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Chair: Scott Stephen Grieshaber


Chlamydiae are obligate intracellular Gram-negative bacteria that infect an array 

of eukaryotic hosts. Chlamydia trachomatis, a human-adapted species, is the global 

leading cause of bacterial sexually transmitted infections as well as trachoma, a 

preventable form of blindness. All Chlamydiae progress through an essential 

biphasic developmental cycle consisting of two primary cell forms. The elementary 

body, or EB, is the infectious, non-replicating, cell form. Whereas, the reticulate 

body, or RB, is non-infectious, but replication competent. The infectious cycle is 

initiated by the EB via pathogen-mediated endocytosis. Once inside the host, 

development occurs within a parasitophorous vacuole, termed the inclusion. Within 

the first 11 hours of infection, the nascent inclusion migrates to the microtubules 

organization center and the EB undergoes primary differentiation into the replicating 

RB. At approximately 20 hours post infection, a subset of RBs begins secondary 

differentiation back into infectious EBs. Secondary differentiation continues through 

the remainder of the infectious cycle until host cell lysis or inclusion extrusion 

releases the EBs into the environment to initiate subsequent rounds of infection. 

Although the ability to transition from EB-to-RB-to-EB is essential for chlamydial 

growth and proliferation, the mechanisms that regulate Chlamydia cell-form 

development remain largely unknown. 


This dissertation demonstrates the power of combining automated live-cell 

microscopy and cell-form specific reporter strains to monitor chlamydial 

developmental dynamics in active infections. Computational models were developed 

to test multiple chlamydial developmental hypotheses, explore cell-form 
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subpopulation dynamics, and guide in vivo experiments. The data from these 

experiments suggests that Chlamydia is not only responding to an intrinsic 

developmental signal, but that cell-form differentiation is a multi step process 

consisting of both cell division dependent (RB-to-IB asymmetric production) and 

independent (IB-to-EB direct maturation) mechanisms. Lastly, to elucidate the genes 

involved in RB-to-EB differentiation we developed a mutagenesis screen using 

automated live-cell microscopy and a dual cell-form specific chlamydial reporter 

strain.  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CHAPTER ONE: INTRODUCTION


Chlamydia trachomatis: disease and pathogenesis. 

Chlamydia trachomatis is a prominent human pathogen, consisting of 15 distinct 

serovars 1. Serovars A-C infect the epithelial cells of the conjunctiva and are the 

causative agent of ocular trachoma, the most common form of preventable blindness 

worldwide 2, 3. The LGV serovars (L1, L2, and L3) cause lymphogranuloma 

venereum by dissemination into the lymphatic system via infection of macrophages. 

LGV infections can lead to genital and anorectal ulcers, lymphadenopathy, and 

fibrotic scarring 4, 5, 6. The urogenital serovars (D-K) are responsible for the sexually 

transmitted infection (STI) chlamydia. Chlamydia is the most reported bacterial STI 

worldwide, with the United States alone reporting 1.8M C. trachomatis infections in 

2019 7, 8. Sexual transmitted chlamydial infections are often subclinical and when left 

untreated can lead to pelvic inflammatory disease, ectopic pregnancy, and sterility 9. 

STI C. trachomatis infections are also associated with an increased risk of cervical 

cancer and transmission of HIV 9, 10, 11. The total direct medical costs of chlamydial 

infections within the United States are estimated at >$500 million, with infections 

affecting all racial/ethnic groups and age ranges 8, 12.


Chlamydial development. 

Chlamydiae are obligate intracellular Gram-negative bacterial parasites of 

eukaryotic cells 13, 14. Chlamydial growth and proliferation is dependent on a biphasic 

developmental cycle consisting of two primary cell forms. The elementary body, or 

EB, is the infectious cell form. The EB is the smaller of the cell forms (~0.3 µm), is 

non-replicative, and contains a condensed nucleoid 15, 16. The EB outer membrane 

also contains extensive disulfide cross-linking which allows the EB to remain stable 

in extracellular osmotically unfavorable conditions 17. Although appearing spore-like 

in nature, the EB is still metabolically active and requires nutrient uptake (i.e. 

glucose 6-phosphate, ATP, and amino acids) to maintain infectivity 18. Infection of the 

host is initiated by the EB through electrostatic interactions with the host via heparan 

sulfate glycosaminoglycans 19. Host cell invasion then occurs via effector-mediated 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/nrmicro.2016.30**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=bb8dde5e-4560-4aee-95d0-3f58af8b572e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1371/journal.pntd.0000306**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1136/sti.78.2.90**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1016/j.ijantimicag.2005.11.010**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1086/597011**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=96e6f64c-a5cf-4b2e-954c-887573c4a10f;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=8fb192b5-0748-4206-9812-4b90d3f21d3e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1093/humupd/5.5.433**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1093/humupd/5.5.433**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1001/jama.285.1.47**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1177/0956462414531243**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=8fb192b5-0748-4206-9812-4b90d3f21d3e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1097/OLQ.0000000000001357**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mr.55.1.143-190.1991**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/aem.63.4.1396-1399.1997**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.3389/fcimb.2021.692224**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/iai.48.2.546-551.1985**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00065-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.93.20.11143**;;;;;
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endocytosis of the EB. Among the effectors responsible for EB uptake is the type 

three secreted effector TARP (translocated actin-recruiting phosphoprotein); TARP 

causes host actin cytoskeletal rearrangement which aids in EB engulfment 20. Once 

inside the host, chlamydial development occurs in a membrane-bound, 

parasitophorous vacuole known as the inclusion. The newly formed inclusion 

circumvents the endosomal and lysosomal pathway by active protein expression 

from Chlamydia 21. Chlamydia also recruits host dynein to the inclusion membrane to 

traffic the inclusion down microtubules to the MTOC 22. This localizes the inclusion 

near the host nucleus and Golgi where it then intercepts sphingomyelin rich exocytic 

vesicles from the Golgi 23, 24. Inside the inclusion, the EB matures into the reticulate 

body, or RB, in a process that takes between 8-11 hours 16, 25, 26. The RB is the larger 

of the cell forms (~1.0 µm), is replication competent, and contains a loose nucleoid 

structure 16, 25, 27. The RB replicates symmetrically from ~12-24 hpi, at which point 

intermediate bodies, or IBs (a transitory form that occurs between the RB and EB) 

and newly infectious EBs are formed, allowing for subsequent rounds of infection 

after host cell lysis or inclusion extrusion 16, 28, 29. 


As Chlamydia progresses through biphasic development, it undergoes large 

transcriptional changes which have been placed into three major temporal 

categories (early, mid, and late-cycle). Early-cycle gene expression (classified as 1-8 

hpi) is associated with EB-to-RB germination and has been shown to include 

upregulation of the protein chaperone system groEL/S, the chlamydial specific 

genes euo and ihtA, as well as several genes involved in metabolite translocation 

and inclusion formation 25, 28, 30, 31 . Mid-cycle expression (~8-24 hpi) is associated 

with RB replication, and consists of genes involved in an array of cellular processes, 

including cell division, DNA replication, inclusion membrane modification (incA), and 

Type III secretion 18, 28. Lastly, late-cycle expression corresponds to secondary 

differentiation of RBs to EBs and is considered to be anything >24 hpi. Genes 

upregulated at the stage of infection are consistent with the EB structural form and 

are involved in DNA compaction (hctA, hctB: both encode histone-like proteins), 

bacterial cell membrane modification (pmps: polymorphic outer membrane protein, 

omcA/B: Cysteine-rich OMP), and Type III secretion 25, 28, 32.


https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.0402829101**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/iai.64.12.5366-5372.1996**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1242/jcs.00695**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.92.11.4877**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=d9f0bc05-c271-48fe-8b81-41920fb9fc2e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1331135100**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41467-017-02432-0**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1331135100**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.101.1.278-285.1970**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.0703218104**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1331135100**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1016/j.mib.2008.01.003**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1111/j.1365-2958.2005.04949.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00065-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1331135100**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.185.10.3179-3189.2003**;;;;;
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Chlamydial cell-form regulatory mechanisms. 

Although biphasic development is essential for chlamydial survival and 

proliferation, very few developmental regulatory elements have been elucidated. 

Due to the inherent genetic intractability of Chlamydia, the majority of the regulatory 

elements in Chlamydia have been interrogated using in vitro methods and/or 

surrogate systems. One of the first developmental regulatory elements discovered 

was the 27 kD protein EUO (early upstream open reading frame) 33, 34. EUO is a 

chlamydial specific DNA-binding protein that is expressed as early as 1 hpi and 

continues to increase in expression until approximately 20 hpi, times which 

correspond to primary differentiation and RB replication 33, 34. EUO was found to be a 

transcriptional repressor that binds to a consensus sequence within both σ28 (ltub, 

scc2, cdsU, hctB, dnaK-P2, pgk, bioY) and σ66 (copB, omcAB) dependent 

promoters, inhibiting their expression 34, 35, 36, 37. EUO has been classified as a 

master regulator of late genes as many of the genes repressed by EUO are 

expressed late in infection, a time concurrent with EB formation 25, 32, 37. However, 

these transcriptional results are entirely from in vitro assays as a Δeuo chlamydial 

mutant has not been identified, and an euo over-expression construct has yet to be 

transformed into Chlamydia. 


Pgp4 is a plasmid-encoded transcriptional regulator of other plasmid-encoded and 

chromosomal genes 38. Pgp4 has also been implicated as a repressor of late gene 

expression as in vitro assays demonstrated the direct binding of Pgp4 with EUO, 

leading to an enhancement of EUO’s repressive abilities 39. However, across 

multiple studies, Δpgp4 mutants have exhibited decreased expression of several 

genes, including mid-late gene glgA 38, 39, 40, 41. The mechanism of Pgp4 positive 

regulation on these genes is currently unknown.


HctA and HctB are two histone-like proteins that are expressed late in the 

developmental cycle (>20 hpi) 25, 28. Consistent with their predicted functions, HctA 

and HctB have been shown to cause DNA condensation when overexpressed in 

Escherichia coli 42, 43. Both HctA and HctB have also been proposed as late stage 
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regulators of EB development. HctA was theorized to be an H-NS like protein as it 

was shown to modulate gene expression of topologically-dependent promoters in E. 

coli by reducing negatively supercoiled DNA 44. Whereas, HctB was shown to have a 

high affinity to both RNA and DNA and was capable of preventing in vitro gene 

expression at both the transcriptional and translation level 45. Yet, how or if HctA and 

HctB regulate expression in Chlamydia remains unknown.


Regulation of HctA and HctB has been shown to occur via multiple mechanisms. 

Both HctA and HctB were found to be post-translationally regulated by an isoprenoid 

precursor, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP), produced from 

the non-mevalonate methylerythritol phosphate pathway (MEP). In E. Coli, 

overexpression of the chlamydial IspE (CTL0173), an intermediate MEP enzyme, led 

to the dissociation of HctA and HctB from chromosomal DNA, relaxing the 

condensed DNA structure 42, 43. However, by partial reconstruction of the MEP 

pathway (IspD, IspE, IspF) in vitro, it was discovered that MEcPP was the causative 

agent of EB nucleoid relaxation and not IspE directly 42. As overexpression of IpsE 

leads to DNA decondensation and RBs are known to contain a loose nucleoid 

structure, it has been proposed that MEcPP may be involved in the EB-to-RB 

germination process.


In addition to protein-level modulation, hctA has also been found to be regulated at 

the translational level by a small non-coding RNA, IhtA (inhibitor of hctA translation) 
31. In E. coli, expression of IhtA was shown to prevent HctA-induced DNA 

condensation 46. Using structural in silico predictions and mutagenesis of IhtA and 

hctA, it was found that IhtA inhibits hctA mRNA translation by binding to the 5’UTR 

and first 6 base pairs of the hctA ORF 31, 47. IhtA was also found to inhibit the 

translation of an alternative transcript, CTL0322 (ddbA), which contains a partially 

conserved IhtA/hctA binding sequence47. DdbA is a highly conserved chlamydial-

specific protein that has been linked to the long-term maintenance of infectivity in 

EBs 15, 48.


Lastly, Chlamydia contains a single two-component regulatory system (TCRS), 

CtcB/CtcC, that is phylogenetically related to the AtoS-NtrB/AtoC-NtrC pathways 

found in other bacteria 49. TCRS like AtoS/AtoC or NtrB/NtrC are used by bacteria to 
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respond to an array of external signals including nitrogen, pH, and osmolarity. AtoS/

NtrB is the transmembrane histidine kinase component and utilizes an extracellular 

sensory domain to respond to environmental stimuli. Upon receiving the proper 

external cue, AtoS/NtrB undergoes autophosphorylation, subsequently activating 

AtoC/NtrC by phosphotransfer 50, 51. AtoC/NtrC is the response regulator component 

and typically contains three domains: regulatory, DNA-binding, and ATP hydrolyzing. 

Activated AtoC/NtrC interacts directly with σ54 and hydrolyzes ATP to induce the 

open conformation in the σ54 RNAP, allowing for transcription of the σ54-dependent 

genes 52. In Chlamydia, ctcB and ctcC are upregulated at 24 hpi, corresponding to 

RB-to-EB development 49. CtcB, unlike its AtoS/NtrB homologs, does not contain an 

extracellular sensory domain and is predicted to be cytosolic. However, in vitro, CtcB 

has been shown to undergo autophosphorylation and phosphotransfer to CtcC 49. 

CtcC, differing from AtoC/NtrC, contains only a regulatory and ATP hydrolyzing 

domain and is missing the DNA-binding enhancer region. Yet, overexpression of 

CtcC in Chlamydia has shown that CtcC is still capable of inducing the σ54 regulon, a 

large set of late EB-associated genes 41.


The regulatory elements above have been primarily described by their direct 

interactions with the pathways and genes that they regulate. This has provided the 

chlamydial field with invaluable information for many intermediate control 

mechanisms involved in cell-form differentiation. However, the mechanisms or 

signals that control these regulatory elements remain completely unknown.


Chlamydia genetic manipulation.

Ectopic expression. A major hurdle in the study of chlamydial biology has been 

the lack of genetic tools, however over the last decade there have been many 

advances. The first major breakthrough was in 2011 with the development of a 

method for stable transformation in Chlamydia. This was performed by the ligation of 

the chlamydial native plasmid (pL2) to the E. coli pBR325 vector 53. The pBR325 

portion of this hybrid construct allowed for high concentrations of plasmid to be 

grown in E. coli, while the pL2 portion allowed for plasmid replication and 

maintenance in Chlamydia. Following the successful development of a stable 
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chlamydial transformation protocol was the creation of an anhydrotetracycline-

inducible (aTC) plasmid-based system. This system has allowed for the conditional 

expression of epitope-tagged genes, enabling the determination of protein 

localization within Chlamydia and, if secreted, the host cell and infectious 

environment 54, 55, 56. More recently, an alternative inducible control mechanism was 

developed by replacing the ribosome-binding site (RBS) of the highly expressed 

bacteriophage T5 promoter with a theophylline-inducible DNA aptamer, producing a 

synthetic riboswitch 40. The aTC (transcriptional) and riboswitch (translational) 

inducible systems have been combined within a single promoter to create tighter 

gene regulation and allow for the introduction of potentially toxic genes. Prior to 

combining these systems, transformation of a plasmid containing an inducible hctB 

cassette resulted in promoter mutations, leading to the abolishment of exogenous 

hctB expression. However, under aTC and riboswitch control, an exogenous copy of 

hctB was successfully transformed into Chlamydia. Over-expression of hctB in this 

strain was shown to produce a dramatic decrease in infectious progeny production 
40. A conditional knockdown of the regulatory protein Pgp4 has also been created by 

replacing the RBS of pgp4 with the inducible DNA aptamer (producing the native 

promoter-E-pgp4 strain: nprom-E-pgp4). In the absence of the inducer, the nprom-E-

pgp4 strain phenocopied the Δpgp4 strain, L2R, with its inability to produce glycogen 
40. When pgp4 was knocked down, nprom-E-pgp4 also exhibited an increase in 

infectious progeny production 40. Creation of further overexpression and conditional 

knockdown strains using the aTC and riboswitch inducible systems will be a 

powerful tool in determining the function of regulatory proteins and the genetic 

pathways involved in chlamydial development.


Reporter Chlamydia. The initial chlamydial transformation protocol utilized a 

reporter cassette containing a green fluorescent protein (GFP) under the control of 

the meningococcal class I protein promoter to allow for visual confirmation of 

chlamydial transformants 53. Since then, implementation of reporter Chlamydia has 

been widely utilized across the chlamydial field. Of note, was the creation of 

reporters to monitor the developmental cycle. This method incorporated cell form-
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specific promoters (groESL:RB, omcAB:EB) to drive either a GFP or RFP, allowing 

for qualification of chlamydial development during active infections 57. As previous 

assays for monitoring chlamydial development have been destructive in nature and 

only allowed for snapshots of the developmental cycle (i.e. EM, RNA-seq, 

microarray, re-infection), the ability to monitor the developmental cycle throughout 

the entirety of an active infection will be a useful tool in our understanding of 

chlamydial biology.


Mutagenesis. Mutagenesis is a powerful tool to uncover the function of proteins 

via chromosomal knockouts. Although used regularly in other genetic systems, 

applicable mutagenesis techniques in Chlamydia are still in their infancy. The first 

reported use of chemical mutagenesis in Chlamydia using ethyl methane-sulfonate 

(EMS) was in 2011, where Kari et al. performed a proof-of-concept study to create 

and identify mutations within the trpBA operon 58. EMS primarily produces G-T 

mispairing by guanine alkylation, leading to either synonymous, non-synonymous, or 

nonsense mutations across the chromosome. Further EMS studies in Chlamydia 

have led to the identification of nonsense mutations in genes involved in numerous 

biological pathways including glycogen metabolism, glycolysis, DNA mismatch 

repair, and DNA excision repair 59. Of note are the EMS mutant clones of gyrA2, a 

DNA gyrase, and gspE, a type 2 secretion component, which were identified and 

linked to defects in chlamydial proliferation and infectious progeny production 60. 


A second method of random mutagenesis developed more recently was 

transposon mutagenesis. This method utilizes chlamydial transformation to introduce 

a non-stable plasmid containing the C9 Himar1 transposase and transposable 

element into Chlamydia. The advantage of this method is that instead of producing 

single base pair mutation, as in chemical mutagenesis, which can easily revert, the 

transposon contains a large disruptive cassette. This cassette can also contain 

fluorescent reporters or antibiotic resistance genes, allowing for easy screening and 

selection from the un-mutagenized population. Two studies have implemented this 

technique in both C. trachomatis and C. muridarum, producing 105 and 33 mutants, 

respectively. The identification of CTL0593 in C. trachomatis, a gene that encodes a 
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competence-associated protein homologous to ComEC found in other Gram-

negative and Gram-positive bacteria, and the knockout and plasmid 

complementation of the chlamydial polymorphic outer membrane protein gene, 

pmpI, in C. muridarum were both achieved using this method 61, 62. The major 

disadvantages of random mutagenesis techniques are that most mutants contain 

multiple DNA lesions, therefore whole genome sequencing is needed to identify 

mutant alleles and backcrossing is required to produce isogenic mutants. This is a 

time-intensive process and the closer mutations are to one another the less likely of 

a successful backcross. These methods also use large screening pools which 

makes initial mutant identification laborious. 


Since the advent of chlamydial transformation, multiple methods for site-specific 

gene deletion have been developed. The first technique developed was a modified 

version of the TargeTron system which uses the insertion of group 2 introns into the 

chromosome. Although minimally implemented, a proof-of-concept study knocked 

out incA, a gene whose product is responsible for inclusion fusion and produces an 

obvious multi-inclusion phenotype 63. The chlamydial anti-anti sigma factor rsbV and 

the groEL paralogs, ChgroEL2 and ChgroEL3, have also been disrupted using this 

system, each demonstrating a decrease in infectious progeny production 64, 65. A 

study of intron insertion stability was also performed using a mouse vaginal tract 

infection model, where integrated introns were shown to be stable for over 27 days 
66. Lastly, TargeTron has been used to knock out the chlamydial inclusion membrane 

protein CTL0480. The ΔCTL0480 mutant demonstrated a loss of host myosin 

phosphatase (MYPT1) recruitment to the inclusion membrane and increased rates of 

inclusion egress 67. 


FRAEM (fluorescence-reported allelic exchange mutagenesis), an alternative 

method to TargeTron, utilizes an inducibly-stable plasmid system and homologous 

recombination between the plasmid and chromosome to introduce a site-specific 

cassette containing both a fluorescent reporter and antibiotic resistance gene that 

disrupts or replaces the loci of interest 68, 69. In Chlamydia, FRAEM has been used to 

knock out the alpha subunit of the tryptophan synthase, trpA, producing a chlamydial 

mutant incapable of utilizing indole, a tryptophan precursor 68. Two chlamydial 
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secreted effectors, tmeA and tmeB (translocated membrane-associated effectors), 

have also been knocked out using FRAEM, and although no discernable phenotype 

was detected in the ΔtmeB mutant, the ΔtmeA strain exhibited a large decrease in 

infectivity 69. 


Both TargeTron and FRAEM are examples of insertional mutation systems and 

leave integrated cassettes within the targeted genes. These chromosomal insertions 

can lead to polar effects in adjacent genes, disrupting their regulation. To overcome 

this issue, FLAEM (floxed cassette allelic exchange mutagenesis) was developed by 

the modification of the FRAEM plasmid to include flanking loxP sites around the 

insertional cassette and the incorporation of a secondary plasmid containing the Cre 

recombinase for loxP directed cassette excision 70. As FLAEM is a newer molecular 

system, only a proof-of-concept study has been performed with the tmeA gene. 

However, excision of the integrated cassette from tmeA was able to reverse the 

polar effects on tmeB, returning tmeB expression to wildtype levels in the ΔtmeA-lx 

mutant 70, 71. 


As Chlamydia typically harbors a stable cryptic plasmid, a major advantage of both 

allelic exchange mutagenesis systems (FRAEM, FLAEM) is the introduction of an 

inducibly-stable plasmid variant. These systems utilize aTC to induce the expression 

of pgp6, a plasmid-encoded gene associated with plasmid stability 68. After cassette 

integration has occurred, aTC is removed and the plasmid is eventually lost upon 

successive rounds of chlamydial replication, allowing for the introduction of a new 

plasmid and making trans complementation possible. 


Because Chlamydia progresses through an essential developmental cycle, genes 

that are central to development can be difficult to study with above methods as 

mutant Chlamydia may be non-viable. However, in 2018, an inducible CRIPSR 

interference (CRIPSRi) system was developed in Chlamydia, allowing for the 

conditional knockdown of essential genes 72. The original study utilized a modified 

version of the Staphylococcus aureus catalytically inactive Cas9 (dCas9) under 

tetracycline-inducible control. Even though transformation of the dCas9 plasmid was 

unstable in Chlamydia, as a proof-of-concept, reversible repression of incA was 

demonstrated 72. The CRIPSRi system has since been improved upon and 
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implemented to study the mid-cycle chlamydial protease system clpP2X 72, 73. This 

study demonstrated that Chlamydia deficient in clpP2X exhibited severe bacterial 

growth defects as well as a reduction in infectious progeny 73. 


Although several studies have implemented transformation-based mutagenesis 

systems, wide use of these techniques has proven difficult. This is likely due to many 

aspects including large constructs size (>15kb), the low efficiency of chlamydial 

transformation (especially in mutant strains), and plasmid stability issues 70, 71, 72, 74. 

However, as the chlamydial field progresses many of these techniques will likely 

improve, making genetic manipulation of Chlamydia more accessible. 


Dissertation Summary. 

Several intermediate regulatory elements of chlamydial cell-form development 

have been elucidated, yet the signals and mechanisms that trigger these elements 

remain unknown. The largest hurdle in understanding chlamydial biology has 

previously been the lack of genetic tools. The following chapters take advantage of 

the recent advancements in genetic manipulation to uncover the mechanisms and 

signals that Chlamydia utilizes to progress through development. 


Regulation of RB-to-EB development is essential for the chlamydial dissemination 

and pathogenesis. In the absence of a known developmental control mechanism, 

several hypotheses have been proposed. These signals include nutrient limitation, 

replication-dependent RB size reduction, and contact of the RB T3SS to the 

inclusion membrane 26, 75, 76, 77. Using mathematical modeling in combination with 

cell-form specific reporter stains, Chapters 2 aimed to determine the nature of the 

signal of RB-to-EB differentiation to which Chlamydia is responding. Data from this 

study showed that the time to EB differentiation was unaffected by competition 

assays (increased MOI and superinfection), However, chlamydial growth and 

development corresponded directly to modulations of the infectious environment 

temperature and host cell protein synthesis inhibition. Chlamydia starved of iron, 

treated with IFN-γ (tryptophan starved), or inhibited in cell division also exhibited 

dramatically altered developmental kinetics as well as reductions in EB formation. 

These results suggest that Chlamydia is likely responding to a cell autonomous 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00635-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mBio.02016-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mBio.02016-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00479-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.3791/60848**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00635-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/IAI.00108-21**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41467-017-02432-0**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1212831109**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1016/j.tim.2007.04.005**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1186/1471-2180-8-5**;;;;;


	 	 11

process linked to bacterial growth and cell division. 


Chapter 3 further explores the cell-form specific developmental dynamics of 

Chlamydia at an individual and subpopulation level. Agent-based modeling was 

employed to determine the role of cell division in RB-to-EB development. The results 

from this chapter showed that individual RBs are static late in the developmental 

cycle and do not convert to IBs after inhibition of cell division or DNA replication. 

Further IB production was also inhibited after cell replication was prevented. IB-to-

EB development, however, was shown to continue after cell division inhibition or the 

induction of RB lysis. Overall, these data suggest that mature RBs (RBEs) are a 

stem cell-like population that produce IB daughter cells by asymmetric division and 

that IB-to-EB development occurs post cell division by direct maturation.


In Chapter 4, to determine the genes involved in RB-to-EB development, we 

created a forward genetic approach to isolate chlamydial mutants with altered 

developmental profiles by combining chemical mutagenesis of a cell-form specific 

chlamydial reporter strain with automated live-cell fluorescence microscopy. Future 

use of this protocol will aid in the identification of the genes involved in cell-form 

development in Chlamydia.


Many paths were taken in an attempt to more fully understand the chlamydial 

developmental cycle. Chapter 5 is a summation of unpublished results and includes 

preliminary data on cell-form developmental dynamics throughout the infectious 

cycle. Lastly, Chapter 6 summarizes the findings, conclusions, and pitfalls of this 

work, as well as addresses the future directions of study relating to chlamydial cell-

form development.
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Abstract 

The obligate intracellular bacterial pathogen Chlamydia trachomatis is reliant on 

a developmental cycle consisting of two cell forms, termed the elementary body (EB) 

and the reticulate body (RB). The EB is infectious and utilizes a type III secretion 

system and preformed effector proteins during invasion, but it does not replicate. 

The RB replicates in the host cell but is noninfectious. This developmental cycle is 

central to chlamydial pathogenesis. In this study, we developed mathematical 

models of the developmental cycle that account for potential factors influencing RB-

to-EB cell type switching during infection. Our models predicted that two categories 

of regulatory signals for RB-to-EB development could be differentiated 

experimentally, an “intrinsic” cell-autonomous program inherent to each RB and an 

“extrinsic” environmental signal to which RBs respond. To experimentally 

differentiate between mechanisms, we tracked the expression of C. trachomatis 

development specific promoters in individual inclusions using fluorescent reporters 

and live-cell imaging. These experiments indicated that EB production was not 

influenced by increased multiplicity of infection or by superinfection, suggesting the 

cycle follows an intrinsic program that is not directly controlled by environmental 

factors. Additionally, live-cell imaging revealed that EB development is a multistep 

process linked to RB growth rate and cell division. The formation of EBs followed a 

progression with expression from the euo and ihtA promoters evident in RBs, while 

expression from the promoter for hctA was apparent in early EBs/IBs. Finally, 

expression from the promoters for the true late genes, hctB, scc2, and tarp, was 

evident in the maturing EB.
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Importance 

Chlamydia trachomatis is an obligate intracellular bacterium that can cause 

trachoma, cervicitis, urethritis, salpingitis, and pelvic inflammatory disease. To 

establish infection in host cells, Chlamydia must complete a multiple-cell-type 

developmental cycle. The developmental cycle consists of specialized cells, the EB 

cell, which mediates infection of new host cells, and the RB cell, which replicates 

and eventually produces more EB cells to mediate the next round of infection. By 

developing and testing mathematical models to discriminate between two competing 

hypotheses for the nature of the signal controlling RB-to-EB cell type switching, we 

demonstrate that RB-to-EB development follows a cell-autonomous program that 

does not respond to environmental cues. Additionally, we show that RB-to-EB 

development is a function of chlamydial growth and division. This study serves to 

further our understanding of the chlamydial developmental cycle that is central to the 

bacterium’s pathogenesis.


Keywords bacterial development, chlamydia, live-cell imaging, mathematical 

modeling, infectious disease 
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Introduction

Chlamydiae are bacterial pathogens responsible for a wide range of diseases in 

both animal and human hosts 1. Chlamydia trachomatis, a human-adapted 

pathogen, comprises over 15 distinct serovars causing both trachoma, the leading 

cause of preventable blindness, and sexually acquired infections 2. According to the 

CDC, C. trachomatis is the most frequently reported sexually transmitted infection in 

the United States, costing the American health care system nearly $2.4 billion 

annually 3, 4. These infections are widespread among all age groups and ethnic 

demographics, infecting 3% of the human population worldwide 5. In women, 

untreated genital infections can result in pelvic inflammatory disease, ectopic 

pregnancy, and infertility 6–8. Every year, there are over 4 million new cases of C. 

trachomatis sexually transmitted infections in the United States6, 9 and an estimated 

92 million cases worldwide 2, 10. 


Chlamydia-related disease is entirely dependent on the establishment and 

maintenance of the pathogen’s unique intracellular niche, the chlamydial inclusion, 

where the bacteria replicate and undergo a biphasic developmental cycle. This cycle 

generates two unique developmental cell forms: the elementary body (EB) and the 

reticulate body (RB). The EB cell type mediates host cell invasion via pathogen-

mediated endocytosis, while the RB cell type is replication competent but cannot 

initiate host cell infection 11. For C. trachomatis serovar L2, the cycle begins when 

the EB binds to a host cell and initiates uptake through the secretion of effector 

proteins by a type III secretion system 12. During entry, the EB is engulfed by the 

host cell plasma membrane, forming the inclusion vacuole that is actively modified 

by Chlamydia to block interaction with the host endocytic/lysosomal pathway 13. The 

inclusion continues to mature as the EB cell form transitions to the RB cell form. The 

time from host cell contact to the formation of the mature inclusion containing 

replication-competent RBs is 11 h 14. The formation of infectious EB cells occurs 

reliably between 18 and 20 h postinfection (hpi) 15. Regulatory control of the 

transition between the RB and EB is critical for the chlamydial life cycle, as 

Chlamydia must balance replication versus production of infectious progeny. How 

Chlamydia regulates this process is currently unclear, although there have been 
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multiple hypotheses proposed to explain the control of the developmental cycle. 

