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Chlamydia trachomatis is an obligate intracellular microbe that is responsible for
trachoma and chlamydia in much of the developing world, but is difficult to manipulate due to its
biphasic developmental cycle. The current protocol for transforming Chlamydia trachomatis is a
very time consuming process, yielding limited numbers of successful transformants only after
multiple passages of infection which can take up to 48 hours per passage, while also requiring a
highly time consuming purification process for elementary bodies. Chlamydia trachomatis’
genetically conserved and faster growing cousin, Chlamydia muridarum (MoPn) was used as a
model organism to test the influence of elementary body (EB) purity and concentration of plasmid
on transformation efficiency. Ultimately, the experimentation was inconclusive; higher amounts of
plasmid in the initial transformation did not yield a higher number of transformants nor yield them
in earlier generations when compared to the control groups. Furthermore, the purity of infectious
elementary bodies (EBs) were not essential for transformational competence; both ultra-purified
EBs that were isolated via a density gradient and partially purified Chlamydia muridarum
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displayed successful transformants. Further experimentation would be needed with higher
sample sizes to ensure statistical significance, and trials on Chlamydia trachomatis itself would
have to be performed to ensure consistency across both species. Finally, trimethoprim,
banzal-N-acylhydrazones (BAH), and other antibiotics should continue to be screened as
alternative selective agents due to their differences in mechanisms of action.
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INTRODUCTION
The bacterium Chlamydia trachomatis is an obligate intracellular gram-negative pathogen
responsible for its namesake infections: chlamydia, the most widely represented sexually
transmitted disease (STD) in the United States [1], and trachoma; the leading infectious cause of
blindness in the world with up to 2.8 million cases globally as of 2016 [2] [26]. As an STD, the
World Health Organization (WHO) estimates that chlamydia affects about 4.2% of all women
aged 15-49 years, and about 2.7% of all men aged 15-49 years [3]. Furthermore, the Centers for
Disease Control and Prevention (CDC) reports a total prevalence of chlamydia of 1.7% in the U.S
population aged from 14-39 years [4] and 4.7% of sexually active women aged from 14-24 years
[5]. Moreover, it is estimated that about only 10% of men and 5-30% of women with confirmed
chlamydia infections develop symptoms [6], resulting in lower treatment rate and a potentially
much higher infection rate than currently reported. In the case of trachoma, infections commonly
occur in 44 countries in Africa, Asia, Central and South America, Australia, and the Middle East.
In some areas it is endemic with up to 60-90% of children being affected, and up to 61% of global
cases centralized in the sub-Saharan region [7]. Trachoma is spread through direct and indirect
contact with an affected patient’s eye or nose discharge, and as a result is hyperendemic in areas
of poor sanitation [7]. As a pathogen for the globally present chlamydia and trachoma infections,
C. trachomatis represents a preventable threat that is important to both understand and mitigate
for many years in the future.
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Due to its asymptomatic nature, C. trachomatis i s commonly left untreated and can
progress into several, more serious complications in both trachoma and chlamydia. In trachoma,
the earlier stages of progression have no visible signs of infection [9] and are treated relatively
easily with azithromycin and tetracycline eye drops [8]. However, continual infections combined
with the resultant inflammation gradually causes an accumulation of scarring among the inside of
the eyelid called trachomatous conjunctival scarring [8], requiring at least surgery [8]. As the
scarring accumulates, the eyelids turn inwards so that the lashes scratch the eyeball, reaching
the trachomatous trichiasis grade of infection and more extensive surgery is required [8]. Finally,
the eyeball can become so heavily scratched to where the cornea becomes opaque, and thus the
patient becomes irreversibly blind [8].
In C. trachomatis’ other infection, chlamydia, there is a very similar case where early
treatment through broad spectrum antibiotics will cure the disease, but progression results in
much more severe symptoms that are irreversible [10]. In women, bacteria initially affect the
cervix, and might cause the onset of cervicitis (bleeding, discharge), which may then spread onto
the urethra and cause urethritis (dysuria, painful urination) [1]. Further progression of chlamydia
to the fallopian tubes and uterus can result in pelvic inflammatory disease (PID) and eventually
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infertility or fatal ectopic pregnancy, where the embryo attaches outside of the uterus and is killed
off [1]. In males, there are similar symptoms of urethritis, discharge and epididymitis, but a
different group of C. trachomatis s erovars, L1-3, have been found to be much more invasive than
the other sexually transmitted groups (D-K) and are associated with the development of proctitis
and eventually lymphogranuloma venereum (LGV), especially among men who have sex with
men [11]. Patients that have an untreated chlamydia infection may also be more susceptible to
acquiring or spreading HIV, the precursor to AIDs [1].
Of particular note, the genome of C. trachomatis is highly conserved among all of the
different serovars, with ocular and genital tissue tropism determined by small changes in the
