though the sensitivity of NAATs is 20-30% 

better than culture and other non-NAATs, the occurrence of false-positives and a 

lack of reproducibility between different NAATs has led the CDC to recommend 

confirmatory testing in certain cases [70,71].  Additionally, molecular-based 

diagnostics are limited by the inherent bias in our understanding of particular 

strains, species, or even ecology of infectious organisms implicated in disease 

pathologies.  This is particularly true in regards to the etiology of Chlamydia 

ocular infections where it was recently shown that many individuals may carry 

mixed infections with C. trachomatis, C. pneumoniae and/or C. psittaci.  These 

chlamydiae are not routinely screened for and have likely been missed using the 

routine species specific NAATs [72]. Each of these issues highlights the 

challenges associated with the diagnosis of chlamydial infections.  Although 

NAATS testing is expensive, culture is certainly more so.  Culture-based 

methods have also become a less attractive tool because of sensitivity issues, 

and the time and technical expertise required for their completion. This means 

many laboratories are not positioned to do routine culture and are thus ill-

equipped to conduct routine antibiotic screening of chlamydial isolates. This may 

hinder timely and accurate assessment of antibiotic resistance of clinical 

chlamydial isolates, even if such isolates are present in patients. 

Chlamydial resistance to individual antibiotic classes 
Chlamydiae are known to acquire resistance through mutations to six major 

classes of antibiotics.  Both naturally acquired and laboratory-generated 

resistance found in selected chlamydial strains has facilitated the study of 

conserved biological pathways such as peptidoglycan synthesis, folate synthesis, 

and methionine synthesis that cannot be approached directly in the chlamydial 

system [17,73,74]. The ability to generate resistant mutants has supported new 

experimental methods that facilitate recombination and transformation in or 

between chlamydiae in vitro (Table 2.2).  The following sections will describe 
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resistance phenotypes that are stably expressed by chlamydiae in cell culture 

systems.   

Tetracyclines:     

Tetracyclines (TET) block bacterial protein synthesis by preventing aminoacyl 

tRNAs from interacting with ribosomes.  Tetracyclines are widely used in both 

human and veterinary medicine because of their relatively low cost and broad 

spectrum of activity and excellent tissue distribution.  Gram-negative, Gram-

positive, atypical bacteria (Chlamydia, Mycoplasmas, Rickettsia) and even some 

protozoa respond to therapeutic doses of tetracycline.  TET and its derivatives 

are often well absorbed, have low toxicity, and are relatively inexpensive [75].  

Since their initial discovery several decades ago, a large percentage of the total 

volume of antibiotics used in veterinary medicine for both therapy and growth 

promotion were Tetracyclines [76,77,78].   In many bacterial systems, TET 

resistance is quite common [79].  Resistance to tetracycline was first discovered 

in a Shigella dysenteriae isolate in 1953 only 7 years after the initial discovery of 

the drug [80].   As of 2005, 38 genes that encode tetracycline efflux pumps, 

ribosomal protection proteins, or inactivating enzymes were known [81].  Several 

of the resistance genes encode proteins that function against a broad range of 

TET derivatives. Many of the factors associated with chlamydial ecology in the 

veterinary system lead to speculation that this might be the first antibiotic in 

which chlamydiae would show clinically relevant stable antimicrobial resistance, 

and this speculation has proven true.   In the mid-1990’s, the first stably resistant 

Chlamydia suis strains were isolated from diseased and normal pigs in the 

Midwestern United States [82].  Eight independent strains were identified, and 

each exhibited high level resistance to TET (Figure 1.1 D,F).  Six of eight strains 

also exhibited a stable, but currently uninvestigated, resistance to sulfadiazine. 

Unlike previous reports of TET resistance in Chlamydial strains, these strains 

were passaged up to 15 times in antibiotic-free media, and survived in media 

containing antibiotics without showing obvious signs of morphological 

abnormalities [83]. Genetic characterization of the isolates revealed the presence 

of foreign genomic islands ranging in size from 6-13.5 kb that had integrated into 
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the chlamydial chromosome [84].  Each island carries genes encoding a 

tetracycline efflux pump and a regulatory repressor (tet(C) and tetR, 

respectively), a unique insertion sequence (IScs605) plus 3-10 additional genes 

involved in plasmid replication, mobilization.  This TET resistance allele is 

identical to the tet(C) gene in the cloning vector pSC101 and a wide range of 

other vectors.  In 2008, a report identified 14 additional C. suis strains collected 

in Italy that shared 100% nucleotide identity with the tet(C) gene from the original 

US strains [85].  Twelve out of 14 of these isolates grew in the presence of 

tetracycline, whereas 2 could not.  It is not clear why these two strains, which did 

contain the resistance gene, were unable to grow in the presence of TET. 

The C. suis tet(C) islands share greater than 99% identity to sections of the 

resistance plasmid pRAS3.2 isolated from Aeromonas salmonicida [84], a Gram-

negative pathogen of salmon and trout that grows poorly and becomes avirulent 

at mammalian body temperatures [86]. This plasmid, however, lacked the 

IScs605 sequences.  More recently, a TET resistant element isolated from 

another aquatic associated Gram-negative bacteria Laribacter hongkongensis, 

shared 100% nucleotide identity to IScs605 of C. suis [87]. L. hongkongensis is 

an emerging cause of community acquired gastroenteritis and travelers diarrhea 

in humans. The significance of either Aeromonas or Laribacter to the acquisition 

by C. suis of the tet(C) island is not clear.  The discovery of the tet(C) islands 

represents the first identification of antibiotic resistance acquired through 

horizontal gene transfer in any obligate intracellular bacteria. Developing 

hypotheses to explain the acquisition of tet(C) islands isolated by C. suis is 

challenging and currently relegated to scientifically supported speculation.  

However, as more data accumulates, clues surface that may start to piece it 

together. Two of the genes identified in the islands were part of a novel insertion 

element (IScs605) related to other IS elements found in Helicobacter spp. 

IScs605 mediated site-specific transposition and integration in a heterologous 

system where the transposed DNA localized adjacent to a conserved pentameric 

sequence (5’-TTCAA) in 36 out of 38 sequenced clones.  Each island integrated 

next to a TTCAA sequence within the inv homolog of C. suis [88].  These data, 
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from both the transposition assays in a heterologous system, and the sequence 

specificity surrounding the integration site of each island, suggest the IS element 

mediated transposition into each of the TETR C. suis genomes.  Prior to this 

discovery, no other insertion sequence had been identified in chlamydia.  From 

the work on C. suis and the singular L. hongkongensis isolate, there are now two 

sources that link an aquatic organism to the islands found in C. suis.  L. 

hongkongensis is the only known organism to harbor the IScs605 insertion 

element, while the plasmid in A. salmonicida is the only species that shares 

identity with the remaining sequences of the tet(C) island.  The feeding and 

rearing practices in the pig industry that rely heavily upon the prophylactic 

delivery of tetracyclines and the use of fish as a significant feed source may have 

promoted the ideal environment for the acquisition of DNA by chlamydia that 

commonly infect the porcine intestinal epithelia [89].   Many questions remain 

regarding how the tet(C) island was delivered to bacteria that grow within 

vacuoles inside cells, and how the island was incorporated into the C. suis 

genome.  No conjugative machinery or competence genes have been identified 

in the genomes of Chlamydia spp and the absence of a practical genetic system 

renders these questions very challenging.  

Rifamycins:  

Rifamycins, represented in most studies by rifampin (RIF), are bactericidal 

antibiotics that specifically interact with the beta-subunit of RNA polymerase to 

inhibit bacterial transcription.  These are not primary drugs of choice for treating 

chlamydial infections, although they do possess strong in vitro activity and are a 

therapeutic option in the treatment of clinical infections. Rapid emergence of 

resistance in vitro has been demonstrated in C. trachomatis, C. pneumoniae, C. 

caviae GPIC, C. psittaci, C. suis, and C. muridarum after exposure to 

subinhibitory concentrations of drug [10,11,12,14,19,20,90].  Amino acid 

substitutions in the RNA polymerase beta subunit (RNAP) decrease the binding 

capacity of RNAP to RIF, which allow bacterial survival even under high 

concentrations of drug.  Many bacterial species develop resistance through 

nucleotide changes in the RNAP beta subunit gene, rpoB.  Similar to these 
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bacteria, RIF resistant chlamydiae carry a variety of conserved and unique 

nucleotide changes in the central region of rpoB.  A singular amino acid 

substitution leads to low-level resistance, but the acquisition of an additional 

substitution increases the MIC several fold. Single mutations increased the MIC 

from 0.008 μg/ml to between 0.5 and 64 μg/ml in C. trachomatis serovar D, and 

to between 4 and 64 μg/ml in serovar K.  The nucleotide at position 471 of rpoB 

(E. coli position 526) was the most common site mutated in resistant clones of C. 

trachomatis serovars D and K. When this nucleotide change was found in 

combination with one additional mutation, the MIC increased from 64 μg/ml to 

512 μg/ml for a serovar D isolate, and from 64 μg/ml to 256 μg/ml for a serovar K 

isolate [19,90].  

Work by Kutlin et al. [20], and Rothstein et al. [91] led to the development of 

RIF-resistant C. pneumoniae strains, but increases in resistance were modest 

and often took repeated passage for success.  In most cases, resistance was 

associated with mutations in rpoB, however, of the two C. pneumoniae strains 

evaluated, only one strain (TW-183) developed resistance and carried the rpoB 

mutations [20].  Rifalazil (RZL), a semi-synthetic Rifamycin derivative, has high 

efficacy against C. trachomatis infections in clinical trials and is effective in vitro 

against C. pneumoniae.  Both C. trachomatis and C. pneumoniae strain TW-183 

develop resistance to RZL when passaged in subinhibitory concentrations of the 

drug and acquire mutations in rpoB, however C. pneumoniae strain CWL-029 did 

not develop such resistance [20].  As seen with RIF, strains of C. pneumoniae 

can be selected for resistance to low concentrations of RZL and require more 

passages to develop resistance [20].   Interestingly, RZL maintains activity 

against both RIF resistant C. trachomatis and C. pneumoniae mutants [90,92].  

Although clinical resistance to Rifamycins in chlamydia has not been 

documented, the ability of these organisms to quickly accumulate mutations in 

vitro raises concern about the use of these drugs in treating infections. 

 
 



 15 

Fluoroquinolones:    

Fluoroquinolones are bactericidal antibiotics that inhibit DNA gyrase and DNA 

topoisomerase IV [93].   C. trachomatis, C. muridarum, and C. suis each can 

develop quinolone resistance in vitro when exposed to subinhibitory 

concentrations of antibiotic [10,11,12,18,21,94].  After only 4 passages in 0.5 

μg/ml of ofloxacin the C. trachomatis MIC increased from 1 to 64 μg/ml.  A similar 

result was achieved after 4 passages in the presence of 0.015 μg/ml of 

sparfloxacin.  Two additional studies identified similar mutations associated with 

passage of C. trachomatis in the presence of quinolones, but the number of 

passages required to select for resistant mutants varied between 4 and 24 

[18,21].  Quinolone-resistant strains were resistant to multiple derivatives and 

carried the same point mutation in the quinolone-resistance determining region 

(QRDR) of gyrA.  Although, attempts to generate fluoroquinolone resistant C. 

pneumoniae were unsuccessful for one group [21], a different group was able to 

cultivate moxifloxacin resistant C. pneumoniae that carried an amino acid 

substitution at the same nucleotide position of gyrA as other fluoroquinolone 

resistant C. trachomatis isolates [95].   

There is also evidence for natural quinolone resistance, via mutations in the 

QRDR of gyrA, in C. muridarum and the distantly related Chlamydia-like bacteria, 

including Parachlamydia acanthamoebae, Neochlamydia hartmannellae, 

Simkania negevensis, and Waddlia chondrophila.  Some of this latter group have 

been associated with respiratory disease in humans and this natural resistance is 

important to note as quinolones are often prescribed for the treatment of 

generalized respiratory disease [96,97,98].  

Aminoglycosides:  

Aminoglycosides interfere with translation initiation by interacting with the 30S 

ribosome.   These antibiotics have poor penetration into mammalian cells, 

leading to MIC values for chlamydiae that are extremely high (~1 mg/ml).  

Kasugamycin (KSM) and spectinomycin (SPC) are antibiotics used to generate 

aminoglycoside resistant chlamydial strains in the laboratory.  Passage of 
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infected cells in concentrations greater than the MIC led to selection for C. 

psittaci 6BC at a frequency of ~2.3 x 10-5.  Resistant strains carried mutations in 

the 16S rRNA gene at the KSM binding site [9,17], and resistance was present 

against all tested aminoglycosides. 

C. trachomatis strains resistant to KSM were selected for using culture in 

subinhibitory concentrations of the antibiotic.  Strains of C. trachomatis that were 

resistant to KSM did not have a mutation in the 16S rRNA, but did carry a 2-

nucleotide insertion in ksgA, which encodes a protein (KsgA) that is responsible 

for post-transcriptional methylation of ribosomal adenosine residues in other 

bacteria.  The resistant C. psittaci strain was stable and grew comparable to wild-

type strains.  In contrast, the C. trachomatis KSM mutant which was severely 

impaired for growth and was sensitive to high concentrations of antibiotic [9,17].  

Similar to KSM, in vitro generated and naturally occurring resistance to SPC 

is associated with mutations in the 16S rRNA gene.  Exposure to subinhibitory 

concentrations of SPC selected for stable resistance in C. psittaci 6BC and 

resistant mutants were recovered at a frequency of 1 x10-6.  Four different 

spectinomycin resistant mutants carried unique 16S mutations and varied in their 

fitness in competition assays with wild type C. psittaci.  1 out of 4 of the 

mutations had no significant fitness cost to the bacteria, however the other 3 

mutations at adjacent nucleotides reduced bacterial fitness significantly.  Some of 

these mutant genes conferred resistance to SPC in E. coli. The mutations 

identified in these studies were used to create an electroporation vector that was 

important in demonstrating the first stable transformation via electroporation of 

any Chlamydiae [9].   

Spectinomycin resistant C. trachomatis L2 mutants have not yet been 

generated. The inability to produce these mutants is likely due to the duplicity of 

rRNA operons and drug target sites [9,14,15].  For antibiotics that target 

ribosomal machinery, a single mutation in an organism encoding more than one 

rRNA operon is typically recessive and the frequency at which resistant mutants 

can be recovered correlates with the number of ribosomal operons encoded in 
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the genome.  C. trachomatis encodes 2 nearly identical copies of the operon, 

whereas C. psittaci 6BC only encodes one.   Simultaneous complementary 

mutations in two rRNA operons would arise at very low frequencies in vitro, 

possibly explaining why aminoglycoside-resistant strains containing mutations in 

16S rRNA genes were not recovered in C. trachomatis.  

Sulfonamides and Trimethoprim:   

Sulfonamide (SFM) and trimethoprim (TRM) antibiotics interfere with bacterial 

folate synthesis, which is critical for DNA synthesis, repair, and methylation. 