Regulatory mechanisms, such as RB access to or competition for inclusion 

membrane contact 16, reduction in RB size 14, or responses to changes in nutrient 

availability 17, all have been proposed to control or influence RB-to-EB cell switching.


In this study, we used mathematical modeling to guide experiments to distinguish 

between factors that influence RB-to-EB development. The chlamydial life cycle was 

modeled using systems of differential equations. Each model was tested under 

simulated conditions that indicated that extrinsic versus intrinsic control of EB 

development could be distinguished experimentally. To test the model predictions, a 

live-cell imaging system in combination with promoter-reporter constructs was 

developed to monitor the developmental cycle in real time at the single-inclusion 

level. We show that neither the limiting membrane hypothesis nor the intra-inclusion 

nutrient-limiting hypothesis are consistent with our experimental results and that EB 

development likely follows a cell-autonomous program. Additionally, we show that 

this intrinsic program is dependent on RB growth and cell division.


Results 

Modeling chlamydial development. We developed two mathematical models 

that represent potential driving forces in promoting EB development. Each model is 

a system of ordinary differential equations (ODE) that tracks RBs, intermediate 

bodies (IBs), and EBs over time (Fig. 2.1; also see Supplemental Material 2.S1). In 

these models, the development of the EB is controlled by an inhibitory signal that is 

intrinsic to each bacterium or is environmental, i.e., shared between the bacteria 

(Fig. 2.1A and B). The nature of the signal was not specified beyond an inhibitory 

effect on EB production at high concentrations and its consumption by RBs. The 

regulatory nature of this signal could be either positive, as in quorum sensing, or 

negative, such as nutrient limitation. For our simplified model system, we 

implemented a negative regulator, but the model will generate identical outputs if the 

regulator is positive in nature. For each of the two models, the signal is consumed by 

the bacteria over time, and, once depleted, RB-to-EB conversion commences. The 

models differ in whether all the RBs in the inclusion compete for one pool of this 
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signal or whether each RB contains an independent internal pool of the inhibitory 

signal. The output of both models mimics the general kinetics of the chlamydial 

developmental cycle. Both models produced identical outputs when a multiplicity of 

infection (MOI) of 1 was simulated (Fig. 2.1C). When a change in the replication rate 

of Chlamydia was simulated, the two models again responded similarly, showing that 

an increased replication rate led to earlier EB production, while a decreased 

replication rate resulted in delayed EB production (Fig. 2.1D). However, the models 

produced dramatic kinetic differences with a simulated increase in MOI or time-

delayed superinfection. Both simulated conditions caused EB formation to occur 

sooner in the environment-based signal model but had no effect on EB production 

when modeled with an intrinsic signal (Fig. 2.1E). These data indicate that it is 

possible to experimentally differentiate between whether an environmental signal or 

an intrinsic program triggers EB development.


Development of a live-cell reporter system to monitor the chlamydial 
developmental cycle. To experimentally differentiate between mechanisms of 

differentiation based on the response to an environmental or intrinsic signal, we 

developed a live-cell imaging system using promoter constructs to monitor the 

chlamydial developmental cycle. The reporter constructs were designed using the 

promoters of chlamydial genes that are differentially regulated between the RB and 

EB forms 18. To generate an RB reporter, the promoter of ihtA was used to drive 

enhanced green fluorescent protein (EGFP) expression. The sRNA IhtA is 

expressed early upon infection and negatively regulates the EB-specific gene hctA 
19. To generate an EB reporter, the promoter and first 30 nucleotides (nt) of the late 

gene hctA were used to drive the expression of the GFP variant Clover. HctA is a 

small histone-like protein that is involved in the condensation of the chlamydial 

genome to form the compact nucleoid characteristic of the EB 20. The upstream 

promoter region as well as the first 10 codons of the open reading frame (ORF) of 

hctA were used to construct this reporter, as the regulation of HctA expression 

involves both the promoter and the IhtA binding site contained in the beginning of the 

ORF 21. Each reporter was transformed into C. trachomatis, generating the strains 
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Ctr-ihtAprom-EGFP and Ctr-hctAprom-Clover (see Table 3.1 in the supplemental 

material). The chlamydial transformants were used to track the developmental cycle 

of each strain using live-cell time-lapse microscopy and particle tracking to quantify 

the fluorescent expression of individual inclusions over time 22. This technique allows 

for the tracking of gene expression in multiple individual inclusions over the entire 

developmental cycle while avoiding the inherent variability of whole-population 

studies on an asynchronous infection. A detailed description of the system is 

described in our recently published paper 23. To verify that the fluorescent reporters 

accurately reflected the developmental cycle, total chlamydial growth was 

determined by measuring genomic copies by quantitative PCR (qPCR) and EB 

production by a replating assay to quantify inclusion-forming units (IFU). EGFP 

expression from the ihtA promoter was first detected at 10 hpi and started to level off 

at 28 hpi (Fig. 2.2A). The initial expression from the ihtA promoter was in good 

agreement with the initiation of RB genomic replication, as demonstrated by genome 

copies (Fig. 2.2A). The initiation of RB replication signals the end of the EB-to-RB 

transition after cell entry. Imaging of the hctA promoter-reporter revealed that the 

Clover signal could be detected first at 18 hpi (Fig. 2.2B). Again, these data were in 

good agreement with the production of infectious progeny, as EBs were first 

detected at 20 hpi (Fig. 2.2B). We measured 50 individual inclusions per strain and 

found very little interinclusion variability in the timing of the initiation of expression 

(Fig. 2.2C and D). This uniformity in developmental timing can be appreciated in a 

live-cell time-lapse movie of Ctr-hctAprom-Clover infections (Movie 2.S1). The close 

agreement between classic methods for monitoring the chlamydial developmental 

cycle (IFU and genome copies) and the single-inclusion-based fluorescent reporter 

system described here demonstrates that this system accurately reflects the 

developmental cycle.


Chlamydial development is growth rate dependent. Both models predicted 

that changes in growth rate would be reflected in EB production kinetics (Fig. 2.1D). 

There is generally a linear relationship between temperature and the square root of 

growth rate in bacteria 24. Therefore, to validate the predictions of our two models, 
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we monitored Ctr-ihtAprom-EGFP and Ctr-hctAprom-Clover at three temperatures, 

35°C, 37°C (control), and 40°C. As expected, at the lower temperature of 35°C, the 

EB-to-RB lag time increased dramatically and ihtAprom-EGFP expression increased 

more slowly than that of the 37°C control (Fig. 2.3A). The lower replication rate at 

35°C was also reflected in measured genome copies (Fig. 2.3B). Conversely, the 

lag time to fluorescence detection was reduced and fluorescence increased faster 

than the control when grown at 40°C (Fig. 2.3A). As predicted by our models, time to 

EB production was also shifted by changes in growth rate, as hctAprom-Clover 

expression began earlier at 40°C and was delayed at 35°C (Fig. 2.3C). These 

results were verified by measuring the production of infectious progeny (Fig. 2.3D) 

and are consistent with previously published literature where Chlamydia growth at 

33°C was slowed in both inclusion and EB development 25. Taken together, these 

data provide strong evidence that the cycle is growth rate dependent and that our 

experimental system accurately detected changes in chlamydial development.


EB development is controlled by intrinsic factors and not environmental 
factors. The two mathematical models differ principally in the source of the EB 

development signal: internal versus environmental. The models produced divergent 

outcomes under conditions where bacteria are competing for a host cell or an intra-

inclusion signal versus a signal internal to each RB. Simulations predicted that the 

time to EB production would be measurably affected by increasing the MOI if the 

signal was environmental (competitively consumed) but would be unchanged if the 

signal was intrinsic (internal to each RB) (Fig. 2.1E). To more accurately assay EB 

development by live-cell imaging, two additional EB gene reporters were 

constructed. The promoters and first 30 nt of hctB and scc2 were inserted upstream 

of Clover and transformed into C. trachomatis, creating Ctr-hctBprom-Clover and 

Ctr-scc2prom-Clover, respectively. Like HctA, HctB is a small histone-like protein 

that is involved in EB nucleoid formation 26, while Scc2 is a chaperone for type III 

secretion effector proteins 27. Our published transcriptome sequencing (RNA-seq) 

data showed that the transcripts for hctB and scc2 were expressed late, 

corresponding to the timing of EB production 18. Monolayers were infected with each 
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of the four strains, with MOIs ranging from 1 to 32 infectious EBs per host cell, and 

imaged every 30 min for 40 h. The MOI was calculated by infection with a 2-fold 

dilution series and back calculating from an observed MOI of 1. The fluorescent 

signals were normalized by MOI, as this more closely represents fluorescence per 

RB. Expression initiation of the RB reporter ihtAprom, and the EB reporters 

hctAprom, hctBprom, and scc2prom, did not vary as a function of MOI (Fig. 2.4A to 
D). The lack of MOI response for the expression of EB genes corresponded closely 

with EB production as measured by a reinfection assay (Fig. 2.4E). Of note is the 

dramatic difference in the timing of expression between the late genes. hctAprom-

Clover expression was initiated at 18 h postinfection, while hctBprom-Clover and 

scc2prom-Clover expression was initiated 3 h later at 21 hpi. 


Our models predicted that both MOI and superinfection would aid in 

differentiating between cell-autonomous and environmentally influenced 

development (Fig. 2.1E). The MOI data suggested that RB-to-EB developmental 

switching is not influenced by the host intracellular or the intrainclusion environment 

but rather is triggered by a signal intrinsic to C. trachomatis. To further differentiate 

between these possibilities, we measured RB and EB gene expression under 

superinfection conditions. The chlamydial inclusion is derived from the plasma 

membrane, and interaction with the endocytic membrane system is actively blocked 

by Chlamydia 13. When multiple EBs infect a cell, they each create individual 

inclusions that traffic to the microtubule-organizing center (MTOC) of the host cell 28. 

This trafficking, along with the expression of IncA, a protein that promotes fusion of 

individual inclusions, culminates in homotypic inclusion fusion, resulting in a single 

chlamydial inclusion per host cell 29, 30. Our environmental signal model predicted 

that the developmental cycle of Chlamydia under superinfection conditions would be 

dramatically altered (decreased time to EB production) as a function of the 

developmental stage of the first infection. To test this, cells were infected with 

unlabeled C. trachomatis L2 for 6, 12, and 18 h prior to a second infection with the 

indicated C. trachomatis L2 reporter strains and imaged starting at 9 h after 

secondary infection (Fig. 2.5). Fluorescent signals were measured for inclusions that 

were verified to be superinfected by imaging for both differential interference 
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contrast (DIC) and fluorescence, i.e., inclusions containing both labeled and 

unlabeled Chlamydia (Fig. 2.5A). Superinfection at any time after initial infection had 

no effect on the initiation of expression of either ihtAprom-EGFP or hctAprom-Clover 

(Fig. 2.5B and C). The lack of effect on late gene expression was verified with two 

other late promoter-reporter strains, Ctr-hctBprom-Clover and Ctr-scc2prom-Clover, 

12 h post superinfection (Fig. 2.5D and E). We verified that superinfection had no 

effect on the initial production of infectious progeny by performing a replating assay 

in the presence of spectinomycin (Fig. 2.5F). 


To further examine any effect of the intrainclusion environment versus the host 

intracellular environment, we took advantage of a Chlamydia mutant that does not 

express IncA and, therefore, is defective in homotypic inclusion fusion 29. Cells were 

pre-infected with an isogenic mutant pair, either C. trachomatis J (incA positive and 

fusogenic 31) or C. trachomatis Js (incA negative and nonfusogenic 31) for 18 h, and 

then were superinfected with Ctr-ihtAprom-EGFP or Ctr-hctAprom-Clover and 

imaged starting at 9 h post superinfection (Fig. 2.5G). Again, there was no apparent 

change in kinetics between infection alone (no superinfection), superinfection with 

inclusion fusion, or superinfection without fusion (Fig. 2.5H and I). Taken together, 

these data suggest that the timing of RB-to-EB development is an intrinsic pre-

programmed property of Chlamydia and does not respond to environmental signals.


Chlamydial cell division is required for EB development. Time to EB 

development responded to RB growth rate, suggesting that chlamydial cell division 

is critical for development (Fig. 2.3). To test the role of cell division in EB 

development, RB replication was halted by treating infected cells with penicillin G 

(Pen). C. trachomatis does not use peptidoglycan as a structural sacculus and does 

not contain a peptidoglycan cell wall. Instead, peptidoglycan aids cell septation by 

forming a ring at the cleavage furrow 32. Therefore, Pen treatment blocks cell 

septation but not cell growth. 


To assess the effects of Pen treatment on chlamydial developmental kinetics, an 

additional early gene promoter-reporter, euoprom-Clover, was constructed. EUO 

(early upstream ORF) is a transcriptional repressor that selectively regulates 
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promoters of C. trachomatis late genes and was highly expressed in our RNA-seq 

data set 18, 33. Cells infected with Ctr-euoprom-Clover or Ctr-hctAprom-Clover were 

treated with Pen at 14 hpi and imaged for a further 34 h (Fig. 2.6). The euoprom-

Clover signal after Pen treatment continued to increase, as did the size of the 

aberrant RB cells (Fig. 2.6B and 7A and B). The expression of euoprom-Clover in 

the presence of Pen also matched the increase in genome copies, which, as 

previously reported 34, was also Pen insensitive (Fig. 2.6D). Unlike euoprom-Clover 

expression, the hctAprom-Clover signal was dramatically affected by Pen treatment 

(Fig. 2.6B). The expression of hctAprom-Clover was initially repressed by Pen 

treatment at 14 hpi compared to that of untreated samples; however, expression was 

initiated 9 h after treatment. We explored this late gene expression behavior further 

using three other late gene promoter strains, Ctr-hctBprom-Clover, Ctr-scc2prom-

Clover, and Ctr-tarpprom-Clover (Fig. 2.6B and Fig. 2.S1). The Clover expression 

patterns driven by hctBprom, scc2prom, and tarpprom were dramatically different 

from that of hctAprom, as none showed Clover expression in the Pen-treated 

samples (Fig. 2.6B and Fig. 2.S1). The lack of hctBprom, scc2prom, and tarpprom 

gene expression corresponded to the lack of production of infectious progeny during 

Pen treatment, suggesting that these genes can be considered true EB genes (Fig. 
2.6E). 


To further investigate the role of chlamydial cell division in EB development, we 

tested the effects of a second antibiotic that targets peptidoglycan synthesis, D-

cycloserine (DCS). DCS is a cyclic analogue of D-alanine and inhibits peptidoglycan 

synthesis 35. Again, euoprom-Clover expression was measured over time after DCS 

treatment at 14 hpi. The kinetics of expression of euoprom-Clover was similar to that 

of Pen-treated and untreated samples (Fig. 2.6A to C). The expression kinetics of 

the late gene reporters after DCS treatment also mimicked Pen treatment. DCS-

treated inclusions never expressed Clover from hctBprom or scc2prom reporters but 

did express from the hctAprom reporter with a similar 9-h delay (Fig. 2.6C). Although 

the kinetics were similar to those of Pen treatment among all reporters, the aberrant 

RBs did not grow as large as those treated with Pen (Fig. 2.7). 
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Treatment with penicillin has been reported to induce aberrant RBs that continue 

to metabolize and increase in size but do not produce infectious progeny 36, 37. Pen, 

other antibiotic treatments, and nutrient limitation are all reported to induce a 

persistent state in Chlamydia 38. Therefore, we explored the effect of interferon 

gamma (IFN-)-induced persistence on cell-type-specific gene expression. While Pen 

and DCS induce persistence through their effects on peptidoglycan synthesis, IFN- 

causes an aberrant state by starving Chlamydia of tryptophan 39. HeLa cells were 

used as opposed to Cos7 cells, as the former responds to human IFN- (hIFN-). Cells 

were treated with IFN- 24 h prior to infection with the Ctr-ihtAprom-EGFP or Ctr-

hctApromClover strain. Imaging of these constructs showed that no signal was 

produced from either promoter construct (Fig. 2.S2). We also treated cells with the 

iron chelator bipyridyl, which is reported to have regulatory overlap of tryptophan 

regulation in Chlamydia 40. Bipyridyl treatment also resulted in no signal produced 

from either promoter construct (Fig. 2.S2).


Data obtained from Pen- and DCS-treated infections support a role for cell 

division in chlamydial development. To further explore this observation, cells were 

treated with Pen every 2 h starting at 16 hpi. To visualize both RBs and EBs in the 

same inclusion during the developmental cycle, two dual promoter constructs were 

developed, creating Ctr-hctAprom-mKate2/ihtAprom-mNeonGreen and Ctr-

hctBprom-mKate2/euoprom-Clover. Cells were infected with the dual promoter 

strains and imaged every 30 min starting at 14 h postinfection (Fig. 2.8). Expression 

levels of the fluorescent proteins driven by the early, early-late, and late promoters in 

response to Pen treatment were strikingly different. The euoprom signal increased 

compared to that of untreated infections almost immediately after Pen was added, 

regardless of the timing of treatment (Fig. 2.8A). This was also true for the other 

early promoter-reporter, ihtAprom (Fig. 2.S3). Signal from the late promoter 

hctBprom was completely inhibited but only after a 10-h delay, again regardless of 

when Pen was added (Fig. 2.8B). Conversely, hctAprom signal was inhibited very 

quickly after Pen treatment, but expression resumed after a 9-h delay (Fig. 2.8C). 

Confocal images of Pen-treated cells indicated that ihtAprom-mNeonGreen and 

euoprom-Clover expression was evident only in the large aberrant cells (Fig. 2.9). 
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However, there was a striking difference in cell type expression between the late 

promoters hctAprom and hctBprom. Like ihtAprom and euoprom, hctAprom-mKate2 

expression was localized to large aberrant cells. In contrast, hctBprom-mKate2 

expression was restricted to non-aberrant small cells that resembled EBs (Fig. 2.9).


EB gene expression increases linearly until cell death. Our data suggest that 

initial RB-to-EB development follows an intrinsic program and does not respond to 

environmental cues. However, the data show significant variability at 36 hpi. To 

better understand the kinetics of chlamydial development late during infection, well 

separated individual inclusions were monitored from when fluorescence could first 

be detected until lysis of the inclusion or cell. The dual promoter strain, Ctr-

hctBprommKate2/euoprom-Clover, was used to identify early inclusions and monitor 

late gene expression. Expression from each promoter in isolated individual 

inclusions was monitored for 65 hpi (Fig. 2.10A and Movie 2.S2). Late in infection, 

gene expression from isolated inclusions differed significantly from aggregated 

expression data. euoprom-Clover expression in each individual inclusion followed a 

similar pattern, a lag phase and then a short exponential phase, followed by an 

expression plateau at 24 hpi, which was maintained until cell death (Fig. 2.10A and 
Movie 2.S2). hctBprom expression showed a short exponential growth phase 

followed by continuous linear gene expression (R2  0.99) until cell lysis (Fig. 2.10A, 
graph 3, and Movie 2.S2). Late in infection (36 hpi), a subset of inclusions/cells 

lysed (Movie 2.S2), which contributed to the increased signal variability through loss 

of fluorescence, resulting in aggregate gene expression data mimicking a stationary 

phase. The data from single inclusions suggest that the Chlamydia isolates are not 

responding to depleting resources of the host cell late in infection, as the slope is 

linear until lysis. Although growth is linear for every inclusion, the rate differs 

between inclusions in different cells (Fig. 2.10A, graph 2), suggesting that the 

growth rate of Chlamydia is set by a limiting nutrient inside the cell that is maintained 

at a steady state, producing a linear expression curve (Fig. 2.10A, graph 2, and 
Movie 2.S2). Linear expression kinetics was also seen in cells grown at various 

temperatures. Infected cells grown at 35°C, 37°C, and 40°C all showed linear 
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hctBprom expression, with slopes varying significantly with temperature, at 344, 499, 

and 713 fluorescence units/h, respectively (Fig. 2.S4).


All data presented thus far were collected from infections in the presence of 

cycloheximide. Monolayers were treated with cycloheximide to block host cell 

division, which reduces cell migration and improves live-cell imaging. Cycloheximide 

is a eukaryote protein synthesis inhibitor and has been shown to increase EB 

production during chlamydial infections 41. Treatment with cycloheximide is thought 

to decrease competition between the host and Chlamydia for nutrients, allowing 

Chlamydia to replicate faster 42. To understand the impact of cycloheximide 

treatment on chlamydial developmental kinetics, the rates of RB and EB gene 

expression with and without cycloheximide were measured in individual inclusions 

for the entire cycle. Without cycloheximide treatment, the overall developmental 

pattern was retained; however, there was a delay in euoprom expression and a 

delay in the time to euoprom expression plateau (Fig. 2.10B, graphs 1 and 3). 

Additionally, EB gene expression in individual inclusions began later, and linear 

production had a significantly reduced slope (327 fluorescence units/h) in 

monolayers not treated with cycloheximide than in treated ones (482 fluorescence 

units/h) (Fig. 2.10B, graph 3). Interestingly, although hctBprom expression in the 

untreated cells increased at a linear rate until cell lysis, peak expression levels rarely 

reached that of the cycloheximide-treated cells, as cell lysis occurred before levels 

reached that of the treated inclusions. These data further support that EB production 

is a property of the growth rate and is not likely a response to changing 

environmental signals. 


These data also suggest that growth rate of Chlamydia per cell is limited by 

steady-state levels of a limiting nutrient provided by the host, again indicating that 

EB development is unlikely to be linked to increasing competition or communication 

between Chlamydia but rather follows an intrinsic developmental program.


Discussion 

The infection of vertebrate hosts by Chlamydia is dependent on the transition 

between two specific cell types, the RB and EB, that each have specialized 
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functions. The RB undergoes cell division but is not infectious, while the EB form is 

responsible for mediating invasion of eukaryotic host cells and does not undergo cell 

division. The EB does, however, metabolize nutrients to maintain its infectious 

phenotype 18. This division of labor presents a critical dilemma for Chlamydia, as 

increasing cell numbers through RB division must be balanced with the production of 

infectious EBs. How Chlamydia regulates this balance is currently unknown.


Proposed mechanisms for the control of RB-to-EB development can be divided 

into two broad categories, a response to extrinsic environmental cues and an 

intrinsic developmental program. By developing mathematical models and running 

simulations of infection conditions, we determined that these two possibilities could 

be differentiated by generating competition between RBs for environmental signals 

or nutrients. To explore these models experimentally, we developed a live-cell 

reporter system to monitor cell type switching in real time at the single-inclusion 

level. Cell type-specific promoters were used to drive the expression of fluorescent 

proteins to monitor RB growth (ihtAprom and euoprom) and EB development 

(hctAprom, hctBprom, scc2prom, and tarpprom). These promoter reporters were 

designed to detect spatial/temporal generation of fluorescence and the net of 

transcriptional, translational gene regulation, and maturation of the fluorophore and 

to not differentiate between these mechanisms. Chlamydial developmental kinetics 

observed using the live-cell reporter constructs were comparable to developmental 

data generated using qPCR for genome copies and reinfection assays to measure 

infectious progeny.


The use of live-cell promoter-reporters to interrogate cell type switching 

dramatically improved the resolution for monitoring chlamydial developmental 

transitions. Reporter expression was measured every 30 min at the single-inclusion 

level, which led to the identification of two different classes of late promoters. hctB, 

scc2, and tarp were all expressed 22 hpi and, therefore, are considered a class of 

true late genes. However, our data suggest that hctA should be considered an early-

late gene, as hctAprom-Clover expression is induced hours before the other late 

genes tested and responds differently to the inhibition of chlamydial cell division. 

This differential timing in expression between HctA and the late proteins is 
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corroborated by our published RNA-seq data that demonstrated that the transcript 

encoding HctA was upregulated at 18 hpi, while the transcripts for HctB, Scc2, and 

Tarp were not detected until 24 hpi 18. Live-cell single-inclusion analysis also 

highlighted the inherent limitations of endpoint population-based assays. Single 

inclusion dynamics demonstrated that kinetics of chlamydial development in single 

inclusions can be masked by cell lysis, superinfection, and reinfection in population-

based studies.


Our live-cell data showed that competition for nutrients by increasing MOI and 

time delayed superinfections of both fusogenic and non-fusogenic inclusions, which 

generated competition for host cell and intra-inclusion signals and did not alter time 

to EB development. These data strongly suggest that development from RB to EB is 

independent of a competitive intra-inclusion or host environment but rather is 

responsive to one or more intrinsic cell-autonomous signals. Our data also showed 

that the developmental program is linked to a steady-state growth rate. Chlamydia 

grown at 35°C replicated slower and EB development was delayed compared to that 

of samples grown at 37°C. Conversely, Chlamydia incubated at 40°C replicated 

faster and EB development was initiated earlier than for growth at 37°C. Additionally, 

Chlamydia in cells treated with cycloheximide grew faster and EB development was 

initiated earlier than that for untreated cells.


Cell lysis and reinfection at late time points skewed the aggregate data, adding 

significant variability. The analysis of well-isolated single inclusions showed that 

each inclusion followed the same basic developmental profile. However, the 

Chlamydia in each inclusion had a unique growth rate. These data suggest that 

growth rate is set by steady-state kinetics in individual host cells, as EB gene (EB 

production) expression is linear in each cell until cell lysis but the slope varies 

between cells. This was also evident when comparing EB gene expression in 

cycloheximide-treated versus untreated host cells. The slope of hctBprom 

expression (EB production) is steeper with cycloheximide treatment, again 

suggesting that chlamydial growth rate is dependent on nutrient availability in the 

host cell. The linear kinetics of EB production suggests that Chlamydia does not 

encounter increasing nutrient limitation even toward the end of the cycle. The 



	 	 37

kinetics of chlamydial development within individual inclusions appears to mimic that 

of bacteria grown in a chemostat where replication rate is controlled by a limiting 

nutrient. Up to a point, the host cell is actively maintaining steady-state levels of 

nutrients that control chlamydial growth rate and that, in turn, control EB production 

rate.


In addition to growth, chlamydial cell division was also required to trigger EB 

development. Penicillin and DCS both target peptidoglycan synthesis at different 

points in the pathway, resulting in a block in cell septation during chlamydial 

replication 43. Both treatments, when added early in infection (prior to 14 hpi), 

inhibited EB formation, as measured by the production of infectious particles and 

expression of late gene promoter-reporters (hctA, hctB, scc2, and tarp). However, 

the effect of these drugs on hctAprom-Clover expression differed significantly from 

the effects seen on hctB, scc2, and tarp. Although hctAprom-Clover expression was 

initially inhibited, expression was eventually initiated in the aberrant forms after an 

approximately 9-h delay. We speculate this delay is the result of gene dysregulation 

that, over time, produces spurious regulatory outputs. Pen addition at all times 

tested (2-h intervals from 16 to 28 h) resulted in an immediate overall increase in 

euoprom-Clover expression and an immediate overall decrease in hctAprom-Clover 

expression in inclusions compared to untreated samples. In contrast, hctBprom 

expression kinetics was similar to that of untreated controls for approximately 10 h 

after Pen addition, after which point further expression was inhibited. Additionally, 

hctBprom fluorescence was only evident in small cell forms, indicating expression 

was restricted to EBs, while hctAprom expression was evident in RB-like aberrant 

forms, suggesting expression in an intermediate cell form. These data suggest that 

inhibiting cell division blocks RBs from switching off euoprom expression and 

switching on hctAprom gene expression. However, if a cell is already committed to 

EB formation (hctAprom positive), EB gene expression continues (Pen insensitive) 

until the EB is fully mature (maximal hctBprom signal), which our data indicate takes 

about 10 h in C. trachomatis L2.


The treatment of Chlamydia-infected cells with penicillin, other antibiotics, or 

reagents that cause nutrient limitation results in a growth phenotype termed 
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persistence 38. Persistence is characterized by aberrant RB forms that are larger 

than untreated RBs, do not undergo cell division, and do not produce infectious 

progeny 38. Although all these treatments cause aberrant RBs, the phenotypes vary 
39, 44. Pen and DCS treatment cause persistence by inhibiting cell division through 

inhibiting peptidoglycan synthesis, while IFN- treatment causes persistence by 

inducing the enzyme indoleamine-2,3-dioxygenase in the host cell, which serves to 

deplete tryptophan levels in the cell, starving Chlamydia of this essential amino 

acid39. Comparing the live-cell imaging data from these different persistence 

inducers revealed that the IFN--treated Chlamydia never expressed Clover from any 

promoters tested early or late. This was also true for Chlamydia grown in the 

presence of the iron chelator bipyridyl. The Chlamydia from bipyridyl-treated 

infections never expressed the fluorescent reporters from early or late promoters. 

This dramatic difference in gene regulation suggests different mechanisms are 

involved and that persistence is not a phenotype associated with a specific gene 

expression profile.


Overall, our data support a model in which RB-to-EB development follows a cell-

autonomous preprogrammed cycle that requires chlamydial division. Our initial 

mathematical models assumed an inhibitory signal that, at high concentrations, 

inhibited RBs from differentiating into EBs. The concentration of this signal was 

depleted by metabolic utilization, and RB-to-EB differentiation occurred. We have 

now updated this model to reflect our current data supporting an intrinsic signal 

linked to chlamydial growth rate and cell division. This model suggests the 

involvement of an internal signal in the nascent RB that, at high concentrations, 

inhibits RBs from differentiating into EBs, and that the signal concentration is 

depleted through dilution via 3 to 5 cell divisions and not metabolic utilization. After 

the inhibitory signal is reduced below a threshold, RBs are capable of transitioning to 

EBs (Fig. 2.11). Of the current proposed models in the literature (nutrient limitation 
45, inclusion membrane limitation 46, and RB size 14), only the model based on RB 

size is consistent with our data. The RB size model described by Lee et al. proposed 

that RB growth rate is lower than the division rate, leading to a size reduction 

(depletion of signal) of the RBs after each division. After several rounds of division, a 



	 	 39

size threshold is reached and EB development is triggered 14. This proposed 

mechanism fits our model, as size would act as the inhibitory signal that is reduced 

through cell division. It should be noted that although we propose the dilution of an 

inhibitor as the intrinsic signal to control cell type switching, it is equally possible that 

a positive signal linked to cell division, such as the development of asymmetry/

polarity, could act as an EB-promoting signal.


Chlamydial development can be considered to occur in two steps, an RB 

exponential growth step starting 12 hpi (C. trachomatis serovar L2) and an 

asynchronous EB production step starting at 18 hpi (C. trachomatis serovar L2) 47, 48. 

