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ABSTRACT The ability to inducibly repress gene expression is critical to the study
of organisms, like Chlamydia, with reduced genomes in which the majority of genes
are likely to be essential. We recently described the feasibility of a CRISPR interfer-
ence (CRISPRi) system to inducibly repress gene expression in Chlamydia trachomatis.
However, the initial system suffered from some drawbacks, primarily leaky expression
of the anhydrotetracycline (aTc)-inducible dCas9 ortholog and plasmid instability,
which prevented population-wide studies (e.g., transcript analyses) of the effects of
knockdown. Here, we describe various modifications to the original system that have
allowed us to measure gene expression changes within a transformed population of
C. trachomatis serovar L2. These modifications include (i) a change in the vector
backbone, (ii) the introduction of a weaker ribosome binding site driving dCas9
translation, and (iii) the addition of a degradation tag to dCas9 itself. With these
changes, we demonstrate the ability to inducibly repress a target gene sequence, as
measured by the absence of protein by immunofluorescence analysis and by
decreased transcript levels. Importantly, the expression of dCas9 alone (i.e., without
a guide RNA [gRNA]) had minimal impact on chlamydial growth or development. We
also describe complementation of the knockdown effect by introducing a transcrip-
tional fusion of the target gene 39 to dCas9. Finally, we demonstrate the functional-
ity of a second CRISPRi system based on a dCas12 system that expands the number
of potential chromosomal targets. These tools should provide the ability to study
essential gene function in Chlamydia.

KEYWORDS Chlamydia, CRISPR interference, inducible repression, gene expression,
CRISPRi

C hlamydia spp. are obligate intracellular bacteria. In evolving to this niche, these
unique bacteria have significantly reduced their genome sizes and contents.

Chlamydia trachomatis, the leading cause of bacterial sexually transmitted infections as
well as of preventable infectious blindness (1–3), encodes approximately 900 open
reading frames (ORFs) in roughly 1 Mbp (4). A complicating factor in the study of
Chlamydia is the developmental cycle these bacteria utilize to alternate between func-
tional and morphologic forms, namely the infectious but nondividing elementary body
(EB) and the noninfectious but dividing reticulate body (RB) (5). The entirety of the de-
velopmental cycle occurs within a pathogen-specified parasitic organelle termed the
inclusion (6). Given its limited gene repertoire, the majority of ORFs are likely essential
to the organism, which further complicates studies of Chlamydia. Indeed, if we assume
that the core chlamydial genome is essential, then over 500 ORFs (.55%) would fall
within this category (7). Essential genes in Chlamydia are not only those required to
replicate and divide (e.g., rpoB, which encodes an RNA polymerase subunit), in a classi-
cal sense, but those that are required to transition between developmental forms for
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successful completion of the developmental cycle. Examples of the latter class might
include components of the type III secretion system that are necessary to secrete effec-
tors that mediate entry into the host cell and establishment of the inclusion (8, 9) or
the histone-rich proteins that are needed to compact the chromosome in the EB (10).
Thus, a gene in Chlamydia, which, when disrupted, results in the inability to increase
EB output, may be considered essential for this organism, at least when studied in cell
culture. The subset of genes that may be essential for in vivo growth could be larger,
as the growth conditions in cell culture are likely more permissive than in more rele-
vant infection models (11). To date, less than 10% of ORFs have been disrupted in C.
trachomatis using newly developed genetic tools (12), including group II intron inser-
tion (13), allelic exchange (14), and transposon mutagenesis (15).

