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Chapter 23

Experimental Evolution of Drug Resistance for Antibiotic 
Target Discovery in Chlamydia trachomatis

Aakriti Singh and Barbara S. Sixt

Abstract
The recent application of experimental and computational drug discovery workflows has identified 
hundreds of new molecules that display potent, and in some cases highly selective, activity against bacteria 
of the genus Chlamydia. The full value of these novel antichlamydial molecules, however, depends critically 
on our ability to determine their molecular targets and modes of action. A particularly powerful and widely 
applied strategy for identifying candidate targets involves selecting for bacterial mutants that have acquired 
resistance to a compound’s inhibitory activity, followed by determining the mutations responsible for 
this resistance. Such mutations often pinpoint the compound’s direct target or reveal cellular pathways 
that modulate target engagement. Here, we present a detailed, step-by-step protocol for applying this 
approach to the clinically important, human-pathogenic species Chlamydia trachomatis. The workflow 
includes: (1) determining compound potency by quantitative dose–response analysis, (2) generating a 
resistant C. trachomatis mutant through serial passaging under progressively increasing selective pressure, 
(3) confirming the resistance phenotype, and (4) isolating bacterial genomic DNA for whole-genome 
sequencing to identify resistance-associated mutations and facilitate downstream target discovery.

Keywords  Chlamydia trachomatis, Antibiotic discovery, Small molecules, Antibiotic potency, IC50, 
Antibiotic resistance, Resistant mutants, DNA isolation, Whole-genome sequencing, Resistance-
causing mutations

1  Introduction

Large-scale experimental and computational drug discovery screens 
have recently uncovered hundreds of new chemical entities with 
potent, and sometimes highly selective, activity against bacterial spe-
cies of the genus Chlamydia [1–7]. While this represents an important 
advance, identifying active molecules is only the starting point. A 
detailed characterization of their molecular targets and mechanisms 
of action must follow.

The search for novel antichlamydial agents is driven by both 
clinical need and scientific opportunity. Chlamydia species are path-
ogens of major medical and veterinary importance. The human 
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pathogen Chlamydia trachomatis, for instance, is the leading bacterial 
cause of sexually transmitted infections [8] and the etiologic agent 
of blinding trachoma [9]. With no available vaccine or selective 
antichlamydial therapy, the clinical management of Chlamydia infec-
tions relies entirely on treatment with broad-spectrum antibiotics 
[10]. However, treatment failures have been reported [11], and 
these broad-acting drugs cause collateral damage by disrupting 
commensal microbiota and promoting resistance in non-target path-
ogens [12–14]. Novel narrow-spectrum antichlamydial molecules 
therefore offer promising leads for developing more targeted and 
sustainable therapies.

At the same time, Chlamydia spp. remain difficult to study 
because of their obligate intracellular lifestyle and complex develop-
mental cycle [15]. Even with advances in genetic manipulation [16], 
many aspects of their biology and host interactions remain poorly 
understood. Newly discovered antichlamydial compounds offer 
valuable molecular probes: by selectively perturbing chlamydial or 
host pathways, they can reveal mechanisms of intracellular survival 
and virulence while also identifying new opportunities for selective 
therapeutic intervention.

A critical step toward both therapeutic development and biolog-
ical insight is defining each molecule’s molecular target and mode of 
action. A robust and widely used strategy to achieve this goal involves 
generating bacterial mutants resistant to the compound [17]. By 
passaging C. trachomatis in cell culture under gradually increasing 
drug concentrations, resistant variants can arise and be isolated. 
These can then be phenotypically characterized and subjected to 
whole-genome sequencing to identify mutations in the drug’s direct 
target or in cellular pathways that influence its activity [2, 6, 18]. 
Such insights guide subsequent genetic and biochemical validation 
and provide a foundation for mechanistic understanding and rational 
compound optimization.

Here, we describe a step-by-step protocol for applying this strategy 
to C. trachomatis. It comprises four major steps: (1) determination of 
compound potency (Sect. 3.1), (2) generation of a resistant C. trachoma-
tis mutant (Sect. 3.2), (3) confirmation of resistance (Sect. 3.3), and (4) 
isolation of bacterial DNA for whole-genome sequencing (Sect. 3.4).

The potency assay (Sect. 3.1) measures both bacterial growth, 
via GFP fluorescence produced by a GFP-expressing C. trachomatis 
strain, and host cell viability, via resorufin fluorescence generated 
from the conversion of resazurin in viable cells. This dual-readout 
approach quantifies compound-mediated inhibition of bacterial 
replication while simultaneously verifying that inhibition is not attrib-
utable to cytotoxicity. The resulting dose–response curve enables 
calculation of the compound’s half-maximal inhibitory concentration 
(IC50) by nonlinear regression.