Although the size reduction model and our model explain some of the gene 

expression patterns that control cell type switching, it is clear that EB development is 

more complicated than these simple switch models. The output of the models fit the 

switch between the RB exponential growth phase and the beginning of EB 

development, but they do not adequately explain the continued requirement for cell 

division during asynchronous EB production. Our data show that Pen treatment 

blocks the euo-to-hctA gene expression switch even when added late in infection (28 

hpi), well after the time of initial EB formation (18 hpi). Further evidence for a 

dilution-independent second step is the observation that the euoprom-to-hctAprom 

switch is initially blocked by both DCS treatment and Pen treatment, yet this 

inhibition is eventually overcome and hctAprom-Clover is expressed after a 9-h 

delay. Unlike Pen treatment, where RBs continue to increase in size, DCS impacts 

cell growth, resulting in smaller RBs and, thus, limiting the effect of dilution. These 

observations support a second developmental regulatory step that is independent of 

inhibitor dilution, suggesting cell division itself is an important step in committing to 

the EB cell type.


Our interpretation of these data is that EB formation is multifactorial and requires 

multiple steps to form a final infectious EB. The first step is the loss of the inhibitory 

signal in the RB through multiple rounds of division, where early RBs (RBR) divide 3 

to 5 times by binary fission, eventually becoming competent to produce EBs (RBE). 

This is followed by a second step that is dependent on asymmetric cell division 

creating two cells with different expression profiles. One daughter cell remains an 



	 	 40

RBE (euoprom positive), and the second daughter cell becomes committed to EB 

formation (IB, hctAprom positive) (Fig. 2.11). The committed IB cell (hctAprom 

positive) does not divide but matures into the infectious EB (hctBprom, scc2prom, 

and tarpprom positive). Further divisions of the RBE cell produce one RBE and one 

IB leading to the linear increase in EBs that we report. The data from the Pen 

treatment experiments also suggest that EB maturation, from hctAprom positive to 

hctBprom positive, takes 8 to 10 h, but we do not yet know when, along this 

progression, infectivity is gained.


Additional support for asymmetric EB production is the observation that 

hctBprom signal (EB production) follows a nearly perfect linear trajectory and is not 

logarithmic during the EB production phase (24 hpi; cell lysis) (Fig. 2.10A, Fig. 2.S4, 
and Movie 2.S2). In contrast, the euoprom signal (RB growth) transitions from log to 

linear to no growth (Fig. 2.10A and Movie 2.S2). These observations suggest that 

the RBR cell population expands by exponential growth followed by a transition to 

the RBE cell type. The RBE then divides asymmetrically, leading to EB production 

with no gain in RBE numbers. Asymmetric cell division producing two cells with 

differing fates is reminiscent of stalk/swarmer cell systems best described in 

Caulobacter crescentus 49 but also described in the Planctomycetes genus that is 

more closely related to Chlamydia 50. This is also supported by other studies that 

have provided evidence for asymmetric cell division in C. trachomatis. These studies 

show that the cell division machinery assembles asymmetrically, leading to polarized 

RB division 43, 51, 52. Additionally, the EB itself is asymmetric, demonstrating 

hemispherical projections that can be seen by electron microscopy 53.


Overall, our data show that the combination of mathematical modeling and live-

cell gene reporter imaging is a powerful tool to tease apart the molecular details of 

cell type development. Continued revision and testing of our models of development 

will lead to an expanded understanding of cell type development in this important 

human pathogen.
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Materials and Methods 

Organisms and cell culture. Cos-7 and HeLa cells were obtained from the 

American Type Culture Collection (ATCC). Cos-7 cells were used for all experiments 

unless otherwise specified. Both Cos-7 and HeLa cells were maintained in a 5% 

CO2 incubator at 37°C (unless otherwise indicated) in RPMI 1640 (Cellgro) 

supplemented with 10% fetal plex and 10 g/ml gentamicin. All C. trachomatis L2 

(LGV 434) strains were grown in and harvested from Cos-7 cells. Elementary bodies 

were purified by density centrifugation using 30% MD-76R 48 h post infection 18. 

Purified elementary bodies were stored at 80°C in sucrose-phosphate-glutamate 

buffer (10 mM sodium phosphate [8 mM K2HPO4, 2 mM KH2PO4], 220 mM 

sucrose, 0.50 mM L-glutamic acid; pH 7.4). Escherichia coli ER2925 (mutated in 

dam and dcm) was utilized to produce unmethylated constructs for transformation 

into Chlamydia.


Reporter plasmids. The backbone for all promoter-reporter constructs was 

p2TK2SW2 54. Promoters were amplified from C. trachomatis L2 genomic DNA using 

the primers indicated (see Table 3.1 in the supplemental material). Each promoter 

sequence consisted of 100 bp upstream of the predicted transcription start site for 

the specified chlamydial genes plus the untranslated region and the first 30 nt (10 

amino acids) of the respective ORF. Promoter sequences were inserted into 

p2TK2SW2 downstream of the ColE1 ORI. Fluorescent reporters (EGFP/Clover/

mNeonGreen/mKate2) were ordered as gene blocks from Integrated DNA 

Technologies (IDT) and inserted in frame with the first 30 nt of the chlamydial gene. 

Each ORF was followed by the incD terminator. The bla gene was replaced by the 

aadA gene (spectinomycin resistance) from pBam4. The final constructs reported in 

this study were p2TK2-ihtAprom-EGFP, p2TK2-hctAprom-Clover, p2TK2-hctBprom-

Clover, p2TK2- scc2prom-Clover, p2TK2-euoprom-Clover, p2TK2-tarpprom-Clover, 

p2TK2-hctBprom-mKate2/euopromClover, and p2TK2-hctAprom-mKate2/ihtAprom-

mNeonGreen.


Chlamydial transformation and isolation. Transformation of C. trachomatis L2 

was performed as previously described 54 and selected using 500 ng/l 

spectinomycin. Clonal isolation was achieved via successive rounds of inclusion 
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isolation (MOI, 1) using a micromanipulator. The plasmid constructs were purified 

from chlamydial transformants, transformed into E. coli, and sequenced.


Infections. To synchronize infections, host cells were incubated with C. 

trachomatis EBs in Hanks’ balanced salt solution (HBSS) (Gibco) for 15 min at 37°C 

with rocking. The inoculum was removed and cells were washed with prewarmed 

(37°C) 1 mg/ml heparin sodium in HBSS. The HBSS with heparin was replaced with 

fresh RPMI 1640 containing 10% fetal bovine serum, 10 g/ml gentamicin, and 1 g/ml 

cycloheximide, unless otherwise stated. For cell division experiments, chlamydial 

cell division was inhibited by the addition of 1 U/ml penicillin G or 40 g/ml D-

cycloserine to the media. To starve Chlamydia of tryptophan, HeLa cells were 

incubated for 24 h in medium containing 2 ng/ml recombinant human IFN- 

(PHC4033; Invitrogen) prior to infection. Iron starvation of Chlamydia was achieved 

by treating Cos-7 cells with the iron chelator bipyridyl (100 M) upon infection with 

Ctr-L2-prom EBs 55.


Replating assays. Ctr-hctAprom-Clover EBs were obtained from infected Cos-7 

cells by scraping the host monolayer and pelleting via centrifugation for 30 min at 

17,200 relative centrifugal force. The EB pellets were resuspended in RPMI via 

sonication. For reinfection, Cos-7 cells were plated to confluence in clear 

polystyrene 96-well microplates. EB reinfections consisted of 2-fold dilutions. 

Spectinomycin was added to superinfection experiments to prevent wild-type C. 

trachomatis L2 growth. Infected plates were incubated for 29 h. Cells were fixed with 

methanol and stained with 4,6-diamidino-2-phenylindole (DAPI). The DAPI stain was 

used for automated microscope focus and visualization of host cell nuclei, and GFP-

Clover was used for visualization of EBs and inclusion counts. Inclusions were 

imaged using a Nikon Eclipse TE300 inverted microscope utilizing a scopeLED lamp 

at 470 nm and 390 nm and BrightLine bandpass emissions filters at 514/30 nm and 

434/17 nm. Image acquisition was performed using an Andor Zyla sCMOS in 

conjunction with Manager software. Images were analyzed using ImageJ software 56 

and custom scripts (Supplemental Material 2.S2).


Genome number quantification. Chlamydial genomic DNA was isolated from 

infected host cells during active infections using an Invitrogen PureLink genomic 
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DNA mini kit. An ABI-7900HT reverse transcription PCR system was utilized for the 

quantification of genomic copies. A DyNAmo Flash SYBR green qPCR kit and hctA-

specific primer were used for detection.


Fluorescence microscopy. Cos-7 monolayers were infected with synchronized 

Ctr-L2-prom EBs. Live infections were grown in an OKOtouch CO2/heated stage 

incubator. Infections were imaged using a Nikon Eclipse TE300 inverted microscope 

using epifluorescence imaging and a 20, 0.4-numericaperture objective, giving a 

depth of field of about 5.8 m. A ScopeLED lamp at 470 nm and 595 nm and 

BrightLine bandpass filters at 514/30 nm and 590/20 nm were used for excitation 

and emission. DIC was used for focus. Image acquisition was performed using an 

Andor Zyla sCMOS camera in conjunction with Manager software 57. Images were 

taken at 30-min intervals from 10 to 48 h after Ctr-L2-prom infection unless 

otherwise stated. Live-cell infections were performed in 24- or 96-well glass-bottom 

plates, allowing treatments to vary between wells. Multiple fields were imaged for 

each treatment. Fluorescent intensities for individual inclusions were monitored over 

time using the Trackmate plug-in in ImageJ22. Inclusion fluorescent intensities were 

then analyzed and graphed using pandas, matplotlib, and seaborn in custom Python 

notebooks. The scripts for this analysis are available from the github account 

(https://github.com/SGrasshopper).


For confocal microscopy, samples were fixed with 4% paraformaldehyde, washed 

with phosphate buffered saline, and mounted with MOWIOL. Confocal images were 

acquired using a Nikon spinning disk confocal system with a 60 oil immersion 

objective, equipped with an Andor Ixon electron-multiplying charge-coupled device 

camera under the control of Nikon Elements software. Images were processed using 

the image analysis software ImageJ (http://rsb.info.nih.gov/ij/). Representative 

confocal micrographs displayed in the figures are maximal intensity projections of 

the three-dimensional data sets unless otherwise noted.


https://github.com/SGrasshopper
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Data availability. All data, bacterial strains, and methodologies are available upon 

request.
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Figure 2.1
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Figure 2.1: Schematic and simulations of environmental and intrinsic models.

Both models assume that the mechanism of RB/EB conversion is in response to 

signal concentration. High signal concentration prevents RB/EB conversion, and RB 

replication continues. As RBs replicate, the signal is consumed. Once the signal is 

depleted past a given threshold, RBs convert to IBs, which then convert to EBs. (A) 

Schematic of the environmental signal model. The RBs compete for a single pool of 

signal (S). (B) Schematic of the intrinsic model. Each RB contains its own signal, 

eliminating competition between RBs. (C) Simulations of the two models 

(environmental and intrinsic) using a multiplicity of infection (MOI) of 1 and an RB 

generation time of 2.27 h produced results that mimic the general kinetics of the 

chlamydial cycle and were indistinguishable from each other. (D) Simulations of RB 

doubling times of 1.13 h (half the measured RB doubling time) resulted in a reduced 

time to EB production, whereas 4.54 h (2 the measured RB doubling time) increased 

time to EB production. However, both models (environmental and intrinsic) produced 

the same outcome. (E) Simulations using an MOI of 10 predicted EB conversion to 

occur more rapidly in the environmental signal model but to remain unchanged in the 

intrinsic model. Similarly, simulations of the models using a time-delayed 

superinfection resulted in RB-to-EB conversion occurring more rapidly in the 

environmental model but remaining unchanged in the intrinsic model. 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Figure 2.2
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Figure 2.2: Live-cell fluorescent imaging of chlamydial development.

Cell type-specific fluorescent reporters were created to track chlamydial 

development in real time. Infections with purified Ctr-L2-prom EBs were 

synchronized and fluorescence microscopy, and qPCR/reinfection assays were run 

simultaneously. (A and B) The averages of ihtAprom-EGFP and hctAprom-Clover 

expression intensities from 50 individual inclusions monitored via automated live-cell 

fluorescence microscopy throughout the developmental cycle compared to genome 

copies and IFU, respectively. (C and D) The fluorescence intensities of 50 individual 

inclusions tracked via live-cell microscopy throughout the developmental cycle. The 

fluorescent unit cloud represents standard error of the mean (SEM) genome copies, 

and the IFU cloud represents 95% confidence intervals (CI). y axes are denoted in 

scientific notation. 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Figure 2.3






	 	 57

Figure 2.3: RB replication and EB conversion are growth rate dependent.

The ability of the promoter-reporter system to monitor differences in RB replication 

and EB conversion was tested by altering the growth temperature (35°C, blue; 37°C, 

gray; 40°C, red). (A) The averages of ihtAprom-EGFP expression intensities of 50 

individual inclusions monitored from 9 to 42 hpi via live-cell fluorescence microscopy. 

(B) Genome copies were measured between 2 and 42 hpi by qPCR. (C) The 

averages of hctAprom-Clover expression intensities of 50 individual inclusions 

monitored from 9 to 42 hpi via live-cell fluorescence microscopy. (D) EB conversion 

(IFU) was quantified via replating assay from 11 to 42 hpi. The fluorescent unit cloud 

represents standard error of the mean (SEM) genome copies, and the IFU cloud 

represents 95% confidence intervals (CI). y axes are denoted in scientific notation. 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Figure 2.4
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Figure 2.4: MOI does not affect initiation of RB-to-EB conversion.

Host cells were infected with purified Ctr-L2-prom EBs at an MOI of 1 to 32. (A to D) 

Averages of ihtAprom-EGFP, hctAprom-Clover, hctBprom-Clover, and scc2prom-

Clover expression intensities from 50 individual inclusions monitored via automated 

live-cell fluorescence microscopy throughout the developmental cycle. Fluorescent 

intensities were normalized by the respective MOI. (E) EB development (IFU) was 

measured at MOIs from 1 to 20 and was quantified via a replating assay. EBs were 

harvested at 2-h intervals from 15 to 25 hpi. IFU data were normalized by the 

respective MOI. The fluorescent unit cloud represents standard error of the mean 

(SEM) genome copies, and the IFU cloud represents 95% confidence intervals (CI). 

y axes are denoted in scientific notation. 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Figure 2.5
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Figure 2.5: Superinfection does not affect RB-to-EB conversion.

Host cells were infected with nonfluorescent C. trachomatis EBs followed by a 

secondary infection with Ctr-L2-prom EBs at 6, 12, or 18 hpi, and the fluorescent 

output was compared to that of cells that had not been infected with a primary 

infection (none). Infections were imaged starting at 9 h postinfection with the Ctr-L2-

prom strains. (A) Live-cell fluorescence/DIC image of 18-h L2 superinfection with 

Ctr-hctAprom-Clover at 20 magnification (30 h after Ctr-hctAprom-Clover infection). 

Fluorescent signals were measured in inclusions containing both GFP-expressing C. 

trachomatis (arrowhead) and nonfluorescent C. trachomatis (arrow). Scale bar, 10 

µm. (B and C) The averages of ihtAprom-EGFP and hctAprom-Clover expression 

intensities from 50 individual inclusions monitored via automated live-cell 

fluorescence microscopy during no superinfection (none) and 6, 12, and 18 h C. 

trachomatis L2 superinfections. (D and E) The average fluorescent intensities of 50 

individual inclusions using Ctr-hctBprom-Clover or Ctr-scc2prom-Clover measured 

with no superinfection (none) or 12 h C. trachomatis L2 superinfection. (F) EBs were 

harvested at 2-h intervals from 15 to 25 h after Ctr-L2-prom infection and quantified 

by replating assay. (G) Live-cell fluorescence/DIC image of cells infected with C. 

trachomatis Js and superinfected with Ctr-hctAprom-Clover. The image was taken 

30 h after Ctr-hctAprom-Clover infection at 20 magnification. Fluorescent signals 

were measured from inclusions in cells that contained both fluorescent Ctr-

hctAprom-Clover (arrowhead) and unfused nonfluorescent C. trachomatis Js 

(arrow). Scale bar, 10 µm. (H and I) The average fluorescent intensity of 50 

individual inclusions containing ihtAprom-EGFP and hctAprom-Clover measured with 

no superinfection (none), C. trachomatis J, or C. trachomatis Js superinfections. The 

fluorescent unit cloud represents standard error of the mean (SEM) genome copies, 

and the IFU cloud represents 95% confidence intervals (CI). y axes are denoted in 

scientific notation. 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Figure 2.6
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Figure 2.6: Inhibition of chlamydial cell division inhibits EB conversion.

Host cells were infected with purified Ctr-L2-prom EBs followed by treatment with 

penicillin G, D-cycloserine, or vehicle only at 14 hpi (purple arrow). (A to C) The 

averages of RB (euoprom-Clover), IB (hctAprom-Clover), and EB (hctBprom-Clover 

and scc2prom-Clover) expression intensities from 50 individual inclusions monitored 

via automated live-cell fluorescence microscopy in cells treated with vehicle only 

(UNT), penicillin (PEN), or D-cycloserine (DCS), respectively. (D) Quantification of 

genome copy numbers for vehicle only (UNT)- and penicillin (PEN)-treated cells 

measured using qPCR. (E) Quantification of EB development for vehicle only (UNT)- 

and penicillin (PEN)-treated cells via replating assay. EBs were harvested at 4-h 

intervals from 16 to 48 hpi. The fluorescent unit cloud represents standard error of 

the mean (SEM) genome copies, and the IFU cloud represents 95% confidence 

intervals (CI). y axes are denoted in scientific notation. 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Figure 2.7




Figure 2.7: Penicillin G and D-cycloserine induce aberrant cell forms.

Host cells were infected with Ctr-hctAprom-Clover EBs followed by treatment with 

penicillin or D-cycloserine at 14 hpi. Live-cell fluorescence images were acquired at 

40 hpi. (A) Untreated (UNT), vehicle only. (B) Penicillin (PEN) treated. (C) D-

cycloserine (DCS) treated. Magnification, 40X. Scale bar, 10 µm. 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Figure 2.8
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Figure 2.8: Inhibiting chlamydial cell division inhibits further EB conversion.

Host cells were infected with Ctr-L2-prom EBs followed by treatment with penicillin 

(Pen) at 2-h intervals starting at 16 hpi or without treatment (UNT). Arrows and 

vertical dotted lines indicate the addition of penicillin. (A) The averages of euoprom-

Clover (RB) expression intensities from 50 individual inclusions monitored via 

automated live-cell fluorescence microscopy for each penicillin treatment (time 

series starting at 16 hpi) and no treatment (UNT). (B) The averages of hctBprom-

mKate2 (EB) fluorescence from 50 individual inclusions. Horizontal solid lines 

indicate time to maximum expression. (C) The averages of hctAprom-mKate2 (IB) 

fluorescence from 50 individual inclusions. hctAprom-mKate2 graphs are separated 

for clarity. Horizontal solid lines indicate time to reinitiation of expression. The cloud 

represents SEM. y axes are denoted in scientific notation. 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Figure 2.9




Figure 2.9: Confocal fluorescence microscopy of cell type promoter 
expression upon inhibition of chlamydial division.

Host cells were infected with Ctr-hctAprom-mKate2/ihtAprom-mNeonGreen (red and 

green, respectively) or Ctr-hctBprom-mKate2/euoprom-Clover (red and green, 

respectively), followed by treatment with penicillin (Pen) at 20 hpi. Samples were 

fixed at 24 hpi. Fixed samples were imaged by confocal microscopy, and maximum 

intensity projections are shown. Scale bars, 5 µm. 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Figure 2.10
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Figure 2.10: Effect of cycloheximide on growth rate and EB production.

Cos-7 cells were either treated with cycloheximide or vehicle only upon infection with 

Ctr-hctBprom-mKate2/euoprom-Clover. (A) Individual inclusion traces and averages 

of euoprom-Clover (RB) and hctBprom-mKate2 (EB) expression intensities 

monitored via automated live-cell fluorescence microscopy for cycloheximide (CHX)-

treated infections. (B) Individual inclusion traces and averages of euoprom-Clover 

(RB) and hctBprom-mKate2 (EB) expression intensities monitored via automated 

live-cell fluorescence microscopy for vehicle (UNT)-treated infections. Purple lines 

are linear regression fits. Asterisks denote P value of 0.05. The cloud represents 

SEM. y axes are denoted in scientific notation. 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Figure 2.11




Figure 2.11: Schematic of concentration-dependent RB/EB conversion model.

The schematic shows diminishing signal concentration within RBs (dark to light blue) 

upon cell division. Depletion of the signal permits RBs to produce IBs (red), which 

then convert to EBs (orange). RBRs divide into two subsequent RBs. RBEs are 

competent to make EBs and divide into a RB and an IB. Each cell form has 

predicted associated promoter expression phenotypes. RB (RBR and RBE), euo-

ihtA; IB, hctA; EB, hctB-scc2-tarp. 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Figure 2.S1




Figure 2.S1: Inhibition of chlamydial division inhibits tarpprom expression.

Host cells were infected with purified Ctr-tarpprom-Clover EBs followed by penicillin 

treatment at 14 hpi (arrow). Shown is the average of tarpprom-Clover (EB) 

expression intensities from >50 individual inclusions monitored via automated live-

cell fluorescence microscopy in the absence (UNT) and presence of penicillin (Pen). 

The cloud represents SEM. The y axis is denoted in scientific notation. 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Figure 2.S2
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Figure 2.S2: Effect of interferon gamma and bipyridyl on RB-to-EB conversion.

HeLa cells were treated with interferon gamma (IFN-γ) 24 h prior to infection with 

Ctr-L2-prom EBs. Cos-7 cells were treated with bipyridyl upon infection with Ctr-L2-

prom EBs. (A and B) The averages of ihtAprom-EGFP and hctAprom-Clover 

expression intensities from >50 individual inclusions monitored via automated live-

cell fluorescence microscopy in the absence (UNT) and presence of IFN-γ. (C and 

D) The averages of ihtAprom-mNeonGreen and euoprom-Clover expression 

intensities from >50 individual inclusions monitored via automated live-cell 

fluorescence microscopy in the absence (UNT) and presence of bipyridyl (bpdl). (E 

and F) The averages of hctAprom-mKate2, hctBprom-mKate2, and scc2prom-Clover 

expression intensities from >50 individual inclusions monitored via automated live-

cell fluorescence microscopy in the absence (UNT) and presence of bipyridyl (Bpdl). 

The cloud represents SEM. The y axes are denoted in scientific notation. 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Figure 2.S3




Figure 2.S3: ihtAprom expression increases upon inhibiting cell division.

Host cells were infected with Ctr-ihtAprom-mNeonGreen EBs followed by treatment 

with penicillin (Pen) at 2-h intervals starting at 16 hpi or without treatment (UNT). 

Arrows and vertical dotted lines indicate the addition of penicillin. Shown are 

average ihtAprom-mNeonGreen (RB) expression intensities from >50 individual 

inclusions monitored via automated live-cell fluorescence microscopy for each 

penicillin treatment (time series starting at 16 hpi) and untreated cells (UNT). The 

cloud represents SEM. The y axis is denoted in scientific notation. 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Figure 2.S4




Figure 2.S4: EB expression follows a linear trajectory late in development.

Infections with Ctr-L2-prom EBs were grown at 35°C, 37°C, and 40°C. (A to C) 

Individual inclusion traces of hctBprom-mKate2 (EB) expression intensities at 35°C, 

37°C, and 40°C monitored from 20 to 70 hpi via automated live-cell fluorescence 

microscopy. (D) The averages of hctBprom-mKate2 (EB) expression from the 

individual inclusion traces for each treatment. (E) hctBprom-mKate2 average 

expression slopes from the three temperatures. Black lines are of hctBprom-mKate2 

expression for each treatment fit to a linear regression model. Asterisks denote a P 

value  of <0.05. The cloud represents SEM. The y axes are denoted in scientific 

notation. 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Movie 2.S1: Live-cell time-lapse movie of inclusion development and 
hctAprom-Clover expression.

Host cells were infected with purified Ctr-hctAprom-Clover EBs. Automated live-cell 

DIC and fluorescence microscopy were used to capture images every 30 min from 

10 to 48 hpi. Download Movie S1, MOV file, 4.8 MB.


Movie 2.S2: Live-cell time-lapse movie of single inclusion tracking.

Host cells were infected with the chlamydial transfomant Ctr-hctBprom-mKate2/

euoprom-Clover, and fluorescent images were captured in both the green (Clover) 

channels as well as the red (mKate2) channels every 30 min, starting at 10 h 

postinfection, for 55 h. Individual inclusions were identified and tracked using the 

ImageJ plug-in Trackmate. The fluorescent intensities for each channel were 

graphed using python and jupyter notebook. The inclusions expressed the green 

reporter early until peak intensity at ∼24 hpi. hctBprom was expressed starting at 

∼22 hpi and continued to increase linearly until inclusion/cell lysis or the experiment 

was ended. Download Movie S2, MOV file, 0.6 MB. 

https://journals.asm.org/doi/suppl/10.1128/mSystems.00689-20/suppl_file/msystems.00689-20-sm001.mov
https://journals.asm.org/doi/suppl/10.1128/mSystems.00689-20/suppl_file/msystems.00689-20-sm002.mov
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Supplemental Material 2.S1: Description of Mathematical Models


Model Description 

We developed two systems of ordinary differential equations to describe the 

temporal dynamics of reticulate body (RB) to elementary body (EB) conversion. 

Both models track RB (R) replication, their conversion to intermediate bodies (IB, 

I), and subsequent conversion to EBs (E). In both models, a signal (S) acts as an 

inhibitor of RB to IB conversion. The models differ in the location of the signal. In 

the environmental signal model, the signal is located outside of the RB and acts 

globally on the entire population of Chlamydia while in the intrinsic signal model 

the signal is located within each individual RB. 


In both models, we assume that cells grow exponentially at per capita rate r. 

The rate of RB conversion to IB follows an inverse Hill function that depends on 

the concentration of the signal S. IBs convert to EBs at per capita rate δ. The 

signal S is depleted by RBs R at a rate proportional to the RB population. In a 

single population of cells (multiplicity of infection = 1), this leads to the following 

system of differential equations for both models




Parameters for the model are given in Table 1.





Table 1: Description of parameters used in the mathematical models.
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Multiple infections and superinfections 


The models differ if host cells are multiply infected or superinfected. In each of 

these cases, the RBs can be divided into subpopulations Ri for i = 1, ..., m that 

represent RBs derived from each infection. As previously mentioned, in the 

environmental signal model the signal S is shared by the entire RB population. As 

such, the governing equations are


(1)


In contrast, in the intrinsic model the signal S is unique to each RB so that the 

governing equations are


(2)


Differentiating between the environmental and intrinsic models 


To determine conditions in which the temporal dynamics of RBs and EBs differ in 

the environmental and intrinsic models, we numerically solved models (1) and (2) 

using the odeint function from the SciPy package under a variety of scenarios. 

Specifically, we considered variations in multiplicity of infection (MOI), growth rate, 

and superinfection. 


Parameters and initial conditions for base model 

Numerical solutions were initiated at 8 hours post infection (HPI) and continued 

until 48 HPI. The RB generation time was calculated to be at max 2.27 hrs as 
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measured by the increase in ihtAprom-EGFP fluorescence using the Growthcurver 

package in R47. 


By definition, MOI = 1 equates to an average of one EB infecting each host cell. 

This scenario was used as the baseline for both the environmental and intrinsic 

models (eqns. (1) and (2)). For these systems of differential equations an MOI = 1 

translates into an initial RB population of 1, and as cell-type conversion has yet to 

occur, the initial IB and EB populations are set to 0. 


Growth rate 

To test the effect of growth rate on each model we implemented the initial 

conditions from the MOI = 1 scenario, but varied the RB generation time (r).


MOI 

To test the effect of MOI on each model, the initial RB, IB, and EB cell-types were 

divided into 10 subpopulations. The simulations differed in that the environmental 

model contained a global signal concentration S shared by all RB subpopulations 

(eqns. (1)), where the intrinsic model contained 10 independent signal 

subpopulations Si which corresponded to each RB subpopulation (eqns. (2)).


