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Abstract Chlamydia trachomatis is an intracellular bacterial pathogen that undergoes a bi-34 

phasic developmental cycle, consisting of intracellular reticulate bodies and extracellular 35 

infectious elementary bodies. A conserved bacterial protease, HtrA, was shown previously to 36 

be essential for Chlamydia  during the reticulate body phase, using a novel inhibitor (JO146). 37 

In this study, isolates selected for survival of JO146 treatment were found to have 38 

polymorphisms in the acyl-acyl carrier protein synthetase gene (aasC). AasC encodes the 39 

enzyme responsible for activating fatty acids from host cell or synthesis to be incorporated 40 

into lipid bilayers. The isolates had distinct lipidomes with varied fatty acid compositions. A 41 

reduction in the lipid compositions that HtrA prefers to bind to was detected, yet HtrA and 42 

MOMP (a key outer membrane protein) were present at higher levels in the variants. Reduced 43 

progeny production and an earlier cellular exit were observed. Transcriptome analysis 44 

identified multiple genes were downregulated in the variants especially stress and DNA 45 

processing factors. Here we have shown that the fatty acid composition of chlamydial lipids, 46 

HtrA, and membrane proteins interplay and when disrupted impact chlamydial stress 47 

response that could trigger early cellular exit.  48 

 49 

Introduction  50 

Chlamydia (C.) trachomatis is a Gram-negative obligate intracellular bacterial pathogen and 51 

is a prevalent sexually transmitted infection. Infections can result in serious sequelae 52 

including pelvic inflammatory disease, tubal factor infertility, and ectopic pregnancies in 53 

women (1). All Chlamydia spp. have a biphasic developmental cycle with an extracellular 54 

infectious phase (elementary body, EB) and an intracellular replicative phase (reticulate 55 

body, RB) that is located inside a vacuole called the inclusion vacuole (2). As it has co-56 

evolved with its host, Chlamydia spp. have undergone reductive evolution and considerable 57 



 

 

gene loss (3). Nonetheless, C. trachomatis has a near complete set of genes required for 58 

phospholipid synthesis (3, 4). C. trachomatis can synthesise the glycerophospholipids 59 

commonly found in Gram-negative bacterial membranes including phosphatidylethanolamine 60 

(PE), phosphatidylglycerol (PG), and cardiolipin (CL). However, it relies on the host to 61 

obtain the required precursors isoleucine, serine, and glucose (5). C. trachomatis can only 62 

synthesise saturated, but not unsaturated, fatty acids de novo (3, 4, 6). The PE phospholipid 63 

class and branched chain 15:0 fatty acid species are the most abundant C. trachomatis lipid 64 

species (4, 7). To incorporate unsaturated fatty acids and perhaps preserve resources, 65 

Chlamydia activates host cell derived fatty acids using an acyl-acyl carrier protein synthetase 66 

(AasC). These activated fatty acids then enter the de novo biosynthetic pathways, or type II 67 

fatty acid synthesis pathway for elongation (3, 4, 6).  68 

A chemical biology approach using an inhibitor, JO146, identified the protein HtrA to be 69 

essential for survival of C. trachomatis during the mid-replicative phase (8, 9). C. 70 

trachomatis HtrA is hypothesised to have a role in outer membrane protein stability, like its 71 

Escherichia (E.) coli orthologue DegP (10-12). Whilst genetic manipulation strategies have 72 

advanced (reviewed (13)) and it is now possible to implement most genetic approaches 73 

against chlamydia, high-throughput genetic methods remain limited. Hence, we implemented 74 

a random mutation and selection protocol, to further characterise the function of HtrA in 75 

Chlamydia. We hypothesised that mutants with resistance to the HtrA inhibitor, JO146, 76 

would identify factors that are functionally involved in HtrA’s essential role for the 77 

chlamydial replicative phase. We report the selection and characterisation of three 78 

independently isolated genetic variants of C. trachomatis with reduced susceptibility to the 79 

previously described HtrA inhibitor JO146 (8), all three isolates had single nucleotide 80 

variants (SNVs) in aasC (ct_776). The variants had an impacted fatty acid composition, 81 

validating that the SNVs impact on function. Considerable phenotypic impacts were observed 82 



 

 

in the isolates along with transcriptional changes, implicating a stress responses process that 83 

is likely linked to the early exit phenotype observed..  84 

 85 

RESULTS 86 

Chlamydial isolates with reduced susceptibility to the HtrA inhibitor JO146 all have 87 

single nucleotide variants in loci related to fatty acids  88 

A selection experiment was conducted using repeated passage of EMS mutated and non-89 

mutated pools of chlamydia in the presence of JO146. The purpose was to select for C. 90 

trachomatis isolates with resistance or reduced susceptibility to JO146 (see the 91 

Supplementary results for full details). Sequence analysis of the pools of isolates that 92 

survived the selection conditions identified four genetic hotspots that were selected for 93 

through the experiment (Supplementary Materials Table S1; CT776 (aasC), CT206 (putative 94 

esterase), CT544 (uhpC), and CT587 (enolase)). Three isolates, subsequently referred to as 95 

1A3, 2A3, and 1B3, were cultured from independent selection pools, plaque purified (Fig. 96 

S1) and tested to confirm reduced susceptibility to JO146 (Figure 1A). 1A3 was the most 97 

susceptible isolate with similar infectious yields to wild-type (WT). 1B3 was less susceptible 98 

to JO146 than 1A3, while 2A3 was the least susceptible isolate.  The isolates were 99 

characterised by whole genome sequencing, identifying that all three isolates had a distinct 100 

single nucleotide variation (SNV) in CT776, the gene encoding for aasC (Supplementary 101 

materials Table S2). In the case of isolate 1B3 this was the only genetic variation detected on 102 

the entire genome of the isolate characterised, meaning CT776 is solely responsible for any 103 

changes observed. In the case of 1A3 one other variation a G to A transition in a non-coding 104 

region was detected which may indicate that the CT776 change is the only functionally 105 

relevant change. There were a number of mutations in 2A3 that may be relevant to the 106 



 

 

phenotype including in a putative esterase CT206 that was a hotspot for selection in the 107 

overall experiment (see Supplementary Table S2). CT776 is the only common gene with a 108 

SNV in all purified isolates with reduced susceptibility to JO146, and the only/major change 109 

in two of the isolates. In silico bioinformatics and structural modelling of the sequence 110 

variants indicated a likely impact on AasC function with all three SNV located around what 111 

appears to be a pocket in the predicted structure with impacts on hydrogen bonding (Fig. S2).  112 

In order to assess if the loci were isolated as an indirect impact related to JO146 and HtrA 113 

function rather than being a direct ‘off-target’ protein that is bound by JO146 we first 114 

investigated if JO146 binds to either of the two main loci identified. We were not able to 115 

detect any evidence of binding of JO146 to either AasC or CT206. This was ruled out by 116 

AasC enzyme activity that showed no change with JO146 was added (Fig. S3). CT206 was 117 

analysed as it was initially identified in the selection pools associated with the variant 1B3 118 

and is confirmed to be mutated in 2A3. CT206 did not  bind to JO146 (cy5) using 119 

recombinant purified protein (Fig. S3), full methods outlined in the Supplementary 120 

information.  121 

 122 

Variants have differences in infectivity, inclusion size, progeny production, and exit time 123 

frames 124 

In order to determine what the impact of the variants or mutations have on chlamydia a series 125 

of characterisations were conducted. Phenotypic analysis was conducted on cultures in 126 

McCoy B cells in comparison to the wild-type strain (referred to as CtDpp, or WT), with 127 

infectious yield, chromosome counts, infectivity, and inclusion size assessed. This 128 

experiment was conducted in McCoy B cells as C. trachomatis has been observed to produce 129 

uniformly distributed growth in McCoy B cells versus patchy growth in epithelial cell lines 130 