genome [29]. In particular, the sexually transmitted variants retain synthesis of tryptophan
synthase that ocular serovars do not [29]. Tryptophan synthase allows C. trachomatis to produce
nutrients in a persistent and potentially chronic state while in the presence of interferon-γ,
immune cells which kill by depleting tryptophan in the local environment [48]. However, the most
important factor involved in the classification of serovars is the genetic variation of the major outer
membrane protein (MOMP), a product of gene ompA. MOMPs are porin and structural proteins
that compose up to 60% of the total membrane dry-weight and contain four highly variable
surface-exposed domains that are major determinants of immune response and also contribute to
adherence to different host surfaces [49].
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Considering the role of C. trachomatis in the development of the global epidemics: LGV,
chlamydia, and trachoma through its various serovars, the need to further increase our
understanding of the bacteria and develop new techniques of treatment is becoming increasingly
important. The current protocol involves the usage of broad spectrum antibiotics that are also
toxic to members of the gut and vaginal microbiome; which have recently become understood to
influence many aspects of wellbeing from something as particular as women’s health [12], to
obesity [13], and even cancer [14]. As research continues to explore the vast systemic effects of
the human microbiota, it is imperative that we examine C. trachomatis physiology and develop
specialized medicine that would avoid the need for harsh unfocused bactericidal agents that
could potentially harm the patient.
In order to develop more specialized medicine against Chlamydia trachomatis, it is
important to understand the unique biphasic developmental cycle that remains consistent through
all different forms of infection. The defining characteristic of all Chlamydia is their two alternating
cellular forms, the infectious yet reproductively dormant elementary body (EB), and the actively
replicating reticulate body (RB), both which serve important purposes as they progress through
development [15]. The lab’s serovar of interest, C. trachomatis L2, enters the cell as an EB
through clathrin-mediated endocytosis; more specifically through the actions of fibroblast growth
factor 2 (FGF2) acting as a bridging molecule to facilitate interactions between EBs and the FGF
receptor on the cellular membrane causing endocytosis (steps 1-2 on Figure 2) [16]. About 2 hpi
(hours post inoculation) EBs are trafficked to the microtubule organization center via dynein
motors and begin the process of forming an inclusion in the perinuclear area (step 2-3).
Subsequently, the EBs begin to convert into RBs until ~6-8 hpi when RB replication
begins (step 4). The RBs replicate for ~8 bacterial chromosomal divisions and then
re-differentiate back into EBs starting at around 24 hpi, fully completing by ~40–70 hpi (step 5).
The gene expression in the period of conversion from an EB-dominating state to RB-dominating
state has been of particular interest in microarray studies and have found that some genes only
show expression in either particular stage [31-32]. Because of the extensive need for
transcriptional level control in the expression of temporally active genes, continued studies have
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focused on the interactions of the various subunits compromising the RNA polymerase: two ɑ
subunits, a β subunit and a β’ subunit [32]. However, the most important findings have been
surrounding the regulation and purpose of the three sigma factors encoded by C. trachomatis
(σ28, σ54, and σ66) which all play a factor in EB - RB interconversion [33-35]. While the targets of
σ54 have not been well characterized [35], it has been found that a chlamydia specific
transcription factor, GrgA (General Regulator of Genes A), regulates both σ66, involved in the
expression of the majority of chlamydia genes throughout development [37], and σ28, necessary
for several genes late in the developmental cycle [36] (along with σ54) [38]. Furthermore, GrgA
itself has been characterized as a promising target for the development of future pharmaceuticals
due to its specific nature as well as low possibility of spontaneous resistance to
benzal-N-acylhydrazones (BAH) [39], which have been proven to have antichlamydial effects
[41].
Once the EBs fully saturate the vacuole (step 6), they can exit the cell and begin affecting
neighboring cells through two possible mechanisms; lysis of the cellular host with a series of
calcium and protease dependent pathways that result in the breakdown of the plasma and
inclusions respectively (step 7), or a packaged release mechanism called extrusion (not shown)
[28]. Extrusion is a slow process by which the inclusion pinches, protrudes out of the cell within a
cell membrane compartment and detaches by hijacking host proteins that are involved in
cytokinesis, leaving behind a residual inclusion that can continue to differentiate. Through
inhibition of several different types of cellular factors in Chlamydia-infected cells, it was found that
actin polymerization, Wiskott-Aldrich syndrome protein, myosin II and Rho GTPase were
necessary for extrusion to occur [28]. The whole developmental cycle of C. trachomatis takes on
average 2-3 days, but there is a degree of variability due to the asynchronous nature of RB
maturation. It is due to this distinct biphasic, obligate-intracellular developmental mechanism that
the progression of in-vitro methodologies for genetic manipulation has remained elusive until
recently, where new techniques have already become an important cornerstone for our current
knowledge of the molecular biology controlling C. trachomatis.