Stable TRM resistant mutants were reported to arise at very low frequencies 

(<5x10-10) in C. trachomatis cultured in vitro in subinhibitory concentrations of the 

antibiotic [11].  C. trachomatis L2, C. psittaci 6BC, and C. suis (with the exception 

of some TETR isolates) are all sensitive to SFM, while C. pneumoniae and all 

other tested strains of C. psittaci are naturally resistant. SFM resistance in other 

bacteria can be conferred through horizontal acquisition of mobile elements but 

can also arise from mutations in the folate synthesis genes targeted by the drug.  

Specific insertions, repeats, and point mutations in the folP gene 

(dihydropteroate synthase) can confer stable resistance to sulfa drugs while 

mutations in the folA gene (dihydrofolate reductase) can confer resistance to 

trimethoprim [99].  Iclaprim is a new dihydrofolate reductase inhibitor currently in 

development, however this antibiotic maintains activity against both C. 

trachomatis and C. pneumoniae in vitro [100]. 

Macrolides:   

Azithromycin (AZM) is a bacterial protein synthesis inhibitor and front line drug 

for the treatment of chlamydia infections.  High level resistance to AZM was 

selected for in C. psittaci 6BC and C. caviae GPIC, while a C. trachomatis L2 

strain was selected for in lower concentrations of AZM [13,16].  Cultivation of 

resistance was unsuccessful in C. pneumoniae clinical isolates with elevated 

MICs to AZM [37,101].  AZM resistant C. psittaci strains were also resistant to 

other macrolides as well as a lincosamide, which share similar 23S rRNA target 

sites.  Resistant strains were stable and survived passage in the presence and 
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absence of these drugs.  Similar to what was observed with resistance to KSM, 

the AZMR strains were isolated after exposure to inhibitory concentrations of 

AZM, while the modestly resistant (AZM tolerant) C. trachomatis strain was 

isolated only after exposure to subinhibitory concentrations of antibiotic.  The 

AZM-tolerant C. trachomatis strain harbored a mutation in rplD that encodes the 

ribosomal protein L4.   

Although some antibiotic resistant mutations resulted in no overall effect on 

the physiology of the bacteria, in vitro AZM resistance imposes a competitive 

defect.   The resistant C. psittaci strains were delayed in their differentiation from 

EB to RB compared to wild-type strains and also had a slower doubling rate, 

produced significantly smaller plaques, and were outcompeted in the absence of 

selection by the wild-type parent strain.  The drug tolerant C. trachomatis strain 

did not grow well in the absence of antibiotics, formed smaller plaques, and 

produced fewer infectious particles than wild-type parent strains.  The C. caviae 

GPIC AZMR strains carried mutations in the 23S rRNA of their single rRNA 

operon, produced fewer infectious particles in vitro, and were less fit in vivo, 

relative to the wild type strain [13].  

Lincosamides: 

Lincomycin (LIN) is a bacteriostatic protein synthesis inhibitor that causes 

premature dissociation of peptidyl-tRNA from the ribosome [102].  There is a 

single report of in vitro generated LIN resistant C. trachomatis mutants.  These 

mutants were recovered at very low frequencies (<5 x 10-10) by growing and 

passaging infected cells in subinhibitory concentrations of antibiotic.  The 

resistant mutants carried mutations in both 23S rRNA genes, corresponding to 

sites in E. coli that conferred similar resistance [11].  
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Utility of antibiotic resistance in chlamydial genetics, recombination and 
transformation 

Recombination:   

Extensive comparative analyses of DNA sequence data that included a broad 

range of clinical and laboratory isolates support the conclusion that chlamydiae 

are highly recombinogenic [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. 

Discordant rates of genetic mutation between polymorphic loci and the rest of the 

genome are linked to evidence supporting genetic recombination as a source of 

genetic variation and genome maintenance and repair.  This conclusion is 

challenged by the fact that chlamydial genomes are highly syntenous and 

encode only a very few extrachromosomal elements or genomic islands [17]. In 

the absence of host-free growth or a genetic system, experiments addressing 

recombination or genetic exchange have been very difficult.  Recent research by 

different laboratories are making progress in this area.  Studies by Demars and 

colleagues used laboratory generated antibiotic resistant strains to develop an 

artificial system that screened for in vitro lateral gene transfer and recombination 

[18,19].  Coinfecting 2 resistant parental C. trachomatis isolates facilitated 

selection of doubly resistant progeny strains with the antibiotic resistant genetic 

markers from each parental strain.  In one experiment, an ofloxacin resistant C. 

trachomatis L1 strain harboring a mutation in gyrA (T249->G), and a rifampin 

resistant C. trachomatis D/UW-3/CX strain harboring a mutation in rpoB (C1400-

>T) were coinfected and grown in the presence of rifampin and ofloxacin.  A 

rifampin and ofloxacin resistant C. trachomatis D strain was isolated that carried 

both the gyrA (T249->G) and the rpoB (C1400->T) mutations.  Quantitative 

evidence supported lateral gene transfer, as opposed to spontaneous mutation 

as the source of resistant phenotypes in the selected strains.   Antibiotic 

resistance was stable in recombinants grown in the presence and absence of 

antibiotic selection.  Sequencing of highly polymorphic loci (ompA, murA, pmpC, 

trpA, incA, ribF, and recF), in addition to the mutated genes (rpoB and gyrA), was 

used to coarsely map several cloned recombinant genomes to estimate the 

length and composition of the transferred DNA.  Remarkably, the authors provide 
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evidence that large fractions of the genome were exchanged; between 123 kbp 

and 790 kbp was estimated to have transferred to the recipient.  Although it is 

likely that very large fragments of the chromosome were exchanged in these 

crosses, it is challenging to genuinely determine the recipient and the donor 

strain in these experiments. 

 Work in our laboratory confirmed the fundamental discoveries of Demars et 

al and demonstrated LGT between several different Chlamydia spp. [20].  

Studies of Suchland et al. used the horizontally acquired tetracycline resistant 

marker from C. suis R19 as a primary tool of selection, and mapped 

recombination sites in cloned recombinant progeny using genome sequencing.  

These studies showed routine transfer of tetracycline resistance from C. suis to 

any of several C. trachomatis strains, as well as the mouse-tropic C. muridarum. 

Transfer of tetracycline resistance involved the insertion of between 40 kb or 100 

kb of C. suis DNA into recipient strains.  Progeny from primary crosses were 

used as donors in subsequent crosses, and recent clinical strains readily 

acquired tetracycline resistance via recombination.  Some recombinants are 

marked by substantial genome rearrangements and/or genetic mosaicism, while 

other recombined sequences are relatively short products from classical double 

crossover recombination events. Additional in vitro generated interstrain 

recombinants made from parental strains carrying ofloxacin or rifampin 

resistance harbor a unique genetic patchwork of parental DNA across the entire 

genome [21].  The recombinant genomes include the expected antibiotic 

resistance genes from parental strains, but somewhat unexpectedly, regions 

unrelated to the loci that conferred antibiotic resistance used for selection.  The 

three chlamydiae used in these experiments (C. suis, C. trachomatis, and C. 

muridarum) are unique in their ability to form fusogenic inclusions when 

occupying the same cell, and it was initially hypothesized that sharing the same 

vacuole might be requisite for the exchange of DNA.  However, extensive work 

(unpublished) by our laboratory has shown that non-fusogenic strains of C. 

trachomatis that lack IncA, an important protein involved in homotypic inclusion 

fusion, still recombine in vitro when subjected to the same selection parameters 
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as IncA-positive, fusogenic strains.  New studies using in vitro transformation and 

classical genetic techniques are beginning to tease out genetic regions specific 

to unique phenotypes and growth characteristics of different clinical and 

laboratory strains [21].  These techniques are currently being used by our group, 

and others, to serve as a rudimentary genetic system until more direct methods 

are developed. 

 Although these results were initially surprising and controversial, it is now 

acknowledged that multiple antibiotic resistance genes can be readily 

recombined between Chlamydia spp. It is likely that recombination occurs 

naturally, and therefore, clinical resistance might spread rapidly in patients, 

following an initial, perhaps rate limiting, introduction of an exogenous resistance 

gene into the chlamydial population.  

Transformation:   

The first successful transformation via electroporation in chlamydia was recently 

published and highlights again the importance and utility of antibiotic resistance 

in the study of chamydial genetics [22].  These individuals developed and 

characterized several antibiotic resistant strains and associated mutation 

frequencies, using spectinomycin and kasugamycin as the selecting antibiotics.  

Several plasmids were produced that carried a C. psittaci 16S rRNA gene with 

mutations that conferred resistance to both antibiotics. These constructs were 

amplified in a methylase-deficient Escherichia coli strain and electroporated into 

C. psittaci.  The chlamydia were infected onto host cells, grown in the presence 

of selecting antibiotics and transformants were plaque purified.  Transformants 

were stable and could survive several passages in the presence and absence of 

antibiotics while sequencing of progeny 16S rRNA confirmed that resistance was 

derived from the electroporated plasmid DNA.  These authors used homologous 

sequences ranging from ~1.5 kb to ~8 kb and estimated that regions of 

recombination were between 0.4 and 1 kb. 

 Although the transformation frequency using electroporation is low compared 

to the frequency of doubly resistant strains recovered from recombination (10-6 
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vs. 10-3), the work of Binet and Maurelli has provided an important proof of 

concept for introduction of foreign DNA into chlamydia.  This technology is 

currently limited to altering only a single locus in selected chlamydial strains, and 

is not a generally applicable method for introducing or inactivating genes in these 

bacteria.  Translation of these techniques into standard methods to introduce or 

inactivate chlamydial genes remains a significant challenge in this system. 

 

CONCLUSION 

Although there is no genetic evidence of antibiotic resistance leading to treatment 

failures in humans, the C. suis strains resistant to tetracycline and the in vitro 

results with the other described antibiotics indicates that clinicians should be 

vigilant for the possibility in the future.  Current culture and diagnostic methods 

may not be sufficient to detect emerging antibiotic resistant strains due to these 

persistent states, the low recovery rate in culture from various infection sites, 

potential instability of resistant isolates in vitro, or the unknown significance of 

heterotypic resistance in treatment failure.  Little is known about the heterotypic 

resistant phenotype observed in the MIC assays, and whether or not it has 

biological relevance to in vivo conditions or can be correlated with cases of 

treatment failure. Although there is currently no evidence for heritable antibiotic 

resistance in human clinical settings, results discussed in this review indicate that 

several antibiotic resistance genotypes can be generated and transferred to most 

C. trachomatis, C. suis, or C. muridarum isolates and that chlamydial antibiotic 

resistance will be an important laboratory tool for researchers. 

 

FUTURE PERSPECTIVES 

The characterization of TETR C. suis isolates, spontaneous mutants, and 

recombination strains demonstrate that resistance can emerge and disseminate 

amongst chlamydia—and in some cases with relative ease.  Major biological 
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barriers probably have prevented the acquisition of DNA or mutations that 

promote antibiotic resistance in clinical and veterinary isolates.  If resistance 

genes were to enter the chlamydial population from other species, we expect that 

this resistance could spread rapidly within species via recombination.  

 The use of antibiotic resistant strains in chlamydial research has led to 

significant understanding of chlamydial recombination in vitro and the resistant 

strains will likely continue to serve as an essential tool to further our 

understanding of chlamydial genetics.  By utilizing differently resistant strains 

with specific phenotypes, unique inter- and intrastrain crossing may generate 

chimeric chlamydial strains that display targeted phenotypes while carrying a 

unique and unnatural set of genetic markers.  These approaches may be useful 

for correlating unidentified genes with known chlamydial phenotypes, and for 

exploring the role of individual chlamydial genes in infection and disease. 
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Figure 1.1.  Immunofluorescence microscopy of C. trachomatis L2/434Bu- 
or TETR C. suis R19 -infected McCoy cells fixed with methanol 40 hours 
post infection.   Infected cells were cultured in the presence of either 10μg/ml 
ampicillin, 1μg/ml tetracycline, or were not treated with antibiotic. C. trachomatis 
is labeled with antibodies to MOMP (red) and C. suis is labeled with antibodies to 
LPS (green).  DNA is labeled blue with DAPI, which primarily labels the host cell 
nuclei and DNA within aberrant RBs.  The scale bar in the bottom right panel 
indicates 10 microns for all panels. 
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Table 1.1.  Diseases caused by Chlamydiae. 
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Table 1.2.  Distribution of in vitro and natural antibiotic resistance amongst 
the different strains of Chlamydiae. 
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ABSTRACT 

There are no examples of stable tetracycline resistance in clinical strains of 

Chlamydia trachomatis.  However, the swine pathogen Chlamydia suis is 

commonly tetracycline -resistant, both in America and in Europe.  This resistance 

is mediated in tested U.S. strains by a genomic island carrying a tet(C) allele.  In 

the present study, the ability of C. suis to mobilize tet(C) into other chlamydial 

species was examined.  Differently antibiotic-resistant strains of C. suis, C. 

trachomatis, and C. muridarum were used in coculture experiments to select for 

multiply antibiotic resistant progeny.  Co-infecting mammalian cells with a 

naturally occurring tetracycline-resistant strain of C. suis and a C. muridarum or 

C. trachomatis strain containing selected mutations encoding rifampin or 

ofloxacin resistance, readily produced doubly resistant recombinant clones that 

demonstrated the acquisition of tetracycline resistance. The resistance 

phenotype in the progeny from a C. trachomatis L2/oflR:C.suis R19/tetR cross 

resulted from integration of a 40 kB fragment into a single ribosomal operon of a 

recipient, leading to a merodiploid structure containing three rRNA operons. In 

contrast, a cross between C. suis R19/tetR and C. muridarum MoPn/oflR led to a 

classical double crossover event transferring 99 kB of DNA from C. suis R19/tetR 

into C. muridarum MoPn/oflR. Tetracycline resistance was also transferred into 

recent clinical strains of C. trachomatis.  Successful crosses were not obtained 

when a rifampin-resistant C. caviae GPIC was used as recipient for crosses with 

C. suis or C. trachomatis.  These findings provide a platform to further explore 

the biology of horizontal gene transfer in Chlamydia while bringing to light 

potential public health concerns generated by the possibility of acquisition of 

tetracycline resistance in human chlamydial pathogens.  

 

INTRODUCTION  
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Members of the chlamydiae are obligate intracellular bacteria that cause serious 

diseases in a wide variety of hosts [23]. In humans, Chlamydia trachomatis 

causes trachoma and a variety of sexual transmitted conditions, diseases that 

affect millions of people around the world [24]. Two related species, C. suis and 

C. muridarum, cause diseases of mucosal membranes in pigs or mice, 

respectively. The genus Chlamydia also contains more distantly related 

pathogens, including the guinea pig pathogen C. caviae GPIC and the human 

pathogen C. pneumoniae.  While the members of the chlamydiae are generally 

similar in many aspects of basic biology, including genome order and gene 

content, there are differences in their intracellular survival strategies.  One of 

these differences is the ability to form fusogenic inclusions.  Wild type strains of 

the Chlamydia spp. form intracellular vacuoles (termed inclusions) that undergo 

homotypic fusion [25], while no tested strains of these species form inclusions 

that fuse with inclusions of C. caviae GPIC or C. pneumoniae. [26], Figure 2.1, 

and unpublished data). 

 The genome sequences of most chlamydial species do not contain examples 

of recent horizontal acquisition of DNA.  To date, the only reported example of a 

genomic island within any species of Chlamydia is the tet(C) island of C. suis.  