 

 

(14). The variant 1B3 had significant reductions compared to WT in inclusion forming unit 131 

(IFU) production, DNA copy number, infectivity, and inclusion size (Fig. 1). Variant 1A3 132 

also had reduced productivity, inclusion size, and infectivity compared to WT, although not 133 

to the same extent as observed for 1B3. A live microscopy experiment was used to assess 134 

chlamydial exit from the host cell, accounting for both inclusion vacuole extrusion and/or cell 135 

lysis. WT and 1A3 isolates had the same range and mean time of EB release (Fig. 1). EBs 136 

from both 1B3 and 2A3 variants were released earlier than both WT and 1A3 isolates (p-137 

value <0.0001; mean time of EB release: WT = 74.0 hours post infection (h PI); 1A3 = 74.6 h 138 

PI; 1B3 = 65.9 h PI; 2A3 = 67.6 h PI). The overall range of EB release was smallest (more 139 

synchronous and early) for the 1B3 variant, with all detected inclusion vacuoles completing 140 

lysis or extrusion by 80 h PI. Examination of the gross morphology of the chlamydial 141 

inclusion vacuoles, using confocal microscopy, throughout the culture phases revealed no 142 

apparent differences between the variants and WT (Fig. 2).   143 

 144 

 145 



 

 

 146 

Fig. 1. Analysis of phenotypes of variants isolated with reduced susceptibility to JO146. 147 

A. Recovery of infectious progeny following JO146 treatment of chlamydial variants cultured 148 

in HEp-2 and McCoy B cell line that were treated at 16 h PI with JO146 doses, harvested at 44 149 

h PI, prior to re-infection to determine IFU/ml yields indicated in this figure. Error bars 150 

represent the standard error of the mean (SEM) of three independent experiments (n=3). Dashed 151 

line indicates the threshold of accuracy (1x104 IFU/mL) for this enumeration method. *p<0.05 152 

compared to DMSO control as measured by two-way ANOVA with Dunnett’s multiple 153 

comparisons test. The % reductions for each isolate at 75 M JO146 treatment relative to 154 

solvent are: HEp-2: 99.46%, 1A3: 97.73%, 1B3: 98.68%, 2A3: 92.87%, and McCoy B: WT: 155 

99.53%, 1A3: 94.39%, 1B3: 94.23%, 2A3: 88.31%.   B. EB release from cells for each isolate. 156 

Real-time microscopy analysis of EB release from HeLa EGFP-Rab25 host cells is show in 157 

hours post infection (h PI) (y axis), variants (x axis). The number of inclusions monitored and 158 



 

 

% infectivity is indicated under the dataset for each variant. The microscopy was conducted 159 

from 42 h PI to 120 h PI with data collected every 30 mins, every visible inclusion in each field 160 

of view was monitored until no longer visible in the cell, or the cell was also no longer visible 161 

and this was recorded as the exit point.  C. Infectious progeny yields of isolates at 24 h PI and 162 

44 h PI. Three biological replicates were enumerated in duplicate for each isolate at each 163 

timepoint. D. Yield of chromosomal DNA at 24 h PI and 44 h PI, determined by qPCR. Three 164 

biological replicates were quantified in duplicate for each isolate at each timepoint. E. The 165 

percent of McCoy B host cells infected by each isolate at 24 h PI and 44 h PI. F. Inclusion 166 

vacuole size at 24 h PI and 44 h PI. Inclusion vacuole size was measured as two-dimensional 167 

area (µM2).  Triplicates of each isolate at each timepoint were visualised by microscopy with 168 

multiple fields of view or samples analysed. Error bars represent SEM from multiple 169 

experiments. *p-value ≤0.05, **p-value ≤0.001, ***p-value ≤0.0001, as measured by Student’s 170 

t-test with Holm-Sidak’s test for multiple comparisons. 171 

 172 

 173 



 

 

 174 

Fig. 2. Gross morphology of WT and variant chlamydial isolates at various 175 

developmental cycle phases. Cell cultures were fixed at 16, 20, 24 and 44 h PI, representing 176 

timepoints from mid-replicative phase (16 h PI) to end-replicative phase (24 h PI) and the end 177 

of EB reversion and the developmental cycle (44 h PI). Cyan = DNA, stained by DAPI; 178 

magenta = host cell cytoskeleton, specifically α-tubulin; yellow = chlamydial HtrA. Scale bar 179 

in bottom right denotes 25 µM for all panels. 180 

 181 

 182 

 183 



 

 

Variants have distinct lipid compositions throughout the developmental cycle 184 

We conducted a lipidomic analysis at 24 h PI and 44 h PI as the dominant role for fatty acids 185 

in bacterial cells is as constituents of the lipid bi-layer. PE and PG lipid classes were analysed 186 

as they are the major glycerophospholipid classes autonomously synthesised by C. trachomatis 187 

(5). A total of 116 lipids, including 75 PE species and 41 PG species were detected with robust 188 

reproducibility. In some cases in the analysis used here more than one lipid (typically isomers) 189 

were detected at the same point in the chromatogram in the workflow used for this analysis, in 190 

order to ensure accuracy of assignments or provide clarity when the assignment is ambiguous 191 

dual assignment is listed in the figure/table. A comparison of WT samples and uninfected HEp-192 

2 cells was initially performed to select for lipids significantly increased in abundance during 193 

infection. HEp-2 cells were used as the overall yields for all variants were greater in this cell 194 

line. As the WT samples (but not variant samples) were matched with uninfected host cells as 195 

controls, exclusion of lipids not significantly associated with WT infection ensured that any 196 

significant differences between WT and variants were attributed to the bacteria. Prior to 197 

proceeding, it was confirmed that all the lipid species identified in the variants were also 198 

detected in the WT. A total of 30 lipid species, 21 PE and 9 PG, were significantly associated 199 

with C. trachomatis infection (Fig. 3). Of the 30 lipids associated with C. trachomatis infection, 200 

24 contain the 15:0 fatty acid which is known to be abundant in C. trachomatis (4).  A range 201 

of unsaturated fatty acids were identified to be significantly associated with infection (Table 202 

S3). 203 



 

 

 204 

 205 

 206 
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 215 

 216 

Fig. 3. Normalised intensity of 30 lipid species with significantly different abundance in WT relative to uninfected host cells. This figure 217 

identifies the lipids that are significantly associated with infection. In order to focus further analysis of the differences in the variants and WT the 218 

subsequent analysis (Fig 4 and 5) focussed only on these lipids that are significantly associated with infection. The data are presented as box 219 

plots, with the x axis indicating the sample as indicated in the bottom row. The normalised intensity is indicated by the y axis. The y axis are 220 



 

 

intentionally different for each box as significant differences for less abundant lipids may still be biological relevant.  Grey boxes indicate no 221 

significant difference at that timepoint (p>0.05), and blue boxes indicate a significant difference (p<0.05). Significance was measured via t-test 222 

(n=3) performed in MetaboAnalyst v5.0 as outlined in the methods. In some cases dual assignments to the same MS2 feature occurred in 223 

different specimens, this is indicated by the multiple assignments at the top of the figure for that species, PE 34:0; 15:0_19:0/16:0_18:0, and PE 224 

35:0; 15:0_20:0/17:0_18:0.    225 



 

 

Across the lipids significantly associated with infection we observe a substantial difference in 226 

the lipid profile of the variants compared to the WT control, with 25 significant differences 227 

identified at 24 h PI (Fig. 4 and Fig. S4). In broad terms there was an increase in most of the 228 

significantly different PE and PG species at 24 h PI with the increasing species all contained 229 

