
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17 Title: Translational gene expression control in Chlamydia trachomatis.
18
19 Nicole A Grieshaber1, Travis J Chiarelli, Cody R Appa1, Grace Neiswanger1, Kristina 
20 Peretti1, Scott S Grieshaber1*

21
22 1Department of Biological Sciences, University of Idaho, Moscow, ID, USA. 
23
24 *Corresponding Author: 
25 Scott Grieshaber, Ph.D.
26 Associate Professor
27 Department of Biological Sciences
28 University of Idaho
29 875 Perimeter Drive MS 3051
30 Moscow, ID 83844
31

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 31, 2021. ; https://doi.org/10.1101/2021.08.31.458335doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.31.458335
http://creativecommons.org/licenses/by/4.0/


32
33
34 Abstract:
35 The human pathogen Chlamydia trachomatis proceeds through a multi phenotypic 
36 developmental cycle with each cell form specialized for different roles in pathogenesis. 
37 Understanding the mechanisms regulating this complex cycle has historically been 
38 hampered by limited genetic tools. In an effort to address this issue, we developed a 
39 translational control system to regulate gene expression in Chlamydia using a synthetic 
40 riboswitch. Here we demonstrate that translational control via a riboswitch can be used in 
41 combination with a wide range of promoters in C. trachomatis. The synthetic riboswitch 
42 E, inducible with theophylline, was used to replace the ribosome binding site of the 
43 synthetic promoter T5-lac, the native chlamydial promoter of the pgp4 plasmid gene and 
44 an anhydrotetracycline responsive promoter. In all cases the riboswitch inhibited 
45 translation, and high levels of protein expression was induced with theophylline. 
46 Combining the Tet transcriptional inducible promoter with the translational control of the 
47 riboswitch resulted in strong repression and allowed for the cloning and expression of the 
48 potent chlamydial regulatory protein, HctB. The ability to control the timing and strength 
49 of gene expression independently from promoter specificity is a new and important tool 
50 for studying chlamydial regulatory and virulence genes. 
51
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52 Introduction:
53 The bacterial species Chlamydia trachomatis (Ctr), are a group of human pathogens 
54 composed of over 15 distinct serovars causing trachoma, the leading cause of 
55 preventable blindness, and sexually acquired infections of the urogenital tract. According 
56 to the CDC, Ctr is the most frequently reported sexually transmitted infection in the United 
57 States, costing the American healthcare system nearly $2.4 billion annually [1,2]. These 
58 infections are widespread among all age groups and ethnic demographics, infecting ~3% 
59 of the human population worldwide [3]. In women, untreated genital infections can result 
60 in devastating consequences such as pelvic inflammatory disease, ectopic pregnancy, 
61 and infertility [4,5]. Every year, there are over 4 million new cases of Chlamydia in the 
62 United States [6,7] and an estimated 152 million cases worldwide [8]. Understanding the 
63 genetic factors that mediate infection and disease has historically been hindered by the 
64 lack of good genetic tools. This has changed dramatically in the last few years with 
65 advances in chlamydial transformation. The ability to introduce genetically manipulatable 
66 plasmids into Ctr has created multiple opportunities to bring genetic manipulation 
67 techniques to the field [9–11]. The ability to alter the expression levels and timing of 
68 proteins involved in chlamydial pathogenesis is an important tool in teasing apart the 
69 mechanisms that control chlamydial infections. 
70 Here we demonstrate the use of an inducible translational control system using a 
71 synthetic riboswitch in Ctr. Riboswitches are naturally occurring mRNA elements that 
72 regulate gene expression in all domains of life [12]. In bacteria, riboswitches generally 
73 function to interfere with translation of the mRNA. Riboswitches contain an aptamer 
74 sequence that binds a cognate ligand causing the mRNA to adopt an alternative 
75 secondary-structure conformation. In bacteria, the changes in mRNA secondary structure 
76 can control the availability of the ribosome binding site on the mRNA. A collection of 
77 synthetic riboswitches was recently developed through screening and rational design [13]. 
78 These riboswitches respond to theophylline, a caffeine analog, and function through a 
79 translation initiation mechanism. We successfully adapted one of these theophylline 
80 inducible riboswitches, termed E riboswitch, to control gene expression in Ctr.  
81 Additionally, we demonstrated that translational control can be used in conjunction with 
82 constitutive promoters, inducible promoters and native chlamydial promoters, 
83 demonstrating the versatility of translational inducible control of gene expression in a 
84 variety of use cases.
85
86 Material and Methods:
87
88 Cell Culture
89 Cell lines were obtained from the American Type Culture Collection. Cos-7 cells (CRL-
90 1651) were grown in RPMI-1640, supplemented with 10% FBS and 10 μg/mL gentamicin 
91 (Cellgro). Chlamydia trachomatis serovar L2 (LGV Bu434) was grown in Cos-7 cells. 
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92 Elementary Bodies (EBs) were purified by density gradient (DG) centrifugation essentially 
93 as described [37] following 43-45 h of infection. EBs were stored at -80ºC in Sucrose 
94 Phosphate Glutamate (SPG) buffer (10 mM sodium phosphate [8mM K2HPO4, 2mM 
95 KH2PO4], 220 mM sucrose, 0.50 mM l-glutamic acid, pH 7.4) until use.
96
97 Vector Construction
98 All Ctr expression constructs used p2TK2-SW2 [20]. as the backbone and all cloning was 
99 performed using the In-fusion HD EcoDry Cloning kit (FisherScientific). All primers and 

100 geneblocks (gBlocks) were ordered from Integrated DNA Technologies (IDT) and are 
101 noted in Table ST1.
102 p2TK2-SW2-T5-E-clover-3xflag
103 An E-clover-3xFlag fragment was ordered as a gBlock and inserted between the T5 
104 promoter and IncD terminator of p2TK2-SW2 to generate p2TK2-SW2-E-clover-3xFlag. 
105 The backbone was generated using primers 5' E-clover-Flag bb and 3' E-clover-Flag bb.
106 p2TK2-SW2-E-hctB-3xFlag 
107 The hctB ORF was amplified from Ctr L2(434) using the primers indicated in Table ST1. 
108 The fragment was used to replace Clover in p2TK2-SW2- E-clover-3xFlag. The primers 
109 used to generate the backbone are described in Table ST1.