The generation of the resistant mutant (Sect. 3.2) involves serial 
passaging of the bacteria in the presence of progressively increasing 
compound concentrations.
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To confirm resistance (Sect. 3.3), dose–response curves and IC50 
values for the parental and mutant strains are compared. Resistant 
mutants typically show a pronounced rightward shift of the curve, 
reflecting an increased IC50.

Finally, the procedure for isolating genomic DNA (Sect. 3.4) 
from both the parental and resistant strains for whole-genome 
sequencing involves host cell lysis, removal of host DNA, and 
purification of bacterial DNA using a spin-column-based method. 
Library preparation, sequencing, and downstream data analysis are 
not included in this protocol, as these steps can typically be performed 
by commercial or institutional sequencing facilities.

2  Materials

	1.	 HeLa cells.
	2.	 C. trachomatis L2/434/Bu transformed with p2TK2-SW2-In-

cDProm-RSGFP-IncDTerm [19] or an equivalent plasmid 
enabling expression of Green Fluorescent Protein (GFP).

	1.	 Sterile distilled cell culture water.
	2.	 Ca2⁺​/Mg2⁺​-free Dulbecco's phosphate-buffered saline (DPBS).
	3.	 Standard growth medium: Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% heat-inactivated 
fetal bovine serum (hiFBS).

	4.	 Phenol red-free growth medium: phenol red–free DMEM 
supplemented with 10% hiFBS.

	5.	 5×​ SPG (sucrose–phosphate–glutamate) buffer: 375 g/L sucrose, 
2.5 g/L KH2PO4, 6 g/L Na2HPO4, 3.6 g/L glutamic acid, pH 7.5.

	6.	 1×​ SPG buffer: prepared from 5×​ SPG buffer by dilution with 
cell culture water.

	7.	 Antichlamydial test compound dissolved in a suitable solvent 
such as dimethyl sulfoxide (DMSO), ethanol, or an appropri-
ate aqueous buffer.

	8.	 Resazurin solution: 0.15  mg/mL resazurin in DPBS.
	9.	 Fixation solution: 4% formaldehyde in DPBS.

	1.	 10×​ DNase I reaction buffer (e.g., New England Biolabs 
B0303).

	2.	 2000 units/mL DNase I (e.g., New England Biolabs M0303).
	3.	 DNeasy Blood & Tissue Kit (Qiagen 69504).
	4.	 100 mg/mL RNase A (e.g., Qiagen 19101).
	5.	 96%–100% ethanol.
	6.	 PCR-grade water.

2.1  Cell Lines and 
Bacteria

2.2  Media and Other 
Reagents for Cell 
Culture

2.3  Reagents for 
DNA Isolation
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	1.	 Black, clear-bottom 96-well plate (e.g., PhenoPlate, Revvity 
6055302).

	2.	 Cell culture centrifuge capable of centrifuging multi-well plates.
	3.	 Plate reader for fluorescence measurements (e.g., Tecan Spark 

microplate reader).
	4.	 Sonicator operable in class II biological safety cabinet.
	5.	 Software enabling nonlinear regression analysis (e.g., GraphPad 

Prism).

3  Methods

	1.	 Seed HeLa cells into one black, clear-bottom 96-well plate at 
a density of 1 ×​ 104 cells per well in 100 µ​L of phenol red–free 
growth medium per well (see Notes 2 and 3). An example plate 
layout of the experiment, also defining all well labels referred to 
in this protocol, is shown in Fig. 1. During seeding, include three 
medium-only wells that contain no cells (wells “M”) to serve as 
blanks for measurements of resorufin fluorescence (see Note 4).

	2.	 Incubate the cells overnight in a humidified cell culture incu-
bator (37°C, 5% CO2).

	1.	 Infect the cells by adding C.  trachomatis (a GFP-expressing 
derivative of strain L2/434/Bu) at a multiplicity of infection 
(MOI) of 1, followed by centrifugation (1500 ×​ g, 30 min, 
23°C) to enhance infection (see Note 5). Do not add bacteria 
to the medium-only wells (wells “M”). In addition, include 
three wells with uninfected cells (wells “UI”) to serve as blanks 
for measurements of GFP fluorescence (see Note 4).

	2.	 During the centrifugation step, prepare separate dilution series 
(e.g., 1:2, 1:5, or 1:10 dilutions) of the test compound and the 
solvent alone in phenol red–free growth medium (see Notes 6 
and 7).