Superinfection 


To test the effect of superinfection on each model we devised two scenarios. For 

the environmental model (eqns. (1)) we simulated a primary infection at an MOI = 1 

saving the 18 HPI RBs, IBs, EBs, and signal concentration values. We then 

simulated a secondary infection (MOI = 1) and used the 18 HPI signal concentration 

as S0. The primary infection RB, IB, and EB values were input as a subpopulation in 

the secondary infection. For the intrinsic model (eqns. (2)), the secondary infection 

was introduced, but with a self contained signal concentration independent of the 

primary infection.
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Supplemental Material 2.S2: Inclusion Counting Headless
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Table 2.1


Construct Primer Name Template

p2TK2-ihtAprom-EGFP

GgtacCTAGAATTAAAGAGGAGAAATTAAGCATGCGTAA

AGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTT

GTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTC

TGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGG

AAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACT

ACCTGTTCCATGGCCAACACTTGTCACTACTTTCGGTT

ATGGTGTTCAATGCTTTGCGAGATACCCAGATCATATG

AAACAGCATGACTTTTTCAAGAGTGCCATGCCCGAAG

GTTATGTACAGGAAAGAACTATATTTTTCAAAGATGAC

GGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAG

GTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATT

GATTTTAAAGAAGATGGAAACATTCTTGGACACAAATT

GGAATACAACTATAACTCACACAATGTATACATCATGGC

AGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAA

TTAGACACAACATTGAAGATGGAAGCGTTCAACTAGC

AGACCATTATCAACAAAATACTCCAATTGGCGATGGCC

CTGTCCTTTTACCAGACAACCATTACCTGTCCACACAA

TCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACC

ACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATT

ACACATGGCATGGATGAACTATACAAATAGGGATGACA

TGTGATTCGCGTAGGAAAAAGAGGAGGGAGACCTCC

TCTTTTTTTTTATTTTGTAGAGTTCCGTTACTATTGGCA

CCCTGTGTGCAGTTAGGATGAGTAGACTAGTTCTGCA

GCCTTTTACAGGGTGTTATGTTTTGCATTGCAAAAAGC

TCCTAAGACGCGGCCGCGTCGACGGATCCCTTGTAC

AATC

EGFP gblock

TATTACAAccctcgtcacgcccctgaatgccagc 5' ihtAprom L2 Genomic

CGCTCACCATGCTTAATTTCTCCTCTTTAATTCTAGgtac

Cgcaactcttataacattattccgc

3' ihtAprom

L2 Genomic

GACGGATCCCTTGTACAATCAATTTACCGATTAAATAGT

CTCTATAATTCAC

5' p2tK2-sw2 vector EGFP

p2TK2SW2

ttcaggggcgtgacgagggTTGTAATACGGTTATCCACAG 3' p2tK2-sw2 vector ihtAprom p2TK2SW2

p2TK2SW2 ampR to specR

atgcgctcacgcaactggtccagaACCTTGACCGAACGCAGCG

GTG

5' aadA (spec) from pBam4

pBam4

ttggtctgacagTTATTTGCCGACTACCTTGGTGATCTCG 3' aadA (spec) from pBam4 pBam4

gtagtcggcaaaTAACTGTCAGACCAAGTTTACTCATATATA

C

5' p2tK2-sw2 vector

p2TK2-ihtAprom-EGFP
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tctggaccagttgcgtgagcgcatCATTGGAAAACGTTCTTCGG

GGCGAAAAC

3' p2tK2-sw2 vector

p2TK2-ihtAprom-EGFP

p2TK2-hctAprom-Clover

GGCAAAAAAAATGgaattcggcatggtgagcaagggcgaggagctg

ttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggcc

acaagttcagcgtccgcggcgagggcgagggcgatgccaccaacggcaa

gctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggccca

ccctcgtgaccaccttcggctacggcgtggcctgcttcagccgctaccccgac

cacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtcc

aggagcgcaccatctctttcaaggacgacggtacctacaagacccgcgccg

aggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggca

tcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactt

caacagccacaacgtctatatcacggccgacaagcagaagaacggcatca

aggctaacttcaagatccgccacaacgttgaggacggcagcgtgcagctcgc

cgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcc

cgacaaccactacctgagccatcagtccgccctgagcaaagaccccaacga

gaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggattacac

atggcatggacgagctgtacaagTAGGGATGACATGTGATTCGC

G

Clover gblock

CCGTATTACAtttagattctagaaaatggttgcatgaatttg 5' hctAprom Clover L2 Genomic

ttgctcaccatgccgaattcCATTTTTTTTGCCGTATCTTTTAGC

GCCATg

3' hctAprom Clover

L2 Genomic

TAGGGATGACATGTGATTCGCG 5' EGFP vector hctAprom p2TK2-ihtAprom-EGFP

ccattttctagaatctaaaTGTAATACGGTTATCCACAG 3' EGFP vector hctAprom p2TK2-ihtAprom-EGFP

p2TK2-hctBprom-Clover

CCGTATTACATgttaaaaactaaccattttttattaaagtttttcattctccttgt

cgat

5' hctBprom Clover L2 Genomic

ttgctcaccatgccgaattcGCGTTTCTTTTGTACTCCCAACAT

GTTC

3' hctBprom Clover L2 Genomic

cgaattcggcatggtgagcaagggcgaggagctgttcacc 5' Clover vector hctBprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

gtttttaacATGTAATACGGTTATCCACAGAATCAGGGGATA

ACGCAGG

3' Clover vector hctBprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

p2TK2-tarpprom-Clover

ccgtattacaTATTGCATTTCTTCACAAACGTTACCCGG 5' tarpprom Clover L2 Genomic

tgctcaccatAGAATTCGTCATAACTACAAATTAAATAAAAA

CAAC

3' tarpprom Clover L2 Genomic

gacgaattctATGGTGAGCAAGGGCGAGGAGCTG 5' Clover vector tarpprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

aaatgcaataTGTAATACGGTTATCCACAGAATCAGG 3' Clover vector tarpprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover
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p2TK2-scc2prom-Clover

CCGTATTACAcgatgttaacttacgcaaaaagaattagttatg 5' scc2prom Clover L2 Genomic

TGCCGAATTCtttagaattattagaagatggagtgctcatc 3' scc2prom Clover L2 Genomic

taattctaaagaattcggcatggtgagcaaggg 5' Clover vector scc2 p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

gttaacatcgTGTAATACGGTTATCCACAGAATCAGG 3' Clover vector scc2 p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

p2TK2-euoprom-Clover

CCGTATTACAtatttttaacaaaccacttgattaataagttttttg 5' euoprom Clover L2 Genomic

TGCCGAATTCgacccctgtatcttgttgtaagcattcc 3' euoprom Clover L2 Genomic

TACAGGGGTCgaattcggcatggtgagcaaggg 5' Clover vector euoprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

gttaaaaataTGTAATACGGTTATCCACAGAATCAGG 3' Clover vector euoprom p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

p2TK2-hctAprom-mKate2

AAAAATGgcggatcCGATGGTGAGCGAGCTGATTAAGGA

GAACATGCACATGAAGCTGTACATGGAGGGCACCGT

GAACAACCACCACTTCAAGTGCACATCCGAGGGCGA

AGGCAAGCCCTACGAGGGCACCCAGACCATGAGAAT

CAAGGCGGTCGAGGGCGGCCCTCTCCCCTTCGCCTT

CGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAA

ACCTTCATCAACCACACCCAGGGCATCCCCGACTTCT

TTAAGCAGTCCTTCCCCGAGGGCTTCACATGGGAGA

GAGTCACCACATACGAAGACGGGGGCGTGCTGACCG

CTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCA

TCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATC

CAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTG

GGAGGCCTCCACCGAGACCCTGTACCCCGCTGACGG

CGGCCTGGAAGGCAGAGCCGACATGGCCCTGAAGCT

CGTGGGCGGGGGCCACCTGATCTGCAACTTGAAGAC

CACATACAGATCCAAGAAACCCGCTAAGAACCTCAAG

ATGCCCGGCGTCTACTATGTGGACAGAAGACTGGAAA

GAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGC

AGCACGAGGTGGCTGTGGCCAGATACTGCGACCTCC

CTAGCAAACTGGGGCACAGATAGGGATGACATGTGA

mKate2 gBlock

TAGGGATGACATGTGATTCGCGTAGGAAAAAGAGGAG

G

5 ' rep lace C love r w i t h 

mKate2
p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

CGgatccgcCATTTTTTTTGCCGTATCTTTTAGCG 3 ' rep lace C love r w i t h 

mKate2
p 2 t K 2 - s w 2 - h c t A p r o m -
Clover

p2TK2-ihtAprom-EGFP_hctAprom-mKate2
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GCGGCCGCGTCAccctcgtcacgcccctgaatgc 5' ihtAprom-EGFP p2TK2-ihtAprom-EGFP

GGGATCCGTCCTATTTGTATAGTTCATCCATGCCATGT

G

3' ihtAprom-EGFP p2TK2-ihtAprom-EGFP

ATACAAATAGGACGGATCCCTTGTACAATCAATTTACC

G

5' hctAprom-mKate2 vector 

ihtAprom-EGFP p2TK2-hctAprom-mKate2

tgacgagggTGACGCGGCCGCGTCTTAGGAGC 3' hctAprom-mKate2 vector 

ihtAprom-EGFP p2TK2-hctAprom-mKate2

p2TK2-ihtAprom-mNeonGreen_hctAprom-mKate2

TTAAAGAGGAGAAATTAAGCatggtgagcaaaggcgaagaaga

taacatggcgagcctgccggcgacccatgaactgcatatttttggcagcattaa

cggcgtggattttgatatggtgggccagggcaccggcaacccgaacgatggc

tatgaagaactgaacctgaaaagcaccaaaggcgatctgcagtttagcccgt

ggattctggtgccgcatattggctatggctttcatcagtatctgccgtatccggatg

gcatgagcccgtttcaggcggcgatggtggatggcagcggctatcaggtgcat

cgcaccatgcagtttgaagatggcgcgagcctgaccgtgaactatcgctatac

ctatgaaggcagccatattaaaggcgaagcgcaggtgaaaggcaccggcttt

ccggcggatggcccggtgatgaccaacagcctgaccgcggcggattggtgc

cgcagcaaaaaaacctatccgaacgataaaaccattattagcacctttaaatg

gagctataccaccggcaacggcaaacgctatcgcagcaccgcgcgcacca

cctatacctttgcgaaaccgatggcggcgaactatctgaaaaaccagccgat

gtatgtgtttcgcaaaaccgaactgaaacatagcaaaaccgaactgaacttta

aagaatggcagaaagcgtttaccgatgtgatgggcatggatgaactgtataaa

TAGGACGGATCCCTTGTACA

mNeonGreen gblock

TAGGACGGATCCCTTGTACAATCAATTTACCGATTAAAT

AGTCTC

5' mNG replace EGFP p 2 T K 2 - i h t A p r o m -
EGFP_hctAprom-mKate2

GCTTAATTTCTCCTCTTTAATTCTAGgtacCgcaactcttataa

cttattcc

3' mNG replace EGFP p 2 T K 2 - i h t A p r o m -
EGFP_hctAprom-mKate2

p2TK2-ihtAprom-EGFP_hctBprom-mKate2

CgaattcggcATGGTGAGCGAGCTGATTAAGGAGAACAT

GCAC

5' mKate2 prom vector p 2 T K 2 - i h t A p r o m -
EGFP_hctAprom-mKate2

gtttttaacATGTAATACGGTTATCCACAGAATCAGGGGATA

ACGCAGG

3' mKate2 prom vector p 2 T K 2 - i h t A p r o m -
EGFP_hctAprom-mKate2

CCGTATTACATgttaaaaactaaccattttttattaaagtttttcattctccttgt

cgat

5' hctBprom (mKate2)

p2TK2-hctBprom-Clover

CGCTCACCATgccgaattcGCGTTTCTTTTGTACTCCCAA

CATGTTCATtcc

3' hctBprom (mKate2)

p2TK2-hctBprom-Clover

p2TK2-euoprom-Clover_hctBprom-mKate2

GCTGTACAAGTAGGACGGATCCCTTGTACAATCAATTT

ACCGATTAAATAGTCTC

5' mKate2-EGFP vector p 2 T K 2 - i h t A p r o m -
EGFP_hctBprom-mKate2

gttaaaaataGACGCGGCCGCGTCTTAGGAGCTTTTTGCA

ATGC

3' mKate2-EGFP vector p 2 T K 2 - i h t A p r o m -
EGFP_hctBprom-mKate2
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CGGCCGCGTCtatttttaacaaaccacttgattaataagttttttgttgggaa

aatattacc

5' euoprom-Clover

p2TK2-euoprom-Clover

ATCCGTCCTACTTGTACAGCTCGTCCATGCCATGTGTA

ATCCC

3' euoprom-Clover

p2TK2-euoprom-Clover
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CHAPTER THREE: FORMATION OF THE CHLAMYDIAL INTERMEDIATE BODY IS 

BEST EXPLAINED AS RESULTING FROM ASYMMETRIC REPLICATION


Travis J. Chiarellia, Nicole A. Grieshabera, Cody Appaa, Scott S. Grieshabera 
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All supplemental movies used in this manuscript can be downloaded from 

Supplemental_Movies.zip.


https://vandalsuidaho-my.sharepoint.com/:u:/g/personal/tchiarelli_uidaho_edu/EXlLzHlz29VDnsVgEmdNqKoBaxsUjJOcFPNRpXCejul7Vg?e=YuIP9d
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Abstract

Chlamydia trachomatis is an obligate intracellular bacterium that progresses 

through an essential multi cell form developmental cycle. Infection of the host is 

initiated by the elementary body (EB). Once in the host, the EB differentiates into the 

non-infectious, but replication competent, reticulate body, or RB. After multiple 

rounds of replication, RBs undergo secondary differentiation, producing transitory 

forms, termed intermediate bodies (IBs), and eventually newly infectious EBs. Our 

previous study indicated that RB-to-EB differentiation was likely responding to an 

intrinsic signal, dependent on growth rate and cell division. Using agent-based 

models, we explored the cell-form dynamics of two IB developmental hypotheses 

(asymmetric division and direct conversion) and tested the model predictions with 

our newly modified chlamydial reporter strains. Results from this study showed that, 

after RB amplification, individual RBEs remain stable throughout the infectious cycle. 

Live-cell kinetic and single-cell experiments demonstrated that after cell division is 

inhibited, RBs do not decrease in number, indicating that RBs are not converting 

directly to IBs. Analysis of the IB and EB reporters also demonstrated that IBs are a 

transient cell population, and although IB are produced by RBs in a cell division 

dependent process, they mature directly into EBs post cell division. The culmination 

of these results suggests that development of IBs is cell division dependent and 

likely occurs via asymmetrical division from RBEs.
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Introduction

Chlamydiae are obligate intracellular bacterial parasites that cause an array of 

diseases in both humans and animals. Chlamydia trachomatis, a human-adapted 

species, is the leading global cause of bactrerial sexually acquired infections and 

preventable blindness. In 2019, the CDC reported 1.8M C. trachomatis infections 

within the United States alone, with the most recent reports indicating that rates 

increased 10.0% in women and 32.1% in men from 2015-19 1, 2. This increase in 

infection rates has been seen across all racial/ethinic groups and affects all age 

ranges 2. 


Chlamydial growth and development has classically been characterized as a 

biphasic cycle, consisting of two primary cell forms: the elementary and reticulate 

body. These cell forms maintain a division of labor throughout the infectious cycle 

and are essential for chlamydial proliferation. The elementary body (EB) is the 

infectious cell form and initiates host cell invasion by pathogen-mediated 

endocytosis 3. The EB cell form is non-replicative, containing a condensed nucleoid, 

and remains outside the cell cycle 4, 5. Upon entry into the host, the EB undergoes 

large transcriptional and phenotypic changes, maturing into the reticulate body (RB) 

in a process that takes ~11 h 6, 7. The RB is the replication competent, or vegatative, 

cell form. However, the RB is non-infection and must re-differentiate back into the EB 

for subsequent rounds of infection to occur 8. 


Live-cell cell-form specific promoter-reporter expression kinetics from our 

previously published work demonstrated that IB/EB production is dependent on both 

the growth rate of Chlamydia and cell division. We also showed that EB production 

was linear and corresponded to a plateau in RB-associated expression late in the 

developmental cycle (>24 hpi), suggesting that RB-to-EB development may be 

occurring via asymmetric cell division 9


In this study, we created new live-cell reporters to more accurately differentiate 

between each individual cell form (RB, IB, and EB). We used kinetics from these 

reporters to guide the construction of agent-based models that simulated the 

chlamydial developmental cycle. To determine the role of cell division in 

development of the IB, we simulated two developmental mechanisms (RB-to-IB 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=96e6f64c-a5cf-4b2e-954c-887573c4a10f;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=8fb192b5-0748-4206-9812-4b90d3f21d3e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=8fb192b5-0748-4206-9812-4b90d3f21d3e;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.0402829101**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.3389/fcimb.2021.692224**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1331135100**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41467-017-02432-0**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mSystems.00689-20**;;;;;
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direct conversion and IB asymmetric production from RBs). The outputs of these 

simulations indicated that these hypotheses could be differentiated from one another 

by inhibiting chlamydial cell division. Using our newly developed dual reporter 

chlamydial strains we show that RB depletion does not occur after inhibition of cell 

division and that cell division is required for further development of IBs, suggesting 

that asymmetric division is the likely mechanism for IB production. We also provide 

direct evidence that IB-to-EB development occurs post cell division by direct 

maturation and is a cell-division independent process. 


Results

Development of a live-cell reporter system to monitor active cell-form 

specific gene expression. In our previous study we discovered that inclusion-level 

cell-form specific development appeared to occur in two stages. The first stage, 

occurring  between 12-24 hpi, was characterized by an increase in RB-associated 

expression. This was followed by a plateau in RB expression which corresponded 

with linear EB-associated reporter production 9. We hypothesized that these kinetics 

were due to a developmental program consisting of two primary stages: RB 

amplification, where immature RBs (deemed RBRs) divide symmetrically to amplify 

RB numbers, and asymmetric EB production, where mature RBs (RBEs) divide 

asymmetrically to produce IB (and subsequently EBs).


To further investigate our hypothesized model of development, we created three 

dual reporter chlamydial strains to visualize active cell-form specific expression at 

the single-cell level. The RB/IB promoter-reporter was constructed using the 

promoter of the RB-associated gene euo (Early Upstream Open reading frame) 10, 11 

and the promoter of hctA. In our previous study, we designated hctA as an IB-

associated promoter as hctA exhibited differential regulation in comparison to other 

“true” late EB genes (i.e. hctB, scc2, and tarp), initiating earlier in development and 

exhibiting an altered expression profile in division inhibited Chlamydia 9. To monitor 

active RB expression, the euo promoter was used to drive the expression of a photo-

stable fluorescent protein variant, mNeonGreen (mNG), with an attached to the LVA 

protein degradation tag 12, 13. For IB expression, the hctA promoter drove the 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mSystems.00689-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00065-18**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1111/j.1365-2958.2012.08077.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mSystems.00689-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/nmeth.2413**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1371/journal.pone.0257259**;;;;;


	 	 92

photostable red fluorescent protein (mKate2) 14. The RB/EB and IB/EB dual 

reporters were constructed in a similar fashion consisting of euoprom-mNG(LVA)/

hctBprom-mKate2 and hctAprom-mNG(LVA)/hctBprom-mKate2, respectively. These 

dual promoter-reporter constructs were transformed into Chlamydia L2, creating the 

C t r - L 2 - e u o p r o m - m N G ( LVA ) _ h c t A p r o m - m K a t e 2 , C t r - L 2 - e u o p r o m -

mNG(LVA)_hctBprom-mKate2, and Ctr-L2-hctAprom-mNG(LVA)_hctBprom-mKate2 

reporter strains (Fig. 3.1). 


Automated live-cell microscopy was used to monitor the cell-form specific 

expression kinetics of each strain within individual inclusions and confocal 

microscopy was used to image each cell-form subpopulation at the intra-inclusion 

level. Confocal images of host cells infected with each promoter-reporter strain 

revealed that cell-form specific fluorescent reporter expression existed in isolated 

cells, where there was no overlap of the RB (euoprom-mNG(LVA)) and IB 

(hctAprom-mKate2) (Fig. 3.1A), the RB (euoprom-mNG(LVA)) and EB (hctBprom-

mKate2) (Fig. 3.1B), nor the IB (hctAprom-mNG(LVA)) and EB (hctBprom-mKate2) 

associated reporters (Fig. 3.1C), indicating that active expression from each 

promoter existed in discrete cell forms. In automated live-cell experiments host cells 

were infected with each strain and the fluorescent intensity of each promoter-

reporter was measured from 10-50 hpi (Fig. 3.1D). On average, mNG(LVA) 

expression driven by the RB-associated promoter euo was detected starting at ~11 

hours post infection (hpi); expression then plateaued at ~24 hpi and remained level 

throughout the duration of the experiment. Expression from the IB-associated 

promoter-reporter, hctAprom-mNG(LVA), was detected beginning at ~18 hpi and 

began to plateau ~10 h later. First detection of the EB promoter-reporter (hctBprom-

mKate2) was at ~24 hpi and was followed by linear reporter production which 

continued throughout the remainder of the experiment. The kinetics from the RB and 

EB reporter strains were consistent with previously published expression data 9. 

Whereas, the plateau in active hctAprom-mNG(LVA) expression has not been 

previously reported.


The increase and plateau in expression levels of both the euoprom-mNG(LVA) 

and hctAprom-mNG(LVA) reporter strains from the live-cell experiments suggested 
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the total number of RBs and IBs within each inclusion would reach a maximum 

value. To verify that these plateaus were in fact due to maximum RB and IB 

numbers, fixed confocal images of host cells infected with the euoprom-mNG(LVA) 

and hctAprom-mNG(LVA) promoter-reporter strains were taken of individual 

inclusions in 2 h increments throughout the infectious cycle (Fig. 3.2). Samples were 

stained with DAPI to label DNA and an automated cell counting workflow was 

developed using the open-source software FIJI and TrackMate plugin to count 

individual cells based on fluorescent intensity and custom python scripts were used 

for analysis (Supplemental Material 3.S1 and 3.S2) 15. euoprom-mNG(LVA)+/

DAPI+ cells were counted as RBs and hctAprom-mNG(LVA)+/DAPI+ cells as IBs. 

RB and IB numbers were quantified on a per-inclusion basis. As suggested by the 

live-cell kinetic data, the RB population first amplified until ~26 hpi at which point RB 

numbers plateaued (Fig. 3.2A). There was, however, large variation between 

inclusions, yet the average number of RBs present throughout the plateau period 

(>28 hpi) was relatively stable at ~30 individuals. Our previously published live-cell 

data indicated that this variation in euoprom expression occurs on a per-inclusion 

level, with RB-associated fluorescent expression being static per-inclusion but 

varying between inclusions 9. Consistent with the live-cell hctAprom-mNG(LVA) 

kinetics, the IB population also increased in number until ~26 hpi and then plateaued 

(Fig. 3.2B). The number of IBs during the plateau period also exhibited large 

variation per inclusion, with an average number of IBs at ~20 individuals. 


Modeling single-cell chlamydial development. To explore the relationship 

between cell division and RB-to-IB development, we created two agent-based 

models (ABMs) to simulate the chlamydial developmental cycle. Model construction 

was performed using the Python-based platform Cellmodeller and analyzed with 

custom python scripts (Supplemental Material 3.S3) 16. Individual RBs (RBRs and 

RBEs), IBs, and EBs were simulated as well as their intracellular Euo, HctA, and 

HctB protein concentrations. Multiple aspects of these models were informed by 

confocal and kinetic data using our three dual reporter strains. The average RB 

number during the plateau period from our fixed-cell euoprom-mNG(LVA) promoter-
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reporter experiment (Fig. 3.2A) was used for the average number of total simulated 

RBs, and the live-cell euoprom-mNG(LVA) expression data was fit to a mathematical 

function and used to drive the RBR-to-RBE maturation process (Supplemental 
Material 3.S4). We simulated IB-to-EB development using a direct maturation 

mechanism, as we previously showed that IB-to-EB development takes ~8 h to 

occur after cell division inhibition 9


As the mechanism of RB-to-IB development is currently unknown, we designed 

our models to simulate two opposing mechanisms of IB development: asymmetric IB 

production from RBs and direct conversion of RBs to IBs. In the asymmetric 

production model, IBs are produced by the subset of mature reticulate bodies (RBE) 

via asymmetric/polarized cell division. Where, upon each division event one RBE and 

one IB daughter cell are produced (Fig. 3.3A)(Supplemental Material 3.S5). 

Whereas, in the direct conversion model, independent RBs ‘decide’ to convert 

directly into IBs (Fig. 3.3B), using a coin flip decision mechanism (Supplemental 
Material 3.S6). Both models were capable of emulating the live-cell promoter-

reporter data (Fig. 3.3CD), however the direct conversion model had to be highly 

constrained. For the direct conversion model we had to match the decision time of 

RB-to-IB conversion to the time to cell division. When we set the decision time to 

half of that of cell division, the RB numbers drove to extinction as conversion 

outcompeted replication (Fig. 3.S1A). Conversely, when we set decision time to 

twice as long as the division time, the RB, IB, and EB cell numbers continually 

increased throughout simulated development (Fig. 3.S1B). 


The asymmetric production and the direct conversion models were capable of 

emulating the live-cell promoter-reporter data, giving us an in silico platform to test 

the developmental hypotheses at a single-cell level. 


Simulated inclusion-level and single-cell kinetics. Although the asymmetric 

production and direct conversion models produced similar kinetic results on average, 

there were noticeable differences between the simulated cell-form subpopulation 

outputs of individual inclusions (Fig. 3.4). The asymmetric production model 

predicted stable RB numbers after total maturation to the RBE (Fig. 3.4A). Where, 
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the direct conversion model exhibited large fluctuations in RB numbers throughout 

the entirety of the simulation (Fig. 3.4C). Simulated individual inclusions also differed 

in their EB kinetic outputs. In the asymmetric production model, the EB production 

slopes were linear (Fig. 3.4B); while, in the direct conversion model, the individual 

inclusion traces were not (Fig. 3.4D). 


Further differences were seen at the single-cell level, where, in the asymmetric 

production model, individual RBs were a stem cell-like population that produced an 

IB upon cell division event (Mov. 3.S1). This differed from the direct conversion 

model, where individual RBs were transient as they converted to IBs (Mov. 3.S2).


The differences between the simulated outputs from each model suggested that 

the mechanism of RB-to-IB development could be determined experimentally by 

observing the cell-form specific dynamics at the individual inclusion and single-cell 

level.


Individual inclusion RB populations are stable and EB production is linear. 
The two ABMs predicted vastly different RB and EB subpopulation kinetics at the 

individual inclusion level. To determine which hypothesis was more likely, expression 

of the Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2 (RB/EB) promoter-reporter 

strain was monitored within individual inclusions via live-cell fluorescence 

microscopy from 10-50 hpi (Fig. 3.5). Fluorescence intensity from euoprom-

mNG(LVA) began between ~10-18 hpi and plateaued at ~24-30 hpi, dependent on 

the inclusion (Fig. 3.5A). After euoprom-mNG(LVA) expression plateaued, individual 

inclusion traces demonstrated little variation in fluorescence intensity levels. The 

minimal wobble seen in euoprom-mNG(LVA) fluorescence intensity was due to the 

small variation z-slice focus. Initiation of fluorescent expression of individuals from 

hctBprom-mKate2 was detected between ~24-28 hpi and continued linearly 

throughout the remainder of development (Fig. 3.5B). The lack of variation in 

individual inclusions from the euoprom-mNG(LVA) promoter-reporter after plateau 

and the linear production of hctBprom-mKate2 fluorescence was in agreement with 

the asymmetric production model.
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The individual RBs are static and IBs are transient. Simulations of the 

asymmetric production and direct conversion ABMs also predicted differing cell-form 

fates at a single-cell level. The dynamics of individual cells could not be followed 

with fixed confocal imaging due to the destructive nature of this method. Therefore, 

to test the model predictions experimentally, automated fluorescence live-cell 

microscopy was used to follow individual chlamydial cells within inclusions during 

active infections. The Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2: RB/EB, or  

Ctr-L2-hctAprom-mNG(LVA)_hctBprom-mKate2: IB/EB, dual promoter-reporter 

strains were used to infect host cells, and images were taken in 15 min intervals 

starting at 24 hpi and continuing until 60 hpi. These images produced timelapse 

videos of single RBs and IBs within individual inclusions (Mov. 3.S3 and 3.S4). 

Representative images were selected from this timelapse experiment at 5 h intervals 

to demonstrate the individual cell-form dynamics (Fig. 3.6). Individual RBs were 

easily tracked from one frame to the next and remained static throughout the 

infectious cycle (Fig. 3.6A, Mov. 3.S3). This differed from the individual IB dynamics, 

where individuals expressing hctAprom-mNG(LVA) were transient, appearing and 

disappearing sporadically within inclusions through time (Fig. 3.6B, Mov. 3.S4). Both 

promoter-reporter strains increased in hctBprom-mKate2 expression levels 

throughout the infections, indicating that the developmental cycle was able to 

continue unhampered (Fig. 3.6AB: second row). The stability of individual RBs was 

again in agreement with the predicted outcomes from the asymmetric production 

model. The transience of hctAprom-mNG(LVA)+ cells (IBs) as well as the increase in 

hctBprom-mKate2 (EB) expression suggested that the IB is a transient cell form and 

that IB-to-EB development may be occurring through direct maturation.


Simulating inhibition of cell division. The fundamental difference between the 

direct conversion and asymmetric production hypotheses is their dependency on cell 

division. In the direct conversion hypothesis, RBs transition directly into IBs 

independent of cell division. Conversely, in the asymmetric production hypothesis 

cell division must occur for IBs to be produced. To determine whether cell division 

was needed in the development of IBs, or if RBs were capable of directly converting 
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into IBs, inhibition of RB cell division was simulated in each model at 30 hpi (Fig. 
3.7) (Supplemental Material 3.S5 and 3.S6). The asymmetric production model 

predicted that RB numbers would be unchanged after cell division inhibition, but an 

immediate drop in IB numbers would occur as the RBEs could no longer produce 

IBs, yet the IBs would still convert into EBs. The EB population was predicted to 

continue linearly, identical to the untreated simulation until the IB population went 

extinct, at which point EB numbers would abruptly plateau (Fig. 3.7A). The direct 

conversion model predicted that once cell division was inhibited RBs would 

decrease in number as they continued to convert into IBs, eventually reaching 

extinction ~10 h post cell division inhibition. The direct conversion of RBs into IBs 

created a delay in the IB extinction event and produced a logistic slope for EB 

production (Fig. 3.7B). The simulation of cell division inhibition in each model 

produced separate predicted developmental outcomes, allowing for experimental 

differentiation of the asymmetric production and direct conversion hypotheses.


RBs do not convert into IBs after cell division inhibition. Each model 

predicted differing RB population dynamics after cell division inhibition. The 

asymmetric production model predicted unchanged RB numbers after treatment, 

whereas the direct conversion model predicted that RB numbers would decrease 

over time as RBs continued to convert into IBs. Therefore, to test these predictions 

experimentally, two known cell replication inhibitors were used: penicillin and 

ciprofloxacin. Chlamydia is a unique bacteria in that it does not contain a 

peptidoglycan cell wall and instead uses peptidoglycan only in septum formation 17. 

Previously published data has shown that Chlamydia treated with penicillin is 

inhibited in division. However, although unable to divide, these Chlamydia still 

increase in biomass, replicate their DNA, and produce RB-like gene expression 

profiles 9, 18, 19. Ciprofloxacin has been shown to prevent bacterial DNA replication by 

inhibiting topoisomerase and DNA-gyrase 20. Mirroring the simulated experiments, 

60X live-cell images were taken of Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2 

infected host cells treated with either penicillin or ciprofloxacin at two timepoints: at 

antibiotic treatment (30 hpi) and 10 h later (40 hpi) (Fig. 3.8). The number of 
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euoprom-mNG(LVA)+ cells (RBs) was quantified on a per-inclusion basis. Consistent 

with the confocal time-series experiment (Fig. 3.2), there was large variation in RBs 

numbers between individual inclusion, ranging from a single RB to greater than 50 

RBs (Fig. 3.8A). However the number of RBs per inclusion remained consistent 

across timepoints (Fig. 3.8A). Neither the vehicle-only or penicillin-treated samples 

exhibited a decrease or increase in RB numbers, with the ratio of RBs per time point 

being ~1:1 (Fig. 3.8B). Surprisingly, after treatment with ciprofloxacin the number of 

euoprom-mNG(LVA)+ cells approximately doubled (Fig. 3.8AB). To confirm that 

chlamydial DNA replication was inhibited by ciprofloxacin, digital droplet (ddPCR) 

was performed on Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2 infected samples 

treated with either ciprofloxacin, penicillin, or mock at 30 hpi. Host monolayers were 

harvested every 4 h from 26-54 hpi. As previously reported, genome copy number 

continued to increase in the penicillin-treated samples 9, 18, 19. There was however a 

large reduction in genome copies after ciprofloxacin treatment when compared to 

the mock and penicillin-treated samples (Fig. 3.S2). The stability of intra-inclusion 

RB numbers on a per-inclusion basis and lack of depletion in RBs after cell division 

inhibition strongly suggests that RBs are not directly converting into IBs and that cell 

division is required for production of the IB. 