Stable transformation of Chlamydia is a relatively recent development (12), and new
genetic tools continue to be deployed. We previously reported on the feasibility of
using CRISPR interference (CRISPRi) to inducibly knock down gene expression in C. tra-
chomatis serovar L2 (16). Such a tool would represent a significant advance in our abil-
ity to study essential gene function in this obligate intracellular bacterium. CRISPRi
relies on (i) the inducible expression of a catalytically inactive Cas9 in combination with
(ii) the constitutive expression of a guide RNA (gRNA) that recognizes a complementary
chromosomal sequence next to a protospacer-adjacent motif (PAM) sequence. In
Escherichia coli, these components are typically encoded on two plasmids (17), but for
Chlamydia, we created a single-plasmid system (16). We were unable to transform with
a single vector encoding Streptococcus pyogenes dCas9 plus a gRNA, but did have suc-
cess with Staphylococcus aureus dCas9 with a constitutively expressed gRNA.
Nonetheless, we noted two key issues with the system that required improvement
before widespread adoption of this technology (16). First, we observed issues related
to plasmid stability during generation of the transformant, which resulted in a mixed
population of bacteria that precluded population-wide analyses (e.g., transcript stud-
ies). Second, we noted leaky expression of the dCas9 ortholog that could result in tar-
get inhibition in the absence of induction.

Here, we describe improvements to the CRISPRi system for Chlamydia that should
make it suitable for widespread use to inducibly knock down target gene function. To
overcome prior limitations, we made three key alterations to the system. First, we
moved the components to a different plasmid backbone—this eliminated the plasmid
stability issues observed when propagating transformants. Second, we modified the
ribosome binding site (RBS) that drives dCas9 translation initiation to reduce its effi-
ciency. Third, we appended a C-terminal degradation tag to dCas9 that renders the
protein unstable. These latter two modifications reduced issues related to leaky expres-
sion. These changes allowed us to generate a stable population of transformants that
could be analyzed for population-wide gene expression changes. Finally, we also
describe here the implementation of a second CRISPRi system based on a dCas12
ortholog that utilizes a different PAM sequence. These two systems will allow for broad
targeting of the chlamydial genome and for analysis of essential gene function in a
straightforward and easy approach.

RESULTS
Development of a modified plasmid for CRISPRi in Chlamydia. Given the noted

issues with plasmid stability in our original implementation of a dCas9-based CRISPRi
system in Chlamydia (16), our first approach to address this was to move the constitu-
ents to the pBOMB4-Tet plasmid (18), creating pBOMBCRi::L2. This was an empirical de-
cision designed to determine if general plasmid backbone characteristics were respon-
sible for the observed plasmid instability in the original CRISPRi design. We again
targeted the incA gene due to its dispensability, so that any leaky expression would be
detectable (using an antibody against IncA) and not detrimental to the propagation of
the transformant (19). Although we readily obtained a pure population of transform-
ants, thereby eliminating the plasmid stability issue, we noticed extensive leaky
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expression of the dCas9 that blocked incA expression in the absence of induction (data
not shown). Therefore, we included two further modifications in an attempt to reduce
or eliminate leaky expression of the dCas9. First, we modified the ribosome binding
site in the pBOMB4-Tet::L2 vector to reduce its efficiency. In doing so, we created the
vector pBOMBL::L2 (Fig. 1). Second, we appended a degradation tag (val-ala-ala; VAA),
derived from the SsrA tagging system (20, 21), to the dCas9 ortholog that would target
it for degradation by the chlamydial ClpXP protease system (22). This resulted in the
plasmid pBOMBL-Sa_dCas9vaa::L2 [also referred to as pBOMBLCRia::L2 (e.v.)] (Fig. 1).
We then inserted a constitutively expressed gRNA targeting the template strand of the
intergenic region upstream of incA into this new vector to create pBOMBLCRia::L2
(incA_IGR) (Fig. 1). This vector was transformed into C. trachomatis L2 and further char-
acterized as described below.