	3.	 After completion of centrifugation [i.e., at 0 hours post infec-
tion (hpi)], replace the medium in the infected wells with 100 µ​
L per well of compound dilutions (wells “C1” to “C8”), sol-
vent dilutions (wells “S1” to “S8”), or fresh phenol red–free 
growth medium (wells “UT,” untreated control). Also replace 
the medium in the other control wells (wells “M” and “UI”) 
with 100 µ​L per well of fresh phenol red–free growth medium 
(see Note 8).

2.4  Special 
Materials, Equipment, 
and Software

3.1  Determination 
of Compound Potency 
(see​ Note 1)

3.1.1  Cell Seeding

3.1.2  Infection and 
Treatment with the 
Antichlamydial Compound
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	4.	 Continue the incubation of the plate (37°C, 5% CO2) for 
26 hours (see Note 9).

	1.	 At 26 hpi, add 20 µ​L of resazurin solution to each well in the 
plate (including also wells “M”, “UI”, and “UT”) and mix by 
gentle rocking of the plate. Continue the incubation of the 
plate (37°C, 5% CO2) for 2.5 hours (see Note 10).

	2.	 At 28.5 hpi, measure resorufin fluorescence with a fluorescence 
plate reader (excitation: 560 nm, emission: 590 nm, band-
width: 10 nm).

	3.	 Remove the medium and incubate the cells with 200 µ​L of fix-
ation solution per well for 20 min at room temperature. Wash 
the cells once with 200 µ​L of DPBS per well and then maintain 
the cells in 200 µ​L of DPBS per well (see Note 11).

	4.	 Measure GFP fluorescence with a fluorescence plate reader 
(excitation 490 nm, emission 510 nm, bandwidth: 10 nm).

	1.	 Make a background correction by subtracting the mean resoru-
fin fluorescence observed in medium-only wells (wells “M”) 
from all other measured resorufin fluorescence values.

	2.	 Normalize background-corrected resorufin fluorescence in 
treated wells (wells “C1” to “C8” and “S1” to “S8”) to the 
mean background-corrected resorufin fluorescence observed 
in untreated wells (wells “UT”) and then multiply by 100 to 
calculate the proportion of viable cells (“% host cell viability”).

3.1.3  Measurements 
of Host Cell Viability and 
Bacterial Growth

3.1.4  Calculation of Host 
Cell Viability (“% Host Cell 
Viability”)

Fig. 1  Example plate layout for determining compound potency. The outermost wells (shaded in gray) 
are filled with medium or buffer but not used for experimental conditions, as both cell and bacterial growth 
are often compromised in these wells. Cells are seeded into all remaining wells except those labeled “M” 
(medium), which should contain only medium. All wells containing cells are then infected, except those labeled 
“UI" (uninfected). Infected wells labeled “C1” to “C8” (compound) are treated with serial dilutions of the test 
compound, while infected wells labeled “S1” to “S8” (solvent) receive corresponding serial dilutions of the 
solvent. Infected wells labeled “UT” (untreated) remain untreated. The example layout assumes three technical 
replicate wells per condition, and we recommend conducting at least three independent biological replicate 
experiments on separate days, as adequate replication improves the reliability of dose–response curves and 
calculated IC50 values
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	3.	 If solvent toxicity toward the cells is observed, instead nor-
malize background-corrected resorufin fluorescence in com-
pound-treated wells (wells “C1” to “C8”) to the mean 
background-corrected resorufin fluorescence observed in the 
corresponding solvent-treated wells (wells “S1” to “S8”) and 
then multiply by 100 (see Note 12).

	1.	 Make a background correction by subtracting the mean GFP 
fluorescence observed in uninfected wells (wells “UI”) from all 
other measured GFP fluorescence values.

	2.	 Normalize background-corrected GFP fluorescence in treated 
wells (wells “C1” to “C8” and “S1” to “S8”) to the mean 
background-corrected GFP fluorescence observed in untreated 
wells (wells “UT”) and then multiply by 100 to calculate the 
proportion of bacterial growth relative to the untreated con-
trol (“% bacterial growth”).

	3.	 If solvent toxicity toward the cells or bacteria is observed, 
instead normalize background-corrected GFP fluorescence in 
compound-treated wells (wells “C1” to “C8”) to the mean 
background-corrected GFP fluorescence observed in the cor-
responding solvent-treated wells (wells “S1” to “S8”) and then 
multiply by 100 (see Note 13).

	1.	 Plot bacterial growth against compound concentration and 
calculate the IC50 value using nonlinear regression (see Fig. 2). 
This can be done, for instance, in GraphPad Prism by selecting: 
“Analyze” →​ “Nonlinear regression (curve fit)” →​ “Dose–
response – Inhibition” →​ “[inhibitor] vs. response (three 
parameters)” or “[inhibitor] vs. response – Variable slope (four 
parameters)”. When working with normalized growth data 
(“% bacterial growth”), either use the dedicated equations for 
normalized response or constrain the bottom and top of the 
curve fit to 0 and 100, respectively.