Development of the IB requires cell division. After simulated cell division 

inhibition both models predicted a decrease in IB numbers as they converted into the 

EBs (Fig. 3.7), making it difficult to discern which mechanism is utilized in 

development of the IB. However, along with total IB numbers, the IB (hctA) 

promoter-reporter was also simulated. Although the direct conversion model had 

predicted a depletion in IB numbers after cell division inhibition, total accumulation of 

the simulated hctAprom-GFP was predicted to continue to increase as RBs 

continued converted to IBs post division inhibition. This increase in total simulated 

hctAprom-GFP eventually plateaued ~12 h later, after the entire RB population went 

extinct (Fig. 3.9A). This differed from the asymmetric production model, where an 

almost immediate halt in simulated hctAprom-GFP accumulation was predicted after 

division inhibition, as IBs could no longer be produced (Fig. 3.9B). As a control, we 
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also simulated RB cell death in both models. Elimination of the RB population 

predicted that further development of the IB would be prevented regardless of the 

underlying developmental mechanism, resulting in a predicted hctAprom-GFP output 

identical to that of the asymmetric production hypothesis (Fig. 3.9, RB Death: 
orange). The effects of simulating cell division inhibition or RB death were mirrored 

in the predicted EB cell number outputs (Fig. 3.9). 


To assay for the effects of RB death, we developed an inducible system to kill the 

dividing chlamydial population. Penicillin-binding proteins (PBPs) are a suite of 

enzymes involved in peptidoglycan synthesis and cell division 21. When 

overexpressed, PBP3 has been shown to induce lysis in dividing cells 22. The ORF 

of PBP3, ftsI, was tagged with a C-terminal 3XFLAG epitope and placed under 

translational control using our previously published E-riboswitch chlamydial system 
13. The euoprom-mNG(LVA)_hctBprom-mKate2 promoter-reporter cassette was 

cloned into the E-riboswitch-ftsI3XFLAG vector and transformed into Chlamydia 

trachomatis L2. Lysis of the RB population by induction of FtsI3XFLAG was 

confirmed by immunofluorescence confocal imaging of host cells infected with Ctr-

L2-E-ftsI3XFLAG_euoprom-mNG(LVA)_hctBprom-mKate2 (Fig. 3.S3). Infected cells 

were treated with vehicle-only or induced for FtsI3XFLAG at 20 hpi. To visualize the 

presence and absence of FtsI induction as well as the total Chlamydia present, 

samples were labeled with a monoclonal anti-FLAG antibody and stained with DAPI. 

The 20 hpi samples contained multiple euoprom-mNG(LVA)+ cells per inclusion, 

indicating active transcription and translation. There was also no 3XFLAG detection 

in the 20 hpi samples (Fig. 3.S3A). The uninduced 30 hpi samples exhibited a 

similar phenotype to the 20 hpi samples: euoprom-mNG(LVA)+ cells, and no FLAG 

detection (Fig. 3.S3B: uninduced). Conversely, inclusions from the 30 hpi FtsI 

induced samples were relatively empty compared to their 30 hpi uninduced 

counterparts and 3XFLAG detection was present in a subset of cells, indicating FtsI 

overexpression. The cells that stained positively for 3XFLAG were RB-like in size, 

however these cells were misshapen and contained little to no fluorescence from the 

euoprom-mNG(LVA) reporter, indicating a lack of active expression and suggesting 

chlamydial lysis had occurred (Fig. 3.S3B: induced). Digital droplet PCR was used 
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to confirm that over-expression of FtsI inhibited chlamydial DNA replication (Fig. 
3.S4).


To experimentally test the effects of cell division inhibition and RB lysis on IB 

formation, a photostable IB promoter-reporter variant, hctAprom-mEos3.2, was used 

t o r e p l a c e e u o p r o m - m N G ( LVA ) i n t h e E - f t s I 3 X F L A G _ e u o p r o m -

mNG(LVA)_hctBprom-mKate2 construct. Mirroring the simulated experiments, Ctr-

L2-E-ftsI3XFLAG_hctAprom-mEos3.2_hctBprom-mKate2 was used to infect host 

cells and treated with penicillin, ciprofloxacin, or induced for FtsI expression at 30 

hpi. Fluorescence of the hctAprom-mEos3.2 was quantified using automated live-cell 

microscopy. Expression from hctAprom-mEos3.2 halted immediately after exposure 

to penicillin, ciprofloxacin and FtsI induction (Fig. 3.10A). However, as previously 

reported, reinitiation of expression from the hctA promoter occurred in the large 

aberrant RBs ~10 h post penicillin treatment (Mov. 3.S5) 9. EB production was 

measured by infectious forming units (IFU) assay. Monolayers were harvested every 

4 hours from 10 to 50 hpi and used to infect fresh host cells for EB quantification. 

Regardless of treatment, EB development continued for ~8 hours and then 

plateaued (Fig. 3.10B). These results were in agreement with the asymmetric 

production model and indicate that cell division is required for IB production. The 

continued increase and plateau EB numbers ~8 hours post all treatments also 

suggests that IBs may be maturing directly into EBs. 


IB-to-EB development is cell division independent. Results from the live-cell 

hctAprom-mEos3.2 and IFU experiments suggested that although production of 

further IBs requires cell division, IB-to-EB development is occurring via direct 

maturation, and thus a cell division independent process. To determine whether IB-

to-EB development was occurring post cell division, Ctr-L2-euoprom-

mNG(LVA)_hctBprom-mKate2 was used to infect host cells and treated with either 

ciprofloxacin or penicillin at 20 hpi. Previously published data and our current results 

suggested that IB-to-EB maturation takes ~8-10 h post treatment9. Therefore, 

samples were fixed for confocal imaging and stained for DNA (DAPI) at 20 hpi (at 

treatment) and 30 hpi (Fig. 3.11). The presence of euoprom-mNG(LVA)+ cells were 
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used to indicate RBs and hctBprom-mKate2+ cells for EB development. In the 20 hpi 

samples, there were ~20 euoprom-mNG(LVA)+ cells (RBs) in each inclusion. These 

inclusions also contained a large proportion of smaller chlamydial cells which 

exhibited only DAPI staining (Fig. 3.11A). At 30 hpi, the mock-treated samples 

contained euoprom-mNG(LVA)+, DAPI+ only, and hctBprom-mKate2+ cells (Fig. 
3.11B). Total inclusion size in the ciprofloxacin and penicillin-treated samples was 

approximately equal to the mock-treated samples, however the inclusions from the 

ciprofloxacin and penicillin-treated samples were relatively empty, indicating cell 

division inhibition had occurred. As previously reported, the RBs in the penicillin-

treated samples had developed into large aberrant cells (Fig. 3.11B:PEN) 9, 18. 

Surprisingly, although chlamydial replication had been inhibited, the RBs in the 

ciprofloxacin-treated samples more closely resembled the mock-treated RBs in size 

(Fig. 3.11B:CIP). Compared to the 20 hpi samples, both the 30 hpi ciprofloxacin and 

penicillin samples demonstrated a substantial decrease in the number of DAPI only 

cells and an increase in hctBprom-mKate2+ cells, suggesting that these smaller 

DAPI only cells were possibly IBs and had developed into EBs post cell division 

inhibition.


To confirm that EB development was in fact occurring post cell division, RB cell 

death was induced utilizing our E-ftsI3XFLAG overexpression system. Host cells 

were infected with Ctr-L2-E-ftsI3XFLAG_euoprom-mNG(LVA)_hctBprom-mKate2. 

Fixed confocal images were taken at induction (20 hpi) and 10 h post induction (30 

hpi)(Fig. 3.12). Infected cells were stained for DNA and 3XFLAG detection. The 20 

hpi sample mirrored that of the 20 hpi sample from the ciprofloxacin and penicillin-

treated experiment (Fig. 3.11A), where inclusions contained euoprom-mNG(LVA)+ 

cells and DAPI only cells (Fig. 3.12A). The 30 hpi uninduced sample also appeared 

wildtype in cell form and inclusion presentations: anti-FLAG negative, euoprom-

mNG(LVA)+ cells, hctBprom-mKate2+ cells, and DAPI only cells (Fig. 
3.12B:uninduced). The 30 hpi FtsI induced sample contained positive anti-FLAG 

labeling in a subset of cells, indicating FtsI over-expression. As in the 30 hpi 

ciprofloxacin and penicillin treatments, the 30 hpi FtsI induced sample exhibited a 

decrease in DAPI only cells, yet an increase in hctBprom-mKate2+ cells (Fig. 
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3.12B:induced). This increase in the number of hctBprom-mKate2+ cells from DAPI 

only cells post RB lysis again suggests that IB-to-EB development is occurring after 

cell division and is independent of this process.


IB-to-EB development occurs by direct maturation. To further determine 

whether IBs were maturing directly into EBs independent of cell division, 

colocalization of the photostable IB (hctAprom-mEos3.2) and EB (hctBprom-

mKate2) reporters was evaluated. Ctr -L2-E- f ts I3XFLAG_hctAprom-

mEos3.2_hctBprom-mKate2 was used to infect Cos-7 cells. Due to hctA expression 

in penicillin-treated aberrant RBs, cell division was inhibited with only ciprofloxacin 

treatment or induced for FtsI over-expression. Infected cells were treated at 18 hpi 

(corresponding to initial IB production), fixed for confocal imaging at 22 and 34 hpi, 

and counterstained for DNA and 3XFLAG expression. At 22 hpi (4 h post treatment) 

all treatments consisted of inclusions that contained hctAprom-mEos3.2+ cells (IBs) 

and a subset of DAPI-only large RB-like cells. EBs (hctBprom-mKate2+ cells) were 

absent at this time point, consistent with previous data showing hctB expression 

initiates at ~24 hpi (Fig. 3.13A:UNT, CIP) 9. The RB-like cells in the FtsI induced 

sample also exhibited positive anti-FLAG staining (Fig. 3.13A:FstI). In the 34 hpi 

ciprofloxacin-treated and FtsI induced samples inclusions appeared relatively empty 

compared to the mock-treated sample (Fig. 3.13B). Expression from hctAprom-

mEos3.2 and hctBprom-mKate2 colocalized within individual cells. There was, 

however, variation in individual cell size and the intensities of hctAprom-mEos3.2 

and hctBprom-mKate2 fluorescence from cell-to-cell, creating a mosaic from yellow-

green to dark orange. At 34 hpi, FtsI (anti-FLAG) overexpression appeared in 

primarily RB-like cells. However, a subset of hctAprom-mEos3.2+/hctBprom-

mKate2+ cells also contained positive anti-FLAG staining, suggesting that, although 

FtsI over-expression had occurred in the IB, IB-to-EB maturation was unaffected 

(Fig. 3.13B: FtsI). These results support that IB-to-EB development is a cell division 

independent process and occurs by direct maturation.  
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Discussion

All Chlamydiae progress through an intracellular biphasic developmental cycle 

dependent on two primary cell forms. The EB is responsible for initiating infection of 

the host. Whereas, the RB must replicate to increase chlamydial numbers. Although 

this developmental process is essential for chlamydial proliferation and 

dissemination, chlamydial development is largely understudied and little is known 

about the mechanisms that regulate it.


Based on data from our previous study, we hypothesized that IB production 

occurs by asymmetric division from mature RBs, termed RBEs. Multiple studies have 

demonstrated evidence supporting asymmetric division in Chlamydia. Both RBs and 

EBs have been shown to exhibit polar Type III secretion systems by EM and IFA 23, 

24. Chlamydial cell division has also been shown to be polarized, as the 

peptidoglycan septum ring is produced at a single pole rather than equatorially, with 

asymmetric protein expression occurring on either side of the division plane 25, 26. 


To further investigate the dynamics of cell-form development in Chlamydia, we 

created multiple cell-form dual reporter chlamydial strains to monitor active cell-form 

specific expression in real time. Our results showed that active expression was 

spatially isolated to individual cells with no occurrence of reporter colocalization, 

indicating the presence of distinct chlamydial subpopulations. Average live-cell 

inclusion-level kinetics from the euoprom-mNG(LVA) reporter was detected 

beginning at ~11 hpi and reached a maximum at ~24 hpi. After 24 hpi, euoprom-

mNG(LVA) plateaued until inclusion lysis. Single-cell RB counts throughout the 

developmental cycle showed that the plateau in euoprom-mNG(LVA) corresponded 

to RB numbers. Live-cell kinetics and single-cell counts from the IB-associated 

reporter, hctAprom-mNG(LVA), also plateaued late in the infectious cycle (>30 hpi). 

Both RB and IB counts demonstrated large variability in cell numbers between 

inclusions per time point, suggesting that RBR-to-RBE maturation rates may fluctuate 

on a per-inclusions basis. 


To determine the role of cell division in RB-to-IB development, we created two 

agent-based models that simulated RB-to-IB differentiation using either a direct 

conversion or asymmetric division mechanism. Live-cell data and single-cell counts 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1111/cmi.12310**;;;;;
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from each reporter strain were used to inform the cell-form kinetics for each model. 

Both models produced near identical aggregate outputs and emulated the cell-form 

kinetics of the developmental cycle. However, the direct conversion model was only 

capable of these results when the RB-to-IB conversion decision time matched the 

time to RB cell division. This constraint on the direct conversion model suggested 

that development of the IB may be a cell division dependent process. 


The asymmetric production and direct conversion models  produced dynamic 

and behavioral differences at the subpopulation and individual level, suggesting we 

could observationally distinguish between the two mechanisms of development. 

Individual inclusion traces from the asymmetric production model indicated that the 

RB population would reach a maximum number and then remain static  throughout 

the remainder of the infection as RBEs divided asymmetrically to produce IBs. This 

asymmetric production of IBs also led to a linear increase in EBs within individual 

simulated inclusions. Conversely, individual traces from the direct conversion model 

indicated that the RB population would continually fluctuate throughout the infectious 

cycle as the rate of RB replication matched IB conversion. The balancing of RB 

replication with IB conversion produced runs of RBs and IBs throughout the 

infectious cycle and led to non-linear EB production on an individual inclusion level. 

Analysis of single-inclusion traces from euoprom-mNG(LVA) showed that each RB 

population reached a maximum between ~24-30 hpi and remained static thereafter. 

Our single-cell data also indicated that individual RBs were static late in the 

infectious cycle (>24 hpi). Inclusion-level analysis of hctBprom-mKate2 

demonstrated a linear increase in expression on a per inclusion basis. These 

observational results suggest that asymmetric division is the likely mechanism of IB 

development. 


The direct conversion and asymmetric division models differed only in their 

dependence on cell division for IB development. Therefore, we determined that we 

could differentiate between the two mechanisms by simulating cell division inhibition. 

To test this experimentally, penicillin and ciprofloxacin were used to target different 

chlamydial replication pathways (penicillin: cell division and ciprofloxacin:vDNA 

replication, respectively). In both the untreated and penicillin-treated samples, the 
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number of RBs did not decrease per inclusion. Surprisingly, in the ciprofloxacin 

treated samples, the number of RB-like cells consistently doubled. IBs are known to 

undergo large morphological changes, including DNA condensation 4, 7. DNA gyrase 

has been shown to aid in DNA condensation; and therefore, treatment with 

ciprofloxacin may be preventing proper DNA condensation, leading to a halt in the 

development of newly produced IBs 27. Our data also showed that development of 

the IB was dependent on cell division, for once cell division was inhibited, or the RB 

population was killed (FtsI induction), further IB production, as measured by 

hctAprom-mEos3.2 accumulation, immediately halted. The culmination of these 

results strongly suggests that RBs are not converting directly to IBs and that 

asymmetric division is the likely mechanism for development of IBs.


We previously showed that EB development continues for ~8 h post treatment 

with penicillin9. We hypothesized that this phenomenon was due to EB development 

being a committed step that occurs post cell division by direct maturation from the 

IB. IFU results from this study exhibited similar trends, with cell division inhibited or 

RB-lysed (FtsI induced) Chlamydia demonstrating an increase in infectious progeny 

for ~8 h post treatment. Single-cell analysis revealed that EB development, as 

demonstrated by the accumulation of small DNA dense hctBprom-mKate2 

expressing cells, was also occurring post cell division inhibition and after RB lysis. 

We further showed that, after cell division inhibition and RB death, colocalization of 

the IB and EB reporters (hctAprom-mEos3.2 and hctBprom-mKate2, respectively) 

occurred. These data provide direct evidence that IB-to-EB development is a cell 

division independent process and that IBs mature directly into EBs. Live-cell analysis 

of the active IB reporter, hctAprom-mNG(LVA), also showed that individual IBs 

demonstrate transient hctA promoter expression throughout the developmental 

cycle, suggesting that after IB production, hctA expression is repressed as IBs 

continue their development into EBs. Soules et al. presented further evidence of the 

involvement of a regulatory cascade in IB-to-EB maturation, where they showed that  

Chlamydia’s only two component regulatory system, CtcB/ctcC is expressed at a 

time concurrent with IB formation (>18 hpi) and that CtcC, the response regulator, is 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.110.2.706-721.1972**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41467-017-02432-0**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/sj.emboj.7601414**;;;;;
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upstream of σ54 and positively regulates a large subset of σ54-dependent EB-

associated genes 28, 29


Although the mechanisms that control asymmetric division in Chlamydia are 

unknown, Chlamydia does encode many regulatory pathways that are homologous 

to those found in the asymmetrically dividing model bacteria, Bacillus subtilis and 

Caulobacter crescentus. Of these, are two alternative sigma factors, σ28 and σ54, 

which have been shown to control the expression of late EB-associated genes 28, 30, 

31. In B. subtilis, σ28 is involved in the early stage of asymmetric division and 

responsible for initiation of sporulation 32, 33, 34. Whereas, in C. crescentus, ChpT/

CtrA-σN, which are homologous to CtcB/CtcC-σ54, are involved in cell cycle and cell-

form specific gene regulation of the flagellum 35. Both regulatory control systems of 

σ28 and σ54 in B. subtilis and C. crescentus have been thoroughly described and 

may provide crucial insights into the upstream drivers of σ28 and σ54 in Chlamydia. B. 

subtilis and C. crescentus also utilize an array of other processes to control cell-form 

development including methylation dependent transcription, localized protein 

degradation and protein sequestration 35, 36. Given that Chlamydia appears to 

undergo asymmetric division to produce the IB cell form and that Chlamydia 

contains several components that are utilized by other asymmetrically dividing 

bacteria, the regulatory mechanisms that these model organisms employ should be 

used as a guide in the future research of chlamydial cell-form development.


https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mBio.01725-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1074/jbc.M212170200**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mBio.01725-20**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1046/j.1365-2958.2003.03708.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.01082-06**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1371/journal.pgen.1005104**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1126/science.282.5389.754**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/mr.53.3.367-376.1989**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/nature05321**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/nature05321**;;;;;
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Materials and Methods

Organisms and cell culture. Cos-7 cells were obtained from (ATCC). Cells were 

maintained in a 5% CO2 incubator at 37°C in RPMI 1640 (Cellgro) supplemented 

with 10% fetal plex (FP) and 10g/ml gentamicin. All C. trachomatis-L2 (LGV Bu434)  

strains were grown in and harvested from Cos-7 cells. Elementary bodies were 

purified by density centrifugation using 30% MD-76R at 48 hours post infection 10. 

Purified elementary bodies were stored at -80°C in sucrose-phosphate-glutamate 

buffer  (10 mM sodium phosphate [8 mM K 2HPO 4, 2 mM KH 2PO 4], 220 mM 

sucrose, 0.50 mM L-glutamic acid; pH 7.4). Escherichia coli ER2925 (dam-/dcm-) 

was utilized to produce unmethylated constructs for transformation into Chlamydia. 


Promoter-reporter and inducible expression constructs. All constructs were 

created using the p2TK2SW2 plasmid 37. All promoters and the ftsI ORF were 

originally amplified from C. trachomatis-L2 (LGV Bu434) genomic DNA using the 

indicated primers (Table ST 3.1). Fluorescent reporters were ordered as gBlocks 

and cloning was performed with the In-fusion HD EcoDry Cloning kit (Takara). 

Promoter-reporter constructs were created as previously described 9, 38. The original 

p2TK2SW2-E-ftsI3XFLAG was generated by inserting the ftsI ORF into the 

previously created p2TK2SW2-E-clover-3XFLAG plasmid between the tn5 promoter/

E-riboswitch and 3XFLAG 13. Following this, was the insertion of each dual 

promoter-reporter (euoprom-mNG(LVA)_hctBprom-mKate2 and hctAprom-

mEos3.2_hctBprom-mKate2) upstream of E-ftsI3XFLAG and in reverse orientation.


Chlamydial transformation and isolation. Transformation of C. trachomatis-L2 

was performed as previously described with selection using 500 ng/ul spectinomycin 
37. Clonal isolation of transformants was achieved by inclusion isolation (MOI <1) via 

micro-manipulation. To confirm conality each construct was purified from the 

chlamydial transformants, transformed into E. coli and five colonies were 

sequenced.


Infections. Infections were synchronized by incubating Cos-7 cells with C. 

trachomatis-L2 EBs in Hank’s balanced salt solution (HBSS) (Gibco) for 15 minutes 

at 37ºC while rocking. The inoculum was removed and cells were washed with 

prewarmed (37ºC) HBSS. The HBSS was replaced with fresh RPMI-1640 containing 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00065-18**;;;;;
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10% FP, 10 µg/ml gentamicin, 1 µg/ml cycloheximide, and 1 mg/ml heparin sodium. 

For cell division experiments chlamydial cell division was inhibited by the addition of 

0.5 µg/ml ciprofloxacin or 1 U/ml penicillin-G to the media. Expression of ftsI3XFLAG 

was induced by the addition of 0.5 mM theophylline to the media 13. 


Replating assays. Strain specific EBs were isolated from infected Cos-7 cells by 

scraping the host monolayer and pelleting via centrifugation at 4ºC for 30 min at 

18213 rcfs. EB pellets were resuspended in 4ºC RPMI via sonication and used to 

infect Cos-7 cells in polystyrene 96-well microplates in a 2-fold dilution series. 

Infected plates were incubated for 29 hours following fixation in methanol. Fixed 

cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for visualization of host-

cell nuclei and anti-MOMP antibody conjugated to FITC (Thermo Scientific™) for 

visualization of EBs and inclusion counts. Monolayers were imaged with an Andor 

Zyla sCMOS and Nikon Eclipse TE300 inverted microscope utilizing a scopeLED 

lamp at 470nm and 390nm, and BrightLine band pass emissions filters at 514/30nm 

and 434/17nm. Automated image acquisition was performed using µManager 

software 39. Inclusion numbers were quantified with custom scripts in ImageJ and 

analyzed in custom Python notebooks as previously described 9, 38, 40

Genome number quantification. Total DNA was isolated from infected Cos-7 

cells during active infections using an Invitrogen Purelink genomic DNA mini kit. A 

QX200 digital droplet system (BioRad) was utilized for quantification of chlamydial 

genomic copies. A 2X ddPCR™ Supermix for Probes-No dUTP kit (BioRad) and a 

custom copN-specific primer/probe set was used for DNA detection (Table ST 3.1).


Live-cell microscopy. Monolayers were infected with synchronized Ctr-L2 EBs 

and grown on multi-well glass-bottom plates. Infections were grown in an OKOtouch 

CO2/heated stage incubator. Fluorescence images were acquired via epifluorescent 

microscopy using a Nikon Eclipse TE300 inverted microscope with a ScopeLED 

lamp at 470nm and 595nm, and BrightLine Bandpass filters at 514/30nm and 

590/20nm. 20X/0.4NA dry, 40X/0.6NA dry, and 60X/1.40NA oil objective lenses were 

used. DIC was used to auto-focus images. Image acquisition was performed using 

an Andor Zyla sCMOS camera in conjugation with µManager software 39. Images 

were taken in 30 min intervals, unless otherwise stated. Imaging ranged from 10 to 
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60 hours after Ctr-L2 infection, depending on the experiment. Multiple fields were 

imaged for each treatment and the fluorescent intensity of individual inclusions was 

monitored using the Trackmate plug-in in ImageJ 15. Inclusion fluorescent intensities 

were averaged and graphed in Python as previously described 38

Confocal microscopy. Cos-7 cells were seeding on to glass coverslips and 

infected with Ctr-L2. Samples were fixed at the designated times in 2% 

paraformaldehyde in filtered phosphate-buffered saline (PBS) at room temperature, 

overnight. Samples were then washed with filtered PBS and stained with DAPI to 

visualize DNA and monoclonal anti-FLAG M2 antibody (Sigma, Thermo Scientific™) 

with alexa 647 anti-mouse secondary antibody to visualize FtsI3XFLAG expression. 

Coverslips were mounted onto a microscope slide using MOWIOL (100 mg/mL 150 

MOWIOL® 4-88, 25% glycerol, 0.1 M Tris pH 8.5). Images were acquired using a 

Nikon spinning disk confocal inverted microscope with a 100X oil objective with a 

laser lamp at 405nm, 490nm, 568nm and 660nm. Image acquisition was performed 

using an Andor Ixon EMCCD camera and the Nikon elements software. Multiple 

inclusions were imaged for each treatment/time point and quantification of individual 

cells was performed using Trackmate. Chlamydial cell numbers were then analyzed 

in custom Python notebooks. Representative confocal micrographs are maximal 

intensity projections of 3D data sets.
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Data Availability. All data, bacterial strains and methodologies are available upon 

request.
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Figure 3.1.




Figure 3.1: Active cell-form specific promoter-reporter chlamydial strains.

Representative confocal micrographs of Cos-7 cells infected with (A) Ctr-L2-

euoprom-mNG(LVA)_hctAprom-mKate2, (B) Ctr-L2-euoprom-mNG(LVA)_hctBprom-

mKate2 or (C) Ctr-L2-hctAprom-mNG(LVA)_hctBprom-mKate2 reporter strains. 

Magnified FOVs demonstrate cell-form specific expression in isolated cells 

(mNG(LVA): top, mKate2: bottom).  Cells were fixed at 30 hpi. Scale bar = 10 µm. 

(D) Live-cell expression kinetics of euoprom-mNG(LVA): green, hctAprom-

mNG(LVA): blue, and hctBprom-mKate2: pink, from >50 individual inclusions. 

Infections were monitored from 10-50 hpi via automated live-cell fluorescence 

microscopy. Average intensities are shown, cloud represents SEM. 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Figure 3.2.
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Figure 3.2: Intra-inclusion RB and IB numbers increase and plateau.

Cos-7 cells were infected with purified Ctr-L2-prom EBs. Infections were fixed every 

two hours from 14-48 hpi and stained with DAPI. Promoter-reporter+/DAPI+ cell 

were counted on a per inclusion. (A and B) Total number of euoprom-mNG(LVA)+ or 

hctAprom-mNG(LVA)+ cells per inclusion, respectively. Individual dots represent 

individual inclusions. Solid line represents the mean number of promoter-reporter+/

DAPI+ cells per time point. Sample size ranged between 3-14 inclusions. Cloud 

represents 95% ci. 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Figure 3.3.




Figure 3.3: Schematic and simulation outputs of the asymmetric production 
and direct conversion models.

(A) Schematic of the asymmetric production model. Upon each RBE division event, 

one RBE and IB daughter cell is produced via asymmetric cell division. (B) 

Schematic of the direct conversion model. After each cell division event RBs ‘decide’ 

to convert directly into IBs. (C-D) Simulated cell-form subpopulation kinetic outputs 

of the asymmetric production and direct models, respectively. Total RBs (RBRs + 

RBEs): green, IBs: blue, and EBs: purple. Infections were simulated from 0-50 hpi. 

Average cell-form subpopulation numbers of 20 simulations/model are shown, cloud 

represents SEM. Model parameters can be found in Supplemental Material 4.S4 
and 4.S5. 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Figure 3.4.




Figure 3.4: Simulated single-inclusion kinetics of RB and EB cell numbers.

Individual traces of simulated RB and EB kinetics on a per-inclusion level for the 

asymmetric production (A-B) and direct conversion (C-D) models. Inclusions were 

simulated from 0-50 hpi. Individual traces correspond to individual inclusion 

simulations. Colors of individual inclusion traces are paired between the RB and EB 

cell forms per model simulation. 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Figure 3.5.




Figure 3.5: Individual inclusion traces of RB and EB promoter-reporter 
kinetics.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA)_hctBprom-

mKate2 EBs. Individual inclusions were imaged every 30 min from 10-50 hpi. (A-B) 

Representative live-cell fluorescent kinetic traces of 20 individual inclusions 

expressing euoprom-mNG(LVA):RBs, and hctBprom-mKate2: EBs, respectively.  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Figure 3.6.


Figure 3.6: Individual RBs are stable and IBs are transient throughout 
infection.

Cos-7 cells were infected with purified Ctr-L2-prom EBs. Individual inclusions were 

imaged every 15 min from 24-60 hpi during active infections. (A-B) Representative 

5-hour interval timelapse images of Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2 

(RB/EB) or Ctr-L2-hctAprom-mNG(LVA)_hctBprom-mKate2 (IB/EB), respectively. 

Numbered arrowheads indicate individual euoprom-mNG(LVA)+ (RB) or Ctr-L2-

hctAprom-mNG(LVA)+  (IB) cells through time. Supplemental video Mov. 4.S3 and 

Mov. 4.S4 of 15 min interval timelapse for each inclusion.  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Figure 3.7.




Figure 3.7: Predicted cell-form specific outcomes in cell-division inhibition 
models.

Simulated cell-form subpopulation kinetic outputs of cell-division inhibition in the 

asymmetric production and direct conversion model. Total RBs (RBRs + RBEs): 

green, IBs: blue, and EBs: purple (A) Simulated outputs from the asymmetric 

production model. (B) Simulated outputs from the direct conversion model. Infections 

were simulated from 0-50 hpi. Gray vertical line indicates time of simulated cell-

division inhibition. Average cell-form subpopulation numbers of 20 simulations per 

model are shown, cloud represents SEM. 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Figure 3.8.




Figure 3.8: RBs do not convert to IBs after cell division inhibition.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA) EBs. Infected 

cells were treated at 30 hpi with either mock (UNT), penicillin-G (PEN) or 

ciprofloxacin (CIP). (A) The number of euoprom-mNG(LVA)+ cells per inclusion from 

live-cell experiments at 30 and 40 hpi. Individual inclusions are connected via 

horizontal lines. (B) The 40/30 hpi ratio of euoprom-mNG(LVA)+ cell numbers per 

treatment.  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Figure 3.9.
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Figure 3.9: Predicted outcomes of a photostable IB promoter-reporter and EB 
production post cell-division inhibition.