This island contains a C. suis specific insertion element (IScs605), plasmid 

sequence with roots in Gram-negative bacteria, and a tet(C) resistance gene 

[27]. The tetracycline-resistant strains are common in swine herds in the United 

States [28], and recently have been identified in pigs from Italy [29].  The strains 

carrying this island are the only examples of naturally acquired antibiotic 

resistance in any chlamydial species. The C. suis tetracycline-resistant strains 

are also resistant to doxycycline, one of two contemporary front line drugs of 

choice against chlamydial infection in humans. Because of its low cost, 

tetracycline is also used to treat millions of cases of trachoma in underdeveloped 

countries [30].  Although there are reports of drug resistance in strains collected 

from patients suffering treatment failure, documented stable homotypic drug 

resistance to antibiotics used for treating acute human chlamydial infections is 
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controversial [31,32,33]. Transfer of a stable tetracycline-resistant phenotype into 

human clinical chlamydiae would represent a significant public health challenge. 

 The very limited examples of horizontally acquired DNA in the chlamydiae 

supports a hypothesis that recombination might be rare in this system.  However, 

accumulating sequence data indicates that Chlamydia spp. are actively 

recombinogenic within a species. Early sequencing studies identified ompA 

variants that encode protein sequences from different classical serovars and 

showed that recombination may also occur at other locations in the chromosome 

[10,12,16,34]. Additionally, recent studies demonstrated conclusively that lateral 

gene transfer (LGT) can be selected for in C. trachomatis in cell culture following 

co-infection of strains having dissimilar drug resistance markers [18,19]. The 

mechanism of transfer in any of these recombination events remains to be 

elucidated.  In order to explore possible tools for development of a workable 

genetic system for directed mutagenesis of Chlamydia DNA, and to investigate 

the possibility of tetracycline resistance acquisition in human strains of C. 

trachomatis, we conducted in vitro recombination experiments using rifampin-, 

ofloxacin-, and tetracycline-resistant strains as donors and recipients.  Our 

results demonstrate that recombination can be readily demonstrated within and 

among species of the genus Chlamydia, and that tetracycline resistance can be 

manifested by C. trachomatis following coculture with tetracycline-resistant C. 

suis strains.  Tetracycline resistance was not successfully transferred into C. 

caviae GPIC, suggesting a biological barrier that does not allow recombination 

across these genera. 

 

MATERIALS AND METHODS 

Chlamydial strains, culture and antibodies.  
Chlamydia trachomatis strains included UW-6276/J/cx, UW-70/F/cx, and 

L2/434/Bu. Single strains of C. muridarum (Nigg) and C. caviae (GPIC) and two 

strains of C. suis; R19/tetR, and S45/rifR were used in the crosses.  All strains 
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were propagated from a stored collection of frozen samples stored at the 

University of Washington Chlamydia Repository [35].  Specimen collection, 

culture isolation techniques and serotyping were conducted as previously 

described [36]. Briefly, patient swabs were collected and stored in Chlamydia 

transport medium at 4°C and transported within 24 h to the laboratory. Each 

specimen was inoculated onto McCoy cells, centrifuged at 1,200 × g, aspirated, 

and overlaid with Minimal Essential Medium with 10% fetal bovine serum and 

cycloheximide (1.0 µg/ml) added (MEM-10). Cells were incubated at 37°C in 4% 

CO2 for 48 h and fixed with methanol. Chlamydial growth was detected by 

fluorescence microscopy using genus-specific MAb E6-H1 (a gift from Harlan 

Caldwell, NIAID). Isolates were then cloned by a two-fold dilution method (6). 

Resulting cloned elementary bodies were grown to high titer and partially purified 

by centrifugation of lysates of infected cells through a 30% renografin pad [37].  

Monoclonal antibodies specific for MOMP of C. trachomatis serovar J and F, C. 

muridarum (MoPn), C. caviae GPIC and a polyclonal antibody specific for C. suis 

strains were used for labeling co-infections of recombinant crosses.  

Selection for resistance 

Strains of C. trachomatis, C. muridarum, C. caviae GPIC and C. suis were 

inoculated onto McCoy cells using a multiplicity of infection (MOI) of 1.0 in 75-

cm2 flasks, centrifuged by using a Beckman model J-6 M centrifuge at 1,200 x g 

for 1 h at 37°C, overlaid with sub-inhibitory concentrations [1/2 X minimum 

inhibitory concentration (MIC)] of appropriate drug, incubated at 37°C for 24-48 

hours depending on species inoculated.  The cell layers were then disrupted by a 

-80°C/37°C freeze-thaw.  This was followed by disruption of monolayers by 

gentle aspiration with a micropipette and low speed centrifugation to remove 

debris. Supernatants from disrupted cell layers were passed onto fresh McCoy 

cell monolayers in 12-mm2 shell vials to select for resulting mutants as previously 

described [38]. Briefly, serial two-fold dilutions of either rifampin or ofloxacin 

made in MEM-10 were added. Emerging resistance was monitored using 

immunofluorescence microscopy following culture in 48-well tissue culture plates. 

As resistant inclusions emerged, the progeny were cloned by limiting dilution and 
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their MIC was determined.  In one case (Table 2, cross 5, strain L2/oflR-rifR1) a 

strain was first selected for resistance to ofloxacin, and a cloned ofloxacin-

resistant product  was then selected for resistance to rifampin.   

Recombination experiments  

All crosses were performed in sets of 8 shell vials (12 mm2) seeded with 4.0 X 

105 McCoy cells.  The monolayers were then infected with different combinations 

of drug-resistant strains and species of chlamydiae, each at MOI of 

approximately 2.0, ensuring infections of both strains in cells. Cultures were 

incubated between 24-48 h post infection (p.i.) depending on species infected, in 

the absence of antibiotics and were then harvested using the above freeze-thaw 

method. Potential recombinants were selected by inoculating 50 ml of the freeze-

thaw lysates from each shell vial onto a new shell vial monolayer and overlaying 

with medium containing antibiotics at 4X the MIC for each resistant parental 

strain (Table 1).  Cultures were grown 24-48 h p.i. and surviving recombinants 

were detected by immunofluorescence on parallel monitoring plates. Total 

supernatants from primary freeze-thaw lysates of negative passages were then 

inoculated into new vials and cultured in the presence of selecting antibiotics.  

This technique was modified depending on the rate of recovery of recombinant 

chlamydiae, with blind passages repeated up to four times in the presence of 

selecting antibiotics if cultures remained negative. Recovered recombinants were 

then cloned by limiting two-fold dilution and the species/stain was determined. 

Analysis of individual cloned strains involved PCR confirmation of ompA or tet(C) 

genotypes, gene-specific PCR and sequence analysis,  or genome sequencing, 

as indicated.  

Immunofluorescence microscopy of co-infections 
To illustrate cohabitation of various chlamydiae with different drug markers within 

the same inclusion, McCoy cells were grown on coverslips in 12mm2 shell vials 

and co-infected with various combinations of rifampin, ofloxacin and tetracycline-

resistant chlamydiae. If growth rates were significantly different (i.e. C. 

muridarum and C. trachomatis serovar J) infections were staggered to allow 

development of each strain in the infection. Cells containing mature inclusions 
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were labeled with monoclonal or polyclonal anti-MOMP specific antibodies for the 

species or strain used in co-infection and appropriate secondary antibodies that 

were either rhodamine- or fluorescein- labeled (Southern Biotech, Birmingham, 

AL). 

tet(C) and ompA PCR   

PCR was performed using standard protocols and cycling parameters.  Primers 

specific to tet(C) (Table 1) were used to screen for tetracycline-resistant 

recombinants.   Primers specific to ompA were designed at polymorphic loci of 

the gene to discriminate between strains (Table 1). References to gene number 

in C. trachomatis are based on the L2b/UCH-1/proctitis genome sequence [39] 

(Accession AM884177), while gene number for C. muridarum is based on the C. 

muridarum Nigg sequence [40] (Accession AE002160).   

Southern blotting 
EcoRI digested genomic DNA was blotted to a nylon membrane and probed with 

a digoxigenin labeled PCR product specific to 23S rRNA of both C. trachomatis 

L2/oflR and C. suis R19/tetR (Roche Diagnostics, Indianapolis, IN) using 

oligonucleotide primers shown in table 1.   Probes were incubated overnight and 

then washed with 0.1% SDS and 10% 20X SSC (1X SSC--0.15 M NaCl, 0.015 M 

sodium citrate).  Alkaline phosphatase conjugated anti-DIG antibody was 

incubated with the blot and developed using CSPD substrate and exposed to 

film.  

Illumina paired-end genome sequencing  

Purified elementary bodies were incubated with 4 units/mL RQ1 DNAse I 

(Promega) for 60 min and the DNAse inactivated with 2mM EGTA.  Chlamydial 

EBs were suspended in a buffer containing 5mM dithiothreitol, and DNA was 

extracted using a Qiagen Genomic Tip kit. DNA was further processed for 

Solexa-based sequence analysis using commercial DNA preparation kits 

(Illumina Inc., San Diego, CA), following the manufacturer’s instructions.   



 35 

 Draft genomes were first assembled using the reference-guided assembly 

software Maq (http://maq.sourceforge.net/). Regions in reference-guided 

assembled genome where Maq was not able to resolve sequence were then 

compared to contiguous sequences assembled through the use of de novo 

assembly software (VCAKE: [41]) and a single contiguous draft sequence was 

produced. DNA sequences were compared to the published C. trachomatis L2 

genome sequence (genbank accession AM884177) and draft contigs from the 

unpublished C. suis genome (kindly provided by Garry Myers at the University of 

Maryland), and the tet(C) island characterized by Dugan et al. [27]; genbank 

accession AY428550).  Any necessary manual sequence analysis was 

performed using MacVector sequence analysis software (MacVector, Cary, NC).  

Ribosomal RNA operon (rrn) sequences that could not be resolved by de novo 

assembly of Illumina data were amplified by PCR and subjected to sequence 

analysis. PCR fragments were generated using primers specific to the genes 

flanking each rrn operon.  Primers used to amplify sequences from the middle rrn 

operon are shown in table 1.  The Chlamydia trachomatis 

L2tet1 (L2/tetR1) Whole Genome Shotgun project has been deposited at 

DDBJ/EMBL/GenBank under the project accession ACUI00000000. The version 

described in this paper is the first version, ACUI01000000. The Chlamydia 

muridarum MopnTet14 (MoPn/tetR14) Whole Genome Shotgun project has been 

deposited at DDBJ/EMBL/GenBank under the project accession ACUJ00000000. 

The version described in this paper is the first version, ACUJ01000000. 

 

RESULTS 

Immunofluorescence images of crossed strains  
The immunofluorescent images in Figure 2.1A illustrate fusion of C. suis R19/tetR 

and C. muridarum MoPn/oflR inclusions during co-infection in the course of 

recombination experiments. In these images, C. suis R19/tetR developmental 

forms are labeled red and rifampin- or ofloxacin-resistant developmental forms 

are labeled green.  These experiments demonstrate that C. muridarum MoPn/oflR 
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and C. suis R19/tetR form fusogenic inclusions in culture.   Crosses between 

different strains of C. trachomatis and either of these strains yielded results 

similar to previously published work (29, 31).  In contrast, none of the tested 

Chlamydia spp. formed fusogenic inclusions with C. caviae GPIC (Figure 2.1B).  

Demonstration of transfer of rifampin and ofloxacin resistance within 
Chlamydia spp.  
Rifampin, ofloxacin, and tetracycline-resistant strains were generated in this 

study or generated or described in previous work (25) and used as primary 

parental strains in these crosses. Experiments were first designed to replicate the 

results of Demars et al., who showed that chlamydiae can exchange antibiotic 

resistance markers [19]. Intraspecies and interspecies crosses between rifampin-

resistant and ofloxacin-resistant strains of C. trachomatis, C. muridarum 

MoPn/oflR or C.suis S45/rifR generated recombinants containing ompA from one 

parent and antibiotic resistance profiles of both parents (Table 2, crosses 1-4). 

These crosses show that parental antibiotic resistance profiles are reflected in 

the resistance of the progeny. For example, in cross 1, the C. suis S45/rifR parent 

has an MIC of 0.25 mg/ml, and the C. trachomatis L2/oflR parent has an MIC to 

ofloxacin of 16 mg/ml.  The progeny strain shares each of these MIC’s.  

Nucleotide sequence analysis of rpoB and ompA PCR products of this cross 

showed that the clone possessed L2 ompA and the S45 rpoB sequence (data not 

shown).  The results shown in cross number 2 demonstrated that recombination 

occur in crosses where one parent is a recent clinical isolate of C. trachomatis.  

Sequencing of gyrA and ompA PCR products amplified from this cross 

demonstrated that the cloned progeny carried serovar J ompA and the serovar 

L2 gyrA sequence (data not shown). These data confirm the work of Demars et 

al. [18,19], and demonstrate that crosses can be conducted between different 

species of Chlamydia. 

Mobilization of tetracycline resistance among chlamydial strains.   
Table 2 crosses 5-10 describe the transfer of tetracycline resistance in mixes of a 

tetracycline-resistant parent and a rifampin- or ofloxacin-resistant parent, within 
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and between different species of Chlamydia. In all cases, PCR was used to 

demonstrate that the progeny strains carried tet(C) and had an appropriate ompA 

genotype.  These PCR results also confirmed that DNA from only one parental 

strain was detectable in the cloned progeny.  For example, in cross 5, the PCR 

for serovar L2 ompA was positive but the PCR for C. suis R19 ompA was 

negative (Figure 2.2).  The tet(C) coding sequence was amplified in the C. suis 

donor, and in the cloned recombinant progeny.  Similar sets of PCR reactions 

were used to confirm each of the cloned progeny shown in Table 2 (not shown).   

Serial transfer of tetracycline resistance is shown in crosses 7,8,9, and 10, where 

a recombinant progeny from one cross was subsequently used as a donor in a 

subsequent cross.  For example, the product of cross 7, L2/tetR13, is a 

tetracycline-resistant clone that has L2 MOMP.  This strain was used as a parent 

in cross 8, yielding a progeny strain with ofloxacin resistance from the original 

L2/oflR parent in cross 7, tetracycline resistance from the R19/tetR parent of cross 

7, and rifampin resistance and MOMP sequences from the serovar J parent.  

These results demonstrate that the transfer of tet(C) can occur between each of 

these species, and that a recipient from one cross can serve as a donor in a 

subsequent cross.  Cross 10 shows tet(C) transfer between two recent C. 

trachomatis clinical strains, showing that the tetracycline-resistant phenotype can 

be mobilized among clinical strains of C. trachomatis.  

 Generation of recombinants was limited to crosses within the genus 

Chlamydia.  No conditions could be established to generate doubly resistant 

progeny resulting from crosses between C. suis R19/tetR or C. trachomatis 

L2/oflR and the more distantly related C. caviae GPIC/rifR (Table 2, Crosses 11 

and 12).  This included 64 independent wells for each attempted cross. 