110 p2TK2-SW2-Tet-J-E-clover-3xflag
111 A gBlock encoding the Tet repressor, Tet promoter and the riboJ ribozyme insulator 
112 (Table ST1) was inserted upstream of the E riboswitch of p2TK2-SW2-E-clover-3xFlag, 
113 replacing the T5 promoter. 
114 p2TK2-SW2-Tet-J-E-hctB-3xFlag
115 The hctB ORF was amplified from Ctr L2(434) using the primers 5' Tet-J-HctBi and 3' Tet-
116 J-HctBi. The fragment was used to replace Clover in p2TK2-SW2  -Tet-J-E-clover-3xFlag.
117 p2TK2-SW2-nprom-E-pgp4-3xFlag
118 An E-pgp4-3xFlag fragment was ordered as a gBlock and inserted between the pgp4 
119 native promoter and the IncD terminator of p2TK2-SW2. The backbone was generated 
120 using the primers indicated in Table ST1.
121 p2TK2-SW2-T5-E-ngLVA-3xFlag and p2TK2-SW2-Tet-J-E-ngLVA-3xFlag
122 A neongreenLVA (ngLVA) fragment was ordered as a gBlock from IDT and inserted to 
123 replace Clover of both p2TK2-SW2-E-clover-3xFlag and p2TK2-SW2-Tet-J-E-clover-
124 3xflag. The primers indicated in Table ST1 were used for both plasmids to generate the 
125 back bone.
126 p2TK2-SW2-euoprom-ngLVA
127 The primers 5' ngLVAi and 3' ngLVAi (Table ST1) were used to amplify the ngLVA 
128 fragment from E-ngLVA-3xFlag and inserted to replace Clover of euoprom-Clover [23]. 
129 The primers indicated in Table ST1 were used to generate the back bone.
130
131 Chlamydial Transformation and Isolation. 
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132 Transformation of Ctr L2 was performed essentially as previously described [38]. Briefly, 
133 1x108 EBs + >2µg DNA/well were used to infect a 6 well plate. Transformants were 
134 selected over successive passages with 1U/ml Penicillin G or 500µg/ml Spectinomycin 
135 as appropriate for each plasmid. The new strain was clonally isolated via successive 
136 rounds of inclusion isolation (MOI, <1) using a micromanipulator. Clonality of each strain 
137 was confirmed by isolating the plasmid, transforming into E. coli and sequencing six 
138 transformants.
139
140 Fluorescence Staining
141 Cos7 cells on coverslips were infected with the indicated strains.  Protein expression 
142 regulated by the E-riboswitch only were induced at 16 hpi with 0.5mM theophylline (Acros 
143 Organics, Thermo Scientific™). Protein expression regulated by both the Tet promoter 
144 and the E-riboswitch were induced at 16 hpi with 0.5mM theophylline and 30ng/ml 
145 anhydroTetracycline (Acros Organics, Thermo Scientific™). Samples were fixed with 4% 
146 buffered paraformaldehyde at 24 hpi and stained with Monoclonal anti-Flag M2 antibody 
147 (1:500, Sigma, Thermo Scientific™) and alexa 488 anti-mouse secondary antibody to 
148 visualize expressing Chlamydia. DAPI was used to visualize DNA. Coverslips were 
149 mounted on a microscope slide with a MOWIOL® mounting solution (100 mg/mL 
150 MOWIOL® 4-88, 25% glycerol, 0.1 M Tris pH 8.5). 
151 Fluorescence images were acquired using a Nikon spinning disk confocal system 
152 with a 60x oil-immersion objective, equipped with an Andor Ixon EMCCD camera, under 
153 the control of the Nikon elements software. Images were processed using the image 
154 analysis software ImageJ (http://rsb.info.nih.gov/ij/). Representative confocal 
155 micrographs displayed in the figures are maximal intensity projections of the 3D data sets, 
156 unless otherwise noted. 
157
158 Live cell imaging
159 Infected monolayers of Cos7 cells grown in a glass bottom 24 well plate were induced at 
160 16 hpi with either 0.5mM theophylline only or the indicated concentrations of theophylline 
161 and anhydroTetracycline. Plates were imaged immediately upon induction.
162 Live cell imaging was achieved using an automated Nikon epifluorescent microscope 
163 equipped with an Okolab (http://www.oko-lab.com/live-cell-imaging) temperature 
164 controlled stage and an Andor Zyla sCMOS camera (http://www.andor.com). Images 
165 were taken every fifteen minutes for a further 36 hours. Multiple fields of view of multiple 
166 wells were imaged. The fluorescence intensity of each inclusion over time was tracked 
167 using the ImageJ plugin Trakmate [39]. and the results were averaged and plotted using 
168 python and matplotlib [23]
169
170 Replating Assay. 
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171 Chlamydia were isolated by scraping the infected monolayer into media and pelleting at 
172 17200 rcfs. The EB pellets were resuspended in RPMI via sonication and seeded onto 
173 fresh monolayers in a 96-well microplate in a 2-fold dilution series. Infected plates were 
174 incubated for 24 hours prior to fixation with methanol and stained with DAPI and 
175 Chlamydia trachomatis MOMP Polyclonal Antibody, FITC  (Fishersci). The DAPI stain 
176 was used for automated microscope focus and visualization of host-cell nuclei and the 
177 anti-Ctr antibody for visualization of EBs and inclusion counts. Inclusions were imaged 
178 using a Nikon Eclipse TE300 inverted microscope utilizing a scopeLED lamp at 470nm 
179 and 390nm, and BrightLine band pass emissions filters at 514/30nm and 434/17nm. 
180 Image acquisition was performed using an Andor Zyla sCMOS in conjunction with 
181 μManager software. Images were analyzed using ImageJ software and custom scripts. 
182 Statistical comparisons between treatments were performed using an ANOVA test 
183 followed by Tukey's Honest Significant Difference test.