15:0 except for PE 36:0 (PE 18:0_18:0).  For example, the most abundant PE lipids 230 

associated with C. trachomatis infection; PE 32:0, 35:1, 34:0, 31:0, 36:0 and 33:1, were 231 

generally elevated in the variants compared to WT and except for PE 31:0, all of these lipids 232 

were significantly elevated in either 1B3 or 1B3 and 2A3. The 1A3 variant appears to be 233 

following a similar trend although the differences fail to reach significance.  The trend is 234 

similar in the PG species with three of the four most abundant species; PG 44:12, PG 44:11 235 

and PG 35:0 showing a general increase in amongst the variants (Fig. S4).  A summary of the 236 

lipidomic data, listing the infection associated PE and PG lipids with significant differences 237 

between WT and any variant at either 24 or 44 h PI is shown  in Table 1. 238 

Commented [LL1]: Highlighting to check  PG 44 : 12 data 



 

 

 239 

 240 

Fig. 4. Normalised intensities of PE lipid species at 24 h PI in WT, variants and host cells. 241 

The data are presented as box plots, colour coded for each strain indicated on the x axis of each 242 

box. The normalised intensities are indicated on the y axis. Different normalised intensities are 243 

used to show differences more clearly, as differences in low abundant lipids may still be 244 

biologically significant. Significance was measured by one-way ANOVA, performed using 245 

MetaboAnalyst as described in the Methods. An asterisk indicates a significant difference 246 

(p<0.05) in normalised intensity compared to WT (n=3 each). The best match /assignment across 247 

the samples is identified in the graphs, noting assignments can vary based on the methodology 248 

used. In some cases, more than one best match /assignment from the MS/ MS data is potential 249 

both are listed in the figure (e. g. PE34:0 15:0_19:0/16:0_18:0). 250 

 251 

 252 



 

 

In contrast to the general increased trend  amongst the infection associated PE and PG species, 253 

PE 28:0, 29:0, 30:1 and 31:1 as well as PG 29:0 and 31:1 all showed evidence of a decrease 254 

relatively to WT.  These lipids comprise all of the lipids associated with infection which 255 

contain 14:0 and with the exception of PE/PG 31:1 they all contain this fatty acid.  Similarly, 256 

PE/PG 31:1 and PE 30:1 was all decreased and comprise the set of 16:1 containing lipids 257 

examined here. Taken together this suggests an underlying decrease in 14:0 and 16:1 258 

incorporation in the bacterial membrane is associated with a reduced susceptibility to JO146.   259 

 260 

Analysis of lipid intensities 44 h PI demonstrated significant differences between strains 261 

(adjusted p<0.05) in 17 lipids, with 13 determined to be non-significant (Fig. 5 and Fig. S5). 262 

PE 28:0 (14:0_14:0) was significantly lower in abundance in the variants compared to WT 263 

result (as at 24 h PI) (Fig. S5). PE 29:0 (14:0_15:0) was lower in abundance at 24 h PI in 1A3 264 

and 2A3 and by 44 h PI, this lipid was also significantly decreased in 1B3. Conversely, to 24 h 265 

PI, no significant differences in PE 30:0 (15:0_15:0) were observed between isolates. However, 266 

PE 31:0 (15:0_16:0) was found to be significantly decreased in variants compared to WT, 267 

although no differences were seen at 24 h PI. There was significantly less PE 33:0 (15:0_18:0) 268 

and PE 37:5 (15:0_22:5) in all variants compared to WT. PE 32:0 (15:0_17:0) was increased in 269 

1B3 and 2A3 at 24 h PI but was found to be significantly increased in all three variants at 44 h 270 

PI. It was the only lipid found to have an increased abundance in variants compared to WT at 271 

this timepoint. One PG species had a significantly smaller normalised intensity in all three 272 

variants compared to WT, PG 33:0 (15:0_18:0). 1A3 had significantly less PG 29:0 273 

(14:0_15:0), which was also observed at 24 h PI. 1A3 and 1B3 had significantly less PG 33:1 274 

(15:0_18:1) than WT, with large variation in this lipid for 2A3.  275 

 276 



 

 

 277 

 278 

Fig. 5. Normalised intensities of PE lipids at 44 h PI in WT, variants, and host cells. The 279 

data are presented as box plots, colour coded for each strain indicated on the x axis of each box. 280 

The normalised intensities are indicated on the y axis. Different normalised intensities are used 281 

to more clearly show differences, as differences in low abundant lipids may still be biologically 282 

significant. Significance was measured by one-way ANOVA, performed using MetaboAnalyst 283 

as described in the methods. Each species is indicated in the grey bar at the top, WT, variants 284 

and host cell only is indicated on the x axis. An asterisk indicates a significant difference 285 

(p<0.05) in normalised intensity compared to WT (n=3 each). The best match /assignment 286 

across the samples is identified in the graph.  287 

 288 

 289 

 290 

Changes in lipid composition changes do not affect cellular access for JO146 but likely 291 

impact the HtrA-membrane interaction, and the protein composition of the membranes 292 



 

 

The reduced susceptibility to JO146 observed could be a consequence of reduced cellular 293 

access of JO146 mediated by the distinct lipid compositions of the variants. A JO146 – JO146-294 

Cy5 cell permeability and competitive binding assay was performed at the replicative phase of 295 

growth to assess cellular access. Cultures were treated with JO146 (an irreversible binding 296 

mechanism) and then competitive binding of JO146Cy5 on lysates subsequently conducted to 297 

determine if there was differences in access to the JO146 relative to total HtrA levels. There 298 

was no significant difference in JO146 access and binding detected once the normalised levels 299 

of HtrA were analysed (Fig. 6). These data, whilst semi-quantitative, suggest that the reduced 300 

susceptibility to JO146 does not relate to reduced cellular access of the compound.   301 

 302 

The connection between HtrA inhibition (via the JO146 selection) and changes in the lipid 303 

composition identified here led us to test for a direct HtrA interaction with lipid 304 

bilayersTethered bilayer lipid membranes (tBLMs) in conjunction with electrical impedance 305 

spectroscopy wasused to monitor changes in membrane conductance and capacitance that 306 

would only occur if a protein is binding to the membrane(15) (16). Changes in membrane 307 

conduction are due to a membrane disruption event altering the transport of ions in solution 308 

across the membrane. Increases in membrane capacitances are an indication of a decrease 309 

membrane thickness and/or the presence of water in the membrane.  Recombinant HtrA was 310 

shown to cause an increase in both membrane conductance and capacitance in tBLMs; more 311 

favourablywithnegatively charged POPG (phosphatidylglycerol head group – red lines) 312 

containing tBLMs than zwitterionic POPE compositions (phosphatidylethanolamine head 313 

group – black lines) (Fig. 7). This data indicates that, inside the cells, HtrA could be closely 314 

associated with the membrane.   315 

 316 



 

 

 317 

 318 
Fig. 6. SDS-PAGE gels and Western Blots of WT and mutant chlamydial lysates pre-319 

incubated with JO146 and competitive binding with JO146-Cy5. RBs from each isolate 320 

were pre-incubated with 0 µM or 25 µM JO146. Cultures were lysed and  subsequently 321 

incubated with Cy5-JO146 in a competitive binding assay to indicate permeability to JO146 of 322 

the RB or replicative phase of the cultures (consistent with the most impactful time of JO146 323 

treatment). A. Representative SDS-PAGE gels (Cy-5 gel) and Western Blots (Anti-HtrA) for 324 

each chlamydial isolate, with the 49 kDa molecular weight marker indicated in the left most 325 

lane of each image. B. Signal intensity of Cy5 following incubation with 25 µM JO146, relative 326 

to 0 µM, and normalised to the relative intensity of anti-HtrA, as described in the supplementary 327 

methods section. C. Representative SDS-PAGE gels and Western Blots for host-only 328 

uninfected controls and recombinant HtrA. These are controls to demonstrate gel loading 329 

consistency. Error bars represent the SEM (n=3). Statistical differences in the normalised 330 

intensity of Cy5 in cells pre-incubated with 25 M relative to the untreated controls was tested 331 

using one way ANOVA. There was no significant difference between WT and any mutant.  332 