Simulated kinetic outputs of total accumulation of a photostable promoter-reporter 

hctAprom-GFP and total EB cell numbers. Untreated simulation: green, cell-division 

inhibition: blue, RB death: orange. (A) Outputs from the asymmetric production 

model in untreated, cell-division inhibited and RB death simulations. (B) Outputs 

from the direct conversion model in untreated, cell-division inhibited and RB death 

simulations. Infections were simulated from 0-50 hpi. Arrow indicates time of 

simulated cell division inhibition. Average cell-form subpopulation numbers of 20 

simulations per model are shown, normalized to the untreated production slopes. 

Cloud represents SEM. 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Figure 3.10.


Figure 3.10: IB production halts after cell division inhibition.

Cos-7 cells were infected with Ctr-L2-ftsI3XFLAG_hctAprom-mEos3.2_hctBprom-

mKate2 EBs. Infected cells were treated at 30 hpi with mock (UNT): green, penicillin-

G (PEN): purple, ciprofloxacin (CIP): blue, or induced for FtsI: orange. (A) Live-cell 

expression kinetics of hctAprom-mEos3.2. (B) Quantification of EBs was performed 

by replating assay (IFU). Infected monolayers were harvested at 4 hour intervals 

from 10 to 50 hpi. Arrow indicates time of treatment. Horizontal solid line indicates 

the time to maximum expression from treatment. Live-cell fluorescent intensity and 

IFU means are shown. Averages are shown. The fluorescent unit cloud represents 

SEM. IFU cloud represents 95% ci. 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Figure 3.11.






	 	 129

Figure 3.11: IB-to-EB development is replication independent.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA)_hctBprom-

mKate2. Infected cells were treated at 20 hpi with either mock (UNT), ciprofloxacin 

(CIP), or penicillin-G (PEN). Samples were fixed at 20 hpi (pre-treatment) or 30 hpi, 

and stained with DAPI. euoprom-mNG(LVA): green, hctBprom-mKate2: red, and 

DAPI: cyan. (A) Representative confocal micrograph of a 20 hpi mock-treated 

infection. (B) Representative confocal micrographs of 30 hpi UNT, CIP, and PEN-

treated infections. Cutout FOVs are enhanced for hctBprom-mKate2 detection to 

demonstrate the absence of hctBprom-mKate2 expression in the 20 hpi sample and 

presence in the 30 hpi sample. Scale bar = 10 µm. 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Figure 3.12.


Figure 3.12: IB-to-EB development occurs post RB death.

Cos-7 cells were infected with purified Ctr-L2-E-ftsI3XFLAG_euoprom-

mNG(LVA)_hctBprom-mKate2. Infected cells were induced for FtsI3XFLAG 

expression at 20 hpi. Samples were fixed at 20 hpi (pre-treatment) or 30 hpi, and 

stained with DAPI and an anti-FLAG antibody for immunofluorescence (IF) imaging. 

euoprom-mNG(LVA): green, hctBprom-mKate2: red, DAPI: cyan, anti-FLAG: 

magenta. (A) Representative confocal micrograph of a 20 hpi mock-induced 

infection. (B) Representative confocal micrographs of 30 hpi uninduced and FtsI-

induced infections. Scale bar = 10 µm. 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Figure 3.13.
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Figure 3.13: IBs mature directly into EBs post cell division.

Cos-7 cells were infected with Ctr-L2-E-ftsI3XFLAG_hctAprom-mEos3.2_hctBprom-

mKate2 EBs. Infected cells were treated at 18 hpi with either mock (UNT), 

ciprofloxacin (CIP), or induced for FtsI3XFLAG expression (FtsI). Samples were 

fixed at 22 hpi (pre-treatment) or 34 hpi, and stained with DAPI and an anti-FLAG 

antibody for IF imaging. hctAprom-mEos3.2: green, hctBprom-mKate2: red, DAPI: 

cyan, anti-FLAG: magenta. (A) Representative confocal micrographs of 22 hpi UNT, 

CIP, and FtsI induced samples. (B) Representative confocal micrographs of 34 hpi 

UNT, CIP, and FtsI induced samples. Scale bar = 10 µm. 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Figure 3.S1.




Figure 3.S1: Simulation outputs of decreased and increased RB-to-IB decision 
time in direct conversion models. 

Simulated cell-form subpopulation kinetic outputs of modified direct conversion 

models. Total RBs (RBRs + RBEs): green, IBs: blue, and EBs: purple.  (A) If the RB-

to-IB decision time is half the time to cell division, the RB population converts to IBs 

at a rate faster than RB replication, leading to RB extinction. (B) If the RB-to-IB 

decision time is twice that of the cell division time, RB replication outcompetes IB 

conversion and RB population runaway occurs. Infections were simulated from 0-50 

hpi. Average cell-form subpopulation numbers of 10 simulations per model are 

shown, cloud represents SEM. 



	 	 134

Figure 3.S2.




Figure 3.S2: DNA replication is inhibited by ciprofloxacin-treatment.

Cos-7 cells were infected with Ctr-L2-euoprom-mNG(LVA)_hctBprom-mKate2 EBs. 

Infected cells were treated at 30 hpi mock (UNT): green, penicillin-G (PEN): purple, 

or ciprofloxacin (CIP): blue. Genome copies were quantified using ddPCR. Samples 

were harvested every 4 hours from 26-54 hpi. Arrow indicates treatment time. Means 

are shown. Genome copy cloud represents 95% ci. 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Figure 3.S3.


Figure 3.S3: FtsI overexpression induces RB cell death.

Cos-7 cells were infected with purified Ctr-L2-E-ftsI3XFLAG_euoprom-

mNG(LVA)_hctBprom-mKate2. Infected cells were induced for FtsI3XFLAG 

expression at 20 hpi. Samples were fixed at 20 hpi (pre-treatment) or 30 hpi, and 

stained with DAPI and an anti-FLAG antibody for immunofluorescence (IF) imaging. 

euoprom-mNG(LVA): green, DAPI: cyan, anti-FLAG: magenta. (A) Representative 

confocal micrograph of a 20 hpi mock-induced infection. (B) Representative confocal 

micrographs of 30 hpi uninduced and induced infections. Scale bar = 10 µm. 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Figure 3.S4.




Figure 3.S4: FtsI overexpression inhibits DNA replication.

C o s - 7 c e l l s w e r e i n f e c t e d w i t h C t r - L 2 - E - f t s I 3 X F L A G _ e u o p r o m -

mNG(LVA)_hctBprom-mKate2 EBs. Infected cells were treated at 30 hpi with either 

mock (UNT): green, or induced for FtsI: orange. Genome copies were quantified 

using ddPCR. Samples were harvested every 4 hours from 26-54 hpi. Arrow 

indicates treatment time. Means are shown. Genome copy cloud represents 95% ci.
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Movie 3.S1: Simulation of the asymmetric production ABM.

Simulated individual cell-form development of a single inclusion. Germinating EB: 

lavender, RBs: green, IBs: blue>black>red, and EBs: pink. The green circle follows 

the progression of three RBs. Individual RBs are stable and demonstrate a stem 

cell-like quality in IB production. 


Movie 3.S2: Simulation of the direct conversion ABM.

Simulated individual cell-form development of a single inclusion. Germinating EB: 

lavender, RBs: green, IBs: blue>black>red, and EBs: pink. The green circle follows 

the progression of multiple individual RBs. Individual RBs are transient as they 

convert into IBs. However, RB division is matched with RB-to-IB conversion, leading 

to a fluctuating steady-state in RB numbers. 


Movie 3.S3: Live-cell time-lapse movie of individual RB stability throughout an 
active infection.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA)_hctBprom-

mKate2 EBs. 40X automated live-cell fluorescence microscopy was used to monitor 

individual RBs (euoprom-mNG(LVA)+ cells) within single inclusions every 15 minutes 

from 24-60 hpi. The hctBprom-mKate2 promoter-reporter was used for inclusion 

identification and to monitor inclusion development.


Movie 3.S4: Live-cell time-lapse movie of individual transient IBs throughout 
an active infection.

Cos-7 cells were infected with purified Ctr-L2-hctAprom-mNG(LVA)_hctBprom-

mKate2 EBs. 40X automated live-cell fluorescence microscopy was used to monitor 

individual IBs (hctAprom-mNG(LVA)+ cells) within single inclusions every 15 minutes 

from 24-60 hpi. The hctBprom-mKate2 promoter-reporter was used for inclusion 

identification and to monitor inclusion development.
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Movie 3.S5: Live-cell time-lapse movie of hctAprom-mKate2 expression in 
penicillin-treated aberrant RBs.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA)_hctAprom-

mKate2 EBs. Infections were treated with penicillin at 20 hpi to induce aberrancy. 

Automated live-cell fluorescence microscopy was used to monitor euoprom-

mNG(LVA) and hctAprom-mKate2 expression levels within single inclusions every 30 

minutes from 10-48 hpi. 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Supplemental Material 3.S1: Trackmate Celltype Counts
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Supplemental Material 3.S2: Single Cell Counts by Intensity
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Supplemental Material 3.S3: Analysis of Model Runs
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Supplemental Material 3.S4: Fit RB Maturation Curve
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Supplemental Material 3.S5: Asymmetric Division Model 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Supplemental Material 3.S6: Direct Conversion Model 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Table 3.1


Construct/Use Primer Name Template

p 2 T K 2 - i h t A p r o m -
mNG(LVA)_hctAprom-
mKate2
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GAAATTAAGCatggtgagcaa

aggcgaagaagataacatggcga

gcctgccggcgacccatgaactgca

tatttttggcagcattaacggcgtggat

tttgatatggtgggccagggcaccgg

caacccgaacgatggctatgaaga

actgaacctgaaaagcaccaaagg

cgatctgcagtttagcccgtggattct

ggtgccgcatattggctatggctttcat

cagtatctgccgtatccggatggcat

gagcccgtttcaggcggcgatggtg

gatggcagcggctatcaggtgcatc

gcaccatgcagtttgaagatggcgc

gagcctgaccgtgaactatcgctata

cctatgaaggcagccatattaaagg

cgaagcgcaggtgaaaggcaccg

gctttccggcggatggcccggtgatg

accaacagcctgaccgcggcggatt

ggtgccgcagcaaaaaaacctatc

cgaacgataaaaccattattagcac

ctttaaatggagctataccaccggca

acggcaaacgctatcgcagcaccg

cgcgcaccacctatacctttgcgaaa

ccgatggcggcgaactatctgaaaa

accagccgatgtatgtgtttcgcaaa

accgaactgaaacatagcaaaacc

gaactgaactttaaagaatggcaga

aagcgtttaccgatgtgatgggcatg

gatgaactgtataaaAGGCCTG

CAGCAAACGACGAAAACT

ACGCTTTAGTAGCTTAGG

mNeonGreen(LVA

) gBlock
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actgtataaaAGGCCTGCAG

CAAACGACGAAAACTACG

5' LVA

mNeonGreen(LVA) gBlock

CGATTTCTAAGCAGGAAT

GGACAGTTTTTTTTGAAG

CGCTCCGGATAG

3' mNG(LVA)

mNeonGreen(LVA) gBlock

CCATTCCTGCTTAGAAAT

CGATTCTGTTTTGATTTTG

TCTCGGATTTTAAAAAATG

TAGTG

5 ' m N G ( L V A ) 

vector

p 2 T K 2 - i h t A p r o m -
mNG_hctAprom-mKate2

CTGCAGGCCTtttatacagttca

tccatgcccatcacatcggtaaacgc

3' mNG vector p 2 T K 2 - i h t A p r o m -
mNG_hctAprom-mKate2

p 2 T K 2 - e u o p r o m -
mNG(LVA)_hctBprom-
mKate2

cgaattcggcatggtgagcaaaggc

gaagaagataacatgg

5' mNG(LVA) p 2 T K 2 - i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

CGATTTCTAAGCAGGAAT

GGACAGTTTTTTTTGAAG

CGCTCCGGATAG

3' mNG(LVA) p 2 T K 2 - i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

CCATTCCTGCTTAGAAAT

CGATTCTGTTTTGATTTTG

TCTCGGATTTTAAAAAATG

TAGTG

5 ' m N G ( L V A ) 

vector

p 2 T K 2 - e u o p r o m -
Clover_hctBprom-mKate2

tgctcaccatgccgaattcgacccct

gtatcttgttgtaagc

3' euoprom vector p 2 T K 2 - e u o p r o m -
Clover_hctBprom-mKate2

p 2 T K 2 - e u o p r o m -
mNG(LVA)_hctAprom-
mKate2
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CGGCCGCGTCtatttttaacaa

accacttgattaataagttttttgttggg

aaaatattacc

5' euoprom(LVA) i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

CGATTTCTAAGCAGGAAT

GGACAGTTTTTTTTGAAG

CGCTCCGGATAG

3' mNG(LVA) i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

CCATTCCTGCTTAGAAAT

CGATTCTGTTTTGATTTTG

TCTCGGATTTTAAAAAATG

TAGTG

5 ' m N G ( L V A ) 

vector p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

gttaaaaataGACGCGGCCG

CGTCTTAGGAGCTTTTTG

CAATGC

3' euoprom(LVA) 

vector
p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

p 2 T K 2 - h c t A p r o m -
mNG(LVA)_hctBprom-
mKate2

CGGCCGCGTCttagattctaga

aaatggttgc

5' hctAprom(LVA) p 2 T K 2 - i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

tgctcaccatCGgatccgcCATT

TTTTTTGCCGTATCTTTTA

GC

3' hctAprom(LVA) p 2 T K 2 - i h t A p r o m -
m N G ( LVA ) _ h c t A p r o m -
mKate2

GgcggatcCGatggtgagcaaag

gcgaagaagataacatgg

5' hctAprom(LVA) 

vector
p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

ctagaatctaaGACGCGGCC

GCGTCTTAGGAGCTTTTT

GC

3' hctAprom(LVA) 

vector
p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

p2TK2-euoprom-mEos3.2
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atacaggggtcgaattcggcATGT

CCGCAATAAAGCCTGACA

TGAAGATCAAGCTCAGAA

TGGAAGGCAACGTCAAT

GGTCATCATTTTGTCATC

GACGGTGACGGTACAGG

GAAGCCTTTTGAGGGGA

AACAGTCAATGGATTTGG

AAGTAAAAGAAGGCGGT

CCACTTCCTTTTGCTTTC

GACATCTTAACCACAGCG

TTCCACTACGGAAATCGC

GTGTTTGCAAAGTACCCC

GATAACATCCAGGACTATT

TCAAACAGTCATTTCCAA

AAGGCTACTCCTGGGAG

AGATCCCTTACGTTCGAA

GACGGAGGCATCTGTAAC

GCACGCAACGATATTACT

ATGGAAGGTGATACTTTC

TATAACAAGGTGCGTTTCT

ATGGAACCAACTTCCCTG

CCAATGGACCTGTTATGC

AAAAAAAAACTTTGAAAT

GGGAGCCAAGTACTGAA

AAAATGTATGTACGCGAT

GGGGTTCTCACAGGAGAT

ATTGAGATGGCACTCTTAT

TAGAAGGCAACGCTCACT

ACCGCTGTGATTTCAGAA

CTACATATAAAGCCAAAGA

GAAAGGGGTCAAGTTAC

mEos3.2 gBlock
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TAGGGATGACATGTGATT

CGCGTAGGAAAAAGAGG

AGGGAGACC

5 ' e u o p r o m -

mEos3.2 vector

p2TK2-euoprom-Clover

gccgaattcgacccctgtatcttgttgt

aagcattcc
3 ' e u o p r o m -

mEos3.2 vector p2TK2-euoprom-Clover

p 2 T K 2 - h c t A p r o m -
m E o s 3 . 2 _ h c t B p r o m -
mKate2

GgaattcggcATGTCCGCAAT

AAAGCCTGACATGAAGAT

CAAGCTCAGAATGG

5' mEos3.2

p2TK2-euoprom-mEos3.2

ATCCGTCCTAACGGCGC

GCATTATCAGGGAGCCCG

GAGTGC

3' mEos3.2

p2TK2-euoprom-mEos3.2

TGCGCGCCGTTAGGACG

GATCCCTTGTACAATCAAT

TTACCGATTAAATAGTCTC

5' mEos3.2 vector p 2 T K 2 - h c t A p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

TTGCGGACATgccgaattcCA

TTTTTTTTGCCGTATCTTT

TAGCGCCATg

3' mEos3.2 vector p 2 T K 2 - h c t A p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

p2TK2-E-ftsI3XFLAG

TAACAACAAGATGAATCA

CCGTAGACAATTAACTCT

GATCGTTGTTGGGG

5' FtsI (E-FLAG)

L2 Genomic

TGTAGTCcatTTTGCGATT

CCATTCCTCATATAGCAG

CTTTAATTGAGAAACTTCT

TCAC

3' FtsI (E-FLAG)

L2 Genomic
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GAATCGCAAAatgGACTAC

AAAGACCATGACGGTGAT

TATAAAGATCATGACATCG

5' E-FLAG (FtsI) 

vector

p2TK2-T5-E-Clover3XFLAG

GGTGATTCATCTTGTTGTT

ACCTCCTTAGCAGGGTG

CTGCCAAGG

3' E-FLAG (FtsI) 

vector

p2TK2-T5-E-Clover3XFLAG

p 2 T K 2 - E -
f tsI3XFLAG_euoprom-
mNG(LVA)_hctBprom-
mKate2

CCGTAAAAAATgttaaaaacta

accattttttattaaagtttttcattctcctt

gtcg

5' hctBmKt2 (E-

FLAG)
p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

AACGCGGCCACTAAGCTA

CTAAAGCGTAGTTTTCGT

CGTTTGCTGCAGG

3' euomNG(LVA) 

(E-FLAG)
p 2 T K 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

gtttttaacATTTTTTACGGTT

CCTGGCCTTTTGCTGGC

CTTTTGC

5' hctBmKt2 (E-

FLAG) vector

p2TK2-E-ftsI3xFLAG

AGTAGCTTAGTGGCCGC

GTTGCTGGCGTTTTTCC

3' LVA (E-FLAG) 

vector p2TK2-E-ftsI3xFLAG

p 2 T K 2 - E -
ftsI3XFLAG_hctAprom-
m E o s 3 . 2 _ h c t B p r o m -
mKate2

CCGTAAAAAATgttaaaaacta

accattttttattaaagtttttcattctcctt

gtcg

5' hctBmKt2 (E-

FLAG) p 2 T K 2 - h c t A p r o m -
mEos3.2_hctBprom-mKate2
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AACGCGGCCACTAACGG

CGCGCATTATCAGGGAGC

CCGG

3' mEos3.2 (E-

FLAG) p 2 T K 2 - h c t A p r o m -
mEos3.2_hctBprom-mKate2

gtttttaacATTTTTTACGGTT

CCTGGCCTTTTGCTGGC

CTTTTGC

5' hctBmKt2 (E-

FLAG) vector

p2TK2-E-ftsI3xFLAG

ATAATGCGCGCCGTTAGT

GGCCGCGTTGCTGGCGT

TTTTCC

3' mEos3.2 (E-

FLAG) vector

p2TK2-E-ftsI3xFLAG

ddPCR

TGGGAAACTTAAGTCCGC

TC

5' copN primer C t r - L 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
m K a t e 2 o r C t r - L 2 - E -
f t s I 3 X F L A G _ e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

TAAGGAGCGAAGCGATG

AAG

3' copN primer C t r - L 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
m K a t e 2 o r C t r - L 2 - E -
f t s I 3 X F L A G _ e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2

CCTCAGGCGATTGTTGGA

GGACGCAATGT

copN probe C t r - L 2 - e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
m K a t e 2 o r C t r - L 2 - E -
f t s I 3 X F L A G _ e u o p r o m -
m N G ( LVA ) _ h c t B p r o m -
mKate2
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CHAPTER FOUR: LIVE-CELL FORWARD GENETIC APPROACH TO IDENTIFY 

AND ISOLATE DEVELOPMENTAL MUTANTS IN CHLAMYDIA TRACHOMATIS*


Travis J. Chiarelli1, Nicole A. Grieshaber1, Scott S. Grieshaber1 


1Department of Biological Sciences, University of Idaho, Moscow Idaho, USA


*The text and figures in this Chapter are unaltered from the previous publication in 

JoVE: doi: 10.3791/61365


All screenfiles were used in the JoVE protocol video, found on the JoVE website 

(doi: 10.3791/61365).


https://dx.doi.org/10.3791/61365
https://dx.doi.org/10.3791/61365
https://dx.doi.org/10.3791/61365
https://dx.doi.org/10.3791/61365
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Abstract

The intracellular bacterial pathogen Chlamydia trachomatis undergoes a 

developmental cycle consisting of two morphologically discrete developmental 

forms. The non-replicative elementary body (EB) initiates infection of the host. Once 

inside, the EB differentiates into the reticulate body (RB). The RB then undergoes 

multiple rounds of replication, before differentiating back to the infectious EB form. 

This cycle is essential for chlamydial survival as failure to switch between cell types 

prevents either host invasion or replication. 


Limitations in genetic techniques due to the obligate intracellular nature of 

Chlamydia have hampered identification of the molecular mechanisms involved in 

the cell-type development. We designed a novel dual promoter-reporter plasmid 

system that, in conjunction with live-cell microscopy, allows for the visualization of 

cell type switching in real time. To identify genes involved in the regulation of cell-

type development, the live-cell promoter-reporter system was leveraged for the 

development of a forward genetic approach by combining chemical mutagenesis of 

the dual reporter strain, imaging and tracking of Chlamydia with altered 

developmental kinetics, followed by clonal isolation of mutants. This forward genetic 

workflow is a flexible tool that can be modified for directed interrogation into a wide 

range of genetic pathways.
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Introduction 

Chlamydia trachomatis (Ctr) is an obligate intracellular pathogen that progresses 

through a biphasic developmental cycle that is essential for its survival and 

proliferation 1. This cycle consists of two developmental forms, the elementary body 

(EB) and the reticulate body (RB). The EB is replication incompetent but mediates 

cell invasion through effector induced endocytosis 2. Once in the host, the EB 

matures to the replicative RB. The RB carries out multiple rounds of replication prior 

to converting back to the EB in order to initiate subsequent rounds of infection. 


The limited array of genetic tools has restricted most of the chlamydial research 

to biochemical studies or the use of surrogate systems. As a consequence, 

elucidation of gene regulation and control of the developmental cycle has been 

difficult 3, 4. One of the more important challenges in the chlamydial field is the high 

resolution temporal tracking of the chlamydial developmental cycle and the 

identification of the proteins involved in its regulation. Gene expression during the 

chlamydial developmental cycle has traditionally been performed by destructive “end 

point” methods including RNAseq, qPCR, and fixed cell microscopy 5, 6. Although 

these methods have provided invaluable information, the techniques employed are 

laborious and have low temporal resolution 5, 6. 


Within the last decade, genetic manipulation of Ctr has progressed with the 

introduction of plasmid transformation and methods for mutagenesis 7, 8, 9. For this 

study, a plasmid-based system was developed to monitor chlamydial development in 

individual inclusions in real time over the course of an infection. A chlamydial 

transformant was created that expressed both an RB and EB cell-type specific 

promoter-reporter. The RB specific reporter was constructed by fusing the promoter 

of the early RB gene euo upstream of the fluorescent protein Clover. EUO is a 

transcriptional regulator that represses a subset of late EB associated genes 10. The 

promoter of hctB, which encodes a histone-like protein involved in EB nucleoid 

condensation, was cloned directly upstream of mKate2 (RFP) to create the EB 

specific reporter 11. The backbone for hctBprom-mKate2/euoprom-Clover was 

p2TK2SW27. The hctB and euo promoters were amplified from Ctr-L2 genomic DNA. 

Each promoter sequence consisted of ~100 base pairs upstream of the predicted 
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transcription start site for the specified chlamydial gene plus the first 30 nucleotide 

(10 amino acids) of the respective ORF. The fluorescent FP variants were 

commercially obtained as Ctr codon optimized gene blocks and cloned in frame with 

the first 30 nucleotide of each chlamydial gene and promoter. The incD terminator 

was cloned directly downstream of mKate2. The second promoter-reporter was 

inserted downstream of the incD terminator. The ampicillin resistance gene (bla) in 

p2TK2SW2 was replaced with the aadA gene (Spectinomycin resistance) from 

pBam4. This resulted in the final construct p2TK2-hctBprom-mKate2/ euoprom-

Clover (Figure 4.1A) that was transformed into Ctr-L2 7. This RB/EB reporter strain 

allowed for the observation of the developmental cycle within single inclusions using 

livecell microscopy (Figure 4.1B,C). 


Employing our promoter-reporter construct in combination with chemical 

mutagenesis, a protocol was devised to track and isolate individual clones that 

exhibited developmental abnormalities from mutagenized populations of Ctr serovar 

L2. This protocol allows for the direct monitoring of individual chlamydial inclusions, 

tracking of the gene expression profiles over time, identifying chlamydial clones that 

express an altered developmental gene expression pattern, and clonal isolation of 

Chlamydia from individual inclusions. 


Although this protocol has been created specifically for the identification of genes 

involved in chlamydial development, it could be easily adapted to interrogate any 

number of chlamydial genetic pathways.
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Protocol 


All Python scripts used in this protocol are available on Github https://github.com/ 

SGrasshopper/Live-cell-data-processing


1. Mutagenize Reporter Chlamydia 


NOTE: Ctr-L2-hctBprom-mKate2/euoprom-Clover EBs were directly mutagenized 

using ethyl methanesulfonate (EMS) in the axenic media CIP-1 as this media 

supports EB metabolism and maintenance of EB infectivity 12. 


1. Thaw a chlamydial stock on ice containing ~3 x 107 EBs transformed with 

the p2TK2-hctBprom-mKate2/euoprom-Clover reporter plasmid and pellet 

at >14,000 x g for 30 min at 4 °C. 


NOTE: Chlamydia organisms used for these experiments were 30% 

renografin density purified and frozen at −80 °C in 1x sucrose-phosphate-

glutamate buffer (SPG). 


2. Discard the supernatant and resuspend the EB pellet in 100 µL of CIP-1 

buffer with sonication on ice at 10% power for 10 s. Divide the 100 µL of 

EB suspension into two 50 µL aliquots for mutagenized and mock treated 

samples. 


3. Prepare 20 mg/mL of EMS-CIP-1 solution in a separate 1.5 mL 

microcentrifuge tube. To do so, add 6.8 µL of EMS in 375 µL total volume. 


4. Add 50 µL of the EMS-CIP-1 solution into one of the chlamydial aliquots for 

mutagenesis and 50 µL of CIP-1 only to the other chlamydial aliquot for 

mock mutagenesis. 
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NOTE: Final EMS concentration is 10 mg/mL. The chlamydial titer, EMS 

concentration, and the time of exposure used in this protocol lead to 

approximately a 60-80% reduction in infectious progeny. This level of 

reduction corresponds to ~5-20 DNA lesions per chlamydial genome 8.


5. Incubate for 20 min at room temperature. The mutagenized EBs will be 

used directly to infect monolayers in section 2. 


CAUTION: EMS is a known carcinogen. All equipment and materials that 

come in contact with EMS must be soaked in 1 M NaOH for 24 h before 

disposal, gloves should be used at all times during the protocol and 

cleanup of EMS materials.


2. Imaging of mutant Ctr 


1. Host cell culture for imaging and isolation of mutagenized Ctr 


1. Seed a 6 well glass bottom plate with 6 x 105 Cos-7 cells (ATCC) per well 

in 2 mL of complete media (RPMI-1640 supplemented with 10% fetal 

bovine serum and 10 mg/mL gentamicin). Use this glass bottom plate for 

imaging of mutagenized Ctr. 


2. Seed a 24 well polystyrene plate with 1 x 105 Cos-7 cells (ATCC) per well 

in 1 mL complete media. Use this polystyrene plate for reinfection of 

isolated Chlamydia of interest.


3. Incubate both the plates at 5% CO2, 37 °C for approximately 18 h. Once 

cells reach confluency, replace media with complete media supplemented 

with 1 µg/mL of cycloheximide and incubate overnight.


2. Infecting the host cell culture with mutagenized Ctr 
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1. Infect 5 wells of the glass bottom plate with ~6 x 105 of mutagenized EBs in 

1.5 mL/well ice cold HBSS. This will result in the MOI of ~ 0.3 as ~70% 

mortality rate is expected due to mutagenesis. 


2. Infect the remaining well with ~2 x 105 mock mutagenized EBs in 1.5 mL/

well ice cold HBSS. Without mutagenesis, expect less mortality, thus one-

third of the inoculum is used to achieve the MOI of ~0.3. NOTE: MOI of 

~0.3 ensures that host cells are infected by a single EB and allows for 

enough separation between infected cells for clonal isolation. 


3. Incubate the plate for 15 min, with rocking, at 37 °C. 


4. Wash the infected host cells with prewarmed (37 °C) HBSS containing 1 

mg/mL heparin followed immediately by an HBSS rinse. Repeat heparin 

wash, immediately rinsing 2x with HBSS to ensure the heparin is 

removed. 


NOTE: Heparin inhibits and can reverse the early electrostatic interactions 

between the host cell and EBs 13 . The heparin washes remove EBs that 

have yet to enter the host cells, synchronizing the infection. When 

washing cells do so gently to prevent dislodging the cells from the surface 

of the wells. HBSS and heparin solutions contain residual EMS and should 

be placed in a beaker containing 1 M NaOH for 24 h before disposal. 


5. Replace HBSS with 4 mL/well of prewarmed (37 °C) imaging media 

(complete media, 1 µg/mL cycloheximide, 20 mM HEPES, and no phenol 

red). 
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6. Fill the interwell spaces with prewarmed (37 °C) deionized H2O to aid in the 

temperature control and reduce evaporation. Incubate the plate at 37 °C 

incubator with 5% CO2 for 10 h.


3. Microscope set up and imaging—NOTE: Multicolor multiposition automated 

live-cell fluorescent imaging is used to collect time-lapse images to identify 

chlamydial mutants that differ in the developmental gene expression dynamics. 

This protocol utilizes the open source µManager software package for automated 

microscope control14.


1. Begin the microscope setup 10 h post infection. Set the microscope stage 

incubator to 5% CO2, 37 °C. Place the infected 6 well glass bottom plate 

into the stage incubator and insert the sample thermistor into the interwell 

H2O. 


2. Calibrate the XY stage using the High Content Screening (HCS) plugin. 

Click Plugins ∣ Acquisition Tools ∣ HCS Site Generator in the µManager 

m i c r o s c o p e c o n t r o l s o f t w a r e ( J o V E 6 1 3 6 5 _ s c r e e n f i l e 1 , 
JoVE61365_screenfile2). 