Recombination targets the downstream rrn operon of the L2 recipient 
genome  

Chlamydia spp. share a highly similar genetic profile in regions surrounding the 

paired ribosomal RNA operons (rrn).  These operons are composed of a 5’ 16S 

RNA (1.55 kb), a central 23S RNA (2.87 kb), and 3’ 5S RNA (116 bp) (See 
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Figure 2.5).  Both rrns are separated by ~26,000 bp of DNA in C. trachomatis 

L2/oflR and C.muridarum MoPn/oflR and ~35,000 bp in C. suis R19/tetR. The 

difference in size between these strains is due to the presence of the tet(C) 

genomic island, which is integrated into the inv-like gene of R19 and other 

tetracycline-resistant C. suis.  This island lies just downstream of the first rrn 

operon [27].  Recombination shown in cross 5 between tetracycline-resistant C. 

suis and rifampin-resistant C. trachomatis L2 occurred in this region of the 

chromosome.  Southern blotting with a common rRNA probe confirmed the 

presence of both C. suis R19/tetR and C. trachomatis L2/oflR 23S rDNA in the 

recombinant (Figure 2.3).  While these Southern blots showed that cloned 

recombinants carried ribosomal sequences from both parents, PCR analysis 

demonstrated that the recombinant did not have C. suis ompA DNA (Figure 2.2).  

Genome sequence analysis of the progeny from cross 5, L2/tetR1, demonstrated 

that a ~40 kB fragment of donor DNA recombined into the C. trachomatis L2/oflR-

rifR recipient strain, leading to a merodiploid structure with 3 rrn operons.  The 

transferred DNA contained the tet(C) island along with 10 neighboring C. suis 

genes (homologs of CTLon_0109 to CTLon_0118), flanked by the 2 rrn operons.  

The upstream (L2 parental) rrn operon was not involved in the recombination.  

The sequencing of the 2 downstream rrns, however, provides evidence for the 

integration of C. suis DNA into the recipient, yielding hybrid sequences 

containing evidence of both parental strains (Figure 2.5).  The upstream 

recombination site is within the 23S rDNA sequence in the center rrn operon, 

where the sequence transitions from recipient L2/oflR-rifR DNA to donor R19/tetR 

DNA within a stretch of 75 bp of identical nucleotides.  The downstream rrn is a 

mosaic containing 7 different recombination sites (Figures 2.3 and 2.5).  The first 

crossover site in this rrn lies just upstream of the 16S rDNA sequence in the 

intergenic region between CTLon_0118 and the 16S rRNA.  This is followed by 

two more transitions in the 16S rDNA, a single transition in the 16S-23S 

intergenic region, and three more in the 23S rDNA.  Insertions or deletions of rrn 

DNA were not observed, and thus the overall size and structure were conserved.  
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This recombination created 3 potentially functional sets of rRNA clusters within 

the progeny strain.  

Homologous-recombination-mediated transfer of tetracycline resistance 
into C. muridarum  
Sequence analysis of the MoPnTet14 recombinant (Table 2, cross 6) 

demonstrates a different class of product from that observed in L2/Tet1.  

Although both parental genomes share similar features to those observed 

between C. suis R19/tetR and C. trachomatis L2/oflR (95.2% identity at rrn loci 

between C. suis R19/tetR and C.muridarum MoPn/oflR), the DNA acquired in the 

cross was the result of a classical double crossover event that lacked the 

mosaicism or the merodiploid structure identified in the C. trachomatis L2/tetR1 

clone (Figures 2.3 and 2.5).  Instead, a fragment containing 98,375 bp of DNA 

containing 68 ORFs, 2 rrns, and the tet(C) island recombined into the 

C.muridarum MoPn/oflR recipient genome, displacing approximately the same 

amount and functional content of C.muridarum MoPn/oflR DNA (Figure 2.3). An 

identical stretch of 17 nucleotides (CCTCCAGTTTCTGAAATT) between parental 

genomes marks the upstream recombination site inside TC_0081 (a helicase in 

the Snf2 family).  The downstream recombination event occurred within a stretch 

of 10 identical nucleotides (TTGGAAGACGA) inside TC_0149 (a hypothetical 

protein). The resulting recombinant is a hybrid of the two species, consisting of 

approximately 9.1% C. suis R19/tetR DNA  and 90.9% C.muridarum MoPn/oflR 

DNA.  

 

DISCUSSION 

Demars and colleagues demonstrated in vitro horizontal gene transfer in C. 

trachomatis by co-infecting two strains in cell culture and selecting for horizontal 

gene transfer through the use of appropriate antibiotics [18,19].  In their work, C. 

trachomatis L1 strains harboring mutations in gyrA or rpoB were used as donors 

and recipients in coinfections.  Doubly resistant progeny were screened for the 

presence of these two markers and then further characterized on the basis of 
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genotype at several polymorphic loci across the genome.  Estimated size of DNA 

transferred was between 123 kb and 790 kb based on the genotyping approach 

used.  Two of the recombinants analyzed carried insertions of DNA in the target 

genes rpoB and gyrA.  Our studies confirm these findings and expand their 

results by demonstrating Rifampin and ofloxacin resistance transfer within and 

among chlamydial species (table 2 crosses 1-4).  Our results also demonstrate 

that a naturally occurring tetracycline resistance marker from C. suis can be 

transferred within species, among species, and into recent clinical isolates. The 

genome sequences of 2 different recombinants were completed to determine 

exact recombination sites and to evaluate mechanistic details of the DNA 

fragments recombined into the recombinant genomes.  The fully completed 

genome sequences from L2/tetR1 and Mopn/tetR14 provide considerable 

information about the nature of recombination in this system.  There is evidence 

of both insertional and replacement recombination that leads to the incorporation 

of a broad range of sizes of DNA into the target genome.  This is consistent with 

the work of Demars et al., who conducted PCR-based mapping experiments and 

showed surprisingly large insertions and replacements in their tested genomes 

[18,19].  While insertion of DNA into a chromosome suggests a classical single 

crossover event and a replacement of DNA generally is associated with a double 

crossover, assembly of the complete genome sequences reported here 

demonstrated that each event involved at least two recombination events.  This 

was represented by parental mosaicism at chlamydial recombination sites in the 

C. trachomatis L2/oflR-rifR1 x C. suis R19/tetR cross (Figures 2.3 and 2.5).   

 In our experiments, recombination was regularly documented between 

Chlamydia spp., but we were not able to produce recombinants in a cross 

between C. caviae GPIC/rifR and either C. suis R19/tetR or C. trachomatis 

L2/oflR-rifR1.  There are several possibilities that may have led to our inability to 

recover such crosses.  First, it is possible that C. caviae GPIC strains are not 

actively recombinogenic.  Second, the sequence identity at possible 

recombination sites may have not been adequate.  Finally, it is possible that 

recombination requires occupation of a common vacuole or perhaps unique 
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molecular interactions, and the Chlamydia spp. demonstrated to be 

recombinogenic cannot achieve the required recombinogenic state with C. caviae 

GPIC/rifR.  While the latter possibility remains a logical option, preliminary work in 

our laboratories indicates that IncA-negative, nonfusogenic strains of C. 

trachomatis can recombine with wild type strains, suggesting that fusion of 

inclusions is not required for recombination to occur (RJS, unpublished). These 

issues remain to be elucidated as we work to identify recombination mechanisms 

used by Chlamydia.  

 Stable antibiotic resistance in isolates from human Chlamydial infections has 

not yet been substantiated. While there have been numerous reports of patients 

with apparent treatment failure, these strains usually exhibit a heterotypic pattern 

of resistance, with only a small proportion of the population of organisms 

surviving after exposure to antibiotics [32,42]. The absence of antibiotic 

resistance is consistent with the fact that chlamydiae in general do not reflect 

acquisition of foreign DNA in the recent evolutionary past. The relative lack of 

genomic islands within these organisms has led to the supposition that 

recombination in the chlamydiae is a very rare event.  However, genomic studies 

such as those conducted by Dean et al. [7,34], and the pioneering work of 

Demars et al. [18,19] suggested that interchlamydial recombination does occur, 

and perhaps is common.  Our work supports this model.   

 The two sequenced genomes presented here provide few clues as to 

potential target sequences, target sizes, or any sequence specificity that may be 

important in chlamydial recombination.  The recombination sites vary 

considerably in size and content, ranging from a very short 11 bp sequence 

between C.muridarum MoPn/oflR and C. suis R19/tetR, up to a much larger 366 

bp stretch of DNA between C. suis R19/tetR and C. trachomatis L2/oflR-rifR1 in 

the L2/tetR1 recombinant.  The sequence identity at the rrn operons guided the 

L2/tetR1 recombination but this was not the target for recombination in the 

Mopn/tetR14 clone.  The apparent lack of uniformity between recombination sites 

in these genomes that provides evidence in favor of a highly versatile 
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recombination mechanism that permits genome-wide transfer of chlamydial DNA 

at any appropriately targeted loci.  Additional sequencing of recombinant progeny 

from a variety of intraspecies and interspecies crosses will provide more data to 

study these unknown features of recombination in chlamydia.     

 It is estimated that active trachoma, caused by ocular strains of C. 

trachomatis, affects an estimated 84 million people of which about 1·3 million are 

blind [30]. Introduction and spread of tetracycline resistance to trachoma-causing 

strains would cause major worldwide public health concerns, because 

tetracycline and its derivatives are critical therapeutic agents in the worldwide 

fight against these infections, particularly in the developing world. There are also 

millions of patients with sexually transmitted chlamydial infections which also 

would be affected by chlamydial tetracycline resistance.  Our work demonstrates 

that if a naturally occurring C. trachomatis strain acquired a tet(C) resistance 

allele, cross-serovar transmission through a patient population treated with 

tetracycline might occur, perhaps rapidly. Dissemination of tet(C) carrying C. suis 

strains has already been observed in pig populations – another setting that relies 

heavily upon tetracycline for treatment and prophylaxis.  

 These recombination experiments challenge the premise that significant 

antibiotic resistance problems will not be observed in C. trachomatis, and present 

a model for how such transfers may occur.  At present, pig populations in the 

Midwest U.S.A. are commonly infected with C. suis, and screening suggests that 

a high percentage of these are tetracycline-resistant [28,43], A. Andersen, 

personal communication).  Resistant strains were also recently described in Italy 

[29]. C. suis strains carrying the different tet(C) islands have different MOMP 

sequences, suggesting they are not clonal in origin [44].  Dugan et al. [27] 

identified four different genomic islands in the strains isolated from the U.S.A., 

each of which contains 3-10 kB of DNA that is very nearly identical to plasmid 

pRAS3.2, carried by the Gram-negative fish pathogenic bacterium Aeromonas 

salmonicida [45].  The plasmid pRAS3.2 does not, however, carry IScs605, the 

IS element present in a majority of the tet(C) islands, and that has only been 
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found in the resistant C. suis. We hypothesize that the plasmid entered the pig 

digestive tract in A. salmonicida or some other Gram-negative bacterium, 

possibly via a feed source.  As IS elements related to IScs605 are found in 

members of the Helicobacter spp.[46], the plasmid may have picked up the IS 

element during passage in the porcine gastrointestinal tract.  The complete 

genomic island was then physically delivered into C. suis via a completely 

uncharacterized process.   Pigs are routinely fed tetracycline during growth in 

production facilities, and therefore the ability to grow in low levels of the drug 

remains a major selective force for porcine commensals and pathogens.  The 

entry of the resistance gene into the population may have led to rapid clonal 

proliferation within an unexploited niche, followed by homologous recombination 

between different C. suis strains, and likely at least some activity by the 

transposase encoded by IScs605, to generate the family of tet(C) islands 

currently found in C. suis [47].  The overriding hypothesis in this scenario is that 

entry of the genomic island into C. suis was initially challenging in this natural 

system, but transfer among strains, via homologous recombination similar to that 

demonstrated in this report, was straightforward and, perhaps, rapid.  Our studies 

demonstrate that transfer of the marker from C. suis to other related chlamydia in 

the laboratory is routine, if the strains grow within the same cell culture 

environment.  Therefore, contact between tetracycline-resistant and tetracycline-

sensitive Chlamydia spp. in any setting may lead to transfer of the resistance 

genes and the subsequent phenotype, which could then be propagated and 

selected for in patients treated with tetracycline. 
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Figure 2.1.  Immunofluorescence microscopy of coinfections of C. suis 
R19/tetR and C. muridarum MoPn/oflR (A) or C. suis R19/tetR and C. caviae 
GPIC/rifR (B) in McCoy cells.   
In both panels, C. suis R19/tetR is labeled red while the alternate species is 
labeled green, using species-specific anti-MOMP antibodies. Arrows point to 
fused inclusions (F) or non-fused inclusions (NF) between the two different 
infecting strains.  Nuclei are labeled Blue with DAPI. The bar in panel B 
represents 10 microns for each panel.  panel B represents 10 microns for each 
panel.   
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Figure 2.2.  PCR results for parental strains R19/tetR(1) and L2/oflRrifR(2), 
and cloned L2/tetRrecombinant (3).   
Primers are specific to tet(C) (left panel), and ompA from parental strains 
L2/oflRrifR (middle panel), and R19/tetR (right panel), Molecular weight of tet(C) 
PCR product is 525 bp and ompA PCR products are 248 bp for L2/oflR and 258 
bp for R19/tetR. 
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Figure 2.3. Southern Blot of EcoRI-digested genomic DNA from parental 
and recombinant strains (cross 9, Table 3).   
Digested genomic DNA was hybridized with DNA probe specific to donor 
(R19/tetR) and recipient (L2/oflR-rifR1) 23S rRNA sequence. Lane 1 shows L2/oflR 

DNA, and a doublet of two bands (3024 and 2973 bp).  Lane 2 contains R19/tetR 
DNA, and shows a predicted band of 13,546 bp.  Lane 3 is the cloned L2/tetR1 
progeny from the cross of these two strains, showing appropriate size fragments 
of both parental 23S rRNA fragments.  The values to the right of the panel show 
the approximate number of base pairs in the observed bands. 
used for incA quantitation, the abundance of groEL transcripts was measured 
and used as control. 
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Figure 2.4.  Recombination models for L2/tetR1 and MoPn/tetR14.   
Parental strains and location of ribosomal operons (rrn) and tet(C) genomic 
island are shown in panel A. Panel B.  C. suis R19/tetR donor DNA integrated at 
the downstream 23S rRNA of C. trachomatis L2/oflR-rifR1, producing a 
recombinant with 3 rrn operons and ~40 kB of donor DNA. The two downstream 
rrns are hybrid genes composed of a mosaic of donor and recipient parental 
DNA.  Panel C.  C. suis R19/tetR donor DNA recombined at two loci outside of 
the rrn sequences.  The MoPn/tetR14 recombinant has C. suis R19/tetR copies of 
genes TC_0081 through TC_0149, which includes the intact C. suis R19/tetR rrn 
operons and tet(C) genomic island.  The remainder of MoPn/tetR14 is identical to 
C. muridarum MoPn/oflR parental strain.
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Figure 2.5. Ribosomal operons and recombination sites within the 
sequenced recombinant L2/tetR1.   
Panel A shows the left most rRNA operon, which is completely derived from 
parental L2 sequence.  Panel B shows the central rRNA operon within the 
recombinant strain (see Figure 2.4), which is a hybrid of the two parental 
genomes, with a single crossover point identified within the 23S gene.  Panel C 
shows the rightmost rRNA operon, which consists of a mosaic of each parental 
sequence.  The middle (thin) line in each panel denotes the source of each 
sequence in the L2/tetR1 genome, relative to C. trachomatis L2/oflR-rifR1 and C. 
suis R19/tetR parental sequences at designated sites. Gray boxes denote 
identical stretches of DNA sequence between parentals in which the crossovers 
occurred and the numbers within or near each gray box indicates the length in bp 
of the identical sequence between the parental genomes at the recombination 
site. 
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Table 2.1.  Oligonucleotide primers used in these studies.   