6

Historically, genetic modification has been performed by manipulating the bacterial
process of transformation, wherein an organism modifies its genome through the endocytosis and
incorporation of exogenous DNA from its natural environment. In 1928, transformation in bacteria
was first demonstrated in the classic work of Frederick Griffith where he demonstrated a
“transforming principle” where nonvirulent Streptococcus pneumoniae strains c ould become
activated when exposed to heat-killed strains [17]. Progression in new transformative techniques
remained stagnant until the 1970s and 1980s when the modern protocols of CaCl2 exposure and
electroporation were established as ways of conferring transformational competency to
Escherichia coli [18]. Following CaCl2 (or any divalent cation) exposure, bonds form with the
positively charged Ca2+, the negatively charged phosphate backbone, and lipopolysaccharides on
the surface of the cell membrane. Afterwards, the cell is heat shocked at ~42 ⁰C to depolarize the
cell membrane and make the cytosol less negative, allowing the negatively charged LPS and
DNA complex to pass through the membrane and into the cytosol. In the alternative technique,
electroporation, the cell is shocked to compromise the cell membrane, which allows DNA to pass
freely into the cytosol to dramatically increase chances of a successful transformation. Cells are
transformed concurrently with a gene of interest, a reporter gene such as GFP or luciferase, as
well as a gene that confers penicillin or some form of drug resistance to select for successful
transformants and kill off the rest. From a medical perspective, the development of modern
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transformation principles have revolutionized the mass production of insulin. Thanks to
transformation, E. coli cells have been modified to produce human insulin as opposed to previous
iterations that were directly taken from cattle and pig, which have been known to cause adverse
reactions in patient populations [19]. Adoption of modern transformation principles yielded the first
biosynthetic human insulin “Humulin,” and its predecessors which let an estimated 150-200
million people across the world live with insulin therapy in the growing epidemic of diabetes and
obesity [20].
Despite the different techniques that have successfully transformed E. coli, C.
trachomatis’ unique physiology as an obligate intracellular organism demonstrates the need for a
novel approach. As noted earlier, C. trachomatis only actively replicates as a reticulate body (RB)
within an isolated host cell vacuole known as an inclusion, making the delivery and uptake of
foreign DNA through transformation a difficult task that must be performed early on to maximize
the spread of the respective gene. An early attempt at genetic recombination in 1994 involved the
attachment of chimeric plasmid pPBW100, constructed from a combination of C. trachomatis and
E. coli , to a chlamydia promoter p7248::cat (chloramphenicol acetyltransferase) cassette and
introduced into C. trachomatis through electroporation [21]. The experiment resulted in “transient”
expression of the plasmid that only rarely persisted after four passages, as determined by in situ
and Southern hybridization analyses [21]. Further experimentation with homologous
recombination introduced by electroporation was conducted in 2009 on Chlamydia psittaci, a
Chlamydia species associated with avian origin, where a single rRNA operon targeted with a
synthetic 16S rRNA allele successfully conferred resistance to kasugamycin and spectinomycin.
Despite the successful transformation, the genetic modification was highly inefficient as
homologous recombination and transformation yielded only a few successful recombinants who,
in turn, displayed changes limited to the 16S rRNA. Ultimately, the early attempts at
transformation served more as a proof of concept for the development of Chlamydia
transformation technique rather than as something with more practical benefits [22].
The first major breakthrough came in 2011 when Yibing Wang from the Clarke Lab
successfully developed the foundation for modern C. trachomatis transformational protocol by
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incorporating shuttle vector pBR325::L2 through CaCl2 treatment instead of the previously
attempted electroporation [23]. For the initial experiment, the Clarke lab introduced both
β-lactamase (bla) and chloramphenicol acetyltransferase (cat) genes that grant resistance to their
respective drug (penicillin and chloramphenicol) through direct metabolism. As far as the
selective agent was concerned, penicillin was chosen more as a result of eliminating tetracycline
and chloramphenicol as possible alternatives. Tetracycline is prescribed as the treatment of
choice for Chlamydia trachomatis infections, and thus the development of a resistant species
would be unfavorable. Despite having resistance from chloramphenicol thanks to the
aforementioned (cat) gene, it was theorized that mitochondrial stress would negatively affect
growth and proliferation and result in less than optimal gene integration. However, this theory was
unfounded as the Fan Lab demonstrated in 2013 that the minimal concentration for inhibition of
inclusion formation is 0.05 μg/ml, much lower than the toxic concentration of 10 μg/ml [30].
Further experimentation with chloramphenicol demonstrated it as an effective selective agent in
C. trachomatis s erovars for which β-lactamase carrying vectors are not permitted as well as an
effective secondary selective agent [30].
Historically, progression in the field of C. trachomatis research has been limited due to
the conservative nature of the studies, and has only recently exploded with a multitude of activity
thanks to the establishment of a modern transformational protocol with the Clarke Lab in 2011,
allowing researchers to perform various genetic experiments to coincide with the sequencing of
Chlamydia trachomatis’ genome [23]. In particular, genetic sequencing found a number of genes
(28%) that code for hypothetical proteins, which require an extensive amount of analysis through
either a forward or reverse genetic approach [46]. As a form of reverse genetics, transformation
represents an ideal tool for the identification of functions of individual genes. A particular gene in