 333 



 

 

 334 

To determine if the changed lipid profile impact on the abundance of key proteins western blot 335 

analysis was conducted on selected protein targets on 44 h PI cultures. HtrA and the membrane 336 

proteins MOMP and PmpD were found to be higher in protein abundance in the variants than 337 

WT (Fig. 7). HtrA and MOMP intensities were measured using densiotometry and both were 338 

significantly higher than in WT (1.7-2.2x and1.5-1.8x higher respectively). In order to 339 

determine if this was mediated by transcriptional changes we conducted RT-qPCR analysis of 340 

these targets, aasC, and developmental stage genes. Transcript levels for almost all genes 341 

measured demonstrated no significant changes, with log2FC of <1 between WT and variants at 342 

24 and 44 h PI (Fig. S6). Transcripts measured included aasC (CT776), htrA, hsp60 which, like 343 

htrA, is involved in the stress response; euo, a transcriptional repressor; and two genes 344 

encoding outer membrane proteins, omcB and ompA (momp) were assessed with 16S rRNA as 345 

the normalising gene, and rpoB (an additional housekeeping gene). In 1B3 at 24 h PI, hsp60 346 

was 1.3-fold down-regulated (p-value <0.05); however, this result was not replicated at 44 h PI 347 

or in any other isolate (Figure S6). The localisation of chlamydial proteins (HtrA, MOMP, 348 

Hsp60, RpoB) in WT and variants was assessed by confocal microscopy at 44 h PI in HEp-2 349 

cell cultures and revealed no detectable differences in protein localisation between any isolates 350 

at this resolution (Fig. 8).  351 

 352 

 353 



 

 

 354 

Fig. 7. Chlamydial HtrA binding to tethered lipid bi-layer, and chlamydial protein levels. 355 

The figure shows the A. membrane conductance and B. capacitance changes (a measure of 356 

membrane thickness and/or water content) to lipid bi-layers after addition of HtrA. The data is 357 

membrane conductance (top, y-axis), and capacitance (bottom, y-axis) with the two distinct 358 

membrane compositions tested (red line 30% POPG, black line 30% POPE). The arrow indicates 359 

the time point that recombinant protein was added. C.  Representative images of each Western 360 

Blot. Host = uninfected host-only control. Western Blots of select stress response and membrane 361 

proteins in WT and variant chlamydial lysates. EBs from each isolate were harvested at 44 h PI 362 

from cultures infected with standardised MOIs, and Western Blots were performed to assess 363 

relative quantities of the proteins RpoB, Hsp60, HtrA, MOMP, and PmpD. D. Signal intensity 364 

of RpoB across a dilution series, relative to WT. E. Relative signal intensity of Hsp60, HtrA and 365 



 

 

MOMP in each mutant, normalised to the mean RpoB relative intensity (PmpD was not analysed 366 

due to the multiple bands). Error bars represent the SEM (n=3). *p<0.05; **p<0.01; ***p<0.001; 367 

****p<0.0001 compared to RpoB as measured by two-way ANOVA with Dunnett’s multiple 368 

comparisons test. 369 

 370 

 371 

Figure 8. Protein localisation in WT and variants. Infected cell cultures were fixed to slides 372 

and HtrA, Hsp60, MOMP and RpoB proteins were immunocytochemically labelled, visible in 373 

yellow. Mammalian and bacterial DNA were labelled with DAPI, visible in cyan. Scale bar 374 

denotes 20 µM for all panels. 375 



 

 

 376 

Variants have altered gene expression profiles for early and mid-developmental cycle 377 

genes 378 

Given the changes in some protein abundance, and HSP60 transcript change detected at 24 h PI 379 

we considered that there may be other genes with distinct expression profiles in the variants. 380 

RNA-sequencing was conducted at 20, 36, and 44 h and the transcriptome of the variants was 381 

compared to the WT (Supplementary Materials Table S5). In all variants compared to WT 46, 382 

5 and 7 genes were significantly downregulated at 20, 36 and 44 h, respectively (fold change 383 

<2, p-adjust <0.05) (Table 2). No upregulated genes were common in all variants compared to 384 

WT. CT158, a putative phospholipase gene was significantly downregulated at 36 and 44 h PI. 385 

DNA processing related genes, genes encoding virulence proteins, protein fate factors, and 386 

some developmental cycle phasing factors, were impacted (including some Inc proteins and 387 

Tsp at 20 h PI).  388 

 389 

DISCUSSION 390 

In this study, selection of C. trachomatis variants with resistance to JO146, an inhibitor of 391 

HtrA, resulted in three isolates carrying SNVs in the aasC gene, encoding the acyl-acyl carrier 392 

protein synthetase. AasC is the enzyme responsible for activating and ligating fatty acids 393 

scavenged from the host for incorporation into phospholipids (5). The variants had distinct PE 394 

and PG lipid species when compared to the wild-type. Notably there was a substantial increase 395 

in PE species containing the 15:0 fatty acid and a decrease in PE and PG species containing 396 

either a 14:0 or 16:1 fatty acid in the JO146 resistant variants compared to WT.  These results 397 



 

 

suggest that the variants may increase do novo fatty acid synthesis of which 15:0 while 398 

concurrently reducing incorporation of myristic (14:0) and palmitoleic (16:1) fatty acid derived 399 

from the host cell.  CT158, a phospholipase gene which has previously been reported as likely 400 

involved in hydrolysing host phosphatidylcholine for lipid update (17) was also significantly 401 

downregulated in gene expression at later stages of the developmental cycle for the variants, as 402 

were stress response and DNA processing factors. The variants had an increase in the 403 

abundance of HtrA and MOMP proteins, not mediated by transcription. The increased levels of 404 

these proteins are likely due to the variation in the physicochemical or biophysical properties of 405 

the membrane bilayer impacting protein interactions and stability. Recombinant HtrA showed a 406 

lower binding preference for lipids with a PE group compared to PG, which could indicate that 407 

HtrA may have less contact with the membrane in the variants which have higher PE 408 

abundance. Despite differences in the lipid profiles, the variants were not significantly less 409 

permeable to JO146 than WT. The isolate (1B3) with the most notable of these phenotypic 410 

differences, including reduced infectivity, reduced progeny production, earlier exit, also had 411 

the most marked shifts in PE and PG lipid compositions.  412 

 413 

Given the asynchronous nature of chlamydial growth it is important to validate that the 414 

selection protocol is valid. As the selection experiment resulted in consistent selection of 415 

distinct variants in aasC in the three isolates characterised, this support a stringent selection. 416 

All were associated with reduced susceptibility to JO146. A range of phenotypic changes were 417 

apparent in the variants, notably a marked earlier exit and synchronicity in EB exit was 418 

apparent in two isolates, also reduced inclusion size and reduced infectious progeny, and 419 

transcriptional differences with stress response and lipid associated genes.  420 



 

 