184
185 Western Analysis
186 Infected monolayers were lysed in reducing lane marker sample buffer and protein lysates 
187 were separated on 12% SDS-PAGE gels and transferred to a Nitrocellulose Membrane 
188 for western analysis. The membrane was blocked with PBS + 0.1% Tween 20 (PBS-T) 
189 and 5% nonfat milk prior to incubating in monoclonal anti-Flag M2 antibody (1:10,000, 
190 Sigma, Thermo Scientific™) overnight at 4 ºC followed by Goat-anti Mouse IgG-HRP 
191 secondary antibody (Invitrogen™) at room temperature for 2 hours. The membrane was 
192 developed with the Supersignal West Dura luminol and peroxide solution (Thermo 
193 Scientific™) and imaged using an Amersham Imager 600. 
194
195 Glycogen staining
196 Monolayers were infected with the indicated strains and induced with 0.5mM theophylline 
197 at the time of infection. At 40 hpi, the media was removed and the samples were stained 
198 with 1 ml  of a 1:50 dilution of 5% iodine stain (5% potassium iodide and 5% iodine in 
199 50% ethanol) in PBS for 10 min. Samples were then stained in 1:50 Lugol’s iodine solution 
200 in PBS (10% potassium iodide and 5% iodine in ddH2O) and imaged directly. Images 
201 were acquired using a Nikon microscope using phase brightfield illumination and an 
202 Andor Zyla sCMOS camera. 
203
204 RNA-Seq
205 Total RNA was isolated from cells infected with L2-Tet-J-E-hctB-flag. Expression of HctB 
206 was induced with 0.5 mM theophylline and 30ng/ml aTc at 15 hpi and the Chlamydia 
207 isolated at 24 hpi on ice. Briefly, the infected monolayer was scraped into ice cold PBS, 
208 lysed using a Dounce homogenizer and the Chlamydia isolated over a 30% MD-76R pad. 
209 Total RNA was isolated using TRIzol reagent (Life Technologies) following the protocol 
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210 provided and genomic DNA removed (TURBO DNA-free Kit, Invitrogen). The enriched 
211 RNA samples were quantified and the libraries built and barcoded by the IBEST 
212 Genomics Resources Core at the University of Idaho. The libraries were sequenced by 
213 University of Oregon sequencing core using the Illumina NovaSeq platform. RNA-seq 
214 reads were aligned to the published C. trachomatis L2 Bu 434 genome using the bowtie2 
215 aligner software [40]. Reads were quantified using HTseq [41] Statistical analysis and 
216 normalization of read counts was accomplished using DESeq2 in R [42].  Log2fold 
217 change and statistics were also calculated using DESeq2. Heatmaps and hierarchical 
218 clustering were generated and visualized using python with pandas and the seaborn 
219 visualization package [43]. Aligned reads are accessible from the NCBI’s Sequence Read 
220 Archive (SRA) submission number SUB10220676.
221
222 Results:
223
224 Translational control of gene expression from a synthetic constitutive 
225 promoter. 
226 Controlling the timing and level of gene expression is an important tool for uncovering the 
227 function of genes that are involved in chlamydial pathogenesis. We developed an 
228 inducible expression system for use in C. trachomatis using a synthetic riboswitch that 
229 binds the small molecule theophylline [14,15].  We used the synthetic riboswitch E behind 
230 a T5-lac promoter (T5) to drive expression of the GFP variant, Clover [16,17] (Fig. 1A). 
231 The T5-lac promoter is a hybrid promoter made from the phage T5 early promoter and 
232 the lac-operon [18]. The E riboswitch when not bound to theophylline folds to block the 
233 initiation of translation [19]. However, when the riboswitch binds theophylline the 
234 ribosome binding site is no longer obscured by the RNA secondary structure allowing for 
235 efficient translation. A T5-E-clover-3xFlag fragment was cloned into the chlamydial 
236 plasmid p2TK2-SW2 [20,21] to make the p2TK2-SW2-T5-E-clover-3xflag plasmid (Fig. 
237 1A) and transformed into Ctr L2 454 resulting in the strain L2-E-clover-flag. Cos-7 cells 
238 were infected with these transformants and Clover expression was evaluated by western 
239 blotting. Cells were infected and treated with either theophylline or vehicle at 16 hours 
240 post infection (hpi) and cell lysates were analyzed for protein production at 30 hpi. Clover 
241 expression was quite tightly regulated and was only detectable in the theophylline treated 
242 sample (Fig. 1B). In addition to western blotting we also evaluated the expression of 
243 Clover using confocal microscopy. Cos-7 cells grown on coverslips were infected with the 
244 L2-E-clover-flag strain and Clover expression was induced with theophylline at 16 hpi.  
245 The coverslips were fixed at 30 hpi and imaged for Clover expression using confocal 
246 microscopy. Again, only inclusions treated with theophylline had fluorescent Chlamydia 
247 (Fig. 1C).
248
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249 Figure 1. Characterization of p2TK2-SW2-T5-E-clover-flag. A) Schematic of the E-
250 clover expression construct consisting of the T5-lac promoter (T5), riboE riboswitch (rsE) 
251 and the ORF for the clover fluorescent protein with an inframe 3x flag tag. B) Anti-flag 
252 western blot of Cos-7 cells infected with L2-T5-E-clover-flag comparing expression of 
253 theophylline treated and untreated cultures. Cells were induced or not with 0.5 mM 
254 theophylline at 16 hpi and proteins were harvested at 30 hpi. C) Confocal micrographs of 
255 Cos-7 cells infected with L2-T5-E-clover-flag and induced or not with 0.5 mM theophylline 
256 at 16 hpi and fixed and stained with DAPI for microscopy at 30 hpi. DAPI (blue), Clover 
257 (green).  Arrow indicates the position of the chlamydial inclusion. Size bar = 10 µm.