question can be manipulated by a localized knockout, knockin, or silencing mutation introduced
by transformation, which in turn will result in a distinct phenotype that can later be analyzed. In
contrast, forward genetics represents the classical Mendellian approach where the starting point
is a phenotype resulting from nonspecific mutation and the gene(s) responsible are unknown. An
organism has so many different genes that to isolate the function of a single gene is extremely
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time intensive, especially when the mutant phenotype is not obviously distinguishable. Forward
genetics serves better as a way to identify how whole organisms function rather than to identify
the function of a single unknown gene of interest. Transformation has become almost
synonymous with modern genetic research, and is being used in many different organisms
ranging from plants, to Saccharomyces cerevisiae to E. coli ; it comes at no surprise that
following the seminal discovery by Wang et al. in 2011 that further research opportunities
exploded to make use of this new technology. Later advances such as Wickstrum et al’s inducible
gene expression system in 2013 [40] and Mueller et al’s fluorescence-reported allelic exchange
mutagenesis (FRAEM) in 2016 [47] use transformation as a strong foundation to employ their
own methodologies and further accelerate our knowledge of Chlamydia function.
To further expand on the experiments performed by Wang et al., the initial transformation
protocol was derived from a standard developed for E. coli and utilized bacteria treated with ice
cold solutions of CaCl2 followed by heat shock. Subsequent testing found that heat shock did not
provide any additional benefits and incubation could be performed at room temperature by
incubating purified EBs, plasmid conferring the genes of choice, and competent cells in CaCl2.
After 3 rounds of selection, the infected cells were exposed to penicillin and examined for growth.
Wild-type penicillin-inhibited C. trachomatis were killed with no chances for any growth. In
contrast, transformants were able to display similar growth kinetics (albeit a slightly extended lag
phase) and inclusion morphology as the wild-type C.trachomatis in a control environment and
also persisted for continuous 8 passages (the end of the experiment), showing permanence of
the integrated gene. The pBR325::L2 transformants were then purified and analyzed using a
Southern blot which confirmed that no changes aside from DNA incorporation had occurred. As a
proof of concept, the RBs isolated from transformed C. trachomatis L
 2/434/Bu and wild type C.
trachomatis L2/434/Bu w
 ere assayed for β–lactamase activity by measuring the hydrolysis of
Nitrocefin, a β–lactamase substrate, and found results consistent with transformed E. coli
controls; a rise in absorbance at 486 nm as time elapsed in the transformants with nothing on the
wild-type.
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As confirmation that the transformation and drug resistance was not due to some
unknown factor found in pBR325:L2, a final set of experiments was conducted with a newly
created plasmid that encoded redshifted-GFP in addition to the chloramphenicol
acetyltransferase and β–lactamase of the original, and dubbed pGFP::SW2. Ultimately, the
experiments showed that their newly found transformational protocol was reproducible and
effective, as this final group of transformants demonstrated penicillin-resistance and green
fluorescent inclusions 24 hpi after the initial passage.
It was the focus of my work to further examine and optimize the factors contributing to the
transformation efficiency of the currently established protocol in Chlamydia as it is a very time,
money, and laboriously intensive process, both in the transformation itself as well as in the
preparatory purification of EBs. For my research, I turned to a closely related cousin to Chlamydia
trachomatis that had already been successfully transformed by the Zhong lab in 2014: Chlamydia
muridarum (MoPn), a strain that is very similar but with minor practical differences. MoPn is a
species originally known for causing pneumonia when nasally inoculated in members of the
family Muridae [25], and has been found to mimic the signs of Chlamydia trachomatis infections
in humans [45]. The developmental cycle of Chlamydia muridarum p
 rogresses at a faster rate
than Chlamydia trachomatis’ various serovars, releasing inclusion forming units at 24 hpi [43],
instead of 30-48 hpi in the genital strains and 48-68 hpi for the ocular strains [44]. With such a
rapid rate of growth, passing the respective transformants can progress into subsequent
generations with more regularity than similar experiments conducted with Chlamydia trachomatis.
Furthermore, Chlamydia muridarum only naturally infects members of the family Muridae (most
notably mice and hamsters) and not humans as Chlamydia trachomatis does. Because of the
difference in the respective hosts, there are no longer any ethical dilemmas in examining
tetracycline or any other possible pharmaceuticals as an alternative selective agent. Ultimately,
MoPn serves as an ideal model organism to further examine the factors contributing to
transformation efficiency in Chlamydiae and seek out ways to optimize it with a myriad of different
factors such as alternative selective pressures, levels of plasmid DNA or even changing the purity
of the elementary bodies used in the transformation procedure.
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RESULTS
As mentioned before, my first experiment was a reevaluation of the previous experiment
conducted by the Zhong lab in 2014, where the plasmid pGFP::CM was successfully transformed
in Chlamydia muridarum and conferred resistance to chloramphenicol and ampicillin [42]. In my
experiment, only one colony successfully transformed after five passages of penicillin G
supplementation. The lone transformant displayed penicillin-resistant Chlamydia muridarum
inclusions that readily fluoresced green under microscopy. A further passage displayed no
phenotypic change with the colony, and continued to fluoresce in microscopy and grow despite
exposure to bacteriostatic conditions, indicating a permanence of the GFP and β–lactamase
genes respectively.