The consistent selection of SNVs in AasC led us to investigate the functional outcomes of the 421 

loci being impacted using a lipidomics approach. The untargeted LC-MS/MS lipidomics 422 

analysis identified all PE and PG species previously reported for Chlamydia validating our 423 

findings are consistent with previous literature (5, 7, 18). The aasC variants had distinct lipid 424 

profiles compared to WT, indicating that the SNVs are impacting AasC selectivity. Several 425 

polyunsaturated species were increased in the variants but represented a relatively low overall 426 

constituent, whilst several abundant PE species had higher abundance in the variants which 427 

could indicate a shift to increased overall PE composition of the membranes. These results 428 

indicate that the aasC variants have changed selectivity for fatty acids and that the variants are 429 

increasing PE species in general. The predicted structure suggests that the site of the mutations 430 

are all around a potential pocket that might be a substrate binding site. It is possible that the 431 

lipids which were observed to be significantly different between WT and variants at 24 h PI but 432 

not 44 h PI may reflect differences in RB vs. EB numbers rather than differences in the lipid 433 

composition of RBs. For example, PE 30:0 (15:0_15:0) was significantly different in 1B3 and 434 

2A3 compared to WT at 24 h PI but not at 44 h PI, owing to an increase in abundance in WT 435 

(log2FC=0.9, p=0.05) and no change in the variants at 44 h PI. Thus, for this lipid, 1B3 and 436 

2A3 already had a composition at 24 h PI that was consistent with the composition of all 437 

isolates at 44 h PI. The phenotypic data also indicated that 1B3 and 2A3 had a more 438 

‘synchronous’ or earlier overall release of EBs (several other growth parameters were impacted 439 

in 1B3).  440 

There was also an increase in HtrA and MOMP protein abundance (in the absence of increased 441 

gene transcripts). However, the mechanism of JO146 resistance in these isolates cannot be 442 

explained entirely by the increase in HtrA protein, as the isolate most sensitive to JO146 (1A3) 443 

also produced the most HtrA. MOMP, PmpD, and other outer membrane proteins, are 444 

predicted substrates of HtrA (10-12). As HtrA was significantly increased in the variants, if the 445 



 

 

increased MOMP is owing to an accumulation of unfolded protein, then this should be readily 446 

degraded and cleared by HtrA. Membrane lipid composition is known to affect membrane 447 

protein function and stability (reviewed, (19)), thus the variants may accommodate more 448 

MOMP (and possibly other proteins) in their membranes, or the proteins are more stable and 449 

accumulate over time to a greater extent. Although, HtrA was found to have reduced 450 

preference for lipid bilayers with more PE headgroups, likely implicating reduced association 451 

of HtrA with the membranes inside these variant cells. The differences in the transcriptome, 452 

suggests an impact on the gene expression of the variants, with a variety of DNA processing, 453 

stress response, and virulence factors (e.g. Inc proteins) impacted from 20-28 h PI in all three 454 

variants.   455 

This work demonstrates an interplay between HtrA, fatty acid metabolism, and membrane 456 

proteins in C. trachomatis.  Similar biological interactions were previously reported in E. coli, 457 

therefore, we suggest this may be a conserved mechanism found in many bacteria. Certainly, a 458 

link to stress response is well understood for many bacterial HtrA. However, the link via 459 

membrane compositions is less established, the evidence for this includes; DegP (HtrA in E. 460 

coli), is upregulated by a lack of cellular PE and PG (20), increased lipoproteins (21), and 461 

accumulation of unfolded membrane proteins (22). DegP likely interacts with the inner 462 

membrane (23, 24), and forms multimeric structures on liposomes, depending on liposome 463 

fluidity (25). The phenotype and impacts here are also consistent with recent chlamydial work 464 

demonstrating that developmental cycle phases, such as the RB-EB transition is based on an 465 

intrinsic signal (26).  466 

In summary, the continued JO146 selection over serial passages has resulted in selection for 467 

variants with altered phospholipid composition, increased levels of HtrA and outer membrane 468 

proteins, and several phenotypic impacts including earlier cellular exit and less infectious 469 

progeny production in the most impacted variant. This implies that HtrA and membrane 470 



 

 

protein-lipid compositions are part of chlamydial stress response which may impact cellular 471 

exit. 472 

 473 

 474 

MATERIALS AND METHODS 475 

Chlamydia culture and phenotypic assays 476 

HEp2 (human epithelial type 2, ATCC® CCL-23™) were used in most cell culture experiments 477 

and for all maintenance cultures and bulk growth. Chlamydia trachomatis D/UW-3/Cx (ATCC 478 

VR-885) was plaque-purified and this isolate (CtDpp, referred to as WT) was used to generate 479 

the variants isolated during this study.  Cell cultures were routinely conducted in a 96-well 480 

plate at a density of 25,000 cells/well. Chlamydia cultures were conducted after 24 hours of 481 

fresh cell culture, when Chlamydia were added to the cultures at the stated multiplicity of 482 

infection (MOI). The infection was routinely synchronised by centrifugation at 500 ×g/28°C 483 

for 30 minutes, and at 4 h PI infectious media was replaced with fresh supplemented media 484 

(where bulking or conducting growth curves 1 µg/mL cycloheximide was added at this point). 485 

At 16 h PI cells were treated with 25 µM, 75 µM, and 125 µM doses of JO146 in addition to 486 

media only (0 µM JO146) and 0.5% DMSO controls, and impacts measured on cultures 487 

harvested at 44 h PI (or other time points as specified). 488 

 489 

Chlamydia morphological analysis and related infectivity experiments were conducted in 490 

McCoy B (mouse fibroblasts, ATCC® CRL-1696).  Human epithelial HeLa (ATCC CCL-2) 491 

cell line stably expressing EGFP-Rab25 (27) was used for the live microscopy experiment.  492 

IFU enumeration was performed as previously described (28),  imaged using the IN Cell 493 



 

 

Analyzer 2200 (Cytiva Life Sciences). Cultures were conducted with known multiplicity of 494 

infection, and in quantifications these were either normalised to achieve consistent multiplicity 495 

of infection by adding different amounts of culture, or by normalising to controls in data 496 

analysis depending on the experiment.   497 

Generation of C. trachomatis variants using EMS treatment (0.2 mg/ml) and determination of 498 

the rate of mutations were performed following a previously published procedure (29, 30), 499 

outlined in detail in the Supplementary Information (in HEp-2 cells).   JO146 (Boc-Val-Pro-500 

ValP(OPh)2) was synthesised by Dr Joel Tyndall, the School of Pharmacy, University of Otago, 501 

New Zealand, or sourced by commercial synthesis from GL Biochem (Shanghai, China). Cy5-502 

JO146 ([Sulfo-Cyanine5]-Val-Pro-ValP(OPh)2) was purchased from Cambridge Research 503 

Biochemicals, UK at >95% purity. All cell lines were confirmed every 3 months as 504 

mycoplasma free (MycoAlert™ Mycoplasma Detection Kit (Lonza, USA) as per 505 

manufacturer’s instructions). Chlamydia DNA content was determined via qPCR targeting the 506 

C. trachomatis tarP gene (Applied Biosystems, USA, assay ID Ba04646249_s1), in 507 

accordance with the manufacturer’s instructions.  508 

Morphology was analysed on cell cultures that were cultured, fixed and immunolabelled 509 

essentially as previously described (using DAPI, anti-HtrA and anti-α-tubulin) (28). Cells were 510 

imaged on the DeltaVision Elite microscope (Cytiva Life Sciences). To assess infectivity and 511 

inclusion size, five FOVs were imaged per slide using the 20x lens objective. To further 512 

evaluate morphology and infectivity, one hundred FOVs per slide were imaged using the 60x 513 

oil objectives. All images were deconvolved using the softWoRx software (Cytiva Life 514 

Sciences). The percent of host cells infected and inclusion size were measured manually in Fiji 515 

(31, 32). (31, 32) 516 



 

 