Potential targets for CRISPRi are limited by the PAM sequence of the dCas ortholog
being used. The Staphylococcus aureus dCas9 uses the purine-rich PAM sequence
NNGRRT (23). Chlamydia trachomatis is an AT-rich organism (4), and thus the presence
of the G within the NNGRRT sequence potentially limits the chromosomal targets. By
searching for these sequences in the C. trachomatis L2/434/Bu chromosome, we found
32,523 sites of all combinations of NNGRRT (highlighted in Table S2 in the supplemen-
tal material). By developing a second CRISPRi system utilizing a dCas ortholog that rec-
ognizes an AT-rich PAM sequence, the total number and location of potential interfer-
ence sites would be greatly expanded. Therefore, we inserted the Acidoaminococcus
dCas12 ortholog into the aforementioned pBOMBL vector and appended the VAA deg-
radation tag to create the plasmid pBOMBL-As_ddCpf1vaa::L2 (also referred to as
pBOMBL12CRia::L2 [e.v.]). This dCas12 ortholog recognizes the PAM sequence TTTV
(V = not T) (24), present in 46,789 sites in the C. trachomatis L2/434/Bu chromosome
(highlighted in Table S3 in the supplemental material). Insertion of the constitutively
expressed CRISPR RNA (crRNA) designed to target the nontemplate strand of the
upstream intergenic region of incA resulted in pBOMBL12CRia::L2 (incA_IGR). The
pBOMBL12CRia::L2 construct, with or without the incA_IGR crRNA, was transformed
into C. trachomatis L2.

Expression of the dCas9 in combination with the guide RNA targeting incA
blocks expression of IncA. We previously noted that expression of the dCas9 in chla-
mydiae did not impact inclusion or bacterial morphology (16). However, to directly
quantify the effect of dCas9 expression on bacterial growth, we performed an inclu-
sion-forming unit (IFU) assay, which measures the production of infectious progeny
(i.e., EBs) from an infected cell culture. Cells were infected with the transformants, and
dCas9 expression was induced or not at 4 h postinfection (hpi) with 0, 2, 10, or 20 nM
anhydrotetracycline (aTc). Samples were collected at 24 and 48 hpi and subsequently
titrated onto fresh cell monolayers to quantify IFUs. Importantly, the pBOMB plasmids
encode green fluorescent protein (GFP) to visualize transformants. Therefore, when
quantifying IFUs, we compared the GFP-positive (GFP1) inclusion counts to the total
inclusion count (i.e., GFP1 and GFP2 inclusions) to assess plasmid stability after dCas9
induction. IncA is nonessential and should have limited impact on chlamydial growth
(19). After inducing dCas9 expression in each transformant, we observed no biologi-
cally or statistically significant effect on IFU production at any time point assessed and
irrespective of the concentration of aTc used (Fig. 2A and B). In addition, when compar-
ing the growth of the wild-type L2 strain to transformant strains (including the empty
vector strain lacking any CRISPRi components), we observed each of the uninduced
transformants grew to approximately 80% of the level of the wild type (see Fig. S1A in
the supplemental material), likely reflecting the added metabolic burden of replicating
and expressing the shuttle vector components (e.g., beta-lactamase, Tet repressor,
etc.) in the transformants. These data indicate that dCas9 expression is not toxic to
Chlamydia and that, in the presence of the gRNA targeting the incA intergenic region,
this too has no deleterious effect on chlamydial growth.

We performed reverse transcription-quantitative PCR (RT-qPCR) analysis to test the
specific knockdown of incA transcription in the transformant pBOMBLCRia::L2
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FIG 1 Illustration of plasmids used in the current study and their indicated sizes in bp. Relevant genes and gene regulatory factors are indicated, as well as
the overall size of the vector. Black arrows represent the chlamydial plasmid open reading frames (ORFs) that are part of the shuttle vector. RBS, ribosome
binding site; GFP, green fluorescent protein. Plasmid maps were generated using SnapGene Viewer.
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FIG 2 dCas9 induction effectively represses IncA expression without off-target growth defects. (A and B) McCoy cells were infected
with dCas9 transformants with or without an incA-targeting guide RNA (gRNA). Transformants were induced at 4 hours postinfection