The Effects of Plasmid Concentration on Transformation Efficiency
Following the success of the preliminary test, we examined the effects of increasing the
concentration of plasmid in the incubation portion of the initial step of transformation of the
procedure, surmising that there might be a less than optimal amount of plasmid exposure.
Ultimately, there was no notable difference between the two concentrations of 5 μg and 15 μg of
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plasmid; fluorescent inclusions emerged at the same generation (passage 4, left side of Figure 4)
and remained consistent for the fifth and final passage (right side of Figure 4). The control (5 μg)
had one less transformant than the 15 μg, but more experimentation is required to determine the
statistical significance in the difference between the two samples.

The Effects of Purification Status of Elementary Bodies on Transformation Efficiency
To continue our exploration of the factors contributing to transformation efficiency, we
examined the effects of purification status on EBs to see if purity was a necessity for the
emergence and an optimal number of successful transformants. We set the control as the
samples following the protocol of purification via MD-76 gradients in the Fields paper, and
designated them “highly purified.” In contrast, the experimental sample was merely SPG washed
and designated “partially purified.” Initial testing suggested that highly purified elementary bodies
were necessary for transformation to occur at all, with none appearing even after four passages
in the crude sample at all (top of figure 5). A second trial was conducted and had the exact
opposite results, both the highly purified and partially purified samples found similar numbers of
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successful transformants with no differences in physiology nor time of emergence, as both began
fluorescing at the third passage (bottom of figure 5).