The EB release assay was conducted in the HeLa EGFP-Rab25 cells were cultured in 6-well 517 

plates at a density of 285,000 cells/well. After 24 hours, host cells were infected with C. 518 

trachomatis WT and isolates (1A3, 1B3 and 2A3) at a median MOI of 5. Uninfected host cells 519 

were also cultured. At 2 h PI, infectious media was removed and replaced with fresh 520 

supplemented DMEM containing 1 ug/mL cycloheximide. Live cell imaging of cultures was 521 

started at 42 h PI, near the end of the developmental cycle but before lysis begins. Prior to 522 

imaging, culture media was replaced with DMEM without phenol red (product number 523 

21063029, Gibco, USA), and with 25 mM HEPES (4-(2-hydroxyethyl)-1-524 

piperazineethanesulfonic acid). Cultures were imaged using the IN Cell Analyzer 2200 (Cytiva 525 

Life Sciences) with brightfield and FITC channels, at the 20x objective. Images were captured 526 

every 30 minutes, from 42 h PI to 120 h PI, and five FOVs were imaged per well. Images were 527 

analysed using Fiji software (31, 32), where EB release and percent host cells infected were 528 

manually measured. The time of EB release was counted as the timepoint at which an inclusion 529 

was no longer visible, including both lysis and extrusion. Statistical analysis was performed 530 

using GraphPad Prism 7. 531 

 532 

Permeability assay 533 

HEp-2 cells were cultured onto 6-well plates at a density of 300,000 cells/well. After 24 hours, 534 

host cells were infected with variants and WT at a median MOI of 18. Cells were centrifuged at 535 

500 ×g/28°C for 30 minutes to synchronise, and media was replaced with fresh supplemented 536 

DMEM containing 1 µg/mL cycloheximide at 2 h PI. At 20 h PI, duplicates of each infection 537 

were treated with 0 µM or 25 µM JO146 (0.5% v/v DMSO). At 22 h PI, cells were washed 538 

with DMEM twice, then harvested via scraping into SPG. Cells were concentrated by 539 

centrifugation initially at 500 ×g for 5 minutes, then at 18,000 ×g/1°C for 30 minutes. Cells 540 



 

 

were resuspended in a minimal amount of dPBS, then probe sonicated at 50% amplitude for 30 541 

seconds to lyse host cells and RBs. Cells were treated with 12.5 µM of Cy5-JO146 and 542 

incubated at 37°C for 30 minutes to allow binding. Approximately 0.6 µg of recombinant 543 

CtHtrA was also treated with 1 µM Cy5-JO146 at 37°C for 30 minutes as a positive control. 544 

PAGE analysis of the extracts was conducted followed by imaging of the gels at 635 nm using 545 

the Typhoon FLA 9500 (Cytiva Life Sciences). Western Blots were performed as previously 546 

described (28).  Densitometry analysis of Western Blots was performed with Image Studio™ 547 

Lite (LI-COR Biosciences, USA). Local background subtraction was performed, where the 548 

median intensity value of a 3 px wide perimeter around each defined sample area was 549 

subtracted from the total pixel intensity for each sample. The intensity of Cy5 following pre-550 

incubation with 25 µM JO146 (relative to 0 µM controls) was normalised to the intensity of 551 

anti-HtrA at 25 µM relative to 0 µM controls.  552 

 553 

Immunoblot 554 

Pooled EBs from C. trachomatis culture biological quadruplicates of each isolate (WT, 1A3, 555 

1B3 and 2A3), and an uninfected host control lysate, were prepared and anaylsed for 556 

immunoblots. Relative protein densities were measured for normalisation of sample loading. 557 

Normalised loading between isolates was first confirmed via Western Blot using RpoB as a 558 

normalising housekeeping protein, probed with anti-RpoB in a dilution series ranging from 559 

1:1000 to 1:10,000. Western Blots were performed with other primary antibodies as follows: 560 

anti-Hsp60 diluted 1:5000; anti-HtrA diluted 1:1000; anti-MOMP diluted 1:1000; anti-PmpD 561 

diluted 1:1000. Each blot was performed in triplicate, except for PmpD, which was performed 562 

in duplicate. Densitometry analysis of Western Blots with n=3 was performed with Image 563 

Studio™ Lite (LI-COR Biosciences, USA).  564 



 

 

 565 

 566 

Sequencing and analysis 567 

The wild type strain (CtDpp, or referred to as WT), cultured isolates from the experiments, and 568 

the original 6 pools from the selection experiment after three rounds of outgrowth without 569 

JO146 (passage 29) were whole genome sequenced. DNA extracted with the DNeasy mini kit 570 

(Qiagen) according to manufacturer’s instructions. DNA libraries were prepared using 571 

NexteraXT library preparation kit and sequenced on the Illumina MiSeq (2 x 300bp). 572 

Trimmomatic (v 0.39) and FastQC (v 0.11.9) were used to trim and assess read quality, 573 

respectively (33). After trimming, reads were mapped to the reference genome (C. trachomatis 574 

D/UW-3/Cx ASM872v1) using BWA mem (v 0.7.17) with default settings. Any unmapped 575 

reads were then mapped to the plasmid sequence (pCTDEC1 CP002053.1).  SNV calling was 576 

performed using Bcftools mpileup (v 1.15.1) and filtered using the following criteria: base 577 

quality ≥20, number of reads supporting the SNV ≥20 and proportion of mapped reads 578 

supporting the SNV ≥70% (34). Due to the low coverage in some mutant pool samples, SNVs 579 

with <20 reads support were manually verified using IGV (v 2.15.4) to ensure the call is 580 

supported (35). For RNA-sequencing, Mccoy cells were infected with WT and variants in 581 

biological triplicates and RNA harvested at 20, 36 and 44 h post-infection using the RNeasy 582 

plus mini kit (Qiagen). Total RNA libraries were prepared using the Illumina stranded total 583 

RNA library kit with Ribo Zero plus to deplete rRNA. The libraries were then sequenced on 584 

the NovaSeq 6000 S4 2x150bp flow cell at the UNSW Ramaciotti Centre for Genomics. 585 

FastQC was used to assess read quality and then mapped to the C. trachomatis D/UW-3/Cx 586 

ASM872v1 reference using Salmon v1.9. DESeq2 (v1.38.3) was used to identify significantly 587 

differentially expressed genes (fold change > 2 and p-adjust <0.05).  588 



 

 

 589 

PCR, RT-PCR, and Sanger sequencing 590 

Primers were manually designed to produce an amplicon of the appropriate regions of the 591 

genes CT206, CT390, CT664 and CT776, to evaluate the conservation of the polymorphisms 592 

selected in the original screen. RT-qPCR and primers design was conducted using standard 593 

methods (primer sequences and conditions are provided in the supplementary materials (36-594 

38)). The comparative Ct method (39) was used to calculate log2 fold change (FC), and a 595 

log2FC ≥ 1 was set as the threshold of significance.  596 

 597 

Lipidomics for comparative relative lipid profiles 598 

HEp-2 cell cultures of the isolates harvested at 24 and 44 h PI were used for lipidomic analysis. 599 

The amount of Chlamydia in each sample was normalised to an equivalent of 7x106 IFU for all 600 

infected samples. Host-only controls were matched to the average volume of WT used for each 601 

timepoint. To account for loss and variance during sample processing, 2.5 µg of SPLASH 602 

LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids, USA) was added to each normalised 603 

sample as an internal standard. Lipid analysis was performed online by liquid chromatography 604 

tandem mass spectrometry (LC-MS/MS). Samples were injected onto a Q Exactive™ HF-X 605 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, USA) using a 606 

Vanquish Horizon Ultra-High Performance Liquid Chromatograph (UHPLC) system (Thermo 607 

Fisher Scientific, USA) coupled to a 100 mm x 2.1 mm Accucore Vanquish C18 column 608 

(Thermo Fisher Scientific, USA). Sample loading, scan conditions, and coefficient of variation 609 

analysis are described in full in the supplementary materials. The obtained CV values are in 610 

line with those previously reported and demonstrate good technical reproducibility (40, 41). 611 