(Continued on next page)
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(incA_IGR) in comparison with the no-gRNA strain pBOMBLCRia::L2 (e.v.). Briefly,
McCoy cells were infected with transformants and induced or not with 10 nM aTc at 8
hpi. At 12 hpi and 24 hpi, RNA and DNA samples were collected. The DNA samples
were processed and analyzed by qPCR to quantify the genomic C. trachomatis DNA lev-
els. RNA samples were processed and analyzed by RT-qPCR to detect transcript levels
of incA and three additional genes, euo (25), clpP2 (26), and omcB (27), representing
early, middle, and late stages of development, respectively. RT-qPCR results were then
normalized to the genomic DNA levels (28). Results obtained indicated that dCas9
induction in the pBOMBLCRia::L2 (e.v.) showed no effect on any of the genes analyzed
(Fig. 2C and D; see also Fig. S2A and B in the supplemental material). However, for the
pBOMBLCRia::L2 (incA_IGR) strain, inducing dCas9 expression resulted in a significant
decrease only in incA transcripts at 24 hpi (84% reduction in incA transcript levels; Fig.
2C). This, therefore, supports the hypothesis that dCas9 induction in this improved
CRISPRi method results in specific knockdown of the targeted gene.

The simplest way to determine the efficacy of our modified CRISPRi system was to
assess localization of IncA on the inclusion membrane after inducing knockdown (16,
19). McCoy cells were infected with transformants carrying either the pBOMBLCRia::L2
(incA_IGR) plasmid, encoding the full CRISPRi system, or the pBOMBLCRia::L2 (e.v.) plas-
mid, which encodes no gRNA expression cassette. The expression of the dCas9 was
induced or not at 8 hpi by the addition of 2 nM or 10 nM concentrations of aTc.
Infected cells were fixed with 100% methanol at 16 h postinfection (hpi), 24 hpi, and 48
hpi and processed for immunofluorescence for IncA expression, dCas9 expression, and
a marker for chlamydiae (major outer membrane protein [MOMP]). As observed in Fig.
2E and F, dCas9 was clearly present within the chlamydiae at 24 hpi, as expected (see
also Fig. S3 in the supplemental material for additional time points). Furthermore, IncA
expression was clearly localized to the inclusion membrane in the pBOMBLCRia::L2
(e.v.) transformant, thus indicating that the expression of the dCas9 without the gRNA
has no impact on IncA expression. For the pBOMBLCRia::L2 (incA_IGR) transformant,
the expression of dCas9 in combination with the gRNA targeting the intergenic region
upstream of incA blocked the expression of IncA (Fig. 2E and F and Fig. S3).
Importantly, the lack of IncA was associated with multiple inclusions per cell, which is
the expected phenotype for an IncA-null strain (see boxed cells in Fig. 2F) (13, 19). The
combination of these data indicates (i) the successful implementation of the dCas9-
based CRISPRi system to knock down expression of a target gene and (ii) the ability to
perform population-wide assessments of the impact of knockdown on said gene.

A CRISPRi system based on dCas12 is also capable of inducibly repressing incA
gene expression in Chlamydia. Given the potentially restrictive NNGRRT PAM
sequence of the S. aureus dCas9 in the AT-rich C. trachomatis, we sought to evaluate
the efficacy of a second dCas ortholog, the Acidoaminococcus dCas12, that uses a TTTV
PAM sequence (24). As for the dCas9 system, we investigated the possibility of growth
defects being caused by dCas12 expression by performing IFU assays to quantify the
production of infectious progeny generated throughout the developmental cycle, RT-
qPCR to monitor transcriptional changes, and immunofluorescence assays (IFA) to
monitor organism morphology and visualize IncA (Fig. 3).

Briefly, McCoy cells were infected with pBOMBL12CRia::L2, with or without the
incA_IGR crRNA. Samples were induced with 0, 2, 10, or 20 nM aTc at 4 hpi. At 24 and

FIG 2 Legend (Continued)
(hpi) with the various concentrations of aTc and allowed to proceed for 24 hpi, at which time the cells were harvested. The
elementary bodies (EBs) were infected onto a fresh monolayer of cells, and this secondary infection was allowed to proceed for 24 h,
at which time the inclusion-forming units (IFUs) were counted. No changes between the induced and uninduced control were
significant. (C and D) Transformants were induced at 8 hpi using 10 nM aTc. RNA and DNA were isolated at 12 and 24 hpi for
quantitative PCR (qPCR). Quantified cDNA was normalized to gDNA and is expressed as induced relative to uninduced samples.
Student’s t test was used to compare induced to uninduced samples following log10 transformation, *, P, 0.05. No differences in the
clpP2 transcripts were significant. (E and F) Transformants were induced at 4 hpi with 10 nM aTc and allowed to proceed until 24 hpi.
Cells were then fixed and stained using primary antibodies to major outer membrane protein (MOMP), ddCpf1 (dCas12), and IncA.
Boxes outline cells containing multiple inclusions. All images were acquired on an Axio Imager.Z2 microscope with ApoTome.2 at
�100 magnification. Bars, 10mm.
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FIG 3 dCas12 induction effectively represses IncA expression without off-target growth defects. McCoy cells were infected with
dCas12 transformants with or without an incA targeting crRNA. (A and B) Transformants were induced at 4 hpi with the