	2.	 Review the fitted dose–response inhibition curve to ensure a 
clear sigmoidal profile with well-defined upper (no inhibition 
at low concentrations) and lower (complete inhibition at high 
concentrations) plateaus and verify that the calculated IC50 
value falls within the tested concentration range.

	

1.	 Seed HeLa cells into a 12-well plate (=​ plate 1) at a density of 
1 ×​ 105 cells per well in 1.5 mL of standard growth medium per 
well (see Notes 2 and 15).

	2.	 Incubate the cells overnight in a humidified cell culture incu-
bator (37 °C, 5% CO2).

3.1.5  Calculation of 
Bacterial Growth (“% 
Bacterial Growth”)

3.1.6  Calculation of 
Compound Potency (IC50)

3.2  Generation 
of a Resistant 
C. trachomatis​ Mutant 
(see​ Note 14)

3.2.1  Cell Seeding
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	1.	 Infect the cells in plate 1 by adding C.  trachomatis (a GFP-
expressing derivative of strain L2/434/Bu) at an MOI of 
1, followed by centrifugation (1500  ×​ g, 30 min, 23°C) to 
enhance infection (see Note 5).

	2.	 During the centrifugation step, prepare standard growth 
medium containing three distinct compound concentrations 
(0.5 ×​ IC50, 1 ×​ IC50, and 2 ×​ IC50—based on the IC50 value 
determined in Sect. 3.1.6).

	3.	 After centrifugation (at 0 hpi), replace the medium in the 
infected wells with 1.5 mL of compound-containing medium 
per well (one well per compound concentration).

	4.	 Continue the incubation of the plate (37°C, 5% CO2) for 
40–48 h.

	1.	 Approximately 24 h after infection of plate 1, prepare a fresh 
plate (=​ plate 2) by seeding HeLa cells into a 12-well plate as 
described in Step 1 of Sect. 3.2.1.

	2.	 Incubate the cells overnight in the cell culture incubator (37°C, 
5% CO2).

	1.	 At 40–48 h post-infection of plate 1 (see Note 16), examine the 
inclusions with an inverted cell culture or fluorescence micro-
scope. Select the well that has been treated with the highest 
compound concentration that still supports robust bacterial 
growth.

3.2.2  Infection and 
Treatment with the 
Antichlamydial Compound

3.2.3  Cell Seeding for 
the Next Passage

3.2.4  Decision-Based 
Passaging of the Bacteria

Fig. 2  Example dose–response inhibition curves for IC50 determination and 
resistance confirmation. The curves display GFP fluorescence-based quanti-
fication of intracellular bacterial growth for the parental and compound-resist-
ant strains following treatment with serial dilutions of the test compound. Data 
were fitted using nonlinear regression. The resistant strain exhibits a pronounced 
rightward shift of the inhibition curve relative to the parental strain, indicating a 
substantial increase in the IC50. (Illustration created in BioRender) Sixt, B. (2026) 
https://BioRender.com/e6grblk)

https://BioRender.com/e6grblk
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	2.	 Remove the medium from the selected well and wash the cells 
briefly with 2 mL of sterile distilled cell culture water (add 
and immediately remove). Then add 200 µ​L of sterile distilled 
water and incubate for 20 min at room temperature to lyse the 
cells.

	3.	 Collect the lysate containing infectious bacteria by scraping 
with a cell lifter. Transfer the lysate to a sterile 1.5-mL tube, 
add 50 µ​L of 5×​ SPG buffer, and mix by pipetting.

	4.	 Optional: Homogenize the cell lysate by sonication for  
approximately 20–30 s with moderate intensity on ice (see 
Note 17).

	5.	 Infect the HeLa cells in plate 2 by adding 5–10 µ​L of the cell 
lysate per well (three wells in total), followed by centrifugation 
(1500 ×​ g, 30 min, 23 °C) (see Note 18). Store residual cell 
lysate at −​80°C (=​ Passage 1) (see Note 19).

	6.	 During the centrifugation step, prepare standard growth 
medium containing three distinct test compound concentra-
tions according to the adaptive escalation strategy described in 
Sect. 3.2.5.

	7.	 After centrifugation (at 0 hpi), replace the medium in the 
infected wells with 1.5 mL of compound-containing medium 
per well (one well per concentration) and incubate for 40–48 h 
in the cell culture incubator (37°C, 5% CO2) prior to the next 
round of passaging.