258
259 To determine the effects of theophylline and gene expression induction on 
260 chlamydial growth dynamics the production of infectious EBs using a reinfection inclusion 
261 forming unit assay was performed. Cos-7 cells were infected with L2-E-clover-flag and 
262 induced with theophylline at 16 hpi.  EBs were harvested at 30 hpi and 48 hpi. Clover 
263 induction with theophylline had no significant effect on EB production at 30 hpi 
264 (supplemental S1) or 48 hpi (Fig. 2A). The control of expression of ectopic proteins to 
265 assess their function in pathogenesis needs to be highly customizable as two little or too 
266 high concentrations may mask the phenotype of interest. Therefore we assessed the 
267 dose responsiveness of the E riboswitch to its ligand theophylline. Gene expression was 
268 measured using live-cell time-lapse microscopy and particle tracking to quantify the 
269 fluorescent expression of individual inclusions over time [22,23]. This technique allows 
270 for the tracking of gene expression in multiple individual inclusions over the entire 
271 developmental cycle. Cos-7 cells were plated in a glass bottom 24 well plate and infected 
272 with L2-E-clover-flag at an multiplicity of infection (MOI) of ~0.5. At 16 hpi theophylline at 
273 1mM, 0.5 mM, 0.25mM, 0.0125 mM, 0.00625 mM, and 0.00312 mM was added to 
274 individual wells to induce Clover expression; images were taken every 15 minutes for 48 
275 hours. Clover expression followed a dose response with almost immediate detection of 
276 fluorescence with 1mM theophylline and a delayed response at the lowest dose, 0.00312 
277 mM (Fig. 2B). The response increased through the life of the inclusion; this increase 
278 overtime also followed a dose response (Fig. 2B)
279
280 Figure 2. Characterization of p2TK2-SW2-T5-E-clover-flag. A) Cos-7 cells were 
281 infected with L2-T5-E-clover-flag and the production of infectious progeny was 
282 determined at 48 hpi after 0.5 mM theophylline induction or vehicle only. B) Cos-7 cells 
283 were infected with L2-T5-E-clover-flag, treated with varying dilutions of theophylline at 16 
284 hpi (1 mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM, 0.03125mM) and imaged for 50 
285 hours using live cell imaging. The Clover expression intensities from >50 individual 
286 inclusions were monitored via automated live-cell fluorescence microscopy and average 
287 intensities were plotted. Live cell imaging demonstrated that Clover induction was dose 
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288 responsive. Cloud represents SEM.  Y-axes are denoted in scientific notation. Error bars 
289 = SEM.
290
291 Translational control of gene expression from a native chlamydial 
292 promoter.
293 The use of non endogenous promoters for ectopic expression is an important tool 
294 for understanding protein function. However, these systems lack the ability to control gene 
295 expression through native gene regulation making it difficult to modulate expression at 
296 biologically relevant times or in the correct cell subspecies. This is especially true for 
297 Chlamydia as it proceeds through a time dependent developmental cycle that includes 
298 multiple phenotypic cell types. Therefore, the use of translational control was tested in 
299 concert with a native chlamydial promoter. We tested the effectiveness of translational 
300 control on the pgp4 native plasmid gene. Pgp4 is a regulator of other plasmid genes as 
301 well as chromosomal genes [24–26]. Ctr strains with pgp4 knocked out from the native 
302 plasmid show marked changes in gene expression and a phenotypic loss of glycogen 
303 accumulation [26]. To assess the ability to regulate translation of transcripts from a native 
304 promoter, the E riboswitch was cloned upstream of the pgp4 open reading frame (ORF) 
305 replacing the predicted ribosome binding site (Fig. 3A). The insertion was designed to not 
306 disrupt the native promoter region of pgp4. A flag tag was also added in frame to the end 
307 of the pgp4 ORF creating the plasmid p2TK2-SW2-nprom-E-pgp4-3xflag (Fig 3A). This 
308 plasmid was then transformed into Ctr L2 to create L2-nprom-E-pgp4-flag. To assess 
309 expression, Cos-7 cells were infected with the L2-nprom-E-pgp4-flag strain in the 
310 presence of 0.5 mM theophylline. Expression was assessed by western blotting and the 
311 flag tag was only detectable in theophylline treated samples. The control of pgp4 
312 expression was also assessed by confocal microscopy. Cos-7 cells were plated on 
313 coverslips and infected with L2-nprom-E-pgp4-flag and treated with 0.5 mM theophylline 
314 at infection. The coverslips were fixed at 30 hpi, stained with an anti-flag antibody and 
315 DAPI for visualization (Fig. 3C). Like for the western blotting experiment, the flag epitope 
316 was only detected in the theophylline induced samples (Fig 3C). The effect of modulating 
317 pgp4 expression on EB production was determined using a re-infection assay. Cos-7 cells 
318 were infected with L2-nprom-E-pgp4-flag and translation was induced at infection with 0.5 
319 mM theophylline. EBs were harvested at 48 hours and monolayers were re-infected and 
320 inclusions quantified. Repression of pgp4 expression resulted in a slight but statistically 
321 significant increase in infectious progeny as compared to induced pgp4 expression (Fig. 
322 3D). Pgp4 positively regulates the expression of GlgA which is involved in accumulation 
323 of glycogen in the inclusion. When pgp4 expression is missing the Ctr inclusion does not 
324 accumulate glycogen and is phenotypically similar to the plasmidless L2 strain, L2R [26]. 
325 Therefore, we tested the ability of translational regulation to control glycogen 
326 accumulation in the inclusion. Cos-7 cells were infected with the L2-nprom-E-pgp4-flag 
327 strain and treated or not with 0.5 mM theophylline at the time of infection. Cells were 
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328 stained for glycogen accumulation at 36 hpi using Lugol’s iodine solution as previously 
329 described [26]. As expected from the flag detection of expression, glycogen staining was 
330 only evident in inclusions that were treated with theophylline (Fig. 3E). The uninduced 
331 inclusions were morphology similar to inclusions formed by the plasmidless strain L2R 
332 which lack glycogen accumulation (Fig. 3E).