3. Select the 6-well plate template and generate an imaging position list 

consisting of 12 fields of view (FOV) per well within the HCS plugin 

(JoVE61365_screenfile3, JoVE61365_screenfile4). Open the Stage 
Position List and manually focus and set the initial Z position for each 

FOV using the Stage Control plugin (JoVE61365_screenfile5, 
JoVE61365_screenfile6). Adjust the XY coordinates of any FOV that has 

missing cells or does not contain a uniform monolayer. NOTE: Due to the 

time it takes for each image to be captured, a maximum number of 72 

FOV can be taken per 30 min interval. 
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4. Use a 20x objective lens for imaging. This magnification allows ~8 

inclusions to be imaged per FOV while still providing the desired 

resolution. 


5. Save the positions list as this will be used to locate the inclusions of 

interest after data analysis (JoVE61365_screenfile7). 


6. Use the Auto Focus option in the imaging software, to set the focus for 

automated imaging (JoVE61365_screenfile8). 


7. Use the following selections and values to produce the most consistent 

focus results using image based autofocus in µManager. In the Autofocus 

properties window select OughtaFocus from the drop-down menu and 

use the following settings. OughtaFocus-SearchRange_µm: 350, 

OughtaFocus-Tolerance_µm: 0.5, OughtaFocusCropFactor: 0.3, 

OughtaFocus-Exposure: 20, OughtaFocusFFTLowerCutoff(%): 2.5, 

OughtaFocus-FFTUpperCutoff(%): 14, OughtaFocusShowImages: Yes, 

OughtaFocus-Maximize: SharpEdges, OughtaFocus-Channel: DIC. 


NOTE: Reducing the autofocus imaging window by decreasing the crop 

factor allows for more consistent auto focusing. Selecting Yes for 

OughtaFocusShowImages allows the user to view the autofocus image. 


8. Capture the kinetics of the developmental cycle by imaging for 24 h with 30 

min time intervals (JoVE61365_screenfile9). Imaging between 12-36 HPI 

ensures that Chlamydia completes the developmental cycle but does not 

lyse the host cell. 


9. Image the cell monolayers with a 250 ms exposure at 4% and 18% 

i n t e n s i t y i n t h e G F P a n d R F P c h a n n e l s , r e s p e c t i v e l y 

(JoVE61365_screenfile10). Detect the Clover (GFP) signal by excitation 
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at 470 nm with a 514/30 nm bandpass emissions filter. Detect the mKate2 

(RFP) signal by excitation at 595 nm and with a 641/75 nm bandpass 

emissions filter. NOTE: Minimizing the excitation intensity is critical for 

minimizing fluorophore photobleaching and phototoxicity to Chlamydia. 

The minimum excitation intensity to generate a resolved image with a 

200-300 ms exposure should be determined empirically in pilot studies. 


10. Capture multiple Z-slices with a range of focus that ends on either side of 

the infocus slice. In this experiment, at 20x magnification, this was 

achieved with 4 slices at 10 µm steps (JoVE61365_screenfile11).


11. Select Relative Z for imaging multiple slices in the acquisition window. 

The relative Z option uses the Z plane location saved in the imaging 

position list as the starting point for the next time interval. Input the 

appropriate Z-offset values for fluorescence imaging channels 

(JoVE61365_screenfile12). NOTE: The image based focusing system is 

imperfect and over a 24 h imaging period this leads to focus drift. It was 

found that by capturing 3-4 Z focal planes for each time point an in-focus 

image was maintained. Z-offset is needed to correct for the differences in 

focal planes between the fluorescent image channels and the DIC 

channel. Empiric determination of this Z-offset will be needed. 


12. Save images by selecting the root directory and naming the experiment. 

Use the µManager image stack file option to save images as tiff stack 

files (JoVE61365_screenfile13). 


13. Record the experimental details in the Acquisitions Comments box in 

the Multi-D Acquisition window (JoVE61365_screenfile13). i.e., Well A1: 

Untreated control. Well A2-3 and B1-3: EMS Mutants. Imaging: 12-36HPI. 

Start the image acquisition at 12 HPI. NOTE: If using µManager, leave the 

program, experimental setup, and microscope hardware running after the 
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experiment is complete. The imaging sites will be revisited for inclusion 

isolation once analysis of the mutagenized population is completed.


3. Identify and isolate mutagenized Chlamydia with altered developmental 
phenotypes


1. Creating an in-focus image stack 


1. Extract the most in-focus image from the Z-stacks using the saved 

image data which contains 4 Z slices per time point. Use the kurtosis 

measurement option (Analyze ∣ Measure) in ImageJ/FIJI to 

automatically identify the most in focus Z slice (highest kurtosis score) 

and create a new image stack with just these infocus images. A Python 

s c r i p t i s i n c l u d e d a s a s u p p l e m e n t a r y f i l e 

(Reduce_Z_kertosis_2ch_JOVE.py) to automate this process. 


2. Quantify fluorescence expression in individual inclusions—NOTE: To 

quantify the expression kinetics of the two reporters use the open source 

image analysis application ImageJ/FIJI and the plugin Trackmate 15. 

Trackmate identifies ‘spots’ (corresponding to inclusions in this case) and 

follows them through a time-lapse image stack recording the X,Y location and 

signal intensity for each inclusion over time (JoVE61365_screenfile14). This 

information is saved as a CSV file and will be imported into a custom Python 

notebook for analysis. 


1. Open the in-focus Z-reduced image stack in ImageJ/FIJI using Bio-

formats Importer by clicking Plugins ∣ Bio-Formats ∣ Bio-formats 

I m p o r t e r . S e l e c t H y p e r s t a c k a n d C o m p o s i t e 

(JoVE61365_screenfile15, JoVE61365_screenfile16).
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2. Subtract the image background by clicking on Process ∣ Subtract 

Background using a Rolling ball radius of 50.0 pixels and enhance the 

image contrast to 0.3% for Saturated pixels (Process ∣ Enhance 

Contrast). Multiply the image values by 10.0 (Process ∣ Math ∣ 

Multiply) (JoVE61365_screenfile17 - JoVE61365_screenfile22). 


3.  In Trackmate (Plugins ∣ Tracking ∣ Trackmate), select an estimated 

blob diameter of 48 pixels (empirically determined based on the size of 

the inclusion at the end of imaging). Produce non-fragmented inclusion 

tracks by selecting a Linking max distance and Gap-closing max 
distance of 8.0 pixels and Gap-closing max frame gap of 1 

(JoVE61365_screenfile23 - JoVE61365_screenfile25). 


NOTE: To improve Trackmate’s ability to identify and track inclusions 

over the entire cycle a separate image channel is created by adding 

the euoprom and hctBprom channels together using the image math 

function in ImageJ/FIJI. This channel is then used by Trackmate to 

identify and follow inclusions over time. The fluorescent values of the 

euoprom and hctBprom channels are then recorded in channels 2 and 

3. 


4. Record tracks that meet a minimum continuous duration: Duration of 

track: 20 (JoVE61365_screenfile26). Analyze the tracks and save the 

Spots in track statistics as a CSV file (JoVE61365_screenfile27). 

NOTE: This process has been automated using a custom Python script 

t h a t i s p r o v i d e d i n t h e s u p p l e m e n t a l d a t a 

(TrackMate_Zreduced_JOVE.py). 


3. Identify inclusion tracks with altered developmental profiles—NOTE: 

To identify inclusions containing Chlamydia with altered developmental 

profiles, each inclusion track was visualized using Python notebook. These 
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visualizations allow for the identification of inclusions with kinetic gene 

expression profiles that differed from the mock-treated population. The Python 

notebook used for identification of inclusions with altered developmental 

programming is provided in the supplemental data (EMS_ScreenMarkdown). 


1.  Import the inclusion track data from the Spots in tracks statistics 

CSV files into Pandas data frame using the Import cell in the 

EMS_Screen-Markdown Python Notebook. 


2.  Baseline correct each track by subtracting the minimum value of each 

track from the rest of the track values using the Baseline Subtract 
cells. Save the resulting values as a pickle file using the Save as 
Pickle cell. This will permanently save the channel values after 

baseline subtraction for later retrieval. NOTE: Baseline subtraction sets 

the starting fluorescent intensity of every inclusion to zero. 


3.  Eliminate traces from inclusions near the edges of the FOV using the 

Filter Edges cell as their fluorescent profiles may not be fully captured; 

these traces may produce false positive developmental profiles. 


4.  Calibrate the frame (totalFrames) values from the image slices to time 

(startTime, interval) values with the Time-lapse Calibration cell using 

the experimental start time and imaging time interval. Exclude partial 

inclusion reads by filtering out traces that do not extend over the last 

20 h of the experiment (16-36 HPI) using the Track Duration Filter 
cell. 


5.  Separate tracks into individual data frames by experimental condition 

with the Assign Treatment cell. Filter for inclusions that exhibit 

sufficient growth using the Filter for Growth cell. In the Filter for 

Growth cell, empirically set the fluorescence intensity threshold for the 
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euoprom channel by changing the values within the last two lines of 

code. This will filter out Chlamydia that did not grow. NOTE: Be 

cautious when setting threshold filters, if the filter is too low the 

resulting scatter plots will be noisy, yet if filtering is set too high 

important mutants may be eliminated. 


6.  Calculate the percent mortality caused by EMS by dividing the number 

of mutagenized tracks/well by the number of mock-treated tracks/well. 

Multiply the number of mock-treated tracks by the initial dilution factor 

of 3 to calculate the number of mock-treated tracks/well. Use the 

Count Inclusion Tracks and Calculate Percent Mortality cells to 

perform this task. 


7.  Calculate the time to half-maximal expression for both early and late 

reporters for each track using the Calculate cell. These values will be 

used to compare mutagenized and mock populations to identify 

developmental mutants. 


8. Within the Half-Max Plot cell use the bokeh plotting package to 

visualize the time to half-max expression of each promoter, graphing 

the euoprom time to half-maximal expression against that of hctBprom. 

Identify inclusions from the mutant population that fall outside the 

mock-treated scatter cloud using the bokeh interactive track ID 

explorer. Make note of the FOV and XY coordinates of the inclusions of 

interest (Figure 2.2). 


NOTE: Pick candidate inclusions that visually fall outside of the control 

cloud as verification and statistical evaluation of each clone will be 

performed subsequently. 
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9.  Within the Animated Plot cell visualize changes in promoter 

expression kinetics dynamically through time by graphing the 

expression intensities of euoprom against hctBprom using the plotting 

tool Plotly16. The scatter function of Plotly is used to animate the gene 

expression over time (Video 4.1). 


10. Visualize a snapshot from the Plotly animated graph in the Inclusion 
Locator cell, plotting euoprom and hctBprom expression at a specific 

time point (i.e. 28 HPI) using the bokeh package (Figure 4.3). Identify 

inclusions from the mutant population as described in step 3.3.8.


NOTE: This analysis needs to be performed quickly (<4 h) as the 

inclusions are still expanding and will start to lyse host cells ~48 h after 

infection. 


4. Isolate developmental mutants from inclusions of interest—NOTE: To 

isolate Chlamydia from the inclusions that were determined to display altered 

gene regulation a micromanipulator with capillary needles was employed. The 

Well ID, FOV and X,Y coordinates of inclusions of interest were determined 

using the data visualization in section 3.3. 


1. Prepare capillary needles by holding the center of the capillary tube in a 

flame and pulling both ends of the capillary tube until it has separated. 

Create an opening in the pulled capillary needle by breaking the pulled 

tip on a microscope slide. To break the needle, place the closed tip on 

the frosted portion of the microscope slide at an angle and apply 

pressure. 


NOTE: Capillary tube specifications were 1.0 mm O.D., 0.5 mm I.D. 
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2. Check that the needle opening is approximately the size of an inclusion 

under a microscope, 20x objective. 


3. Prepull ~25-30 capillary needles for isolation of candidate inclusions 

(one needle per inclusion). 


4. Fill the microinjector with mineral oil ensuring that no air bubbles are 

present. 


5. Attach a glass capillary needle to the microinjector and expel oil to the 

tip of the needle, expunging any air bubbles. Place the capillary needle 

in complete media and draw media up halfway. Filling the capillary 

needle with media prevents oil contamination in the well. 


6. Using the saved position list in µManager from step 2.3.5, migrate to the 

well and FOV of an inclusion of interest identified in the Python 

visualization notebook. 


7. Use the joystick of the micromanipulator to localize the capillary needle 

to the XY coordinates of the inclusion of interest. 


8. Use the 595 nm excitation channel to visualize EBs for extraction and 

the phase/DIC white light channel for needle visualization. Maneuver 

the capillary needle to the inclusion, rupture the inclusion and then 

draw the EBs into the capillary needle using the microinjector. 


9. Expel the EBs from the capillary needle into a single well of the 

prepared 24 well polystyrene plate prepared in step 2.1.2. Remove the 

capillary needle and replace with a fresh capillary needle for next 

inclusion extraction. Repeat section 3.4 for all candidate inclusions. 
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NOTE: For expansion and to ensure a high enough titer for re-imaging, 

incubate mutant isolates in a 5% CO2, 37 °C incubator until the 

majority of the host cells are infected (~1 week). Wells should be 

monitored closely as different isolates may exhibit different growth 

rates. 


5. Harvest mutant isolates 


1. On ice, disrupt the infected monolayer by scraping with a 1 mL 

micropipette tip. Transfer the media, cell debris, and released 

Chlamydia into a 1.5 mL microcentrifuge tube. 


2. Pellet Chlamydia by centrifugation for 30 min at 4 °C, >14,000 x g. 

Remove the supernatant and resuspend pellet in 75 µL of ice cold 1x 

SPG. Aliquot into three 1.5 mL screw-cap microcentrifuge tubes. Store 

at −80 °C. 


4. Verification of mutant isolate phenotypes


1. Host cell culture for imaging mutagenized isolates 


1. Seed a 96 well glass bottom plate with 1.6 x 104 Cos-7 cells (ATCC) per 

well in 100 µL of complete media. Incubate at 5% CO2, 37 °C. Cells 

should reach confluency in approximately 24 h. After cells are 

confluent, replace media with complete media supplemented with 1 µg/

mL cycloheximide, incubate overnight. 


2. Infect cells with candidate isolates for phenotypic verification 


1. Thaw mutant clones and wildtype Chlamydia on ice. 
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2. In the prepared 96 well plate, perform a two-fold serial dilution of mutant 

isolates, using one column per isolate (11 columns). Start with an initial 

dilution of 1:20 in 100 µl HBSS. NOTE: Serial dilution of Chlamydia is 

performed to ensure mutant samples are imaged at an MOI < 1. 


3. Infect the remaining (12th) column with wildtype Chlamydia at MOI 

~0.5. NOTE: Wildtype Chlamydia are used as a control for comparison 

against mutagenized isolates. 


4. Incubate for 15 min rocking at 37 °C.


5. Wash infected host cells with prewarmed (37 °C) HBSS with 1 mg/mL of 

heparin and HBSS as specified in section 2.2. 


6. Replace with 200 µL per well of prewarmed (37 °C) imaging media. 


7. Fill the interwell spaces with prewarmed (37 °C) deionized H2O. 


8. Incubate at 5% CO2, 37 °C for 10 h. 


3. Microscope setup—NOTE: Refer to section 2.3 for microscope setup, this 

section will only contain the required setup modifications. 


1. Select the 96 well plate template from the HCS plugin. 


2. Empirically determine wells corresponding to an MOI < 1 for each 

mutant isolate. Clover expression under control of the euo promoter is 

observable at ~10 HPI making early visualization of inclusions possible 

(Figure 2.1B).
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3. Select three wells per mutant isolate that correspond to an MOI < 1 and 

generate an imaging position list consisting of two FOV per well. 


NOTE: Only 72 images can be taken per time interval due to hardware 

constraints, this equates to three dilutions (wells) per strain using two 

imaging sites per well if 12 samples are imaged. 


4. Record the developmental cycle of each mutant isolate for 36 h at 30 

min time intervals starting at 12 HPI. 


5. Record the experimental details in the Acquisitions Comments box. i. 

e., Well ABC1: wildtype control. Well ABC2: Mutant strain 1, ABC3: 

Mutant strain 2, etc… Imaging: 12-48 HPI.


6. Start the image acquisition at 12 HPI. 


5. Data analysis for isolate verification 


1. Create in-focus image stacks and quantify fluorescence expression in 
individual inclusions 


1. Generate fluorescent intensity traces for each inclusion as specified in 

section 3.1 - 3.2. 


2. Verify Ctr mutagenized isolates—NOTE: To verify the altered 

developmental profiles of mutant isolates, their expression profiles are 

compared to the wildtype expression profile using Python notebook. The 

Python notebook used for verification of mutant clones with altered 

developmental programming is provided in the supplemental data 

(clone_check-Markdown). 
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1. Import and filter the inclusion trace data in the clone_check-Markdown 

Python notebook as done in section 3.3. 


2. Calculate the mean and standard deviation (STD) from the traces of 

each isolate and wildtype control population using the Calculate Mean 
& STD cell. 


3. With the Graph Iso vs WT cell plot the mean and standard error of the 

mean (SEM) of each mutant clone against the wildtype control to 

determine if the mutant expression kinetics are divergent from the 

wildtype sample (Figure 4.4). 


4. Determine if the isolated mutant population is clonal by plotting the 

mutant traces and comparing them to wildtype inclusion traces using a 

scatter plot as done in section 3.3 (steps 3.3.7-3.3.10) (Figure 4.2, 
Figure 4.3). If the isolate is a mixed population the plot will show one 

population overlaying with wildtype and a second distinct population 

outside of the wildtype scatter cloud. If the population looks mixed the 

mutant can be re-isolated using the original procedure described in 

section 3.4. 


NOTE: To determine if the developmental profile of an isolate is 

statistically different from wildtype the curves for each isolate should be 

compared to wildtype using ANOVA.


Representative Results 

Direct EMS mutagenesis of our promoter-reporter chlamydial strain resulted in an 

~75% reduction in infectivity. Using the described live-cell imaging protocol, ~600 

inclusions were imaged and tracked over a 24 h period. The fluorescent expression 

kinetics of both reporters in each inclusion was visualized using custom Python 

notebook scripts. 
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Two visualization approaches were implemented to identify candidate 

mutagenized Chlamydia for isolation. The first methodology (step 3.3.8) visualizes 

the time to halfmaximal expression of euo and hctB promoters from individual 

chlamydial isolates in an interactive scatter plot (Figure 4.2). Inclusions were 

identified for isolation if they fell outside the mock-treated scatter cloud. Candidate 

clones were picked that visually fell outside of the control cloud. Verification of each 

clone was performed subsequently. Clones A3-6-67 and B3-8-58 were selected for 

isolation as they produced shorter times to half-maximal expression from the euo 

promoter and longer times for hctB (Figure 4.2). 


The second visualization method for identifying inclusions with altered kinetics 

(steps 3.3.9-10) identifies individual inclusions based on visualization of dynamic 

gene expression from the two promoters (Video 4.1). Again, candidate clones with 

dynamic inclusion expression patterns that were noticeably distinct from control 

inclusions were picked. B3-6-62 was chosen due to increased fluorescent 

accumulation from the euo promoter between 23 and 29 HPI (Video 4.1). A 

snapshot of the animated graph was taken to identify the location of the inclusions of 

interest (Figure 4.3). 


Using the two visualization methods, a total of 24 inclusions were identified for 

isolation. Of the 24 total isolates, 10 showed differential kinetics upon retesting. 

These isolates fell into three phenotypic categories; 8 isolates exhibited decreased 

euoprom expression at ~24 HPI, corresponding to the time of RB-EB conversion, as 

demonstrated by the clone A3-6-67 (Figure 4.4A). The remaining two clones 

displayed unique phenotypic profiles, the B3-8-58 isolate also exhibited decreased 

euoprom expression at ~24 HPI, yet an overall increase in hctBprom expression 

(Figure 4.4B), whereas B3-6-62 expressed increased levels of fluorescence from 

the euo promoter followed by a sudden loss of expression in both promoters (Figure 
4.4C). Analysis of the live-cell micrographs for mutant B3-6-62 revealed that host cell 

lysis occurred in cells infected with this mutant much earlier than in wildtype infected 

cells (Video 4.2).
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Discussion 

Dissecting the mechanisms that control the chlamydial developmental cycle has 

been hindered by the limitations of the currently available genetic tools. Employing 

our promoter-reporter Chlamydia in conjunction with live-cell automated microscopy, 

a system was built which enables monitoring of cell-type development in individual 

inclusions over a 24 h period. This system, in combination with chemical 

mutagenesis and direct inclusion isolation has established a method to rapidly and 

clonally select Chlamydia expressing altered developmental profiles (Figure 4.5).


Chlamydial EBs are metabolically active outside the host when provided with 

intracellular ionic conditions and an energy source 5, 12. This EB axenic metabolism 

was leveraged to mutagenize purified EBs outside of host cells. In this protocol, 

metabolizing EBs were directly mutagenized with EMS. It was observed that EMS 

treatment effectively reduced EB viability and generated EBs that produced variable 

developmental kinetics as expected. 


It is estimated that the described EMS mutagenesis protocol generates ~5-20 

DNA changes/EB. The live-cell microscopy workflow described is capable of imaging 

~8 inclusions per field of view (FOV) and 72 FOVs every in a 30 min interval. 

Therefore, it is estimated that the effects of ~3000-10,000 mutations can be 

visualized per run. Multiple runs (3-5) will result in visualization of the effects of 

9,000-50,000 mutations. The Ctr-L2 genome encodes ~850 genes, suggesting this 

protocol will result in the visualization of >10 mutations per gene. These estimates 

indicate that genome coverage, while not complete, should be sufficient. 


The strength of this protocol is the ability to track and record the expression 

kinetics of multiple promoter-reporters at the single inclusion resolution in near real-

time. Forward genetics relies on observable phenotypes and clonal isolation. Past 

methods for forward genetics in Chlamydia relied on static observations and 

plaquing with agar overlays 8. With our methodology, dynamic promoter activity is 

recorded throughout the developmental cycle and then visualized to identify 

inclusions that contain Chlamydia with altered gene expression kinetics. Identifying 

candidate inclusions using multiple parameters (i.e., the time to half-maximal 

expression and total fluorescent intensity at a given time point) results in distinct 
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mutant pools that display different developmental kinetics. These Chlamydia are 

likely to have unique mutations that affect the regulation of separate genetic 

pathways. The fact that these profiles can be recorded live and visualized after a few 

hours allows time to locate and isolate the inclusions of interest from the infected 

monolayer. Although we focused on the gene expression dynamics during 

development, alternative gene reporters can be used to probe other regulatory 

pathways. 


Depending on the genetic pathways being interrogated, caution should be taken 

with the addition of cycloheximide to host cells. Although incubation with 

cycloheximide improves the imaging characteristics of the monolayer by blocking 

replication of the host cells; this effect is achieved through inhibiting host protein 

synthesis. Inhibition of de novo host protein synthesis could influence the results of 

the genetic screen depending on the question asked. 


Phototoxicity and photobleaching are major hurdles in longterm time-lapse 

microscopy. To overcome these issues, the specific characteristics of each 

fluorescent protein should be considered prior to experimentation. Clover and 

mKate2 have short maturation times (20-30 m), are photostable, and exhibit 

relatively large quantum yields 17, 18. These qualities allow for the reduction of 

excitation intensity and exposure time, thus reducing the amount of phototoxicity and 

photobleaching incurred. The phase/DIC white light channel was employed for 

autofocusing as this spectrum of light was less phototoxic to Chlamydia.


For this protocol, EMS was used as a chemical mutagen. EMS causes G:C to 

A:T transitions via guanine alkylation 19. However, this protocol can be expanded to 

include alternative mutagens that can induce other kinds of genomic mutations. For 

instance, acridines are a class of DNA intercalating compounds which induce indels, 

increasing the chance of frame shifts and therefore null mutations 20. 


With advances in chlamydial transformation techniques, mutated genes that are 

associated with phenotypic complementation groups can be knocked out via 

insertional gene disruption and genetic complementation for verification of genotype-

phenotype linkage 9. Recovering mutants that block RB to EB development could be 

problematic as mutations of interest may produce Chlamydia that cannot reinfect 
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host cells. This technique can be modified to identify developmental genes by 

statistical associations (GWAS). The genomes of Chlamydia from isolated inclusions 

can be directly sequenced without expansion and verification. The high throughput 

nature of this technique would make statistical associations possible. Again, 

verification of these associations can be tested through gene disruption and 

complementation 9.
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Figure 4.1


Figure 4.1: Monitoring cell-type development with Ctr promoter-reporters.

(A) Schematic of the promoter-reporter construct, p2TK2-hctBprom-mKate2/

euopromClover. (B) Live-cell micrograph of euoprom-Clover and hctBprom-mKate2 

expression in Ctr at 10 HPI (C) Live-cell micrograph of Ctr expressing euoprom-

Clover and hctBprommKate2 at 36 HPI. Scale bar: 20 µm. 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Figure 4.2




Figure 4.2: Identification of representative isolates A3-6-67 and B3-8-58 by 
visualization of the time to half-maximal expression for each promoter.

The interactive graph is used to identify mutagenized Chlamydia exhibiting 

expression profiles that differ from the mock-treated control scatter cloud. Each spot 

on the graph represents a single inclusion. Inclusion spots A3-6-67 and B3-8-58 are 

highlighted as they fall outside of the mock-treated cloud, both exhibiting shorter 

time to half-maximal expression of the euo promoter in combination with longer time 

to half-maximal expression of hctB. euoprom: x-axis, hctBprom: y-axis. 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Figure 4.3




Figure 4.3: Interactive snapshot for identification of inclusion location.

The graph presented is a snapshot at 28 HPI from the animated scatter plot (Video 
4.1) and was used to identify the FOV and XY coordinate location of inclusions of 

interest. B3-6-62 is shown as it was chosen for isolation from the animated scatter 

plot. 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Figure 4.4




Figure 4.4: Verification of representative mutant isolates.

Developmental profiles of mutagenized isolates A3-6, B3-8, and B3-6. (A) The A3-6 

mutant exhibits a decrease euoprom expression at ~24 HPI. (B) The B3-8 mutant 

isolate exhibits a decrease euoprom expression at ~24 HPI, but an overall increase 

in hctBprom expression. (C) The B3-6 isolate exhibits increased levels of euoprom 

expression followed by a sudden loss of expression in both promoters at ~40 HPI. 

Each sample is the average of the specified population, n > 25. Cloud represents 

SEM. 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Figure 4.5




Figure 4.5: Workflow for directed forward genetic analysis of promoter-
reporter Ctr.

Ctr-L2-p2TK2-hctBprom-mKate2/euoprom-Clover EBs were directly mutagenized 

with EMS in axenic media, CIP-1. Mutagenized EBs were used to infect Cos-7 cell 

monolayers for imaging and fluorescent expression analysis. Chlamydia expressing 

altered developmental dynamics were identified by visualization in interactive 

graphs. Inclusions with altered developmental profiles were isolated using a 

micromanipulator. The phenotypes of the isolates were verified upon reinfection. 

Mutant isolates are subjected to WGS to identify DNA lesions associated with 

phenotypes. 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Supplemental Material 4.S1: ReduceZ Kertosis
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Supplemental Material 4.S2: TrackMate Z-Reduced
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Supplemental Material 4.S3: Clone Check
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Supplemental Material 4.S4: EMS Screen 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Table 4.1


Name of Material/
Equipment Company

C a t a l o g / P a r t 
Number

Comments/
Description

24-well polystyrene 

plates Corning 3524

Cell culture growth for 

reinfection of isolates

6-well glass bottom 

plates Cellvis P06-1.5H-N

Cell culture growth for 

imaging

96-well glass bottom 

plates Nunc 165305

Cell culture growth for 

imaging

Bold line CO2 Unit OKO Labs CO2 UNIT BL

Stage incubator CO2 

control

Bold line T Unit OKO Labs

H301-T-UNIT-BL -

PLUS

S t a g e i n c u b a t o r 

temperature control

Borosilicate glass 

capillary tubes

S u t t e r 

Instrument B1005010 Capillary tubes

BrightLine bandpass 

e m i s s i o n s f i l t e r 

(514/30nm) Semrock FF01-514/30-25 Fluoescent filter cube

BrightLine bandpass 

e m i s s i o n s f i l t e r 

(641/75nm) Semrock FF02-641/75-25 Fluorescent filter cube

CellTram Vario Eppendorf 5196000030 Microinjector

C h l a m y d i a 

trachomatis serovar 

L2 ATCC VR-577 Chlamydia trachomatis
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CIP-1 media In house NA

Axen ic med ia . IPB 

supplemented with 1% 

FBS, 25 µM amino 

acids, 0.5mM G6P, 1.0 

mM ATP, 0.5 mM DTT, 

and 50 µM GTP, UTP, 

and CTP. (Omsland, A. 

2012) made in-house.