Lipids were identified by searching the MS/MS spectra of selected model samples (WT 24 h PI 612 



 

 

replicate #2, WT 44 h PI replicate #2, and PQC replicate #1) against LipidBlast (v10 Hiroshi 613 

Tsugawa fork)(42) and modified to include the labelled SPLASH standards using 614 

MSPepSearch (National Institute of Standards and Technology, USA). Extracted ion 615 

chromatograms corresponding to these putatively identified lipids were then extracted using 616 

MZmine 2.32 (43). Assignments corresponding to PE and PG species were then manually 617 

reviewed based on their retention times relative to other species of the same lipid class. Only 618 

PE and PG species were analysed based on previous literature demonstrating these to be the 619 

main glycerophospholipid classes synthesised by C. trachomatis (4).  The raw files were 620 

converted to mzXML files using MSConvert (44) with centroiding, which were then processed 621 

with MZmine 2.26 (43) using the targeted feature extraction module to extract ion 622 

chromatograms corresponding to the putatively identified PG and PE species, or multiple 623 

possible species (full methodological details are provided in the supplementary materials). The 624 

lipids here were annotated at molecular species level, meaning the constituent fatty acid are 625 

identified but their sn-position or additional details such as double bond are not (45). The 626 

ambiguity with regards to sn-position is reflected in the use of an underscore between fatty 627 

acids in the shorthand nomenclature.  This level of annotation is possible because of the 628 

formation of product ions in negative mode PE and PG species characteristic of the constituent 629 

fatty acids but does not typically reflect their sn-position (46, 47). Data normalisation and 630 

missing value imputation was performed using MetaboAnalyst v5.0 (48).  631 

 632 

AasC assay 633 

AasC was purified as described (4).  The assays contained 100 mM Tris pH 8.0, 10 mM 634 

MgCl2, 1% Triton X-100, 5 mM ATP,  2 mM DTT, 100 µM S. aureus ACP, 150 µM 635 

[14C]palmitic acid and AasC in a final volume of 50 µl.  AasC was added last to start the 636 



 

 

reaction.  Reactions were incubated at 37°C for 15 minutes, then 40 µl was spotted on 637 

Whatman 3MM paper and dried to stop the reaction.  The papers were washed twice for 20 638 

minutes each in chloroform:methanol:acetic acid (3:6:1, v/v), dried and [14C]acyl-ACP 639 

formation was determined using a scintillation counter.  Compound J0146 was dissolved in 640 

DMSO and two-fold serial dilutions were made.  The final DMSO concentration in all assays 641 

was 4%.   642 

 643 

 644 

Fatty acid extraction and analysis 645 

Fatty acids were extracted from Chlamydia cultures 44 h PI and was analysed as previously 646 

described using gas chromatography-mass spectrometry (GC-MS) (49), compared to an external 647 

standard (Bacterial Acid Methyl Esters; BAMEs; 47080-U, Sigma Aldrich).  648 

 649 

Tethered bilayer lipid membranes (tBLMs) to assess HtrA binding to lipids 650 

Tethered Bilayer Lipid Membranes (tBLMs) were prepared using a "T10" architecture 651 

consisting of 10% benzyl-disulfide (tetra-ethyleneglycol) C20-phytanyl "tethering" molecules 652 

interspersed with 90% benzyl-disulfide-tetra-ethyleneglycol-OH "spacer" molecules were 653 

analysed for lipid binding, as previously described (15). These molecules were coordinated 654 

onto 2.1 mm2 gold tethering electrodes (SDx Tethered Membranes Pty Ltd, Australia) (16). 655 

Two different mobile lipid phases were investigated: either 70% 1-palmitoyl-2-oleoyl-sn-656 

glycero-3-phosphocholine (POPC) with 30% palmitoyl-oleoyl-phosphatidylglycerol (POPG) 657 

(mol/mol); or 70% POPC with 30% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 658 

(POPE) (mol/mol) (Avanti Lipids, USA). Changes in membrane conduction and capacitance 659 



 

 

resulting from the addition of the recombinant HtrA protein (prepared as previously described 660 

(50)) were measured using AC electrical impedance spectrometry. This utilized a 50-mV peak-661 

to-peak AC excitation spanning the frequency range of 0.1 to 2000 Hz, with four steps per 662 

decade. The measurements were recorded using a TethaPodTM electrical impedance 663 

spectrometer operated with TethaQuickTM software (SDx Tethered Membranes Pty Ltd, 664 

Australia).  665 

 666 

Statistical and data analysis 667 

All experiment data (other than lipidomics) was analysed, graphically displayed, and 668 

statistically analysed using GraphPad Prism 7 and R (v4.2.2). 669 

 670 

Data availability 671 

Data is available at EBA Project Accession number PRJEB12312.  672 
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FIGURE LEGENDS 858 

 859 

Fig. 1. Analysis of phenotypes of variants isolated with reduced susceptibility to 860 

JO146. A. Recovery of infectious progeny following JO146 treatment of chlamydial 861 

variants cultured in HEp-2 and McCoy B cell line. Error bars represent the standard 862 

error of the mean (SEM) of three independent experiments (n=3). Dashed line indicates 863 

the threshold of accuracy (1x104 IFU/mL) for this enumeration method. *p<0.05 864 

compared to DMSO control as measured by two-way ANOVA with Dunnett’s 865 

multiple comparisons test. B. EB release from cells for each isolate. Real-time 866 

microscopy analysis of EB release from HeLa EGFP-Rab25 host cells is show in hours 867 

Commented [WH2]: Update figure legends at the end 



 

 

post infection (h PI) (y axis), variants (x axis). The number of inclusions monitored 868 

and % infectivity is indicated under the dataset for each variant.  C. Infectious progeny 869 

yields of isolates at 24 h PI and 44 h PI. Three biological replicates were enumerated 870 

in duplicate for each isolate at each timepoint. D. Yield of chromosomal DNA at 24 h 871 

PI and 44 h PI, determined by qPCR. Three biological replicates were quantified in 872 

duplicate for each isolate at each timepoint. E. The percent of McCoy B host cells 873 

infected by each isolate at 24 h PI and 44 h PI. F. Inclusion vacuole size at 24 h PI and 874 

44 h PI. Inclusion vacuole size was measured as two-dimensional area (µM2).  875 

Triplicates of each isolate at each timepoint were visualised by microscopy with 876 

multiple fields of view or samples analysed. Error bars represent SEM from multiple 877 

experiments. *p-value ≤0.05, **p-value ≤0.001, ***p-value ≤0.0001, as measured by 878 

Student’s t-test with Holm-Sidak’s test for multiple comparisons. 879 

 880 

Fig. 2. Gross morphology of WT and variant chlamydial isolates at various 881 

developmental cycle phases. Cell cultures were fixed at 16, 20, 24 and 44 h PI, 882 

representing timepoints from mid-replicative phase (16 h PI) to end-replicative phase 883 

(24 h PI) and the end of EB reversion and the developmental cycle (44 h PI). Cyan = 884 

DNA, stained by DAPI; magenta = host cell cytoskeleton, specifically α-tubulin; 885 

yellow = chlamydial HtrA. Scale bar in bottom right denotes 25 µM for all panels. 886 

Fig. 3. Box plots indicating normalised intensity of 30 lipid species with significantly 887 

different abundance in WT relative to uninfected host cells. Grey boxes indicate no 888 

significant difference at that timepoint (p>0.05), and blue boxes indicate a significant 889 

difference (p<0.05). Significance was measured via t-test (n=3) performed in MetaboAnalyst 890 

v5.0 as outlined in the methods. In some cases dual assignments to the same MS2 feature 891 



 