 

 
 
 
 

 

Target Forward (5’ to 3’) Reverse (5’ to 3’) 

tet(C) AGCACTGTCCGACCGCTTTG TCCTCGCCGAAAATGACCC 

C. trachomatis L2 ompA CTGTAGCATGGTTCTCACTATC TGCCAAGCCTACAACTGCTA 

C. suis ompA GCTGTTGCCTGTGCTGCAGTAG GGATACTCCTAGCACTAACA 

23S rRNA probe CGGAGTAAGTTAAGCACGC TAACGAAAGTTATCTCGCG 

Middle rrn sequencing primers AGTAAATTCTTTGAGAATCCGCT GAGCTTCAACTTCTTTTTCCTTGGTTG 

Downstream rrn sequencing primers GATAGATGCGTGAAGTATTTTTC TTGGCTTTTCTTGATCTGTGTG 
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Table 2.2.  Minimum inhibitory concentrations (MIC) for rifampin, ofloxacin, 
and tetracycline, and MOMP phenotypes, for each parent and progeny 
strain for the recombinant crosses described in this manuscript.   
Progeny strains that are used in subsequent crosses as parental strains are 
indicated in bold. 

MIC  (µg/ml) 
Cross Parentals Progeny MOMP        rifampin    ofloxacin    tetracycline 
   1 L2/oflR  L2 0.004 16 0.032 
 S45/rifR  C. suis 0.25  0.5 0.032 
  L2/oflR-rifR2 L2 0.25 16 0.032 
   2 L2/oflR  L2 0.004 16 0.032 
 J/6276/rifR  J    8 0.5 0.032 
  J/6276/oflR-rifR1 J     8 16 0.032 
   3 MoPn/oflR  MoPn 0.008 32 0.032 
 S45/rifR  C. suis 0.25  0.5 0.032 
  MoPn/oflR-rifR MoPn 0.25 32 0.032 
   4 MoPn/oflR  MoPn 0.008 32 0.032 
 J/6276/rifR  J/6276    8 0.5 0.032 
  J/6276/oflR-rifR2 J    8 32 0.032 
   5 L2/oflR-rifR1  L2 128 16 0.008 
 R19/tetR  R19 0.004 0.5     8 
  L2/tetR1 L2  128 16     8  
   6 MoPn/oflR  MoPn 0.008 32 0.008 
 R19/rifR-tetR  R19  128 0.5     8 
  MoPn/tetR14 MoPn  128 32     8  
   7 L2/oflR  L2 0.004 16 0.032 
 R19/tetR  R19 0.004 0.5     8 
  L2/tetR13 L2  0.004 16     8  
   8 L2/tetR13  L2  0.004 16     8 

 J/6276/rifR  J    8 0.5 0.032 
  J/6276/tetR J    8 0.5     8  
   9 MoPn/oflR  MoPn 0.008 32 0.032 
 J/6276/tetR  J    8 0.5     8 
  MoPn/tetR1 MoPn 0.008 32     8  
   10  J/6276/tetR  J    8 0.5     8 
 F/70/rifR  F/70   32 0.5 0.032 
  F/70/ rifR-tetR F    32 0.5      8  
  11 L2/oflR  L2 0.004 16 0.032 
 GPIC/ rifR  GPIC   16 0.5 0.032 
  NONE - - - -  
  12 R19/tetR  R19 0.004 0.5     8 
 GPIC/ rifR  GPIC   16 0.5 0.032 
  NONE - - - -  
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ABSTRACT 

High throughput screening of large chemical compound libraries is an important 

technology for new antibiotic discovery.  This approach was explored as a tool for 

the identification of novel compounds that inhibit chlamydial growth, or that block 

host cell processes critical to chlamydial development.  We used a fluorescent 

marker that traffics to intracellular chlamydiae to develop a quantitative assay for 

screening antichlamydial activity of compounds in a large random structure 

library. Screening of over 40,000 chemically defined compounds against 

Chlamydia caviae GPIC led to the identification of 40 primary lead compounds.  

Only 5 of these compounds were non-toxic to host cells and had similar activity 

against both C. caviae GPIC and Chlamydia trachomatis. These 5 compounds 

were assayed for antibacterial activity against Coxiella burnetti, Staphylococcus 

aureus, and Escherichia coli and evaluated for acid sensitivity and activity in 

alternate cell lines.  Selection for resistance to one of these compounds (drug 5) 

led to the generation of four independent resistant clones.of C. trachomatis.  

Amino acid changes in SecY, a protein involved in Sec-dependent secretion in 

Gram-negative bacteria, were associated with the resistance phenotype.  The 

described experiments model a process that can be used for the discovery of 

anti-chlamydial, anti-intracellular, or anti-bacterial compounds and identify lead 

compounds that may have utility to both antibiotic discovery and to further our 

understanding of these significant pathogens.  

 

INTRODUCTION  

Chlamydiae are a widely successful group of obligate intracellular pathogens that 

cause serious diseases in a wide range of hosts and have a developmental cycle 

that is unique among prokaryotes.  Infection is initiated by a metabolically 

inactive infectious Elementary Body (EB) that is taken up into the host cell where 

it differentiates into a metabolically active non-infectious Reticulate Body (RB).  
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Chlamydial RBs replicate in a membrane bound vacuole (the inclusion) until 

about 18 hours post infection where asynchronous dedifferentiation to infectious 

EBs can first be observed [48].  Golgi-derived vesicles are trafficked to the 

inclusion where Chlamydiae direct the modification of the inclusion membrane 

through secretion of proteins that facilitate vacuolar modification and interaction 

with host proteins [49,50,51,52,53].   

 Chlamydiae sequester cholesterol and phospholipids, in particular 

sphingomyelin from their host [54,55].  Sphingomyelin is a phospholipid found in 

animal cell membranes which is composed of a ceramide core that normally 

trafficks from the Golgi apparatus to the plasma membrane, but in cells infected 

with chlamydiae, ceramide is converted to sphingomyelin and recruited to the 

inclusion where it is incorporated into the inclusion and bacterial membranes 

[56,57,58,59,60].  C6-NBD-ceramide is a biologically active fluorescent derivative 

of ceramide that can be used to visualize chlamydial inclusions in live infected 

cells.  In this study we used C6-NBD-ceramide as a tool to develop a robust, 

reproducible, and simple high throughput screen for novel antimicrobials that 

might target chlamydiae and other intracellular bacteria, using C. caviae as a 

model organism. The low cost of sequencing technologies and the ability of 

chlamydia to mutate in vitro in response to inhibitory compounds allows us to 

identify genes that associate with resistance phenotypes.  

 Although stable clinical antibiotic resistance has not been documented, 

resistance can evolve in vitro in response to antibiotic stressors through the 

accumulation of point mutations or via horizontal gene transfer and homologous 

recombination [18,19,20,61].  In vitro selection methods to generate spontaneous 

resistance has been demonstrated in multiple chlamydial species against a broad 

range of antibiotic classes by culturing the bacteria in the presence of increasing 

concentrations of antibiotics.  This process selects for mutations in the genes 

targeted by the antibiotic (i.e. rifampin and ofloxacin resistance), or in genes 

associated with resistance to the antibiotic [62,63,64,65,66,67,68,69,70,71,72].  

Here, we have shown that resistant mutants can be selected for with novel 
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uncharacterized inhibitors whose mechanism of action is unknown. Mutations 

correlating with the resistance phenotype identified by genome sequencing 

indicate genetic resistance determinants or possible pathways that are perturbed 

by treatment with the inhibitors.  Spontaneous resistant mutants have been 

selected for, cloned, and sequenced to one of the five compounds identified in 

the high throughput screen.  Four independently generated resistant mutants 

harbored a mutation in SecY, a protein required for the secretion of substrates 

across the bacterial inner membrane [73].  The data suggest that SecY is a 

resistance determinant in tested Chlamydia spp and that specific mutations in 

this gene can confer resistance to compound 5.  

 

MATERIALS AND METHODS 

Reagents and antibodies 
C6-NBD-ceramide (cat# N-1154) was purchased from Invitrogen. Large batches 

of compounds 1-6 were purchased through SIGA technologies.   

 Cells infected with Chlamydia or Coxiella were labeled with monoclonal or 

polyclonal primary antibodies specific to chlamydial LPS or C. burnetti.  

Appropriate species and isotype-specific secondary antibodies were purchased 

from Invitrogen (Alexa fluor 488 (green) and 594 (red)). 

Host cells, Chlamydial strains, and Cultures   
McCoy cells were propagated in Minimum Essential Medium supplemented with 

10% fetal bovine serum (MEM-10) and 10 ug/ml gentamicin.  The following 

chlamydia strains were used in this study; Chlamydophila caviae GPIC, 

Chlamydia trachomatis L2, Chlamydia trachomatis J6276, and Chlamydia 

muridarum MOPN.  Other bacteria used to evaluate broad spectrum activity of 

compounds were Coxiella burnetii Nine mile phase II, Staphylococcus aureus 

(ATCC #25923), Staphylococcus aureus MRSA (ATCC #43300), Escherichia coli 

(ATCC #25922). 
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Primary Screen 
Over 40,000 compounds were assayed from the SIGA chemical compound 

library for antichlamydial activity over a period of 9 weeks. SIGA’s chemical 

library consists of approximately 250,000 compounds representing a broad 

chemical structural and property diversity space.  From this unique library, SIGA 

has successfully identified potent, drug-like compounds representing diverse and 

novel chemical structural classes that are selectively active against 

phylogenetically unrelated viral families.  

 We tested approximately 4,500 compounds each week using 48 96-well 

clear bottom, black-walled plates. McCoy cells were plated in 100 ul of MEM into 

wells and incubated overnight to a confluence of 100%.  A Perkin Elmer 

MultiPROBE® II HT Plus robotic system was used to deliver individual 

structurally-defined candidate inhibitory compounds from the SIGA library to 80 

wells of each tray.  Wells in the first column of each tray were mock-infected 

controls, and the last column of each tray contained infected wells not treated 

with any compound. Controls in each assay also included wells incubated with 

chlamydiae plus tetracycline at 10 ug/ml.  Gradient-purified [37] C. caviae GPIC 

were inoculated onto wells of the trays at a multiplicity of infection of between 1 

and 2. Chlamydiae were centrifuged onto cells at 1,200 x g for 1 h at 37° C and 

incubated under standard culture conditions for 24 h.  

 At 24 h post infection, media was aspirated from cells and replaced with 50 ul 

of a 1:1000 dilution of 10mM C6-NBD-Ceramide in PBS.  Plates were incubated 

for 1 h at 37°C and then the ceramide label was aspirated and cells were 

overlayed with MEM-10 and incubated at 37°C for an additional 3 hours.  At 28 h 

post infection the medium was replaced with PBS and fluorescence was 

quantified on a Wallac Envision® plate reader using an excitation of 485 nm and 

emission of 535 nm and with the machine programmed to take readings from the 

bottom of the well.  Positives were identified by a reduction in fluorescence of 
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50% or greater relative to untreated, but infected control wells.  All wells identified 

as positive by the plate reader were evaluated visually on the fluorescence 

microscope in order to eliminate wells with culture artifacts and to identify 

compounds that were acutely toxic to the cells.   

Immunofluorescence 
Cells were plated onto 12 mm coverslips in 24-well trays, infected as above, and 

fixed with 100% methanol for 10 minutes and washed twice with PBS.  Fixed 

cells were labeled with monoclonal mouse anti-MOMP or anti-LPS primary 

antibodies followed by fluorescein- or rhodamine- conjugated secondary 

antibodies. 

Infections 
Cells were plated in 24-well trays and incubated overnight to a confluence of 

100%.  Bacterial strains were suspended in MEM-10 and infected onto cells at a 

multiplicity of infection of 0.5-1.  Plates were centrifuged at 1,200 x g at 37°C for 

1 hour.  Media were aspirated, then compounds were suspended in fresh MEM-

10 and added to plates in 0.5 ml aliquots and transferred to a 37°C incubator.  

For acid lability assays, compounds were suspended in a citric acid buffer (10mM 

citric acid, 10 mM KCl, 135 mM NaCl, pH 3) for 10 min prior to suspending MEM-

10 and adding to infected monolayers and assaying for inhibition by qPCR.   

 

Quantification of bacteria from infected cell culture using Taqman 
quantitative Real Time PCR 
At appropriate time points, infected cells were briefly sonicated to lyse and 

release bacteria.  The lysates were collected in microfuge tubes and stored at -

20°C prior to analysis.  DNA was extracted using the Qiagen DNeasy Blood and 

Tissue kit protocol with the addition of 5 mM DTT to the initial lysis buffer.  qPCR 

was run on all samples in triplicate using the Taqman universal PCR master mix 

(Applied Biosystems), with an input of 5 ul of template DNA from each treatment 

for C. caviae GPIC and C. trachomatis L2/434-infected cells.  Primers and 

probes were specific to C. caviae ompA (F-     R-    probe 6FAM-
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CATCACACCAAGTAGAGC-MGBNFQ) and C. trachomatis ompA (F-

CATGGTATCTCCGAGCTGACC, R-ACTGTCTTTGATGTTACCACTCTGAAC, 

probe 6FAM-CTAGCTTTCACATCGCC-MGBNFQ).  10-fold serial dilutions of 

quantitated plasmid standards containing each targeted gene were included at 

concentrations ranging from 1 x109 to 1 x 103.  Genome copy number and 

standard error were calculated using an ABI StepOne Real Time PCR machine 

with standard curve settings.  

Secondary Confirmation and MIC analysis 
Minimum inhibitory concentrations (MIC) of each compound were determined 

using the Hewlett Packard High Performance dispensing machine that delivered 

compound in half-log dilutions to 96-well plates in concentrations that ranged 

from 20 uM to .0063 uM.  Chlamydia were then infected onto cells and incubated 

until they were fixed for fluorescent antibody analysis (C. trachomatis) or labeled 

with C6-NBD-ceramide (C. caviae GPIC) to determine the MIC.  The MIC was 

determined where at least 90% inhibition was visible (by immunofluorescence) or 

with fluorescence values below 12,500 in the C6-NBD-ceramide assay, 

representing greater than a two-fold decrease in fluorescence. 

Screening compounds against free-living bacteria 
All culture of free-living bacteria was conducted in Mueller-Hinton (MH) broth. E. 

coli, and S. aureus strains were grown overnight in a 37°C shaker to an OD of 1.  

Cultures were diluted to 1x106 cells/ml in and then added in 50 ul aliquots to 96 

well plates.  Compounds were suspended in MH broth, serially diluted 2-fold, and 

added in 50 ul aliquots so the final concentrations of compound ranged from 100 

uM to 0.78 uM.  Plates were incubated in a 37°C shaker for 14 h and an initial 

OD was taken.  Cultures were returned to shaker and incubated another 10 

hours before a final OD reading was taken.  Gentamicin or 

Penicillin/Streptomycin were used as controls for inhibition for E. coli or S. aureus 

strains, respectively. 