(Continued on next page)
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48 hpi, samples were fixed for IFA or harvested and used to infect a second monolayer
of McCoy cells. The secondary infection progressed for 24 h before IFUs were quanti-
fied and enumerated. Induction of dCas12, regardless of the presence of a crRNA, did
not have a deleterious effect on chlamydial growth (Fig. 3A and B). However, IFU
results and organism morphology became increasingly variable when inducing with
10 nM aTc or greater in these transformants. All further experiments were thus per-
formed using 2 nM aTc to eliminate the possibility that this variability could impact
results. As noted above for the dCas9 transformants, these strains grew to at least 70%
of the wild-type L2 strain (Fig. S1B).

RT-qPCR was performed to validate the absence of deleterious effects associated
with dCas12 expression and to determine incA transcript levels. Cells were infected
with transformants and induced or not with 2 nM aTc at 8 hpi. DNA and RNA sam-
ples were collected at 12 and 24 hpi. DNA samples were processed and analyzed via
qPCR to quantify C. trachomatis gDNA levels. RNA was analyzed using RT-qPCR to
detect transcript levels of incA, euo, clpP2, and omcB, as noted above, and normal-
ized to genomic DNA levels. Notably, induction of the transformant lacking a crRNA
had no effect on any of the genes analyzed (Fig. 3C and D and Fig. S2C and D).
However, induction of the incA_IGR targeting transformant resulted in a significant
reduction only in incA transcripts at both 12 (73% decreased) and 24 hpi (85%
decreased; Fig. 3C).

To determine whether the reduction in incA transcripts resulted in the loss of IncA
at the inclusion membrane, we performed an IFA assay as noted above for the dCas9
system. As for the dCas9 CRISPRi, our IFA results demonstrated a loss of IncA only
when pBOMBL12CRia::L2 (incA_IGR) is induced (Fig. 3E and F; see also Fig. S4 in the
supplemental material). In addition, the lack of IncA was associated with multiple inclu-
sions per cell, as noted for the dCas9 experiments in Fig. 2 (see boxed cells in Fig. 3F).
Taken together, these data support the efficacy of dCas12 as an alternative dCas ortho-
log to be utilized in CRISPRi gene repression, expanding the possible targets for repres-
sion due to the alternative PAM sequence recognized.

Removal of anhydrotetracycline leads to loss of the dCas ortholog staining. To
expand the potential utility of the CRISPRi system, the inhibition of gene expression
should ideally be reversible. One modification we made to the CRISPRi system to
reduce leaky expression was to append a degradation tag to the dCas ortholog. This
tag allows it to be recognized by the ClpXP protease system for degradation (22).
Therefore, we next wanted to determine whether removal of the aTc inducer would
lead to loss of dCas9/12 labeling by IFA. Briefly, infected cells were induced at 8 hpi for
dCas9/12 expression by the addition of 10 nM (dCas9) or 2 nM (dCas12) aTc. At 16 hpi,
the medium was aspirated and washed 2 times with 1� Dulbecco’s phosphate-buf-
fered saline (DPBS). New medium lacking aTc was then added to the cells, and cells
were subsequently fixed at 20 hpi (for dCas9) or 36 hpi (for dCas12). The samples were
processed for immunofluorescence for dCas9/12, IncA, and MOMP. We observed that
the removal of aTc led to a rapid loss in dCas9 staining within 4 h (Fig. 4A and B).
However, restoration of IncA labeling of the inclusion membrane was less efficient and
more heterogeneous (Fig. 4A and B). For dCas12, similar observations were noted at 36
hpi (20 h postreactivation; see Fig. S5 in the supplemental material). It should be noted
that, owing to the developmental cycle of Chlamydia, incA transcription declines as