DISCUSSION AND CONCLUSION
Despite the limited amount of trials completed for the experiments, there are still some
findings which may prove valuable for further research. With respect to the initial experiment
varying the concentration of plasmid from 5 μg to 15 μg the similarity in results suggested that

14

there is some degree of saturation limit for the exogenous DNA to be incorporated to the MoPn
DNA replication cycle as increasing the plasmid amount by 200% only increased successful
transformants by 33% (Figure 4). In order to further explore this phenomenon, a more variable
amount of DNA exposure should be presented at 1, 3, 5, 10 or 15 μg of pGFP::CM; with 1 and 15
μg representing the extreme values to determine when some sort of asymptotic value for
saturation starts making an appearance.
The other factor examined in my experiments was the significance of purity in the
infective EB used in the initial incubation procedure, distinguishing between purification status
with a sample collected by a separation of elementary bodies (EBs) from reticulate bodies (RBs)
using a density gradient, and sample that utilized a crude SPG wash purification with no
separation of C. muridarum forms. At first appearance, the data suggests that the ultra-high
speed purification has a much higher transformation efficiency than the partially purified sample
and that ultra purification is necessary to successfully transform colonies at all (top of figure 5).
However, the results from the second trial, on the contrary, suggested that both of the populations
had similar transformation efficiency and purity is not truly necessary as there were successful
transformants (bottom of figure 5). Given the low sample size in my experiments, it is difficult to
make any sort of meaningful comparisons between the various populations because all of the
data could have been due to random chance. With more trials and data, statistical tests can be
performed to determine if the different populations were significantly different from each other and
if any such trends would be considered statistically significant with a p-value < 05 . Furthermore,
especially with regard to the first experiment concerning plasmid concentration, a linear
regression would be performed to determine a line of best fit the determine the degree to which
plasmid concentration can influence transformation efficiency.
Future researchers can expand upon my initial research with penicillin G and examine
the effectiveness of alternative selective agents to Chlamydia. I was in the process of conducting
titrations with chloramphenicol and trimethoprim to evaluate their effectiveness as selective
agents in Chlamydia trachomatis with the plasmid pBR325::SW2, however future researchers can
just as well evaluate the effectiveness of benzal-N-acylhydrazones (BAH) and or other antibiotics
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with different mechanisms of action.  While we have already identified several markers for
Chlamydia transformation such as chloramphenicol and penicillin G, secondary markers to build
upon an already transformed sample and further increase selective agency, is becoming more
and more important especially with the looming threat of growing numbers antibiotic resistance
day by day. Ultimately, additional experimentation would also need to be conducted upon
Chlamydia trachomatis. Overall, all of my work was conducted upon a model organism instead of
the organism itself and while Chlamydia muridarum i s a good representation of an infection in
humans, there is an importance to demonstrate a consistency in effect across both species.
Chlamydia trachomatis remains one of the more ubiquitous infectious agents, it affects
44 different countries and reaches near endemic proportions in areas of sub-Saharan Africa
making a thorough understanding of its underlying mechanisms evermore urgent. However,
Chlamydia trachomatis’ u
 nique biphasic developmental cycle makes direct genetic manipulation
through traditional techniques very difficult, demonstrating the need for reverse genetic
techniques such as transformation, that are hampered by poor efficiency in established protocol.
My research involving Chlamydia trachomatis’, genetically preserved cousin Chlamydia
muridarum, represents a preliminary exploration of the factors contributing to the transformation
of the species. With time, a more optimized protocol can be built off the foundations laid here with
an end result of a higher transformation efficiency in Chlamydia trachomatis and ultimately a
deeper level of understanding of the mysteries that surround this enigmatic bacterium.

MATERIALS AND METHODS
Reagents:
Phosphate Buffered Saline (PBS), Hanks Balanced Salt Solution (HBSS), Fetal bovine serum
(FBS), Dulbecco’s modified Eagle medium (DMEM) with high glucose (4.5 g/L) and 110 mg
sodium pyruvate, Trypsin (10x stock), cycloheximide, ampicillin, penicillin G, CaCl2 and
gentamicin were purchased from Sigma Aldrich. The pGFP::CM shuttle plasmid was kindly
provided by Dr. Guangming Zhong (University of Texas Health Science Center San Antonio
Texas). All cell culture related materials such as T150 flasks, 6 / 12 well / 20 ml plates, and
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serological pipettes were purchased from Greiner Bio-One. The mini, midi and maxi prep-kits
were purchased from Thermo Fisher. The DH5-alpha E. coli, Chlamydia muridarum (MoPn), and
mouse fibroblast L929 cells were purchased from ATCC.