Selection for resistance 
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Strains of C. trachomatis L2, or C. muridarum Mopn were inoculated onto McCoy 

cells in 24 well trays using a multiplicity of infection between 1 and 10, depending 

on the strain.  Infections were centrifuged at 1,200 x g for 1 h at 37°C and 

overlaid with sub-inhibitory concentrations 1/2 of MIC of appropriate drug, 

incubated at 37°C for 24-48 hours depending on species inoculated.  The cell 

layers were then disrupted by -80°C/37°C freeze-thaw or sonication and then the 

lysate was centrifuged at 1,500 rpm for 10 minutes to pellet cell debris. 

Supernatants from disrupted cell layers were passed onto fresh McCoy cell 

monolayers in 24-well plates and the concentration of compound was increased 

incrementally in sequential cultures until the MIC exceeded that of the original 

wild-type parental strains by 2-fold or greater. Emerging resistance was 

monitored using immunofluorescence. As resistant inclusions emerged, the 

progeny was cloned by limiting dilution.  

Paired-end Illumina Genome Sequencing  
Purified elementary bodies were prepared for sequencing as previously 

described [20]. Draft genomes were assembled using the reference-guided 

assembly software Maq (http://maq.sourceforge.net/) and aligned to the 

published C. trachomatis L2 (genbank accession AM884177) or C. muridarum 

(genbank accession AE002160) genome sequences. SNPs identified by the 

genome alignment were confirmed by standard PCR sequencing.  Any 

necessary manual sequence analysis was performed using MacVector sequence 

analysis software (MacVector, Cary, NC).    
 

RESULTS 

Identification of antichlamydial compounds 
In our assay 40 compounds out of 40,000 were identified that inhibited C. caviae 

GPIC growth and were not inherently toxic to host cells.  Because high 

throughput screens of this nature commonly have a false positive discovery rate 

around 10%, a secondary screen of these 40 candidate compounds was 

conducted to validate their inhibitory properties against both C. caviae GPIC and 
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the infectious human strain, C. trachomatis serovar L2.  Initially, 6 compounds 

remained after secondary testing was performed on all candidate compounds 

that inhibited both chlamydial strains and were non-toxic to host cells, however 

only 5 of these 6 compounds reproduced the original results and were carried on 

for further analyses (compound 4, Figures 3.2, 3.3).  

Verification and characterization of inhibitory compounds 
MICs were established for the 5 final compounds and were also tested against 

other intracellular and free-living bacteria (Figures 3.4, 3.5).  The MICs of each 

compound were slightly different between C. trachomatis L2, C. trachomatis 

J6276, C. muridarum, and C. caviae GPIC (Table 3.1).  Compound #3 was also 

effective against the intracellular bacteria Coxiella burnetii (Figure 3.4), and 

compounds #1 and #3 were inhibitory to Staphylococcus aureus MRSA and non-

MRSA strains, but required higher concentrations of compound to inhibit growth 

compared to the intracellular chlamydia.  None of the compounds were effective 

against E. coli in broth culture (Figure 3.5). 

 The acid lability of each of the 5 compounds was assessed by suspending 

each compound in a low pH buffer (pH 3) for 10 min before diluting in MEM-10 

and adding the compounds to infected cells and assaying for inhibition using 

qPCR (Figure 3.7).   This assay mimics the low pH conditions inside the stomach 

and whether or not a particular compound may be a candidate for oral delivery.  

In these assays, compounds 1, 2, and 3 are not affected by low pH treatment, 

while compound 6 is slightly sensitive to low pH conditions.  Low pH treatment of 

compound 5 had a significant effect on the ability of this compound to inhibit 

chlamydial growth. 

 Each compound was evaluated against C. trachomatis L2 in different cell 

lines to determine the host cell specificity of the compounds.  We used three cell 

lines of different species origins that are all permissive to chlamydial propagation; 

McCoy (mouse epithelial), HeLa (human endocervical), and Vero cells (African 

green monkey kidney) (Figure 3.6).  Compound #2 is differentially inhibitory in 

the three cell lines and is most effective in Hela cells whereas compound #3 is 
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most effective in McCoy cells.  The other three compounds inhibited chlamydial 

growth equally in each tested cell type. 

Analog Screen 
Structurally related compounds available in the Siga library or through other 

commercially available libraries were analyzed for structural similarity to the 5 

parent compounds (Figure 3.8 and data not shown).  These were screened using 

the C6-NBD-ceramide assay against C. caviae GPIC to establish comparative 

MICs between the compounds and to identify those with stronger anti-chlamydial 

properties.  14 analogs of compound #1, 44 analogs of compound #2, 30 analogs 

of compound #3, 7 analogs of compound #5, and 2 analogs of compound #6 

were tested.  We selected an analog from the #2 pool that had a lower MIC value 

than the original parent compound when assayed in the original screen (Figure 

3.9).  The MIC of analog #2 was determined to be lower for C. trachomatis L2, C. 

trachomatis J6276, and C. muridarum Mopn relative to the original compound.  

Selection for chlamydial resistance to the identified compounds 
Chlamydial strains were serially passaged in increasing concentration of 

compound until the MIC exceeded that of the original wild-type parental strains.  

The number of passages to generate a fully resistant mutant varied with each 

attempt and each strain. A concentration curve of C. trachomatis L2 wild-type 

and resistant strains shows the mutant strain grows equally well in the presence 

and absence of compound #5 and similar to the wild-type strain (Figure 3.10).  

The complete genome sequence of this resistant strain was assembled from data 

collected from an Illumina sequencing run at the O.S.U. Center for Genome 

Research and Biocomputing.  Single nucleotide changes that result in amino acid 

substitutions were identified in secY (C. trachomatis CT 510).  To ensure the 

mutation in secY was not a random occurance, three additional C. trachomatis 

L2 mutants were generated and a PCR-amplified fragment containing secY was 

sequenced using standard technologies.  In each case, mutations in secY were 

identified that resulted in amino acid substitutions (Figure 3.11).  The crystal 

structure of the SecY protein from Thermus thermophilus was available in Protein 
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Data Bank and was used to map the mutated amino acid residues onto the 3D 

structure.  Although the SecY proteins from Chlamydia and T. thermophilus only 

share 55% amino acid similarity, the secondary structure predicted between the 

two proteins is highly similar and the mutated chlamydial residues localize to the 

inner channel of the SecY translocon of Thermus thermophilus.  This suggests 

that mutations of these residues can confer resistance to compound #5, although 

it is still unknown if drug #5 interacts directly with the SecY machinery.  

 

DISCUSSION 

High throughput screens are an effective way to identify novel inhibitors against a 

wide range of organisms and can be a very powerful approach for new antibiotic 

discovery, however it requires the use of sophisticated robotics to streamline 

workflow, is expensive, and has a high false positive discovery rate in the initial 

rounds of screening (~10%).  ~20% of the SIGA compound library was screened 

using the C6-NBD-ceramide assay in the primary analysis and the chemical 

structures of candidate inhibitors identified in the primary screen were used to 

search the SIGA compound library database for structural analogs.  In this way, a 

larger fraction of the library can be utilized without having to screen all 250,000 

compounds.  In addition to maximizing the utility of the library, the analog screen 

also serves as a way to identify compounds that are effective at lower 

concentrations and more environmentally robust than the original inhibitor 

compound.  As we have shown in the acid lability assays against each 

compound, compound #5 was sensitive to low pH treatment.  Since we identified 

several analogs to compound #5 that were equally effective at similar 

concentrations, this would be a useful next step to test the analogs at low pH to 

see if they are less acid labile and offer a better tolerance profile than our original 

chemical (Figure 3.7).  

In the absence of a genetics system, we can utilize a chemical genetics 

strategy to piece together critical pathways that chlamydia need to replicate 
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within host cells.   This has been shown by the selection of a resistant mutant to 

compound #5 that harbors amino acid substitutions in the secY gene, which 

encodes the membrane translocon of the Sec-dependent secretion system.  Sec-

dependent secretion is a critical pathway utilized by Gram-negative bacteria to 

secrete proteins across the inner membrane and knockouts of secY in other 

bacterial systems have proven to be lethal.  Several homologues of the Sec-

dependent secretion componentry have been identified in chlamydial genomes 

and the ability of compound #5 to inhibit chlamydial growth and subsequent 

identification of mutations in secY that confer resistance suggest that an active 

Sec pathway is essential for chlamydial growth and life cycle progression [74].  

Although chlamydia remain largely sensitive to several classes of antibiotics 

and have not yet shown evidence of antibiotic resistance in clinical settings, 

many other organisms that often co-infect the genital and respiratory tracts do 

face threats associated with emerging antibiotic resistance.  One rationale for 

trying to identify chlamydia-specific inhibitors is the thought that treating 

infections with a drug that specifically targets a single infecting organism might 

reduce the risks associated with the use of broad-spectrum antibiotics.  This 

often puts selective pressure on multiple genera of bacteria potentially leading to 

the dissemination of resistance, while also disrupting the resident microflora that 

is a critical defensive affiliate of the immune system.  Additionally, the utility of the 

C6-NBD-ceramide C. caviae GPIC assay can be used as a model system to 

identify broader spectrum antibiotics or those that may be specific to intracellular 

organisms.  Dissemination of antibiotic resistance is a widespread problem and 

the continued pursuit and development of new antibiotics is going to be a global 

imperative.   

 

ACKNOWLEDGMENTS 

We would like to acknowledge Kelsey Quinn for her help during the high 

throughput screen and Kayla Kickner, and Erin Brown, and the many individuals 



 63 

employed at SIGA technologies who provided ongoing technical support 

throughout the study.  We would also like to thank Katja Zellmer for the extensive 

use of her quantitative real-time PCR machine and the OSU Center for Genome 

Research and Biocomputing.  The Rockey laboratory is supported by grants 

AI088540-02 and AI086469-01 from the National Institutes of Health. 

 



 64 

 

 

 

 
Figure 3.1.  Labeling of infected host cells with C6-NBD-ceramide can be 
used to discriminate between productively infected, uninfected or 
nonproductively infected cells.   
McCoy cells infected with C. caviae GPIC labeled with C6-NBD-ceramide at 28 
hours post infection. Tetracycline treated (left), untreated (middle), and C. caviae 
GPIC treated with a compound that partially blocks the development of C. caviae 
GPIC infections.  
 
 
 

 
Figure 3.2.  Fluorescence readings of C6-NBD-ceramide labeled C. caviae 
GPIC infections. C. caviae GPIC-infected cells were treated with half log 
dilutions of each of the 6 compounds identified as chlamydial inhibitors in the 
high through put screen and quantitated at 24 hpi using the fluorescent C6-NBD-
ceramide assay.  Fluorescence readings (Y-axis) are plotted against each of the 
6 compounds at different concentrations (X-axis).  
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Figure 3.3 Immunofluorescence microscopy of C. caviae GPIC infected 
McCoy cells at 42 hpi.   
Cells were infected with C. caviae GPIC plus each tested compound at 10 uM for 
42 h.  At 42 h, cells were fixed with methanol and labeled with anti-LPS primary 
antibody and FITC conjugated secondary antibody.   

 

 

 

 

 

 



 66 

 

Figure 3.4.  Immunofluorescence microscopy of C. burnetti infected McCoy 
cells at 72 hpi.   
Cells were infected with C. burnetti plus the tested compound at 10 uM for 72 h.  
At 72 h, cells were fixed with methanol and labeled with anti-C. burnetti primary 
antibody and rhodamine conjugated secondary antibody.  



 67 

 

 
Figure 3.5.  Evaluation of the 5 candidate inhibitors against free-living 
bacteria. 
S. aureus (ATCC #25923), S. aureus MRSA (ATCC #43300), and E. coli (ATCC 
#25922) were grown in broth culture overnight in the presence of each 
compound at different concentrations.  Optical density readings were taken at 15 
hours post inoculation (Y-axis) and plotted against each compound (X-axis) and 
its associated concentration (uM). 
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Figure 3.6.  qPCR to asses inhibition of the 5 candidate compounds against 
C. trachomatis L2 in 3 different cell lines of different origin.   
McCoy (mouse epithelial), Vero (African green monkey kidney), and Hela 
(Human endocervical)  were infected with C. trachomatis L2 and grown for 36 h 
in the presence of each compound at 10 uM.   Bacterial genome copies/mL were 
determined by qPCR (Y-axis) and plotted against each compound and the three 
different cell types assayed (X-axis). 
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Figure 3.7.  qPCR of C. trachomatis-infected cells after exposure of the 5 
candidate inhibitors to a low pH citric acid buffer.   
Acid treated compounds were tested against C. trachomatis L2 in McCoy cells.  
Compounds 1, 3, and 5 were tested at 10 uM and compound 6 was tested at 2 
uM.  Infections were lysed at 40 hpi and genome copies/mL (Y-axis) were 
determined by qPCR for each of the compounds and control treatments (X-axis). 
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Figure 3.8.  Fluorescence readings of C6-NBD-ceramide labeled C. caviae 
GPIC infections to determine structural analogs with lower MIC values.  
C. caviae GPIC-infected cells were treated with dilutions of parental and analog 
compounds and quantitated with fluorescent C6-NBD-ceramide at 24 hpi (Y-
axis).  Parental compounds are highlighted with red boxes and the different 
analogs are unlabeled (X-axis).  The concentrations of each compound tested 
(uM) are color coded off to the right of each figure.  Controls included tetracycline 
treated infected wells, uninfected (cells only), and infected wells with no 
compound. 
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Figure 3.9.  Immunofluorescence microscopy of the original and selected 
analog of compound #2. 
C. trachomatis L2 and C. caviae GPIC were infected onto McCoy cells and 
treated with 10 uM of each compound.  Cells were fixed at 34 hpi and labeled 
with antibodies specific to LPS.   
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Figure 3.10.  qPCR of sensitive and resistant C. trachomatis L2 strains 
grown in the presence of compound #5.  
C. trachomatis L2 sensitive and resistant strains were infected onto McCoy cells 
in the presence or absence of compound #5 at varying concentrations (X-axis).  
Infections were lysed at 40 hpi and genome copies/mL were determined by 
qPCR (Y-axis).  
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Figure 3.11.  Mutations in SecY associate with compound #5 resistance in 
C. trachomatis L2. 
Resistant strains were maintained in culture until the concentration exceeded the 
sensitive strain MIC by at least 2-fold and then were genome sequenced.  Amino 
acid substitutions were identified in 4 independently generated resistant mutants 
at three different positions in SecY. 
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Table 3.1.  MIC of the 5 compounds against four different strains of 
chlamydia.    
MICs for C. trachomatis and C. muridarum were tested in 2-fold dilutions starting 
at 10 uM and assayed by the fluorescent antibody test.  Infections were fixed at 
40 hpi (C. trachomatis) or 20 hpi (C. muridarum) and MICs were determined by 
the concentration that resulted in >90% inhibition.   C. caviae GPIC MICs were 
determined using the robotic delivery system and live fluorescent C6-NBD-
ceramide assay in half log dilutions starting at 20 uM.  
 