	1.	 For each new passage, use three compound concentrations 
corresponding to 0.5×​, 1×​, and 2×​ the dose applied to the 
well selected for harvesting (see Fig. 3). For example, if signif-
icant bacterial growth was observed at 2 ×​ IC50 in the previous 
round, use concentrations of 1 ×​ IC50, 2 ×​ IC50, and 4 ×​ IC50 in 
the next round. Conversely, if significant growth occurred only 
at 0.5 ×​ IC50, apply 0.25 ×​ IC50, 0.5 ×​ IC50, and 1 ×​ IC50 in the 
following round (see Note 20).

	2.	 Continue serial passaging for approximately 20–30 rounds. 
The exact number required may vary depending on how rap-
idly resistance evolves (see Note 21).

	3.	 After completing serial passaging for resistance evolution, fol-
low standard protocols to further expand the resistant strain 
in the presence of the test compound (at a concentration 
that maintains selective pressure without impairing bacterial 
growth) in larger culture volumes to obtain sufficient amounts 
of bacteria for the procedures described in Sects. 3.3 and 3.4 
and any subsequent experiments (see Note 22).

3.2.5  Adaptive Escalation 
Strategy
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1.	 Seed HeLa cells into two black, clear-bottom 96-well plates 
as described in Step 1 of Sect. 3.1.1. An example plate layout 
of the experiment, also defining all well labels referred to in 
this protocol, is shown in Fig. 1. During seeding, include in 
each plate three medium-only wells that contain no cells (wells 
“M”) to serve as blanks for measurements of resorufin fluores-
cence (see Note 4).

	2.	 Incubate the cells overnight in a humidified cell culture incu-
bator (37°C, 5% CO2).

	1.	 Infect the cells by adding C. trachomatis (parental strain in one 
plate, resistant strain in the other) at an MOI of 1, followed by 
centrifugation (1500 ×​ g, 30 min, 23°C) to enhance infection. 

3.3  Confirmation of 
Resistance (see​ Note 1)

3.3.1  Cell Seeding

3.3.2  Infection and 
Treatment with the 
Antichlamydial Compound

Fig. 3  Schematic overview of the serial passaging strategy used to select compound-resistant C. tra-
chomatis mutants. Initially, infected cells are exposed to three compound concentrations, corresponding to 
0.5×​, 1×​, and 2×​ of the original IC50. After 40–48 h of incubation, the highest compound concentration that 
still permits robust bacterial growth is identified (1 ×​ IC50 in Passage 1 in the depicted example), and bacteria 
are harvested from cells treated with this concentration. Successive passages are performed in the same 
manner with infected cells exposed to 0.5×​, 1×​, and 2×​ of the previously used concentration. Consequently, 
compound concentration is gradually increased to maintain selective pressure while avoiding complete loss 
of the bacterial population, ultimately resulting in the emergence of a resistant strain. (Illustration created in 
BioRender. Sixt, B. (2026) https://BioRender.com/8a6wze6)

http://BioRender.com/8a6wze6
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Do not add bacteria to the medium-only wells (wells “M”). 
In addition, include in each plate three wells with uninfected 
cells (wells “UI”) to serve as blanks for measurements of GFP 
fluorescence (see Note 4).

	2.	 During the centrifugation step, prepare separate dilution series 
of the test compound (for instance, ranging from 0.1×​ to 100×​ 
of the original IC50) and the solvent alone in phenol red-free 
growth medium (see Notes 6 and 7).

	3.	 After centrifugation (at 0 hpi), replace the medium in the 
infected wells with 100 µ​L per well of compound dilu-
tions (wells “C1” to “C8”), solvent dilutions (wells “S1” to 
“S8”), or fresh phenol red-free growth medium (wells “UT”, 
untreated control). Also replace the medium in the additional 
control wells (wells “M” and “UI”) with 100 µ​L per well of 
fresh phenol red-free growth medium (see Note 8).

	4.	 Continue the incubation of the plates (37°C, 5% CO2) for 26h 
(see Note 9).

	1.	 Measure host cell viability and bacterial growth as described in 
Sect. 3.1.3.

	2.	 Calculate host cell viability (“% host cell viability”) as described 
in Sect. 3.1.4.

	3.	 Calculate bacterial growth (“% bacterial growth”) as described 
in Sect. 3.1.5.

	1.	 For each strain (parental and resistant mutant), plot bacterial 
growth against compound concentration and calculate the 
IC50 as described in Sect. 3.1.6.

	2.	 Review the fitted curves to ensure a clear sigmoidal profile with 
well-defined upper (no inhibition at low concentrations) and lower 
(complete inhibition at high concentrations) plateaus and verify 
that the IC50 values fall within the tested concentration range.

	3.	 A comparison of the inhibition curves obtained for the paren-
tal strain and the evolved resistant mutant should reveal a dis-
tinct rightward shift in the mutant’s curve, accompanied by a 
marked increase in the IC50 value relative to the parental strain.