333
334 Figure 3. Characterization of p2TK2-SW2-nprom-E-pgp4-flag. A) Schematic of the 
335 nprom-E-pgp4-flag construct consisting of the native pgp4 promoter, the riboE riboswitch 
336 (rsE), and the pgp4 ORF with an inframe 3x flag tag. B) Anti-flag western blot of Cos-7 
337 cells infected with L2-nprom-E-pgp4-flag comparing expression of theophylline treated 
338 and untreated cultures. Cells were induced or not with 0.5mM theophylline at 16 hpi and 
339 proteins were harvested at 30 hpi. C) Confocal micrographs of Cos-7 cells infected with 
340 L2-nprom-E-pgp4-flag, induced or not with 0.5 mM theophylline at 16 hpi and fixed and 
341 stained with DAPI to detect DNA.  The flag tag was detected using a primary antibody to 
342 the tag and an alexa 488 anti-mouse secondary antibody (green). Size bar = 10 µm. D) 
343 Cos-7 cells were infected with L2-nprom-E-pgp4-flag and the production of infectious 
344 progeny was determined at 48 hpi after 0.5 mM theophylline induction or vehicle only. E) 
345 Iodine staining of glycogen in the inclusion of Cos-7 cells infected with L2-nprom-E-pgp4-
346 flag after 0.5 mM theophylline induction at 16 hpi or vehicle only. Arrows indicate the 
347 location of the chlamydial inclusions. Asterisk denotes p-value < 0.05. Error bars = SEM.
348
349 Transcriptional and translational control of gene expression.
350 The E riboswitch partnered with either the T5 promoter or native pgp4 promoter 
351 offered very tight expression control. There was no detectable Clover or Pgp4 by western 
352 blotting and no fluorescence from Clover or Flag staining detected using confocal 
353 microscopy (Fig. 1 and 3). However, we attempted to use the T5-E system to ectopically 
354 express the Chlamydia histone like protein HctB. Clover was replaced on the p2TK2-
355 SW2-T5-E-clover-3xflag plasmid with HctB creating p2TK2-SW2-T5-E-hctB-3xflag. This 
356 construct was then transformed into Ctr. Although we successfully isolated transformants, 
357 when the plasmids were purified and sequenced,  the promoter region of the plasmid was 
358 mutated in every case. Additionally the transformants did not produce HctB as assayed 
359 by western blotting for the flag tag (Data not shown). We reasoned that the HctB protein 
360 expression was leaky enough to lead to small amounts of HctB accumulation despite the 
361 translation inhibition of the E riboswitch, thereby inhibiting the chlamydial developmental 
362 cycle.  We therefore sought to create an extremely tightly regulated inducible expression 
363 system by combining inducible transcription with inducible translation. For this construct 
364 we added the Tet repressor and replaced the T5 promoter with a Tet promoter containing 
365 Tet operator sites in the p2TK2-SW2-T5-E-clover-3xflag plasmid [27] (Fig. 4A). In addition 
366 to replacing the T5 promoter with the Tet promoter, a ribozyme insulator was added to 
367 the E riboswitch to decouple the promoter from the riboswitch (Fig. 4A). The riboJ 
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368 ribozyme insulator is a self cleaving 75 nucleotide sequence from the satellite RNA of 
369 tobacco ringspot virus (sTRSV) followed by a 23 nucleotide hairpin [28]. After 
370 transcription, the ribozyme self-cleaved, removing upstream sequences, eliminating the 
371 promoter-associated RNA leader (Fig. S2). This resulted in transcripts with a small hairpin 
372 region just upstream of the E riboswitch that we hypothesized would not affect the 
373 aptamer function of the riboswitch. We used this same regulatory scheme to control the 
374 expression of both Clover and HctB resulting in plasmids p2TK2-SW2-Tet-J-E-clover-
375 3xflag and p2TK2-SW2-Tet-J-E-hctB-3xflag. For the HctB clone we used the AUG start 
376 site and the first three codons of the Clover gene followed by the HctB ORF without the 
377 AUG. We chose to use the first 3 codons of Clover as some genes in Chlamydia have 
378 small RNA regulatory sites at the beginning of the gene and wanted to avoid any native 
379 regulation [29]. These constructs were transformed into Ctr creating the strains L2-Tet-J-
380 E-clover-flag and L2-Tet-J-E-hctB-flag. 
381
382 Figure 4. Characterization of p2TK2-SW2-Tetp-riboJ-E-clover-flag. A) Schematic of 
383 the Tet-riboJ-E-clover-flag construct consisting of the tet repressor, tet promoter, riboJ 
384 insulator, riboE riboswitch (rsE) and the ORF for the clover fluorescent protein containing 
385 an inframe 3x flag tag. B)  Anti-flag western blot of Cos-7 cells infected with L2-Tet-J-E-
386 clover-flag comparing expression of theophylline treated and untreated cultures. Cells 
387 were induced with 0.5 mM theophylline, 30ng/ml aTc, both aTc and theophylline or vehicle 
388 only at 16 hpi and proteins were harvested at 30 hpi. C) Confocal micrographs of Cos-7 
389 cells infected with L2-Tet-J-E-clover-flag, induced with 0.5 mM theophylline, 30ng/ml aTc, 
390 both aTc and theophylline or vehicle only at 16 hpi and fixed and stained with DAPI (blue) 
391 for confocal microscopy at 30 hpi. Clover expression (green) was evident in cells treated 
392 with aTc and Theophylline. Size bar = 10 µm.  D) Cos-7 cells were infected with L2-Tet-
393 J-E-clover-flag and the production of infectious progeny was determined at 48 hpi after 
394 induction with 0.5 mM theophylline, 30ng/ml aTc, both aTc and theophylline or vehicle 
395 only at 16 hpi. Production of infectious progeny was determined using a reinfection assay. 
396 Asterisk denotes p-value < 0.05. Error bars = SEM.
397
398 Expression of Clover from p2TK2-SW2-Tet-J-E-clover-3xflag was evaluated by 
399 western blotting. Cos-7 cells were infected with the L2-Tet-J-E-clover-flag strain and 
400 expression was induced with the addition of either anhydroTetracycline (aTc) 30ng/ml or 
401 theophylline 0.5 mM alone, or both combined at 16 hpi. At 30 hpi protein from the infected 
402 cells was harvested, separated by PAGE and blotted to nitrocellulose for detection. Clover 
403 expression was detected using an anti-flag antibody.  As expected Clover expression was 
404 only detected in samples induced with both aTc and theophylline (Fig. 4B). We also 
405 evaluated Clover expression using confocal microscopy. Cos-7 cells plated on glass 
406 coverslips were infected for 16 hours before induction of expression with aTc 30ng/ml,  
407 theophylline 0.5 mM or both combined. The coverslips were fixed at 30 hpi, stained with 
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408 DAPI and visualized by confocal microscopy. Again, robust Clover expression was only 
409 evident when both transcription and translation were induced (Fig. 4C). 