FIG 3 Legend (Continued)
designated concentration of aTc and allowed to proceed. Cells were harvested at 24 hpi, and EBs were allowed to infect a fresh
monolayer. The secondary infection was allowed to proceed for 24 h before IFUs were enumerated. No changes between the
induced cells and the uninduced control were significant. (C and D) Transformants were induced at 8 hpi using 2 nM aTc. RNA
and DNA were isolated at 12 and 24 hpi for qPCR. Quantified cDNA was normalized to gDNA and is expressed as induced relative
to uninduced. Student’s t test was used to compare induced to uninduced samples following log10 transformation, *, P, 0.05. No
differences in the clpP2 transcripts were significant. (E and F) Transformants were induced at 4 hpi with 2 nM aTc and allowed to
proceed until 24 hpi. Cells were then fixed and stained using primary antibodies to major outer membrane protein (MOMP),
ddCpf1 (dCas12), and IncA. Boxes outline cells containing multiple inclusions. All images were acquired on an Axio Imager.Z2
microscope with ApoTome.2 at �100 magnification. Bars, 5mm.
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FIG 4 Removal of aTc leads to the loss of dCas9. McCoy cells were infected with dCas9 transformants with an incA-targeting gRNA. Transformants were
induced at 4 hpi with 10 nM aTc and allowed to proceed until 16 hpi (A). At 16 hpi a subset of the samples was washed with Dulbecco’s phosphate-
buffered saline (DPBS) and fixed with 100% MeOH (B). For the next subset of samples, the medium was aspirated and the cells washed with DPBS. Fresh
medium without any aTc was added, and the infection was allowed to proceed for an additional 4 h and then fixed with 100% MeOH. All fixed samples
were stained using primary antibodies to major outer membrane protein (MOMP), IncA, and dCas9. All images were acquired on an Axio Imager.Z2
microscope with ApoTome.2 at �100 magnification. Bars, 10mm. (C and D). Transcript levels for incA and clpP2 were measured at the indicated times from
the indicated culture conditions as described in the legend of Fig. 2. Student’s t test was used to compare induced to uninduced samples following log10

transformation, *, P , 0.05.
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secondary differentiation progresses, and loss of IncA does not stop developmental
cycle progression (19). When we measured incA transcripts 8 h after removing aTc
from the dCas9 cultures, we observed a recovery of incA transcript levels but no effect
on the unrelated clpP2 transcript levels (Fig. 4C and D).

Expression of incA_FLAG transcriptionally fused to dCas9 restores IncA
expression. Molecular Koch’s postulates require that a given phenotype be investi-
gated by disrupting, and then replacing, a gene hypothesized to control said pheno-
type (29). In the case of an inducible CRISPRi knockdown system, fulfilling molecular
Koch’s postulates would require expressing an additional copy of the target gene,
ideally in an inducible manner, during dCas9/12 induction, without its being targeted
by the gRNA or crRNA. To accomplish this, we created a transcriptional fusion of dCas9
with incA_FLAG and created the plasmid pBOMBLCRia-incA_FLAG (incA_IGR) (Fig. 5A).
The incA_FLAG allele is resistant to the knockdown effect because the gRNA targets
the chromosomal intergenic region 59 to incA. Thus, the plasmid copy will be tran-
scribed and translated independently of the incA promoter. This plasmid was subse-
quently transformed into C. trachomatis L2.