	

1.	 Seed HeLa cells into four six-well plates at a density of 2 ×​ 105 
cells per well in 2 mL of standard growth medium per well (see 
Note 2).

	2.	 Incubate the cells for 24–48 h in a humidified cell culture incu-
bator (37°C, 5% CO2). The cells should be confluent at the 
time of infection.

3.3.3  Measurements 
and Calculations of Host 
Cell Viability and Bacterial 
Growth

3.3.4  Calculation and 
Comparison of Compound 
Potency (IC50)

3.4  Isolation of DNA 
for Whole-Genome 
Sequencing

3.4.1  Cell Seeding
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	1.	 Infect the cells by adding C. trachomatis at an MOI of 5, fol-
lowed by centrifugation (1500 ×​ g, 30 min, 23°C) to enhance 
infection. Infect two entire six-well plates with the parental 
strain and two entire six-well plates with the evolved resistant 
mutant (see Note 23).

	2.	 After centrifugation (at 0 hpi), replace the medium in wells 
infected with the parental strain with 2 mL per well of fresh 
standard growth medium, and that in wells infected with the 
mutant with 2 mL per well of medium containing the test 
compound at a concentration that maintains selective pressure 
without impairing bacterial growth (see Note 22).

	3.	 Continue the incubation of the plates (37°C, 5% CO2) for up 
to 40–48 h. At the time of harvesting, the cells should contain 
large inclusions but show no signs of lysis.

	1.	 Remove the growth medium and wash the cells briefly with 
2 mL of sterile distilled cell culture water per well (add and 
immediately remove). Add 200 µ​L of fresh sterile distilled 
water per well and incubate for 20 min at room temperature to 
lyse the cells.

	2.	 Collect the cell lysates by scraping with cell lifters and transfer 
them to 50-mL tubes, combining all lysates from correspond-
ing wells (i.e., 2.4 mL total lysate per bacterial strain). Add 
600 µ​L of 5×​ SPG buffer to each tube and mix by pipetting.

	3.	 Homogenize the cell lysates by sonication for approximately 
30–60 s with moderate intensity on ice to complete host cell 
lysis and release the bacteria (see Note 17).

	4.	 Remove remaining intact host cells and nuclei by low-speed 
centrifugation (500 ×​ g, 10 min, 4°C). Carefully collect the 
resulting supernatants containing bacteria and pellet the bacte-
ria by high-speed centrifugation (≥​17,000 ×​ g, 15 min, 4°C).

	1.	 Resuspend each bacterial pellet in 180 µ​L of 1×​ SPG buffer. 
Add 20 µ​L of 10×​ DNase I reaction buffer and 4 µ​L (8 U) of 
DNase I and then incubate for 30 min at 37°C.

	2.	 Add another 4 µ​L (8 U) of DNase I and then incubate for an 
additional 30 min at 37°C to ensure complete removal of resid-
ual host DNA.

	3.	 Pellet the bacteria by centrifugation (≥​17,000 ×​ g, 10 min, 
4°C). Wash them once by resuspension in 0.5 mL of DPBS 
followed by centrifugation (≥​17,000 ×​ g, 10 min, 4°C).

	4.	 Resuspend each pellet in 40 µ​L of DPBS and then inactivate 
DNase I by incubation at 75°C for 20 min prior to bacterial 
lysis.

3.4.2  Infection and 
Treatment with the 
Antichlamydial Compound

3.4.3  Harvesting of the 
Bacteria for DNA Isolation

3.4.4  Removal of Host 
DNA by DNase I Treatment
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	1.	 To each tube, add 140 µ​L of buffer ATL and 20 µ​L of protein-
ase K, mix by vortexing, and incubate at 56°C for 3 h.

	2.	 Add 4 µ​L of RNase A (100 mg/mL), mix by vortexing, incu-
bate at room temperature for 2 min, and then mix again by 
vortexing for 15 s.

	3.	 Add 200 µ​L of buffer AL, mix by vortexing, and incubate at 
56°C for 10 min.

	4.	 Add 200 µ​L of ethanol (96%–100%) and mix thoroughly by 
vortexing.

	1.	 To bind the DNA, pipet the mixtures into DNeasy spin col-
umns, centrifuge (8000 ×​ g, 1 min), and then transfer each spin 
column to a new collection tube.

	2.	 To wash the DNA, add 500 µ​L of buffer AW1 to each spin 
column, centrifuge (8000 ×​ g, 1 min), then transfer each spin 
column to a new collection tube.