Cos-7 cells (ATCC) ATCC CRL-1651

African green monkey 

kidney cell (host cells)

Cycloheximide

M P 

Biomedica

ls 194527

H o s t c e l l g r o w t h 

inhibitor

E t h y l 

methanesulfonate, 

99%

A c r o s 

Organics AC205260100 Mutagen

Fetal Plex

G e m i n i 

B i o -

Products 100-602

Supplement for base 

growth media

Fiji/ImageJ

h t t p s : / /

imagej.net

/Fiji NA

Open source Image 

a n a l y s i s s o f t w a r e . 

https://imagej.net/Fiji

Galaxy 170 S CO2 

incubator Eppendorf CO1700100X Cell culture incubation

gblocks (Fluorescent 

FP variants: Clover 

and mKate2)

Integrated 

D N A 

Technolog

ies NA

gblock ORFs of Ctr 

optimized FP varients 

f o r c l o n i n g i n t o 

p2TK2SW2

Gentamycin 10mg/

ml Gibco 15710-064

Antibiotic for growth 

media

https://imagej.net/Fiji
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H B S S ( H a n k ' s 

B a l a n c e d S a l t 

Solution) Corning 21-020-CM Host cells rinse

Heparin sodium

Amersha

m L i f e 

Science 16920

inhibits and reverses the 

e a r l y e l e c t r o s t a t i c 

interactions between the 

host cell and EBs

HEPES 1M

G E L i f e 

Sciences SH30237.01

pH buffer for growth 

media

InjectMan Eppendorf 5179 000.018 Micromanipulator

Jupyter Notebook

h t t p s : / /

jupyter.org

/ NA

V i s u a l i z a t i o n o f 

inclusion traces. https://

jupyter.org/

Lambda 10-3

S u t t e r 

Instrument LB10-3 Filter wheel controller

Oko Touch OKO Labs Oko Touch

Interface to control the 

Bold line T and CO2 

Unit

Prior XY stage Prior H107

M o t o r i z e d X Y 

microscope stage

PrismR Centrifuge Labnet C2500-R

Temperature controlled 

microcentrifuge

Problot Hybridization 

oven Labnet H1200A

Rocking Incubator for 

infection with Chlamydia

Proscan II Prior H30V4

XYZ microscope stage 

controller

Pur i f ie r C lass 2 

Biosafety Cabinet Labconco 362804 Cell culture work

https://jupyter.org/
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R P M I - 1 6 4 0 ( n o 

phenol red) Gibco 11835-030

Base growth media for 

imaging

RPMI-1640 (phenol 

red)

G E L i f e 

Sciences SH30027.01 Base growth media

scopeLED excitation 

L E D s 

(470nm,595nm) scopeLED F140 Excitation light

Sonic Dismembrator 

Model 500

F i s h e r 

Scientific 15-338-550

Sonicator, resuspending 

chlamydial pellet

Stage incubator OKO Labs H301-K-FRAME

C l u s t e r w e l l p l a t e 

incubation chamber

sucrose-phosphate-

glutamate buffer 1X 

(SPG) In house NA

Chlamydia l s torage 

buffer. (10 mM sodium 

phosphate [8 mM K 

2HPO 4, 2 mM KH 2PO 

4], 220 mM sucrose, 

0.50 mM L-glutamic 

acid; pH 7.4)

T-75 Flasks

T h e r m o 

Scientific 156499 Cell culture growth

TE 300 inver ted 

microscope Nikon 16724 microscope

THOR LED Thor Labs LEDD1B White light

Trypsin Corning 25-052-CI

Dislodges host cells 

from flask for seeding 

into plates

Zyla sCMOS Andor ZYLA-5.5-USB3 imaging camera
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µ M a n a g e r 

2.0gamma

h t t p s : / /

github.co

m/mic ro -

manager/

m i c r o -

manager NA

Open source automated 

m ic roscope con t ro l 

software package

https://github.com/micro-manager/micro-manager
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CHAPTER FIVE: UNPUBLISHED RESEARCH


This chapter contains more recent unpublished in vivo experiments. The data 

from this chapter has expanded our knowledge of cell-form development in regards 

to the mechanism of RBR-to-RBE maturation as well as the rate chlamydial 

replication and EB production.


RB maturation is independent of RB numbers and cell division.

The variation in euoprom fluorescent intensity and RB numbers within individual 

inclusions from automated live-cell and fixed confocal experiments described in 

Chapters 2 and 3 (Mov. 2.S2, Fig. 3.2, 3.8) suggested that RBR-to-RBE maturation 

varies from inclusion to inclusion. Therefore, to better characterize RBE dynamics, 

we quantified the number of RBs and IBs within individual inclusions using the Ctr-

L2-euoprom-mNG(LVA)_hctAprom-mKate2 (RB/IB) promoter-reporter strain. Host 

cells were infected at an MOI of 0.1 and samples were treated with penicillin in a 

time series from 10-17 hpi (every hour). Penicillin treatment remained on samples 

for 4 h to prevent further chlamydial replication and allow for maximum hctAprom-

mKate2 expression; after which samples were fixed and stained with DAPI to label 

the host and chlamydial DNA. Chlamydial cells positive for euoprom-mNG(LVA) and 

DAPI were counted as RBs, whereas hctAprom-mKate2+/DAPI+ cells were counted 

as IBs (Fig. 5.1A). RB and IB numbers were quantified manually on a per-inclusion 

basis using the multi-point tool in Fiji.


Intra-inclusion RB numbers increased from 10-17 hpi (Fig. 5.1B). Inclusions 

containing at least one IB, and therefore one RBE, were present at all time points. 

Whereas, inclusions absent of IBs (no RBEs) were observed up to 16 hpi. From 

13-17 hpi,  per-inclusion IB numbers demonstrated an ever increasing range with 

inclusions from the 17 hpi time point presenting with the largest variability at 1 to >50 

IBs (Fig. 5.1C). IB presence was seen in inclusions that contained as little as 2 RBs  

(Fig. 5.1D). Although the increase in IB numbers correlated with the increase in RB 

amplification, there was again large variation in the number of IBs per RB replication 

number (Fig. 5.1E). The range of RB numbers varied widely across all time points, 
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similar to the variation seen in euoprom kinetics and RB numbers from Chapters 2 
and 3.  


The presence of IBs across all time points, regardless of RB number, suggests 

that RBE maturation is independent of both total number of RBs as well as cell 

division. Although these results rule out RB and replication number as factors that 

regulate RBE maturation, more research is needed to determine actual RBR-to-RBE 

regulatory mechanism.


EB production is dependent on total RB numbers, and chlamydial replication 
is constant.


Data from Chapters 2 and 3 showed that the rate of EB production (hctBprom-

mKate2) varies greatly between inclusions (Mov. 2.S2, Fig. 3.5). This phenomenon 

appears to occur on a per-inclusion basis with the slope of hctBprom-mKate2 

expression corresponding directly with the plateau level of euoprom-Clover (Mov. 
2.S2). In Chapter 3, we showed that the plateau in euoprom expression correlated 

with the number of RBs within an individual inclusion (Fig. 3.2). To determine if EB 

production was dependent on the total number of RBs, Ctr-L2-euoprom-

Clover_hctBprom-mKate2 was used to infect host cells at an MOI of 0.1 and the 

fluorescent intensity of euoprom-Clover and hctBprom-mKate2 were monitored from 

10-80 hpi with automated live-cell microscopy (Fig. 5.2AB). After fluorescent 

intensity quantification of both reporters, the levels of euoprom-Clover during the 

plateau period (50-60 hpi) from individual inclusion traces were normalized with 

custom python scripts (Fig. 5.2C) (Supplemental Material 5.S1). The individual 

inclusion normalization factor of each inclusion was then used to adjust the levels 

hctBprom-mKate2 expression from the respective inclusion. Surprisingly, this 

normalization technique collapsed the inter-inclusion variation in hctBprom-mKate2 

expression, producing near equal EB production slopes across inclusions (Fig. 
5.2D). In agreement with Fig. 3.5 and 3.8, this data suggested that the total number 

of RBs is stable during the plateau period, yet differs between inclusions. EB 

production rates also appeared to be dependent on total RB numbers, however, 

normalizing hctBprom-mKate2 expression revealed that Chlamydia within isolated 
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inclusions likely replicate at the same rate independent of RB numbers. Although 

these results demonstrate that Chlamydia replication rates are equivalent across 

inclusion, the true rate of replication remains obfuscated due to differing numbers of 

total RBEs per inclusion. As chlamydial replication appears to be asymmetric late in 

the cycle, to determine the ‘true’ replication rate of Chlamydia, the average number 

of late cycle (>30 hpi) total RBEs per inclusion would need to be determined and 

compared to late cycle EB production rate.  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Figure 5.1




Figure 5.1: Quantification of early RB and IB numbers.

Cos-7 cells were infected with purified Ctr-L2-euoprom-mNG(LVA)_hctAprom-

mKate2 EBs. Samples were treated with penicillin for 4 hr from 10-17 hpi prior to 

fixation and staining with DAPI. (A) Representative confocal micrograph of individual 

euoprom-mNG(LVA)+: RBs, and hctAprom-mKate2+: IBs cells. Graphical 

representations of (B) the numbers of RBs per inclusion per time point, (C) the 

numbers of IBs per inclusion per time point, (D) the numbers of IBs per RBs per 

inclusion, and (E) the numbers of IBs per RBs per RB amplification divisions. Solid 

line represents the mean. Cloud represents 95% ci. 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Figure 5.2




Figure 5.2: Individual inclusion traces of hctBprom-mKate2 normalized to the 
level of respective euoprom-Clover reporter.

Cos-7 cells were infected with purified Ctr-L2-euoprom-Clover_hctBprom-mKate2 

EBs. Individual inclusions were imaged every 30 min from 10-80 hpi. (A-B) Live-cell 

fluorescent kinetic traces of individual inclusions expressing euoprom-Clover: RBs, 

and hctBprom-mKate2: EBs, respectively. (C-D) RB (euoprom-Clover) and EB-

associated (hctBprom-mKate2) reporter kinetics normalized by the relative 

fluorescence from the plateau stage (50-60 hpi) of the paired RB-associated signal. 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Supplemental Material 5.S1: Normalization of EB Production 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CHAPTER SIX: DISCUSSION


Summary of Findings 

Chlamydia undergoes a multi cell form developmental cycle consisting of both 

infectious and non-infectious cell forms. Completion of this cycle takes place within 

an intracellular vacuole, termed the inclusion, and is essential for chlamydial survival 

and proliferation. Over the last several decades, numerous studies have described 

both the cell forms and developmental dynamics of Chlamydia using an array of 

techniques (e.g. electron microscopy, transcriptomics, reinfection assays, and 

reporter strains). However, the mechanisms that control chlamydial cell-form 

development have yet to be elucidated. Uncovering these mechanisms would 

provide crucial targets for fighting this important pathogen.


RB-to-EB development. Dissemination of Chlamydia is reliant on the ability to 

transition from the reticulate body (RB) to the elementary body (EB). Without a 

known mechanism for RB-to-EB development, multiple regulatory hypotheses have 

been proposed 1, 2, 3, 4. In Chapter 2 we divided these developmental hypotheses 

into two overarching categories, environmentally or intrinsically derived signals. In 

this study we showed that the timing of RB-to-EB development was unaffected by 

external competition (either increased MOI or superinfection) (Fig. 2.4, 2.5). 

Chlamydial growth and cell-form development, however, were dependent on 

fluctuations of the infectious environment temperature (Fig. 2.3, 2.S4) and on 

inhibition of host protein synthesis (cycloheximide treatment) (Fig. 2.10). No 

detectable expression from the RB or EB-associated promoters was observed when 

the infectious environment was depleted of either iron or tryptophan (bipyridyl and 

IFN-γ treated, respectively) (Fig. 2.S2), indicating that both chlamydial growth and 

cell-form development were inhibited. Furthermore, IB and EB development were 

both prevented when cell division was inhibited with penicillin-G or D-cycloserine 

(Fig. 2.6). These results indicated that RB-to-EB differentiation follows an intrinsic 

developmental program dependent on bacterial growth and cell division. 

Chlamydia’s inability to respond to external stimuli in regards to RB-to-EB 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1073/pnas.1212831109**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41467-017-02432-0**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1016/j.tim.2007.04.005**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1186/1471-2180-8-5**;;;;;
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differentiation differs from other intracellular bacteria (e.g. Coxiella, Legionella, and 

Mycobacterium) which utilize components of the stringent response pathway (RelA, 

SpoT, and RpoS) to regulate their gene expression 5, 6, 7, 8. However, these results 

are consistent with previous genomic studies which showed that Chlamydia does not 

encode relA, spoT, or rpoS 9, 10.


Results from Chapter 2 indicated that RB-to-EB development was dependent on 

cell division. Therefore, to investigate the relationship between cell division and RB-

to-EB development we created three alternative dual promoter-reporter chlamydial 

strains to monitor active cell-form specific expression at the single-cell level. Analysis 

of these strains revealed that active RB, IB, and EB-specific expression was isolated 

to individual cells (Fig. 3.1). Live-cell kinetics from the euoprom reporter strain 

demonstrated similar results to those observed in Chapter 2 (an increase in 

expression from ~12 to 24 hpi, followed by a late cycle plateau). Kinetics from the 

hctAprom reporter demonstrated initiation of expression at ~18 hpi also followed by 

a plateau 10 hours later (Fig. 3.1). We confirmed that the increase and plateau in 

euo and hctAprom inclusion-level expression corresponded to RB and IB cell 

numbers within individual inclusions (Fig. 3.2). Using this data we created agent-

based models to distinguish between two possible mechanisms of IB development: 

asymmetric production of IBs from RBEs and direct conversion of RBEs into IBs (Fig. 
3.3). The results from live-cell analysis of intra-inclusion RB populations and the 

dynamics of individual RBs were consistent with the simulated outputs from the 

asymmetric production model, where late in the infectious cycle (>24 hpi), the 

number of RBs was unchanged and individual RBs were static (Fig. 3.5, 3.6). Also in 

agreement with the simulated output from the asymmetric production model was the 

individual inclusion expression kinetics of hctBprom which, after 36 hpi, continued on 

a near perfect linear trajectory. 


Our models predicted that we would be able to further distinguish between the 

developmental hypotheses by inhibiting chlamydial cell division. Cell division 

inhibition experiments (penicillin and ciprofloxacin treated infections) showed that the 

RB population was again unchanged and that further IB production was inhibited 

(Fig. 3.8, 3.10). Together, these results indicated that development of the IB was a 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/JB.00009-19**;;;;;
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https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2001.02465.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1128/jb.182.17.4889-4898.2000**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/7716**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=c0d39253-7229-4705-a729-e6f5e6efe3fd;;;;;
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cell division dependent process, likely occurring by asymmetric production from the 

RB.


The involvement of asymmetric division in differential cell-form development has 

been documented in both prokaryotes and eukaryotes 11, 12. The two of the most 

well-studied bacterial examples of asymmetric division are mother-to-endospore 

production in Bacillus subtilis and stalked-to-swarmer production in Caulobacter 

crescentus 11. In C. crescentus, both the stalk (in stalked cells) and the flagella (in 

swarmer cells) are polarly localized. An analogous architecture is seen in Chlamydia, 

as both RBs and EBs have been shown to have asymmetrical cell topology, 

exhibiting Type III secretion systems at a single cell pole in electron micrographs and 

by immunofluorescence 13, 14. Chlamydial cell division has also appears to progress 

asymmetrically, as the peptidoglycan septum ring was shown to be produced at a 

single pole rather than equatorially and asymmetric protein expression occurred on 

either side of the division plane in newly budding Chlamydia 15, 16. The culmination of 

work from this dissertation as well as the aforementioned studies provide substantial 

evidence that supports Chlamydia’s use of asymmetric division in the formation of 

IBs.


IB-to-EB development. Throughout this study we found that the hctA promoter-

reporter exhibited alternative expression patterns when compared to the other late 

gene promoters (hctB, scc2, and tarp). We first found that native expression from the 

hctA promoter initiated earlier in the developmental cycle at ~18-20 hpi for hctA 

versus ~24 hpi for hctB, scc2, and tarp (Fig. 2.4, 2.5, 2.6, 2.S1). When chlamydial 

cell division was inhibited (treated with penicillin-G and D-cycloserine) expression 

from the hctA promoter-reporter immediately halted, followed by re-initiation in 

aberrant cells ~10 hour post treatment (Fig. 2.6, 2.7, 2.8, 2.9). This differed from 

hctB, which continued linearly, similar to the untreated sample, for ~10 hours post 

treatment, before abruptly plateauing (Fig. 2.8). hctB expression also only occurred 

in small EB-like cells (Fig. 2.9). When analyzing single-cell reporter localization 

using our active promoter-reporters in Chapter 3, we also found that active hctA 

promoter expression existed in separate cells from those that expressed hctB (Fig. 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1126/science.1072163**;;;;;
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https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1038/s41598-020-69397-x**;;;;;
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3.1). The differences in the timing, regulation, and cell-form localization of the hctA 

and hctB promoter-reporters led us to reclassify hctA as an intermediate body (IB)-

associated gene.


The alternative expression patterns of hctA and hctB in cell division-inhibited 

Chlamydia from Chapter 2 suggested to us that IB-to-EB development is a 

committed step, independent of cell division; and that IB-to-EB maturation takes ~10 

hours to occur. In Chapter 3, using this assumption, we modeled IB-to-EB 

development as occurring by direct maturation (Fig. 3.3). The outputs of this model 

predicted that the IB population would be at steady-state and individual IBs would be 

transient as they were produced by RBs and then converted into EBs (Mov. 3.S1, 
3.S2). In agreement with the IB-to-EB direct maturation hypothesis, individual IBs 

(as measured by our active hctA promoter-reporter) appeared and disappeared 

throughout the infectious cycle (Fig. 3.6 and Mov. 3.S4). hctA promoter activity was 

also extremely brief in individual IBs, lasting for only 0.5-1 hour. IB-to-EB direct 

maturation was also confirmed by development of small EB-like (hctBprom positive) 

cells and the overlap in IB and EB reporter expression within single cells after cell 

division inhibition or RB cell lysis (Fig. 3.11, 3.12, 3.13).


HctA, due to its expression late in the developmental cycle and its ability to bind 

and condense DNA at high levels in Escherichia coli, producing a similar phenotype 

to that of the condensed EB nucleoid, has classically been considered an EB-

associated protein. However, due to HctA’s the ability to induced changes in DNA 

topology in vitro and modulate changes in gene expression within E. coli when 

expressed at substructural levels, it has also been hypothesized that HctA is an H-

NS-like protein capable of regulating genes involved in EB development 17, 18, 19. In 

our study, both the timing of hctA expression (~18 hpi) and the brief promoter activity 

of hctA in individual cells followed by the expression of late-stage EB genes are in 

agreement with this hypothesis and suggest that IB-to-EB development may be 

dependent on a regulatory cascade. Further evidence of the involvement of a 

regulatory cascade in IB-to-EB maturation is the CtcB/CtcC two component 

regulatory system. ctcB and ctcC have been shown to be expressed at 18 hpi, 

corresponding to the initial time of IB-to-EB development, and over-expression of 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=https://doi.org/10.1046/j.1365-2958.2000.02057.x**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1126/science.256.5055.377**;;;;;
https://www.wizdom.ai/cite-in-google-docs/v2?cid=10.1111/j.1365-2958.1993.tb01689.x**;;;;;


	 	 271

CtcC in Chlamydia, showed that CtcC is upstream of σ54 and positively regulates a 

large subset of σ54-dependent EB-associated genes 20. The results from this 

dissertation and other studies strongly suggest that, after asymmetric production of 

the IB, IB-to-EB development occurs by direct maturation and utilizes multiple 

regulatory cascades.


RBR and RBE subpopulations. The majority of the results presented in Chapter 
2 utilized aggregate data (including inclusions that had lysed as well as reinfections). 

However, analysis of well-isolated inclusions revealed that each inclusion followed 

similar fluorescent dynamics, each consisting of two primary stages. During the first 

stage, individual inclusions demonstrated an increase in euo reporter expression 

from ~12 to 24 hpi, this was followed by a plateau in the euo reporter which 

corresponded to a linear increase from hctBprom-mKate2 until host cell lysis (Fig. 
2.10, Mov. 2.S2). Our interpretation of this data was that RBs were undergoing a 

maturation process, separating the RB population into two subpopulations: immature 

RBs, or RBRs, which divide symmetrically to amplify the total RB population (~12 to 

24 hpi), and mature RBs, or RBEs, which undergo asymmetric division to linearly 

produce IBs (and subsequently EBs) from ~24 hpi until host cell lysis. 

As RBR-to-RBE maturation is a newly described phenomena in Chlamydia, we 

sought to better describe the dynamics-of and determine the potential factors 

involved in RBR-to-RBE maturation by quantifying the number of RBs and IBs early in 

the developmental cycle (10-17 hpi). Preliminary single-cell RB and IB counts 

demonstrated that IBs were present as early as the first RB division and continued 

throughout the RB amplification period (Fig. 5.1). These results suggested that both 

immature RBRs and mature RBEs exist simultaneously and that RBR-to-RBE 

maturation was not dependent on RB cell division or RB number.


Isolated live-cell inclusion traces from Chapters 2 suggested that the maximum 

number of RBEs corresponded directly to the rate of EB production (Mov. 2.S2). By 

normalizing the expression slopes of hctBprom-mKate2 (EBs) from individual 

inclusions by their respective euoprom-Clover (RBs) levels, our preliminary results 

suggest that chlamydial replication rates are similar between inclusions and that the 
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rate of EB production is in fact dependent on the total number of RBEs during the 

plateau period (Fig. 5.2). These results also suggest that the differences seen in the 

individual inclusion RB plateau levels and EB production rates are due to the rate of 

RBR-to-RBE maturation and not the replication rates of individual intra-inclusion 

populations.


Chlamydia’s ability to first proceed through an amplification stage (RBRs) then 

switch to a stem cell population (RBEs) is a newly described phenomenon in 

bacteria. The closest examples that resemble this are in Vibrio cholerae, 

Myxococcus xanthus, and B. subtilis, which all undergo vegetative growth followed 

by either the formation or production of disseminating or environmentally stable cell 

forms 21, 22, 23. However, these bacteria utilize environmental signals (e.g. quorum 

sensing and nutrient starvation) to initiate these processes, whereas our current data 

suggests that Chlamydia does not 21, 22, 24. Uncovering the mechanisms that control 

this critical step in Chlamydia is an important future direction of research.


Live-cell chlamydial mutagenesis. The research in this dissertation has 

provided unprecedented detail in regards to chlamydial cell-form development. 

Figure 6.1 is a schematic representation of our current interpretation of the 

developmental cycle including each cell-form specific stage. Many of the 

mechanisms from this study were, however, described at a higher level (i.e. intrinsic 

RB-to-EB differentiation signal, RBE/IB asymmetric division, and IB-to-EB direct 

maturation). Therefore, to uncover the genes involved in chlamydial cell-form 

development, in Chapter 4, we established an automated live-cell mutagenesis 

protocol to isolate mutants exhibiting defects in the developmental cycle using one of 

our cell-form specific fluorescent reporter strains. Purified EBs from this strain were 

mutagenized directly in axenic media (CIP-1) containing the known chemical 

mutagen ethyl methanesulfonate 1. The mutagenized Chlamydia were then 

monitored by live-cell fluorescence microscopy, and Chlamydia exhibiting altered 

developmental profiles were isolated from the population by micromanipulation. 

Developmental abnormalities in isolated mutagenized strains were then verified by a 

subsequent round of infection and live-cell microscopy. Future use of this technique 
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will be a powerful tool in identifying the genes involved in each stage of cell-form 

development in Chlamydia.


Future directions

Transcriptional profiling of cell-form subpopulations. Previous temporal 

microarray and RNA sequencing assays have revealed stage-specific transcriptional 

profiles throughout the infectious cycle 25, 26. As we demonstrated, the developmental 

cycle potentially consists of four distinct cell-form subpopulations: RBRs, RBEs, IBs, 

and EBs.  However, many of these cell forms coexist temporally within individual 

inclusions, confounding population-level transcriptomic data 27. Although bacterial 

single-cell RNA sequencing has lagged in comparison to eukaryotic assays, there 

has been recent success in sequencing the transcripts of individual bacteria from 

mixed populations of E. coli and B. subtilis 28. Single-cell bacterial RNA sequencing 

uses a modified version of Split Pool Ligation-based Transcriptome sequencing 

(SPLiT-seq) to produce and tag the cDNA within individual bacterium with unique 

“barcodes”, therefore circumventing the need to isolate individual subpopulations 28, 

29. Of note, Kuchina et al. 2021, implemented this method to determine the 

transcriptional profiles of individual cell forms in B. subtilis under various stress 

inducing conditions 28. Assaying stage-specific time points with SPLiT-seq would be 

a powerful tool to separate out the transcriptional profiles of each chlamydial 

subpopulation, providing a more precise list of cell-form specific regulated genes. 

With the advent of novel inducible control (aTC and riboswitch) and conditional 

knock-down (CRISPRi) systems, targeted approaches could be used to investigate 

genes differentially regulated within each cell form to determine their impacts on 

development 30, 31.


Identifying genes involved in cell-form development. We have broken down 

cell-form development into several stages: 1. EB-to-RB germination, 2. RBR 

amplification, 3. RBR-to-RBE maturation, 4. Asymmetric IB production, and 5. IB-to-

EB direct maturation (Fig. 6.1). However, the mechanisms that control each step are 

unknown. Uncovering the genes that regulate each process is therefore an important 
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avenue of research. In Chapter 4, using live-cell microscopy and a chlamydial cell-

form specific reporter, we established a mutagenesis protocol to isolate mutants that 

exhibited defects in the developmental cycle. Modifying this system to include 

multiple stage-specific reporter strains would allow for the discovery of genes 

involved in each step of development.


A major issue with this technique is that cell-form development is essential for 

chlamydial dissemination, therefore creating mutations in these pathways will likely 

lead to non-viable Chlamydia. To circumvent this problem, we proposed that after 

isolation of Chlamydia from individual inclusion, whole-genome sequencing could be 

performed without replating to identify the genetic lesions associated with non-viable 

isolated strains. Once these mutations have been identified, each mutation could 

then be tested by the creation of individual conditional knockdowns using the newly 

developed CRISPRi system 31. Cell-form development is essential for chlamydial 

proliferation and infection; therefore, the genes that control these processes should 

be elucidated.


Determining the mechanisms of asymmetric division. Production of the IB is 

essential for completion of the infectious cycle, yet the mechanisms of IB 

development are unknown. In Chapter 3, we showed that further development of the 

IB is dependent on cell division from RBs by inhibiting chlamydial cell division and 

inducing lysis of the RB population (Fig. 3.10). Although these results strongly 

implicated asymmetric division as the likely mechanism for IB production, we were 

unable to produce direct evidence of asymmetric division with our current reporter 

strains (e.g. single-cell confocal micrographs of asymmetrically dividing cells). 

Capturing RBE/IB asymmetrical division would be a large advancement in our 

knowledge of chlamydial cell-form development and an obvious future direction. 

Several studies have shown asymmetric budding of Chlamydia using EDA-DA, a 

novel peptidoglycan tagging technique, as well as polar protein localization in pre-

divisional cells 16, 32. However, neither process was linked specifically to cell-form 

development. Using single-cell RNA sequencing (mentioned in the previous section), 

RBE/IB specific genes could be determined and used to develop alternative 
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chlamydial reporters. Combining these reporters with the EDA-DA peptidoglycan 

tagging system, would allow for visualization of asymmetric reporter expression on 

either side of the division plane. An alternative approach would be to fuse an epitope 

tag or fluorescent protein to RBE/IB specifically localized proteins, similarly to what 

has been done in Caulobacter crescentus and B. subtilis 33, 34.


IB, and therefore EB, production is reliant on cell division from the RB, therefore 

fully understanding both the genetic and physical mechanisms involved in this 

process is important. Chlamydia encodes an array of regulatory components utilized 

by other bacteria to alter their transcriptional profiles 35, 36, 37. Of note, are the two 

chlamydial alternative sigma factors, σ28 and σ54. σ28 is used across bacteria to 

control a range of processes including flagellar synthesis and endospore formation 
38, 39. In Chlamydia, σ28 expression begins at ~12 hpi and continues throughout the 

developmental cycle 40. Yu et al. showed that σ28 regulates a subset of late EB-

associated genes, including hctB and tsp, in vitro 41. As minimum research has been 

done in regards to σ28 in Chlamydia, neither the σ28 regulon nor the mechanisms 

that control σ28 expression have been determined. σ54 is also present in numerous 

bacterial species and regulates an array of processes from cell-form differentiation to 

nitrogen fixation 36. In Chlamydia, Soules et al. demonstrated that a large set of EB-

associated genes, including 28 Type III secreted effectors, were controlled by σ54. 

They further showed that the σ54 regulon was downstream of/and controlled by the 

chlamydial two component regulatory system, CtcB/CtcC 20. Although the CtcB/

CtcC-σ54 pathway has been elucidated, the upstream mechanisms that control CtcB/

CtcC in Chlamydia are not known. Lastly, Chlamydia encodes multiple clp 

(caseinolytic protease) genes, including clpC, clpX, clpP1, and clpP2. The Clp 

protease system is commonly used to regulate shifts in protein expression by active 

protein degradation 42. Wood et al. 2018, showed that expression of all four genes 

peaked at 16 hpi, a time concurrent with formation of the IB, however protein 

detection did not occur until 24 hpi, corresponding to IB-to-EB maturation 43. 

Overexpression of non-viable clpX and clpP2 mutants were also shown to negatively 

impact EB production, suggesting that these systems are used in RB-to-EB 

differentiation 44. Again, the regulatory mechanisms that control clp gene and protein 
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expression have not been identified nor have the Clp-specific protein targets. Further 

investigation of the above pathways will expand our knowledge of the mechanisms 

that Chlamydia employs in asymmetric division and cell-form development. 


Future modeling of chlamydial development. This dissertation has relied 

heavily on computational modeling to determine the mechanisms utilized in 

chlamydial cell-form development. In Chapter 2, we implemented systems of 

ordinary differential equations to distinguish between developmental hypotheses and 

determine the nature of the signal for RB-to-EB differentiation. Whereas, in Chapter 
3, we constructed agent-based models to explore the relationship between 

development of the IB and cell division. The major advantage of computational 

modeling in both studies was the ability to simulate multiple conditions in silico to 

guide in vivo experiments. Although our most current model is capable of simulating 

the overall kinetics of chlamydial development, many of the cell-form specific 

dynamics (i.e. EB-to-RB germination, RBR amplification, and RBR-to-RBE maturation) 

were modeled after empirical data as the biological mechanisms have yet to be 

elucidated. Therefore, to uncover the mechanisms that control each of these stages, 

further implementation and modification of our computational models should be 

continued.


Final Thoughts. This dissertation has demonstrated the strength of utilizing cell-

form specific reporter strains and automated live-cell microscopy to monitor 

chlamydial development dynamics during active infections. We revealed that 

chlamydial cell-form development is a complex multi-step process, consisting of four 

potential cell-form subpopulations. Although we described many of these processes 

at a higher-level (i.e. RBR-to-RBE maturation, RBE/IB asymmetric division, and IB-to-

EB direct maturation), how each stage of development is regulated remains unclear. 

Continued implementation of our in silico models as well as our automated live-cell 

promoter-reporter system and mutagenesis protocol will support future research in 

uncovering the mechanisms and genetic components involved in chlamydial cell-

form development.
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Figure 6.1.


Figure 6.1: Schematic of cell-form development throughout the infectious 
cycle.

RBs; RBR: green, RBE: cyan. IB: dark blue. EB: red. After internalization, cell type 

development is divided into 5 distinct stages. 1. EB-to-RB germination is a process 

that takes between 10-12 h, where the initial EB matures into the replication-

competent RB. 2. RB amplification is an increase in RB numbers due to the 

symmetric division of the RBR subpopulation. 3. RBR-to-RBE maturation is the 

conversion of RBRs into RBEs; RBEs are a subset of RBs that are capable of 

asymmetric division and IB production. RB amplification and RBR-to-RBE maturation 

appear to occur simultaneously, between approximately 12-24 hpi. After 24 hpi, the 

entire RB population appears to consist of RBEs 4. IB asymmetric production, the 

RBE is a stem cell-like (mother) cell type that divides asymmetrically to produce an 

IB daughter cell upon each division event. 5. IB-to-EB direct maturation is cell 

division independent and takes approximately 8 h to occur. 
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