Cell Culture and Growth Parameters
Mouse L929 cells were maintained in DMEM with high glucose (4.5 g/L), 110 mg sodium
pyruvate with 10% FBS and kept in T150 Falcon flasks after being supplemented with 1 μl of
cycloheximide and 1 μl/1 ml penicillin. Except for in experiments, culture flasks were placed in a
37°C humidified 5% CO2 incubator and filled no more than half with loose caps to allow for gas
exchange between the interior and exterior of the flasks.

Amplification of Plasmid
10 μl of Plasmid pGFP::CM was added to <1 μl of competent DH5-ɑ cells and iced for 20
minutes. The cells were then heat-shocked in a 42°C water bath for 30 seconds and then iced.
300 μl of LB was then added to each tube and left in a 37°C water bath for 30 minutes. The
mixture was then plated onto ampicillin plates, spread evenly using small glass beads and finally
left overnight in a large 37°C incubator overnight. A resistant colony was then touched with a p10
pipette tip and then placed in 2 ml of LB for 8 hours. The stock was expanded to 1 L LB of
solution, supplemented with ampicillin at a ratio of 1 μl/1 ml medium and finally harvested when
confluent as deemed by the spectrophotometer. Finally, the plasmid was isolated using a
maxiprep kit at 4°C and the insert confirmed for accuracy using gel electrophoresis.

Isolation of Elementary Bodies
Cell monolayers of 10 flasks at about 85-95% confluence were incubated for 28 hpi (hours post
infection) with Chlamydia muridarum a
 t time of harvesting. Cells were washed with PBS, and
scraped off using a CellLifter. The cells were then suspended with 2 ml SPG and collected by low
speed centrifugation at 1200 rpm for 10 mins. The supernatant was then aspirated and the pellet
resuspended in 5 ml SPG. The suspensions were then sonicated in small 50 ml glass tubes at
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40% intensity. Finally, the disrupted cell suspension was centrifuged again at 1500 rpm for 10
minutes at 4°C degrees to collect excess cellular debris. The rest of the isolation was performed
utilizing ultra-high speed centrifugation of MD-76 gradients [27].

Chlamydia muridarum T
 ransformation Protocol
C. muridarum was transformed in a manner similar to Dr. Fields [24], but with slight modifications.
2.6 * 106 EBs and 5 µg of plasmid DNA were mixed with 50 µl CaCl2 buffer (50 mM CaCl2) and
incubated at room temperature for 30 minutes. Each mixture was suspended in 15 ml of Hanks
Balanced Salt Solution (HBSS) and applied to a 12 well plate with a 3.8 cm2 monolayer of
confluent L929 cells per individual well and infected by centrifugation at 2300 rpm for 1 hour at
room temperature herein referred to 0 hpi at termination. Afterwards, the HBSS was aspirated
from the wells and replaced with Dulbecco’s modified Eagle medium (DMEM) with high glucose
(4.5 g/L), 110 mg sodium pyruvate, 10% Fetal Bovine Serum (FBS) and incubated at 37°C with
5% CO2 without antibiotics. After 7 hpi, the medium was aspirated and medium containing 0.2
µg/ml penicillin G (Pen G) and 1.0 µg/ml cycloheximide was replaced. Infected L929 Cells were
harvested approximately 26 hpi with a CellLifter and sonicated in small 50 ml glass tubes at 40%
intensity. The resultant fresh EBs were used to infect new 12-well plates with a confluent
monolayer of L929 by an hour of centrifugation at 2300 rpm. The process was repeated until
successful transformants were identified by fluorescent microscopy. Transformed C. muridarum
were scraped with a p200 tip, resuspended in SPG, and stored at -80°C for future use.

Transformation protocol (Plasmid concentration variation)
The process was same as above, however two 12 well plates with a 3.8 cm2 monolayer of
confluent L929 cells per individual well were performed at the same time, with each separate
plate having either 5μg or 15μg of pGFP::CM used in the initial incubation period with 50μl of
CaCl2 buffer.
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Transformation protocol (Elementary Body purification variation)
The process is the same as above, however each separate 12 well plate utilize either an
ultra-purified sample of Elementary Bodies (EBs) or partially SPG purified EBs that did not
undergo separation by MD-76 gradients in the initial incubation with 5μg pGFP::CM in CaCl2. The
two samples were obtained from the same initial stock of EBs and controlled for infectivity.
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