 

occurred in different specimens, this is indicated by the multiple assignments at the top of the 892 

figure for that species, PE 34:0; 15:0_19:0/16:0_18:0, and PE 35:0; 15:0_20:0/17:0_18:0.    893 

 894 

Fig. 4. Normalised intensities of PE lipid species at 24 h PI in WT, variants and host cells. 895 

Data are presented as box plots. Significance was measured by one-way ANOVA, performed 896 

using MetaboAnalyst as described in the Methods. An asterisk indicates a significant difference 897 

(p<0.05) in normalised intensity compared to WT (n=3 each). The best match /assignment across 898 

the samples is identified in the graphs, noting assignments can vary based on the methodology 899 

used. In some cases, more than one best match /assignment from the MS/ MS data is potential 900 

both are listed in the figure (e. g. PE34:0 15:0_19:0/16:0_18:0). 901 

 902 

Fig. 5. Normalised intensities of PE lipids at 44 h PI in WT, variants and host cells. Data are 903 

presented as box plots. Significance was measured by one-way ANOVA, performed using 904 

MetaboAnalyst as described in the methods. Each species is indicated in the grey bar at the top, 905 

WT, variants and host cell only is indicated on the x axis. An asterisk indicates a significant 906 

difference (p<0.05) in normalised intensity compared to WT (n=3 each). The best match 907 

/assignment across the samples is identified in the graph.  908 

 909 

Fig. 6. SDS-PAGE gels and Western Blots of WT and mutant chlamydial lysates pre-910 

incubated with JO146 and competitive binding with JO146-Cy5. RBs from each isolate were 911 

pre-incubated with 0 µM or 25 µM JO146. Cultures were lysed and free proteins were 912 

subsequently incubated with Cy5-JO146. A. Representative SDS-PAGE gels and Western Blots 913 

for each chlamydial isolate, with the 49 kDa molecular weight marker indicated. B. Signal 914 

intensity of Cy5 following incubation with 25 µM JO146, relative to 0 µM, and normalised to 915 



 

 

the relative intensity of anti-HtrA. C. Representative SDS-PAGE gels and Western Blots for 916 

host-only uninfected controls and recombinant HtrA. Error bars represent the SEM (n=3). 917 

 918 

Fig. 7. Chlamydial HtrA binding to tethered lipid bi-layer, and chlamydial proteins. The 919 

figure shows the A. membrane conductance and B. capacitance changes (a measure of membrane 920 

thickness and/or water content) to lipid bi-layers after addition of HtrA. The data is membrane 921 

conductance (top, y-axis), and capacitance (bottom, y-axis) with the two distinct membrane 922 

compositions tested (red line 30% POPG, black line 30% POPE). The arrow indicates the time 923 

point that recombinant protein was added. C.  Representative images of each Western Blot. Host 924 

= uninfected host-only control. Western Blots of select stress response and membrane proteins 925 

in WT and variant chlamydial lysates. EBs from each isolate were harvested at 44 h PI, and 926 

Western Blots were performed to assess relative quantities of the proteins RpoB, Hsp60, HtrA, 927 

MOMP, and PmpD. D. Signal intensity of RpoB across a dilution series, relative to WT. E. 928 

Relative signal intensity of Hsp60, HtrA and MOMP in each mutant, normalised to the mean 929 

RpoB relative intensity (PmpD was not analysed due to the multiple bands). Error bars represent 930 

the SEM (n=3). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared to RpoB as measured 931 

by two-way ANOVA with Dunnett’s multiple comparisons test. 932 

Figure 8. Protein localisation in WT and variants. Infected cell cultures were fixed to slides 933 

and HtrA, Hsp60, MOMP and RpoB proteins were immunocytochemically labelled, visible in 934 

yellow. Mammalian and bacterial DNA were labelled with DAPI, visible in cyan. Scale bar 935 

denotes 20 µM for all panels. 936 

 937 

 938 



 

 

Table 1: Summary of PE and PG lipids identified to have significant differences between WT and any variant at either 24 h or 44 h PI. 

*Bolded values indicate p < 0.05 (based on one-way ANOVA), non-bolded values or empty cells indicate non-significant p-values. 

Lipid species 24 h Log2 FC variant vs 

WT* 

44 h Log2 FC variant vs 

WT* 

1A3 1B3 2A3 1A3 1B3 2A3 

PE 

PE 28:0 (14:0_14:0) -5.35 -0.90 -4.26 -2.59 -1.28 -1.45 

PE 29:0 (14:0_15:0) -0.85 0.14 -0.58 -0.74 -0.37 -0.29 

PE 30:0 (15:0_15:0) 0.51 1.33 1.09 0.11 0.32 0.21 

PE 30:1 (14:0_16:1) -0.94 0.17 -1.82    

PE 31:0 (15:0_16:0) -0.42 0.12 0.01 -0.89 -0.65 -1.13 

PE 31:1 (15:0_16:1) -0.85 -1.12 -1.04 -1.23 -1.75 -2.77 

PE 32:0 (15:0_17:0) 1.26 1.90 1.43 0.31 0.39 0.36 

PE 33:0 (15:0_18:0) 0.05 0.70 0.49 -0.58 -0.57 -0.84 

PE 33:1 (15:0_18:1) 0.46 1.26 0.78 
   

PE 34:0 (15:0_19:0/16:0_18:0) 1.85 2.85 2.48 
   

PE 35:0 (15:0_20:0) 1.04 1.23 0.76 -0.03 -0.60 -0.70 

PE 35:1 (15:0_20:1) 0.96 1.83 1.12 
   

PE 35:4 (15:0_20:4) 1.26 1.03 0.61 
   

PE 35:5 (15:0_20:5) 1.40 0.68 0.75 
   

PE 36:0 (18:0_18:0) 1.28 2.04 -1.44 
   

PE 37:5 (15:0_22:5) -0.19 0.80 0.37 -0.47 -1.33 -1.09 

PE 37:6 (15:0_22:6) 1.56 0.35 1.00 0.35 -0.01 -0.46 

PE 42:7 (20:1_22:6) 3.34 5.36 4.46 1.09 1.07 -0.49 

PG 

PG 29:0 (14:0_15:0) -0.98 -0.06 -0.44 -0.74 -0.36 -0.66 

PG 30:0 (15:0_15:0) 0.02 0.60 0.64 
   

PG 31:1 (15:0_16:1) -5.47 -3.36 -4.60 
   

PG 33:0 (15:0_18:0) 
   

-0.83 -0.79 -0.96 

PG 33:1 (15:0_18:1) 
   

-1.28 -1.99 -0.74 

PG 35:0 (15:0_20:0) 0.83 2.26 0.90 
   



 

 

 

 

 

Che *Bolded values indicate p < 0.05 (based on one-way ANOVA), non-bolded values or empty cells indicate non-significant p-values. 

 

 

 

Table 2. Functional categories of genes downregulated in expression in all variants compared to wild-type  

  Functional Category 

 Total # 

Genes 

downre

gulated 

in 

variants 

Hypoth

etical 

protein 

Deubiq

uitinase 

Amino 

acids 

and 

derivati

ves 

Co-

factors, 

vitamin

s, 

prosthet

ic 

groups 

DNA 

Processi

ng 

Energy 

and 

precurs

or 

metabol

ites 

Fatty 

acids, 

lipids, 

and 

isopren

oids 

Porphy

rin 

metabol

ism 

Protein 

fate 

RNA 

processi

ng 

Stress 

respons

e, 

defence, 

virulenc

e 

Transp

orter/bi

nding 

proteins 

PG 44:11 (22:5_22:6) 1.37 1.89 1.06 
   

PG 44:12 (22:6_22:6) 1.37 1.89 1.06 
   

 
PG 44:12 (22:6_22:6) 1.37 1.89 1.06 
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