To test whether there was any effect of dCas9 and IncA_FLAG expression on bacte-
rial growth, we measured the production of infectious progeny (i.e., EBs) from an
infected cell culture by an IFU assay. Cells were infected with the transformants, and
various concentrations of aTc were used to induce dCas9 and incA_FLAG expression at
4 hpi. At the designated time points (i.e., 24 and 48 hpi), samples were collected and
subsequently titrated onto fresh cell monolayers, and the infection was allowed to pro-
ceed for a further 24 h. The number of inclusions were quantified from this secondary
infection. We observed that there was no effect on IFU production at any time point
assessed, irrespective of the concentration of aTc used (Fig. 5B and Fig. S1A). We then
performed RT-qPCR to measure transcriptional changes as described above. The cells
were infected with pBOMBLCRia-incA_FLAG (incA_IGR) transformants and induced or
not with 10 nM aTc at 8 hpi. DNA and RNA samples were collected at 12 and 24 hpi.
Transcript levels of incA, clpP2, euo, and omcB were normalized to genomic DNA levels.
Results indicated that the induction of the transformant restored incA transcript levels
and had no effect on any of the other genes analyzed (Fig. 5C and D; see also Fig. S6 in
the supplemental material). To test for IncA expression during dCas9 induction, we
infected cells and induced the expression of dCas9 and incA_FLAG at 8 hpi by the addi-
tion of 10 nM aTc. The infection was allowed to proceed until 24 hpi, at which time
point the cells were fixed and processed for immunofluorescence for IncA, dCas9, and
FLAG expression. We observed that IncA was clearly present within both induced and
uninduced samples whereas FLAG staining was visible in the induced cultures only
(Fig. 5E and Fig. S6). Furthermore, we did not observe multiple inclusions per cell, as
was apparent in the knockdown strains (Fig. 2 and 3), thus highlighting that the phe-
notype of incA knockdown was restored by complementation. We conclude from these
data that inducibly knocked down gene expression can be complemented by express-
ing an additional copy of the target gene as a transcriptional fusion with dCas9.

DISCUSSION

In evolving to its obligate intracellular niche, Chlamydia has significantly reduced its
chromosomal gene content. For example, the human pathogen C. trachomatis encodes
roughly 900 open reading frames (4). Given its limited gene repertoire, its obligate de-
pendence on a host cell, and its unique developmental cycle, it is likely that many
genes in Chlamydia will prove to be essential. Indeed, many of these essential genes
may confer to Chlamydia its unique traits. Traditional approaches to study gene func-
tion in model bacterial organisms rely on generating a knockout, conditional or other-
wise, and then complementing the phenotype by expressing the gene under investi-
gation elsewhere on the chromosome or on a plasmid. Although recent advances in
Chlamydia genetic manipulations have allowed for the generation of targeted knock-
outs of nonessential genes (7, 8), there is not yet a facile means for generating a
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conditional knockout for essential genes. This has hindered our ability to explore chla-
mydial biology more directly.

To circumvent this limitation, we previously reported on the feasibility of adapting
CRISPR interference to inducibly knockdown gene expression in C. trachomatis (16). In

FIG 5 Induction of dCas9 transcriptionally fused to incA_FLAG functionally complements IncA expression at the inclusion membrane. (A) Illustration of the plasmid
map for pBOMBLCRia-incA_FLAG::L2 (incA_IGR). The plasmid map was generated using SnapGene Viewer. (B) Cells were infected with the transformant,
and expression of the Sa_dCas9 and incA_FLAG was induced at 4 hpi with the indicated concentrations of aTc. At 24 hpi, the cells were harvested. EBs were infected
onto a fresh monolayer of cells, and this secondary infection was allowed to proceed for 24h, at which time the IFUs were counted. (C and D) Cells were infected
with the transformant, and expression of the Sa_dCas9 and incA_FLAG was induced at 8 hpi using 10nM aTc. RNA and DNA were isolated at 12 and 24 hpi for
qPCR. Quantified cDNA was normalized to gDNA and is expressed as induced relative to uninduced samples. Student’s t test was used to compare induced to
uninduced samples following Log10 transformation, *, P, 0.05. (E) Cells were infected with the transformant, and expression of the Sa_dCas9 and incA_FLAG was
induced at 4 hpi with 10nM aTc and allowed to proceed until 24 hpi. Cells were then fixed and stained using primary antibodies to FLAG, dCas9, and IncA. All
images were acquired on an Axio Imager.Z2 microscope with ApoTome.2 at �100 magnification. Bars, 10mm.
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the current study, we demonstrate the efficacy of two different CRISPRi systems to
inducibly repress gene expression. We show that both systems, based on dCas9 and
dCas12 orthologs, are capable of reducing transcript levels of the target gene with a
concurrent reduction in its protein levels as assessed by immunofluorescence analysis.
Interestingly, the dCas12 knockdown effect was detectable at 12 hpi (4 h postinduc-
tion), which was not the case for the dCas9 knockdown. However, each system is tar-
geting a different sequence and strand; therefore, it is difficult to directly compare effi-
ciencies of knockdown in this context. Whether dCas12 is more rapid in its effect will
be revealed as more targets are assessed. Notably, both systems reduced transcripts
more than 80% at the later time point. Importantly, no negative impact on chlamydial
growth was associated with expressing the dCas9 or dCas12 protein when induced
with concentrations of aTc that also blocked target gene expression.