410 The effects of induction of this system was evaluated for effects on the chlamydial 
411 developmental cycle. The impact of induction on the production of infectious EBs was 
412 measured using an inclusion forming reinfection assay (IFU). Cos-7 cells were infected 
413 with L2-Tet-J-E-clover-flag and Clover expression was induced with aTc 30ng/ml, 
414 theophylline 0.5 mM or both combined at 16 hpi. EBs were harvested at both 30 hpi and 
415 48 hpi to evaluate the production of infectious progeny (Fig. 4D and S1). Each inducer 
416 alone had no effect on IFU formation. However, the addition of both inducers had a very 
417 small but statistically significant reduction in IFUs suggesting the expression of Clover 
418 resulted in a slight impact to the chlamydial developmental cycle (Fig. 4D and S1). 
419 To assess the effects of the induction of transcription or translation order we 
420 measured the kinetics of Clover expression using live cell imaging as described earlier. 
421 Cos-7 cells plated into 24 well glass bottom plates were infected with L2-Tet-J-E-clover-
422 flag and either treated with aTc (30ng/ml) at infection and treated with a decreasing dose 
423 of theophylline (2 fold dilutions from 1 mM to 0.0312 mM) at 16 hpi (Fig. 5A) or 
424 theophylline (0.5 mM) at infection followed by a decreasing dose of aTc (2 fold dilutions 
425 from 60 ng/ml to 1.25 ng/ml) at 16 hpi (Fig. 5B). Infected cells were imaged for Clover 
426 expression every 30 minutes for 50 hours. Gene expression was quantified using live-cell 
427 time-lapse microscopy and particle tracking to quantify the fluorescent expression of 
428 individual inclusions over time [23]. Clover expression using transcriptional induction 
429 followed by translational induction demonstrated a robust dose response. Expression was 
430 detectable almost immediately after theophylline addition and detected at the lowest dose 
431 of 0.0312 mM theophylline (Fig. 5A). Interestingly, max expression kinetics was observed 
432 with 0.5 mM of theophylline while 1 mM resulted in less expression suggesting potential 
433 toxicity at high concentrations (Fig. 5A). When transcription was induced first (aTc) 
434 followed by translational induction at 16 hpi, expression was again initiated with little delay 
435 and a very strong dose response was observed (Fig. 5B). Transcriptional induction with 
436 aTc resulted in higher expression as we did not reach a point of toxicity. This resulted in 
437 the highest expression being at the highest concentration of aTc (60 ng/ml) (Fig. 5B). No 
438 induction was observed at the lowest aTc concentration (1.25 ng/ml). Notably, 
439 transcriptional induction followed by translational induction resulted in slightly higher 
440 induction as compared to translational induction followed by transcriptional induction as 
441 can be seen by comparing aTc 30 ng/ml followed by 0.5 mM theophylline at 16 hpi to 0.5 
442 mM theophylline at infection followed by 30 ng/ml of aTc at 16 hpi (Fig. 5A and B).
443
444 Figure 5. Induction kinetics of p2TK2-SW2-Tet-J-E-clover-flag.  A) Cos-7 cells were 
445 infected with L2-Tet-J-E-clover-flag, treated with varying dilutions of theophylline at 16 hpi 
446 (1 mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM, 0.03125mM) and 30 ng/ml aTc at 0 
447 hpi. The infections were monitored using live cell imaging for 50 hours. B) Cos-7 cells 
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448 were infected with L2-Tet-riboJ-E-clover-flag, treated with varying dilutions of aTc at 16 
449 hpi (60 ng/ml, 30 ng/ml, 15 ng/ml, 7.5 ng/ml, 3.75 ng/m, 1.875 ng/m) and 0.5 mM 
450 theophylline at 0 hpi. The infections were monitored using live cell imaging for 50 hours. 
451 Expression intensities from >50 individual inclusions were monitored via automated live-
452 cell fluorescence microscopy and the mean intensities are shown. Cloud represents SEM.  
453 Y-axes are denoted in scientific notation.
454
455 To test the effective repression of gene expression of this system p2TK2-SW2-
456 Tet-J-E-hctB-3xflag (Fig. 6A) was transformed into Ctr producing L2-Tet-J-E-hctB-flag. 
457 Unlike the p2TK2-SW2-E-hctB-3xflag construct, p2TK2-SW2-Tet-J-E-hctB-3xflag 
458 successfully transformed into Ctr without accumulating mutations suggesting tighter 
459 repression of leaky expression. Cos-7 cells were infected with L2-Tet-J-E-hctB-flag and 
460 induced for HctB expression with 30 ng/ml aTc and 0.5 mM theophylline at 16 hpi. Protein 
461 was isolated, separated by PAGE, blotted to nitrocellulose and expression was evaluated 
462 using an anti-flag antibody. HctB-flag was detected only when both inducers (aTc and 
463 theophylline) were used (Fig. 6B). Gene expression was also assessed using confocal 
464 microscopy. Cos-7 cells were plated onto glass coverslips and infected with L2-Tet-J-E-
465 hctB-flag. Gene expression was induced with 30 ng/ml aTc, 0.5 mM theophylline, or both 
466 at 16 hpi and the coverslips were fixed and stained with an anti-flag antibody at 30 hpi 
467 before mounting for confocal microscopy. Confocal microscopy confirmed HctB induction 
468 with both the transcription and translation inducer added (Fig. 6C). However,  HctB 
469 expression was detected at low levels when induced with aTc only suggesting 
470 translational repression with this construct was slightly leaky (Fig. 5C). 
471 As we could not transform p2TK2-SW2-T5-E-hctB-flag into Chlamydia, we 
472 hypothesized that expression of HctB inhibited the formation of the infectious EB cell form. 
473 To test this, Cos-7 cells were infected with L2-Tet-J-E-hctB-flag and induced with 30 ng/ml 
474 aTc, 0.5 mM theophylline, or both at 16 hpi and EBs were harvested at 30 hpi and 48 hpi. 