	3.	 To wash the DNA further, add 500 µ​L of buffer AW2 to each 
spin column, centrifuge (≥​17,000 ×​ g, 3 min), then transfer 
each spin column to a clean 1.5-mL tube.

	4.	 To elute the DNA, add 50 µ​L of PCR-grade water to each spin 
column, incubate at room temperature for 1 min, then centri-
fuge (8000 ×​ g, 1 min).

	1.	 Quantify DNA concentration in the eluate using spectropho-
tometric and/or fluorometric methods and assess DNA purity 
by absorbance ratio (A260/A280) measurements (see Note 25).

	2.	 Store purified bacterial DNA at −​80°C until submission for 
sequencing and downstream resistance mutation analysis (see 
Note 26).

4  Notes

	 1.	 Conduct at least three independent biological replicates to 
more accurately determine compound IC50 (Sect. 3.1) and 
the level of resistance (Sect. 3.3).

	 2.	 Although this protocol was developed for HeLa cells, other 
epithelial cell lines may be used instead, provided that they 
support robust C. trachomatis growth and tolerate both the 
test compound and its solvent. Parameters such as cell seed-
ing density, infection dose, and incubation times may require 
optimization.

	 3.	 Phenol red must be excluded from the medium because 
its intrinsic fluorescence interferes with GFP and resorufin 
detection.

3.4.5  Lysis of the 
Bacteria Using Buffers ATL 
and AL and Proteinase K 
from the Qiagen DNeasy 
Blood & Tissue Kit (see​ 
Note 24)

3.4.6  DNA Purification 
Using Spin Columns and 
Buffers AW1 and AW2 from 
the Qiagen DNeasy Blood 
& Tissue Kit (see​ Note 24)

3.4.7  Quality Checks and 
Storage of DNA
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	 4.	 Medium-only wells and uninfected wells serve as blanks for 
resorufin (host cell viability) and GFP (bacterial growth) 
measurements, respectively. Medium-only wells define 0% 
host cell viability because resazurin is not converted in the 
absence of cells; uninfected wells define 0% bacterial growth. 
Typically, three wells of each control per plate are sufficient. If 
the test compound is autofluorescent, add it to these control 
wells as well and prepare separate blanks for each compound 
dilution. For strongly autofluorescent compounds, plate-
reader measurements may become unreliable; in such cases, 
quantify bacterial growth and host cell viability microscop-
ically, for example, by detecting inclusions and nuclei after 
fixation and staining.

	 5.	 The protocol, while developed for C. trachomatis L2/434/
Bu, can also be applied to other C. trachomatis strains or 
other Chlamydia species, although parameters such as infec-
tion dose and incubation times may require adjustment. GFP-
expressing strains enable rapid fluorescence reading-based 
growth measurements (Sects. 3.1 and 3.3); if unavailable, 
instead assess growth microscopically by detecting inclusions 
after fixation and immunostaining. Strains carrying antibiotic 
resistance-conferring point mutations (e.g., rifampin-resist-
ant alleles) can facilitate downstream generation and analysis 
of recombinant strains for linking mutations to compound 
resistance [20].

	 6.	 Select dilution range and step size based on the compound’s 
expected potency, cytotoxicity, and solubility. If these are 
unknown, begin with a broad range and large steps (e.g., 1 
mM to 0.1 nM in 1:10 dilutions), then refine using a nar-
rower range with smaller steps (e.g., 1:2) for accurate IC50 
determination. For resistance confirmation (Sect. 3.3), 
choose concentrations based on the initial IC50 (Sect. 3.1) 
and observations from mutant evolution (Sect. 3.2), ensuring 
inclusion of concentrations yielding no, partial, and complete 
inhibition of both parental and mutant strains.

	 7.	 The optimal choice of solvent depends on the compound’s 
chemical properties. Prepare parallel dilution series for both 
the compound and the solvent alone to correct for solvent-re-
lated growth-inhibitory effects. For example, DMSO concen-
trations exceeding 0.4% inhibited C. trachomatis L2/434/
Bu growth in HeLa cells in a previous study [6].

	 8.	 The timing of compound addition relative to infection may 
require adjustment based on its mode of action. In some 
cases, pre-incubation of cells with the compound prior to 
infection may be necessary.

	 9.	 The optimal time to assess compound-mediated growth 
inhibition depends on the compound’s mode of action. 
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Measurements taken mid-cycle (~24–30 hpi) generally offer 
high sensitivity. Later readouts may be confounded by bacte-
rial egress and secondary infection. Compounds that primar-
ily affect infectious progeny formation rather than bacterial 
replication may show effects only after passage to fresh host 
cells.