 #1 #2 #3 #5 #6 

C. trachomatis L2  5 not inhibitory 0.3125 5 <.156 

C. trachomatis J6276 5 10 0.3125 10 <.156 

C. muridarum Mopn 2.5 not inhibitory 2.5* 10 <.156 

C. caviae GPIC 6.4 20 2 2 <.0063 
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ABSTRACT 

Novel broad-spectrum antimicrobials are a critical component of a strategy for 

combating antibiotic resistant pathogens.  Researchers at Siga Research 

Laboratories identified a compound, ST-669, that inhibits the development of a 

wide variety of viruses.   In this study we explored the activity of this compound 

against different intracellular bacteria, and examined its mechanism of 

antimicrobial action. ST-669 inhibited three different species of chlamydia and 

the intracellular bacteria Coxiella burnetti in Vero and Hela cells, but not in cells 

derived of mouse origin.  Cycloheximide treatment in the presence of ST-669 

abrogated the inhibitory effect, demonstrating that eukaryotic protein synthesis is 

required for ST-669 activity against intracellular bacteria. Immunofluorescence 

microscopy demonstrated that Chlamydia caviae GPIC grows atypically in the 

presence of ST-669, in a manner that suggests the compound affects inclusion 

formation and organization.  Microscopic analysis of cells treated with a 

fluorescent derivative of ST-669 localized to host cell lipid droplets (LDs), 

unusual vesicles that sequester cholesterol, phospholipids, and other fatty acids 

which are important in energy storage and membrane biogenesis within cells.  

We hypothesize that ST-669 blocks the acquisition of host molecules within LDs 

and interrupts processes critical for intracellular microbial growth and 

development. 

 

INTRODUCTION 

Chlamydiae infect a broad range of animal species and cause pathology of a 

variety of different tissues.  They are obligate intracellular bacteria that attach 

and enter host cells as non-replicating elementary bodies (EB) and differentiate 

into metabolically active reticulate bodies (RB) once inside the cell [48]. 

Chlamydiae recruit and modify Golgi-derived vesicles to initiate inclusion growth 

and transport host derived phospholipids, cholesterol and fatty acids into the 
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inclusion and bacterial membranes [54,56,57,58,59,60,75].  Lipids are trafficked 

from the site of synthesis to various destinations within the cell, via either a 

vesicle-dependent or -independent pathway.  It was thought that chlamydia 

acquire lipids primarily via a vesicle dependent pathway, by recruiting and fusing 

with golgi derived vesicles and multivesicular bodies.  However treatment with 

brefeldin A, an inhibitor of vesicular transport, only partially blocks uptake of host 

cholesterol and sphingolipids but had no effect on glycerophospholipid uptake.  

This suggests chlamydiae utilize an alternate pathway for recruitment of lipids 

during chlamydial growth and membrane development. Recently it was shown 

that chlamydia secrete proteins into the cytoplasm that localize to the surface of 

LDs and translocate the LDs across the inclusion membrane.  At least 40% of 

chlamydial phospholipid content is host derived and the blocking of LD formation 

or phospholipid uptake with chemical inhibitors has a dramatic effect on 

chlamydial growth [53,75,76]. Collectively, this provides evidence for the use of 

an alternate, non-vesicle mediated source of host derived phospholipids by 

chlamydiae, and demonstrates the importance of lipid trafficking and lipid 

acquisition for chlamydial growth and development.  

LDs are lipid storage organelles encased in a phospholipid monolayer, 

making them unique from other intracellular compartments.  They are very large 

structures in adipocytes, mammary, and liver cells and can be very small in other 

cell types [77].  LDs function in energy metabolism, steroid biosynthesis, and 

serve as a reservoir of membrane lipid precursors [78,79,80]. They are targeted 

by both bacteria and viruses as a source of cholesterol, phospholipid, or fatty 

acids [81].  For example, the intracellular life cycle of Hepatitis C virus places 

heavy demands on host membranes and lipids for its own replication and 

packaging.  LDs are targeted during HCV packaging before being released by 

the cell [82].  Dengue virus also relies on LDs to increase cellular ATP production 

through degradation of LDs via the autophagy pathway that releases free fatty 

acids that can enter the citric acid cycle [83].  Rotaviruses and polyomaviruses 

have also been shown to utilize LDs, as well as the Mycobacteria and 

Trypanosomes [84,85,86]. 
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ST-669 is a broad spectrum antiviral compound that was identified in a high-

throughput screen.  The compound inhibits a diverse group of viruses including 

Dengue, HIV, and Vaccinia viruses. The broad spectrum of activity of this 

compound and specificity to primate cell lines suggested it may affect a host cell 

process that is targeted by a wide range intracellular pathogens.  For this reason, 

it was hypothesized that ST-669 may also inhibit the growth of intracellular 

bacteria such as Chlamydia spp. and Coxiella burnetii.  To explore this 

possibility, we evaluated ST-669 against several prokaryotic and one eukaryotic 

intracellular pathogen in several different cell lines.  These experiments included 

the use of a fluorescently tagged derivative (ST-669F) to track subcellular 

localization of the compound.  These studies demonstrate that ST-669 is 

inhibitory to Chlamydiae and C. burnetii, and that the fluorescent derivative of the 

compound localizes specifically to intracellular LDs (LDs), an energy source and 

lipid reserve that is widely exploited by many bacterial and viral pathogens.   

 

MATERIALS AND METHODS 

Reagents and antibodies 
C6-NBD-ceramide (cat# N-1154), MitoTracker (cat# M-7512), and Texas Red 

dextran (cat# D-1864) were purchased from Invitrogen.  The fluorescent ST-669 

derivative was purchased through SIGA technologies. 

 Cells infected with Chlamydia or Coxiella were labeled with monoclonal or 

polyclonal primary antibodies specific to chlamydial LPS, C. trachomatis L2 IncA, 

C. caviae GPIC IncA, or C. burnetti.  Appropriate species and isotype-specific 

secondary antibodies were purchases from Invitrogen (Alexa fluor 488 (green) 

and 594 (red)). 

Host cells, Chlamydial strains, and Cultures   
Three different cell lines were used for analysis in inhibition assays; McCoy 

(murine epithelial), HeLa (human endocervical), and Vero (African green monkey 

kidney).  All cells were propagated in Minimum Essential Medium supplemented 
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with 10% fetal bovine serum (MEM-10).  Mammalian cells used for chlamydia 

infections were cultured in MEM-10 with 10 ug/ml gentamicin.  Bacterial strains 

used for assays were Chlamydia caviae GPIC, Chlamydia trachomatis L2 

434/Bu, Chlamydia muridarum MOPN, and Coxiella burnetii Nine Mile, phase II. 

Coxiella burnetii Nine Mile, phase II is avirulent and can be grown using standard 

BSL II practices [87]. 

Infections   
Mammalian cells were plated in 24-well trays and incubated overnight to a 

confluence of 100%.  Bacterial strains were infected onto cells at a multiplicity of 

infection (MOI) of 0.5-1. Inocula were suspended in MEM-10 containing 10 uM 

ST-ST-669 or DMSO and plated in 1 mL volumes.  Plates were centrifuged at 

2,000 rpm at 37°C for 1 h and then transferred to a 37°C incubator.   

Quantification of infectious chlamydiae produced in the presence and 
absence of ST-669   
C. caviae GPIC was infected at an MOI of 0.5 (in duplicate) in the presence of 10 

uM ST-669 or the vehicle (10% DMSO) and incubated for 40 h.  Cells were 

briefly sonicated to release bacteria at 40 hpi and frozen at -20°C.  For IFU 

determinations, McCoy cells were seeded to 100% confluency in 96-well trays 

and then infected with a 1:100 dilution of the lysate from the previous infection.   

Lysates were diluted in MEM-10 and serially diluted in 10-fold dilutions.  All 

lysates from the primary infection were titered in duplicate. Plates were 

centrifuged at 1,200 x g at 37°C for 1 h and then incubated for 40 h.  Medium 

was then aspirated from plates, and cells were fixed in methanol for 10 min 

before labeling with antibody (see below in Immunofluorescence) to count 

inclusions to determine IFU/mL.    

Quantification of bacteria from infected cell culture  
Cells were plated in 24-well trays and incubated overnight to a confluence of 

100%.  Bacterial strains were suspended in MEM-10 and infected onto cells at a 

MOI of 0.5-1.  Plates were centrifuged at 2,000 rpm at 37°C for 1 h and then 
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transferred to a 37°C incubator.  Infected cells were briefly sonicated to lyse and 

release bacteria. The lysates were collected in microfuge tubes and stored at -

20°C prior to analysis.  DNA was extracted using the Qiagen DNeasy Blood and 

Tissue kit, using slightly modified procedures from the manufacturer. The single 

exception to the described technique was the addition of 5 mM DTT to the initial 

lysis buffer.  Taqman quantitative real time PCR was used to quantify genome 

copies/ml from each sample using the Taqman universal PCR master mix 

(Applied Biosystems), with an input of 5 ul of template DNA.  Primers and probes 

were purchased from Applied Biosystems with 5’ 6FAM and a 3’ MGBNFQ 

labels.  Primers/probes were specific to either C. caviae GPIC ompA (probe 

6FAM-CATCACACCAAGTAGAGC-MGBNFQ), C. trachomatis ompA (F-

CATGGTATCTCCGAGCTGACC, R-ACTGTCTTTGATGTTACCACTCTGAAC, 

probe 6FAM-CTAGCTTTCACATCGCC-MGBNFQ), or C. burnetii dotA [88].  

Ten-fold serial dilutions of quantitated plasmid standards containing each target 

gene were included in the analyses at concentrations ranging from 1 x 109 to 1 x 

103.  Genome copy number and standard error were automatically calculated 

using an ABI StepOne Real Time PCR machine with standard curve settings and 

extrapolated to reflect total copy number of bacteria per ml.  

Immunofluorescence and cell structure labeling 
C6-NBD-ceramide and ST-669F – Vero cells were seeded onto coverslips at 

30% confluency in MEM-10 and incubated overnight.  Medium was aspirated and 

replaced with 500 ul of a 1:1000 dilution of 10mM C6-NBD-Ceramide in PBS.  

Plates were incubated for 1 h at 37°C and then the NBD-cer label was aspirated 

and cells were overlayed with MEM-10 and incubated at 37°C for an additional 2 

h.  Fresh medium containing 10 uM ST-669F was added onto cells and 

incubated 1 h.  Medium was removed and replaced with PBS before mounting 

coverslips on slides and imaging. The C6-NBD-ceramide was visualized on the 

fluorescein channel and ST-669F was visualized on the DAPI channel. 

Mitotracker and ST-669F – Vero cells were seeded onto coverslips in 24-well 

trays at a confluency of 30% and incubated overnight.  Medium was removed 
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and then replaced with Mitotracker (Catalog #) at 125 nM and 10 uM ST-669F in 

serum free media and incubated for 1 h.  Medium was removed, cells were 

washed with PBS and coverslips were mounted to visualize on the microsope 

using the rhodamine (Mitotracker) or DAPI (ST-669F) channel. 

Bodipy 493/503 and ST-669F – Vero, McCoy, or Hela cells were seeded at a 

confluency of 30% onto coverslips in MEM-10 containing 100 uM oleic acid 

suspended in 0.12 ng/ul BSA and then incubated overnight.  Medium was 

removed and replaced with fresh medium containing 1:10,000 dilution of Bodipy 

and 10 uM of ST-669F.  Cells were incubated for an h at 37°C and then medium 

was aspirated, cells were washed with 1x PBS and then mounted onto slides for 

microscopy, using the fluorescein (Bodipy) or DAPI (ST-669F) channel. 

Immunofluorescence – Cells were plated onto 12 mm coverslips in 24-well trays, 

infected as above, fixed with 100% methanol for 10 min and washed twice with 

PBS.  Fixed cells were labeled with monoclonal anti-MOMP (C. caviae GPIC), 

anti-IncA (C. trachomatis and C. caviae GPIC) or anti-C. burnetii primary 

antibodies, followed by appropriate secondary antibodies conjugated with 

rhodamine or fluorescein fluorescent labels.   

 

RESULTS 

ST-669 inhibits intracellular bacteria 
We evaluated the effects of ST-669 on intracellular development of Chlamydia 

trachomatis, Chlamydia caviae, Chlamydia muridarum, and Coxiella burnetti and 

show that at 10 uM concentration, ST-669 inhibits the growth of each of these 

strains (Figures 4.1, 4.2 and data not shown). Noticeably smaller inclusions 

(Chlamydiae) or vacuoles (C. burnetti) are seen in ST-669 treated wells, and 

there is a greater reduction in genome equivalents in ST-669 treated wells at 

later points during the infection. ST-669 treatment decreases by approximately 

10-fold the number of viable bacteria (measured by inclusion forming units/ml) 

that can be recovered from an infected monolayer of Vero cells (Figure 4.3).  
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These output results mirror those from qPCR experiments and suggest that 

bacteria remain viable after treatment with ST-669, but growth and development 

is slowed down resulting in a decrease in the number of infectious progeny.   

 ST-669 was also tested against Toxoplasma gondii infected Vero cells and 

Legionella pneumophila infected CHOFcR cells, but significant inhibition was not 

seen (data not shown). ST-669 at 100 uM did not inhibit extracellular growth of 

Bacillus subtilis, Escherichia coli, S. typhimurium, and Staphylococcus aureus in 

broth culture (data not shown). 

Antibacterial activity of ST-669 activity is host species dependent 
To determine if the antibacterial activity of ST-669 is specific to certain host cell 

types, we evaluated the host species dependence of ST-669 against bacteria by 

culturing C. caviae GPIC, C. muridarum, C. trachomatis, and C. burnetii in cells 

of murine, primate, or human origin (Figure 4.2, and data not shown).  ST-669 

was primarily active in lines of human and primate origin as the greatest degree 

of inhibition was seen in Vero and Hela cells.  No significant inhibition of bacterial 

growth was observed in the murine cell lines McCoy and L929 (4.1, 4.2, 4.3, and 

data not show).  This suggests that ST-669 either has differential activity in 

human and primate cell lines or that the bacterial and viral organisms tested in 

previous experiments hijack pathways unique to the human and primate cell 

lineages.  

 

A fluorescent analog of ST-669 localizes to lipid droplets 
A fluorescent fluorophore was conjugated to ST-669 and used to track 

localization of the molecule in vitro.  Fluorescent antibody images of ST-669F 

treated cells show a distinct localization of the compound to circular structures 

within the cytoplasm of the cell (Figure 4.4, 4.5).  Double label fluorescence 

microscopy with probes for individual organelles in combination with ST-669F 

was used to determine if the compound localized to any particular intracellular 

compartment. There was no colocalization observed when cells were dual 

labeled with ST-669F and markers that labeled lysosomes, golgi, or mitochondria 
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(Figure 4.4).  However, when bodipy 493/503, a dye that labels neutral lipids 

within LDs, colocalization of the LD structures and ST-669F was seen, 

suggesting that ST-669F localized to LDs within treated cells.  ST-669F also 

colocalizes with LD structures in cells of both human, primate, and murine origin, 

even though antimicrobial activity is specific to human/primate cell lines. 

Treatment of mammalian cells with oleic acid induces excessive LD formation, 

leading to significant expansion of the number of LDs within cells.  This treatment 

greatly increased the number of vesicles that were doubly labeled with Bodipy 

493/503 and ST-669F. These data support the hypotheses that ST-669 targets 

LDs within treated cells, and that the compound may act either on LD metabolism 

or through other processes associated with LDs.  