475 Induction of both transcription and translation resulted in a greater than 2.5 log reduction 
476 in infectious progeny at both 30 hpi and 48hpi  (Fig 6D, S1). Confocal microscopy 
477 indicated that transcription induction with aTc only resulted in low but detectable HctB 
478 production (Fig. 5C) and this leaky expression was also evident when assaying for 
479 infectious progeny. Induction of transcription only resulted in about a log reduction in 
480 infectious progeny at both 30 hpi and 48 hpi (Fig. 6D, S1).  Translation induction only 
481 resulted in a slight but statistically significant decrease in EB production as compared to 
482 no induction control (Fig 6D, S1). Together these data suggest that the combination of 
483 transcriptional repression and translational inducible regulation was significantly tight 
484 enabling Chlamydia to be successfully transformed with the construct and that induction 
485 was sufficiently high to induce the inhibition of the production of infectious progeny.
486
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487 Figure 6. Characterization of p2TK2-SW2-Tet-J-E-hctB-flag. A) Schematic of the Te-
488 riboJ-E-hctB-flag construct. HctB expression is controlled by an aTc inducible promoter, 
489 riboJ insulator and the riboE riboswitch. B) Anti-flag western blot of Cos-7 cells infected 
490 with L2-Tet-J-E-hctB-flag comparing expression of theophylline treated and untreated 
491 cultures. Cells were induced with 0.5 mM theophylline, 30ng/ml aTc, both aTc and 
492 theophylline or vehicle only at 16 hpi and proteins were harvested at 30 hpi. HctB-flag 
493 expression was only detected in the samples induced with both aTc and theophylline. C) 
494 Confocal micrographs of Cos-7 cells infected with L2-Tet-riboJ-E-hctB-flag, induced with 
495 0.5 mM theophylline, 30ng/ml aTc, both aTc and theophylline or vehicle only at 16 hpi 
496 and fixed and stained with DAPI (blue) for confocal microscopy at 30 hpi. The flag tag 
497 was stained with a primary antibody to the flag and an alexa 488 anti-mouse secondary 
498 antibody (green). Size bar = 10 µm. D) Production of infectious progeny was determined 
499 using a reinfection assay. Cos-7 cells were infected with L2-Tet-J-E-hctB-flag and the 
500 production of infectious progeny was determined at 48 hpi after induction with 0.5 mM 
501 theophylline, 30ng/ml aTc, both aTc and theophylline or vehicle only at 16 hpi. Asterisks 
502 denote p-values < 0.05. Error bars = SEM.
503
504 Expression from T5 and Tet-J-E is cell type specific.
505 Chlamydial infection of vertebrate cells consists of a multiple cell type 
506 developmental cycle. For Ctr L2 the elementary body (EB) cell type mediates cell entry 
507 and differentiates into the reticulate body (RB) cell type over an ~10 hour period before 
508 initiating cell division. The RB cell type undergoes growth and division leading to an 
509 expansion of RB numbers. The RB cell type also matures during this process eventually 
510 producing an intermediate body (IB) cell type that matures back into the EB cell form over 
511 ~8 hours [23]. Our studies have shown that different promoters are active in these distinct 
512 cell populations [23]. Confocal microscopy of Clover expression and flag staining for both 
513 the T5-E-clover-flag and Tet-J-E-clover-flag constructs appeared non uniform in the 
514 inclusion suggesting expression in only a subset of cells. To determine the cells in which 
515 these promoters were active we replaced Clover in both of these constructs with the GFP 
516 variant Neongreen and added an inframe LVA degradation tag to produce the plasmids 
517 p2TK2-SW2-T5-E-ngLVA-3xFlag and p2TK2-SW2-Tet-J-E-ngLVA-3xFlag. Neongreen-
518 LVA (ngLVA) protein had a halflife of ~ 20 minutes in Chlamydia (data not shown). The 
519 plasmids were transformed into Chlamydia and the expression pattern of these constructs 
520 was compared to that of p2TK2-SW2-euoprom-ngLVA. p2TK2-SW2-euoprom-ngLVA, 
521 like p2TK2-SW2-euoprom-Clover [23] uses the euo promoter to drive expression 
522 specifically in the RB cell type. Cos-7 cells infected with L2 T5-E-ngLVA, L2 Tet-J-E-
523 ngLVA, or L2 euoprom-ngLVA were fixed for confocal microscopy at 30 hpi. Expression 
524 of ngLVA for all three promoters was very similar showing expression in a subset of large 
525 cells suggestive of RBs (Fig 7A). Quantification of the number of cells per inclusion that 
526 expressed ngLVA from each promoter showed that all three promoters expressed ngLVA 
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527 in similar numbers of cells. This suggests that both of the synthetic sigma70 optimized 
528 promoters (T5 and Tet) when used in Chlamydia expressed primarily in the RB cell type 
529 and not in the IB.  
530
531 Figure 7. Promoter cell type expression. A) Confocal micrographs of Cos-7 cells 
532 infected with L2-euo-neogreenLVA (euo-ngLVA), L2-T5-E-neogreenLVA (T5-E-ngLVA), 
533 or L2-Tet-J-E-neogreenLVA (Tet-E-ngLVA) (green) and fixed and stained with DAPI 
534 (blue) at 30 hpi. Size bar = 10 µm. B) Quantification of > 20 neongreenLVA expressing 
535 chlamydial cells for each promoter construct. Error bars = SEM. 
536
537
538 Discussion:
539 Ectopic gene expression is an important tool for uncovering the function of potential 
540 virulence associated genes in pathogenic bacteria. We have adapted the E riboswitch, a 
541 theophylline binding aptamer, to regulate gene translation in Chlamydia trachomatis. 
542 Riboswitches have been used in many organisms to regulate gene expression [14–
543 16,30–32]. In bacteria, riboswitches are constructed of aptamers that fold to block 
544 ribosome assembly at the translational start site in the absence of their cognate ligand. 