	10.	 Resazurin is dark blue and is converted by viable cells into 
pink, fluorescent resorufin. Thus, uninfected (UI) and 
untreated (UT) control wells turn bright pink, whereas medi-
um-only wells (M) remain blue. Resorufin can be detected 
by absorbance at 570 nm, but fluorescence detection is more 
sensitive.

	11.	 This step is optional because GFP and resorufin fluorescence 
can also be measured simultaneously. Medium removal, 
however, lowers background fluorescence and improves the 
signal-to-noise ratio. Instead of fixation, the medium can 
be replaced with a phenol red-free buffer (containing Ca²⁺​
/Mg²⁺​ to prevent cell detachment) prior to GFP measure-
ment. Fixation provides the added benefits of long-term plate 
storage and compatibility with additional staining and fluo-
rescence microscopic reading of the plate.

	12.	 Ideally, no cytotoxicity should occur at any tested compound 
concentration. Toxicity can mimic antichlamydial activity by 
killing infected cells or inducing cellular stress that suppresses 
bacterial growth, leading to misinterpretation of potency. 
Toxic solvent concentrations should also be avoided, as cor-
rection for solvent effects has limitations.

	13.	 Compounds with low solubility may require higher solvent 
volumes, but solvent concentrations that impair bacterial 
growth should be avoided, as the described compensation 
strategy cannot fully account for solvent effects.

	14.	 While this protocol describes the generation of a single resist-
ant strain, evolving multiple independent resistant lineages 
in parallel can help identify mutations that arise repeatedly 
and thus facilitate the determination of resistance-conferring 
genetic changes.

	15.	 This protocol uses 12-well plates to facilitate cell lysate col-
lection with cell lifters, although 96-well and 24-well formats 
have also been used successfully for resistance evolution.

	16.	 The timing of cell lysate preparation may require optimiza-
tion. Lysates should be collected when inclusions are large 
and filled with infectious bacteria, but before host cell lysis 
begins, as bacteria released into the supernatant will not be 
recovered.

	17.	 Sonication improves host cell lysis and disperses the bacteria, 
enhancing recovery and infection efficiency during passaging. 
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It must be performed on ice to prevent heat-mediated bacte-
rial inactivation. A properly sonicated lysate should be homo-
geneous and free of clumps or viscosity.

	18.	 The volume of lysate used to infect fresh cells may require 
optimization. Initially infect multiple wells with different 
lysate volumes to establish a robust passaging scheme.

	19.	 Remaining lysate from each passage should be stored as 
backup in case of contamination or growth failure. Early-
passage lysates can also be used later to determine the order 
in which resistance-associated mutations emerged.

	20.	 If no bacterial growth is observed at any of the three con-
centrations, the compound concentration was likely increased 
too quickly. To rescue the lineage, repeat the infection using 
stored lysate at 0.25×​, 0.5×​, and 1×​ of the last tolerated dose.

	21.	 The level and rate of resistance development depend on the 
compound’s mode of action. In previous work, compound 
concentrations could be increased over ~20 passages to ~50-
fold above the initial IC50 [6].

	22.	 The resistant mutant should be expanded under continued 
compound pressure to prevent reversion and population het-
erogeneity, which would complicate genomic analysis. The 
compound concentration should maintain selection without 
impairing growth. Although plaque purification can generate 
clonal populations, it is often unnecessary and may reduce 
selective pressure, risking resistance loss. Note that some 
mutants even develop compound dependence, requiring con-
tinued exposure for optimal growth [6].

	23.	 Sequence the parental strain alongside the resistant strain, as 
laboratory passaging may introduce mutations relative to the 
reference genome. Genetic alterations shared by both strains 
can then be excluded when identifying resistance-associated 
mutations.

	24.	 This protocol uses the Qiagen DNeasy Blood & Tissue Kit 
for DNA isolation, but it can be adapted to alternative extrac-
tion kits or protocols if needed.

	25.	 For whole-genome sequencing, DNA should have high 
purity (A260/A280 ≈​ 1.8–2.0), high molecular weight (mini-
mal fragmentation), and sufficient concentration (typically ≥​
20–100 ng/µ​L, depending on the sequencing platform).

	26.	 After sequencing, mutations in the resistant strain should be 
evaluated to identify candidate resistance determinants and 
potential compound targets. The complexity of this analysis 
depends on the compound’s mode of action and resistance 
mechanism. Repeated occurrence of the same mutation—
or different mutations affecting the same protein or 
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pathway—across independent mutant lineages strongly sug-
gests the protein or pathway to be the compound’s target or 
involved in resistance. Genetic approaches (e.g., recombinant 
strain analysis, introducing mutated alleles into susceptible 
strains) can confirm causality. Biophysical, biochemical, and 
cell biological methods can further assess compound–target 
interactions and the compound’s effects on target function.
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