 

Alteration of chlamydial inclusion morphology within treated cells 
A unique phenotype was observed in ST-669 treated C. caviae GPIC infected 

cells.  Normally, infections of any tested cell line by this species result in large 

multilobed inclusions that can be visualized by staining with antibodies specific to 

inclusion membrane proteins.  However, in the presence of ST-669, C. caviae 

inclusions lose the lobed phenotype and appear to grow in a manner typical of 

other chlamydial strains that form one large fusogenic inclusion (Figure 4.6, 4.7, 

4.8).  Additionally, the images of ST-669 treated GPIC infected cells show IncA-

laden fibers that track across the nucleus or connect two different inclusions 

growing either in the same cell or in different cells.  Secondary inclusion 

formation and IncA labeled fibers are observed in certain strains of C. 

trachomatis grown in tissue culture.   

 An atypical phenotype has also been shown in C. caviae GPIC infected cells 

treated with both ST-669 and cycloheximide.  When cycloheximide is added in 

concert with ST-669, C. caviae GPIC inclusions exhibit an atypical disorganized 

inclusion phenotype that is distinct from the ST-669 inhibited inclusion phenotype 

or the multilobed wild-type phenotype.  Cycloheximide is a eukaryotic protein 

synthesis inhibitor and these data show that it partially blocks the effect of ST-

669.  This suggests that host protein synthesis is necessary for ST-669 to block 
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intracellular pathogen growth and further supports the hypothesis that the 

mechanism of ST-669 is directed at a host process hijacked by multiple viral and 

intracellular bacterial pathogens (Figure 4.7).  

 

DISCUSSION 

The development of a broad spectrum pharmaceutical that can inhibit both viral 

and bacterial organisms would be a valuable resource and critical first line of 

defense in the treatment of infectious disease.  Rapid administration of antibiotics 

can be critical early during an infection, where delay of treatment can result in 

serious or long-term illness.  The use of a broad spectrum drug would be 

valuable in these situations, as well as in the treatment of super infections, and 

when antibiotic options are limited.  Access to this type of pharmaceutical would 

also place less of a demand on the accurate diagnosis and selection of 

appropriate treatment regimens, which can be critically important in the early 

stages of an infection.   

 ST-669 is broad-spectrum antiviral compound that was identified in a high 

throughput screen that has both anti-viral and anti-bacterial properties against 

the intracellular pathogens Chlamydia and Coxiella.  We were able to show that a 

fluorescent derivative of ST-669 localizes to subcellular structures in the 

cytoplasm that colocalize with LDs and that treatment with this compound slows 

down the growth of several viral and bacterial organisms in human and primate 

cell lines.  These data suggest that ST-669 acts on a host process specific to 

human and primate cell lines that is critical for both viral and intracellular bacterial 

pathogen replication.  Interestingly, ST-669F also localizes to LDs in McCoy 

cells, an epithelial line of mouse origin, but it does not inhibit growth of these 

same organisms.  We currently do not have an explanation for this phenomenon, 

although we hypothesize that the properties of LDs are conserved across 

species, which allows the molecule to target and penetrate the droplets, but 

functional differences in pathways or proteins between the mouse and primate 



 85 

cell lines prevent the molecule from inhibiting intracellular pathogens.  It is also 

possible that ST-669 affects cells through processes independent of LDs, and 

that the localization of the fluorescent ST-669 compound is an artifact of the 

chemical alteration of the original ST-669 structure.  However, ST-669F inhibits 

chlamydial growth similar to the non-fluorescent ST-669 compound, suggesting 

the presence of the fluorophore does not appreciably alter the activity of the 

compound and may not also affect its subcellular localization.  

 LDs are a source of neutral lipid storage in all cell types and their 

composition varies within different tissue types and can even vary amongst 

droplets of different sizes within the same cell [79], suggesting that ST-669 may 

not have a universal specificity to LDs in multiple cell types or even within the 

same cell.  Staining of free cholesterol by filipin did not indicate any alteration in 

cholesterol content in ST-669 treated cells (data not shown), and we tested if C6-

NBD-ceramide uptake was inhibited in ST-669 treated cells, but no differences 

were seen between the two groups (data not shown).  No obvious differences are 

noted in LD size or morphology in ST-669 treated cells, which is different from 

other chemical compounds that inhibit chlamydial growth by blocking LD 

formation.  Approximately 125 proteins have been identified in the LD proteome 

and it is unknown if any of these signatures are altered in ST-669 treated 

cells[79,89].  Adipose differentiation related protein (ADRP) is one of the most 

abundant proteins on the surface of LDs [90]and ST-669 treatment shows no 

alteration in the production or localization of this marker (data not shown).  Both 

intracellular bacteria and viral organisms place a heavy burden on host cell 

membranes as the intracellular bacteria recruit host derived phospholipids for 

both vacuole and bacterial membranes.  Viruses, in particular + strand RNA 

viruses, cause a dramatic remodeling of intracellular membranes, resulting in a 

membranous web that serves as compartments for viral replication[82].  We 

hypothesize that ST-669 disrupts growth of both bacterial and viral organisms 

through a LD mediated mechanism, and that overall energy supplies are altered, 

or constraints are placed on available lipids for membrane biogenesis.  The 

altered C. caviae GPIC inclusion phenotype and anti-proliferative properties of 
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ST-669 lends more support for a ST-669 mediated disruption of phospholipid 

availability or trafficking that perturbs membrane growth.  C. caviae GPIC has the 

most membranous inclusion of all identified chlamydial strains, and treatment by 

ST-669 dramatically alters its conformation and minimizes membrane growth.  

Although, we don’t see anything beyond an inhibited phenotype with C. 

muridarum or C. trachomatis (data not shown), there are known species specific 

differences between all these strains.  Rab proteins are key to vesicle trafficking 

within cells, and chlamydia differentially recruit Rabs to the inclusion membrane 

during infection [49,91,92].  Although, Rab interactions with the C. caviae GPIC 

inclusion have not been published to our knowledge, it seems plausible that 

these proteins could be involved in the ST-669 mode of inhibition.  In addition to 

Rab proteins, LDs also harbor several SNARE proteins that mediate fusion 

between cytosolic LDs [93,94].  Chlamydia have been shown to encode several 

proteins with SNARE like motifs, and it also seems possible that these proteins 

may play a role in LD sequestration by chlamydia [95,96]. 

 A growing body of literature demonstrates that LDs are important in many 

cellular processes and several studies now show that viruses and intracellular 

bacteria coopt LDs to support their intracellular development and growth.  

Identifying ST-669 as a broad spectrum anti-infective that trafficks to LDs show a 

wide range of intracellular microbes target host cell LDs as a source of essential 

macromolecules and proves that exploitation or inhibition of these structures will 

be a useful strategy for broad-spectrum antibiotic design. 
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Figure 4.1.  Immunofluorescence microscopy of ST-669 and DMSO treated 
C. caviae GPIC and Coxiella burnetii infected Vero. 
C. caviae GPIC and C. burnetti were infected onto Vero cells in the presence of 
10 uM of ST-669 or DMSO.  Infections were fixed at 20 hpi (C. caviae GPIC) or 
72 hpi (C. burnetti) and labeled with antibodies specific to LPS (C. caviae GPIC) 
or specific to C. burnetti.
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Figure 4.2. qPCR of ST-669 and DMSO treated infections. 
C. trachomatis L2, C. muridarum, C. caviae GPIC, and C. burnetti were infected 
onto McCoy and Vero cells at an MOI of 0.5-1 in the presence of ST-669 or 
DMSO.  Genome copies/mL are plotted (Y-axis) against cell type, treatment, and 
time harvested (X-axis).
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Figure 4.3.  Viability of ST-669 treated C. caviae GPIC-infected McCoy and 
Vero cells.   
EBs were harvested by sonicating primary infections at 40 h post infection and 
titered to determine the number of inclusion forming units (IFU) recovered from 
each treatment.  IFU/mL (Y-axis) are plotted against each treatment for the two 
cell types assayed (X-axis).
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Figure 4.4.  Dual labeling of subcellular structures and ST-669F. 
Vero cells were plated to a confluency of 30% and grown overnight before 
labeling with ST-669F (red) and each of the following live organelle labels 
(green).  Structures labeled in green are (A) Golgi (C6-NBD-ceramide) (B) 
Mitochondria (Mitotracker) (C) Lysosomes (Texas Red Dextran) (D) Lipid 
dropletss (Bodipy 493/503).  ST-669F colocalizes with lipid droplets in Vero cells. 
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Figure 4.5.  ST-669F colocalizes with lipid droplets in McCoy and Vero cells.  
Cells were plates at a 30% confluency and grown overnight in the presence of 
oleic acid.  Cells were labeled and imaged live with ST-669F (red) and Bodipy 
493/503 that localizes to lipid droplets (green).   ST-669F and labeled lipid 
droplets colocalize in both cell lines (merged image (right)). 
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Figure 4.6.  Immunofluorescence microscopy of ST-669 and DMSO treated 
C. caviae GPIC infected Vero cells.  
Infections were fixed at 20 (A) and 40 (B) h post infection.  Images are taken at 
both 40X and 100X magnification.  C. caviae GPIC inclusions are labeled with 
anti-IncA to show the non-lobed C. caviae GPIC inclusion phenotype that results 
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from ST-669 treatment.
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Figure 4.7.  Cycloheximide treatment blocks the activity of ST-669. 
C. caviae GPIC infected cells were treated with ST-669, DMSO, or ST-
669/cycloheximide to show the effect of cycloheximide on the inclusion 
morphology.  DMSO shows a wild-type lobed inclusion, ST-669 shows the 
inhibited atypical inlusion, and ST-669/cycloheximide shows the inhibited atypical 
inclusion. 
 
 
 
 

 
Figure 4.8.  Alteration of chlamydial inclusion morphology within ST-669 
treated cells. 
Co-infection of C. caviae GPIC (green) and C. trachomatis (red) in Vero cells 
shows the non-lobed C. caviae GPIC ST-669 inclusion phenotype that resembles 
C. trachomatis L2 inclusions.  C. caviae GPIC is labeled with antibodies specific 
to C. caviae GPIC IncA and C. trachomatis is labeled with antibodies specific to 
C. trachomatis IncA. 
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General conclusion 

Through the use of genome sequencing, high throughput screening technologies, 

and chemical genetics we have been able to address chlamydial genetics in a 

system without genetic tools.  The development of an in vitro recombination 

system has supported the generation of a genetically diverse recombinant strain 

library and demonstrated that genome sequencing can be used to characterize 

whole genome recombination events.  These studies have shown that Chlamydia 

are actively recombinogenic and adapt to antibiotic stresses by acquiring and 

integrating DNA.  We have also utilized a high throughput screen to identify 

chemical inhibitors of chlamydial growth that have been used to select for 

resistant chlamydial strains.  Next generation sequencing has facilitated the rapid 

identification of resistance determinants associated with these resistance 

phenotypes and we now have a working pipeline for which chemical inhibitors 

can be identified and characterized in Chlamydia.  In addition to these indirect 

genetic approaches, these studies also show how Chlamydia can be used to 

characterize broad-spectrum anti-infective compounds and host cell processes 

important in intracellular growth. 

In previous studies, in vitro horizontal gene transfer (HGT) was first 

demonstrated by co-infecting two different chlamydial strains in cell culture and 

selecting for HGT by growing in the presence of two antibiotics.  The studies 

presented here confirmed these findings and expanded the scope of their study 

by demonstrating HGT between several different chlamydia species using a non-

native tetracycline resistant marker.  Genome sequencing of two different 

recombinants was done to determine exact recombination sites and to evaluate 

mechanistic details such as size and sequence composition of the DNA 

fragments recombined into the recombinant genomes.   Large fragments of DNA 

either inserted or recombined into the recipient genomes with no apparent site or 

sequence specificity resulting in the genetic expansion of one recombinant 

(L2tet1) or the functional replacement of a region genetically homologous to the 

donor parental strain (Mopntet14).  The genomic rearrangement of the L2tet1 
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recombinant resulted in the uptake of the tet(C) island and ten C. suis genes 

homologous to ones already encoded in the C. trachomatis L2 recipient genome. 

Three hybrid ribosomal operons resulted from this genetic insertion.  Because 

large fragments of DNA were shown to recombine between chlamydia and 

without site specificity, we hve been able to take advantage of this in vitro 

phenomenon to generate a recombinant strain library from several different 

animal and human strains with unique phenotypes.  Although the mechanism of 

recombination between chlamydia is still unknown, it is now proving to be a 

powerful tool where genomes from the recombinant strain library can be 

sequenced to do large scale comparative genomic analyses to identify genotype-

phenotype associations. 

We have also identified novel compounds that might be useful in 

antichlamydial therapy or as reagents for research, in a high throughput screen. 

A 42,000 compound library was screened for inhibition against Chlamydia caviae 

GPIC and five structurally unrelated compounds that exhibited strong anti-

chlamydial activity in vitro were identified. All five compounds are inhibitory to 

both Chlamydia trachomatis L2 and C. caviae GPIC strains, one of the five is 

inhibitory to Coxiella burnetii growth in cell culture, and two of the five 

compounds also inhibit growth of Staphylococcus aureus. None of the five 

compounds inhibited growth of Escherichia coli in broth culture. Minimum 

inhibitory concentrations were established for each compound against several 

chlamydial strains using both quantitative real-time PCR and fluorescence 

assays.  

Independent resistant mutant strains of C. trachomatis were developed by 

exposing infected cells to subinhibitory concentrations of compound and slowly 

increasing the concentration in subsequent passages. The genome of a single 

resistant strain was sequenced and a single nucleotide polymorphism was 

identified in secY, a protein essential for Sec-dependent secretion in Gram-

negative bacteria. The ability to generate resistant mutants of C. trachomatis 

followed by genome sequencing is a rapid and inexpensive chemical genetics 
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technique for identifying molecular resistance determinants of novel inhibitors. 

We anticipate that these results will uncover possible mechanisms of action that 

can be used in the development of niche-specific antibiotics or useful reagents 

for analysis of Chlamydia pathogenesis. 

These studies have also demonstrated the utility of the chlamydial system in 

understanding host processes important in intracellular pathogen biology.  A 

novel broad-spectrum, cell-type specific antiviral inhibitor was shown here to also 

inhibit the intracellular bacterial pathogens Chlamydia and Coxiella in cell lines of 

human and primate origin.  Synthesis of a fluorescent derivative of this inhibitor 

was used to track the subcellular localization of the compound to the structurally 

unique storage organelles known as lipid droplets.  This suggests that LDs have 

a critical role in the intracellular development of the viral and bacterial organisms 

tested in these experiments.  LDs are known to associate with chlamydial 

inclusions, and they have also been identified as important in Dengue and 

Hepatitis C viral life cycles.  Our data also suggests that LDs are important in 

Coxiella development and may open up possibilities to future studies. 

Collectively, these studies highlight new approaches to studying genetics in 

the chlamydial system.  The use of genomics, next generation sequencing, high 

through put technologies, and chemical genetics have restructured the way we 

think about chlamydial biology and has opened up new avenues to explore the 

unique biological processes of these organisms in the absence of traditional 

genetic techniques. 
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