545 This translational control can be combined with strong synthetic promoters, native 
546 promoters, cell type specific promoters, temporal promoters or inducible promoters to add 
547 increasingly granular expression control of effectors and regulatory proteins. In this study 
548 we combined the E riboswitch with the strong synthetic promoter T5 and demonstrated 
549 that the riboswitch efficiently repressed translation of Clover and was strongly inducible 
550 by theophylline. In addition this induction was dose responsive providing an excellent tool 
551 for the control of ectopic gene expression. In addition to combining translational 
552 expression control with a strong promoter,  we also demonstrated that it can be used with 
553 a native chlamydial promoter. The E riboswitch was cloned upstream of the ORF for the 
554 plasmid gene pgp4. Pgp4 is a gene expression regulator for both chromosomal and 
555 plasmids genes and the absence of pgp4 results in a loss of glycogen accumulation in 
556 the inclusion [26]. The addition of the E riboswitch led to undetectable levels of Pgp4 
557 expression and the loss of glycogen accumulation when theophylline was absent. The 
558 addition of theophylline during infection restored functional levels of Pgp4 as 
559 demonstrated by the restoration of glycogen accumulation in the inclusion and detectable 
560 expression of Pgp4 via western blot and confocal microscopy.   
561 By combining translational control with transcriptional control we were able to 
562 improve the repression of protein expression. The T5 promoter-E-riboswitch combination 
563 proved to have undetectable expression when driving Clover expression as assessed by 
564 western blotting and confocal microscopy. However, when attempting to express the 
565 chlamydial protein HctB, a protein involved in controlling the developmental cycle, leaky 
566 expression resulted in mutation of the plasmid causing HctB to not express. By combining 
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567 translational control (E riboswitch) with transcription control (Tet inducible promoter), we 
568 created an extremely tightly regulated gene expression system. The E riboswitch requires 
569 the 5’-UTR of the transcript to properly fold and block the ribosome binding site of the 
570 transcript. Combining the E riboswitch with different promoters and different transcription 
571 start sites can potentially affect the folding of the riboswitch, thus changing its repression 
572 and induction properties. To eliminate this effect and increase the reliability of the 
573 riboswitch in relation to a variety of promoters, we cloned the riboJ ribozyme insulator 
574 upstream of the E riboswitch. The riboJ insulator is made up of the sTRSV-ribozyme with 
575 an additional 23-nt hairpin immediately downstream [28,33,34]. This hairpin imposes 
576 structure to the UTR just upstream of the E riboswitch, minimizing its influence on the 
577 folding of the riboswitch and ensuring any upstream structure is consistent between 
578 promoters. 
579 Surprisingly, the order of induction (transcription vs translation) did not significantly 
580 change the gene expression kinetics suggesting that there was not an accumulation of 
581 transcripts after Tet induction that then could be induced to initiate translation. Instead, 
582 this observation suggests the transcripts either don’t accumulate or, after folding into the 
583 inhibited structure in the absence of theophylline they don't then refold revealing the RBS 
584 upon theophylline addition. This suggests theophylline binding competes with inhibitory 
585 folding during mRNA synthesis.
586 HctB, when cloned into this dual induction plasmid was successfully transformed 
587 into Chlamydia and was inducible with the addition of both theophylline and aTc as 
588 detected by western blotting and confocal microscopy. Additionally, ectopic expression of 
589 HctB early in infection (16 hpi) inhibited the formation of infectious progeny. Together, 
590 these data confirm that leaky expression from T5-E likely rendered successful 
591 transformation of this clone impossible. Therefore, the combination of transcriptional and 
592 translational control is an ideal system to study the effects of toxic proteins or proteins 
593 that regulate the developmental cycle.   
594 Interestingly, both the T5-E and Tet-riboJ-E promoter systems appear to only 
595 significantly express in the RB cell type. The promoters for both of these constructs are 
596 based on E. coli sigma70 consensus sequences and are constitutive in many bacteria 
597 [35,36]. In Chlamydia these promoters appear to express primarily in the RB cell type 
598 suggesting gene expression in the intermediate body (IB) and EB cell type may require 
599 specific promoters or additional regulatory elements. Our data suggest that the ability to 
600 add translational control independently from transcriptional control using riboJ ribozyme 
601 and E riboswitch will be an important tool in controlling ectopic gene expression in these 
602 chlamydial cell types.
603 Adding inducible translational control to the tool box for chlamydial genetic tools 
604 increases opportunities to unveil the function of Chlamydia regulatory genes and effector 
605 genes to reveal their role in pathogenesis. The ability to control the timing and strength of 
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606 gene expression independently from promoter strength and timing increases the utility of 
607 ectopic gene expression and provides an important tool for studying chlamydial 
608 pathogenesis. 
609
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768 Supporting information:
769
770 Figure S1. IFU results at 30 hpi. A) Cos-7 cells were infected with L2-T5-E-clover-flag 
771 and the production of infectious progeny was determined at 30 hpi after theophylline 
772 induction or vehicle only. B) Cos-7 cells were infected with L2-nprom-E-pgp4-flag and the 
773 production of infectious progeny was determined at 30 hpi after theophylline induction or 
774 vehicle only. C) Cos-7 cells were infected with L2-Tet-J-E-clover-flag and the production 
775 of infectious progeny was determined at 30 hpi after induction with 0.5 mM theophylline, 
776 30ng/ml aTc, both aTc and theophylline or vehicle only at 16 hpi. D) Cos-7 cells were 
777 infected with L2-Tet-J-E-hctB-flag and the production of infectious progeny was 
778 determined at 30 hpi after induction with 0.5 mM theophylline, 30ng/ml aTc, both aTc and 
779 theophylline or vehicle only at 16 hpi. Asterisks denote p-values < 0.05. Error bars = SEM. 
780
781 Figure S2. RNA-seq analysis of p2TK2-SW2-Tetprom-riboJ-E-hctB-flag. Cos-7 cells 
782 infected with L2-Tet-J-E-hctB-flag were induced with 0.5 mM theophylline and 30ng/ml 
783 aTc at 15 hpi and RNA was harvested at 24 hpi.  RNA was processed for next-gen RNA-
784 seq sequencing. Aligned reads are shown with the schematic of the Tet-J-E-hctB.
785
786 Table ST1. Primers and templates used for plasmid construction.
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