We further extended the utility of the CRISPRi system in two ways. The first modifi-
cation we implemented was to append a degradation tag to render the dCas ortholog
unstable. This allowed for its rapid disappearance after removing the aTc inducer. This
should allow, in cases where chlamydial developmental cycle progression is halted by
inhibiting a specific gene’s expression, the ability to “reactivate” gene expression and
monitor recovery of growth. Given that incA is a dispensable gene and that its tran-
scription peaks during the logarithmic RB growth phase (19, 30), we were unable to
successfully recover high levels of IncA on the inclusion membrane, since its transcrip-
tion is already declining during the period when we “reactivated” its expression. These
data suggest that expression and secretion of Inc proteins are tightly regulated such
that, even with recovery of transcript levels, IncA was not efficiently detected on the
inclusion membrane when its gene transcription was delayed due to CRISPR interfer-
ence. What these data indicate about type III secretion function more generally
requires further investigation. Importantly, our data demonstrate the loss of the dCas
ortholog after removal of the aTc inducer, thus indicating the feasibility of restoring
transcription levels and, potentially protein levels, in cases where the developmental
cycle is halted or delayed.

The second modification we implemented was to functionally complement knock-
down by coexpressing the target gene (incA) as a transcriptional fusion with the dCas9
ortholog. The gRNA target sequence for incA that we used is within its upstream 59 inter-
genic region, and thus there was no risk that the CRISPRi system would target the plasmid
copy. However, we envision scenarios where a coding sequence is directly targeted by a
gRNA or a crRNA and, in these instances, complementation should be feasible by making
synonymous changes within the plasmid copy to prevent gRNA/crRNA binding. Indeed,
we have successfully implemented this approach in the study of a novel bacterial
morphology determinant that is the second gene within an operon (34).

Our demonstration of the efficacy of two different dCas orthologs to inducibly
repress gene expression in Chlamydia expands the utility of the CRISPRi approach in
this obligate intracellular pathogen. This is potentially important given the constraints
in PAM sequence recognition by a given dCas ortholog. In the case of the S. aureus
dCas9, its PAM sequence is NNGRRT (23). When designing gRNA sequences, we have
observed instances where a suitable PAM is not present on the nontemplate strand in
the intergenic region or the 59 coding region of a target ORF (data not shown). The use
of the Acidoaminococcus dCas12, with its PAM sequence of TTTV (24), should circum-
vent this limitation given the greater instances of this PAM in the chromosome. In
total, both dCas systems target almost 80,000 sites (see Table S4 in the supplemental
material). Given that the size of the C. trachomatis chromosome is ;1 Mbp and those
of the gRNA or crRNA are 20 or 21 bp, a simplistic calculation would indicate a maxi-
mum 1.5� coverage of the entire genome. Anecdotally, we have been able to find a
target sequence covered by either the dCas9 or dCas12 system in every ORF or
upstream intergenic region we have analyzed (.50 of 895 ORFs). In principle, and as
described in the original CRISPRi study in E. coli (16), targeting of either strand within
the promoter region is favored for transcriptional knockdown, whereas targeting of
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the nontemplate strand in the coding region is necessary for the same effect. Our vec-
tors were constructed to test the former strategy (see also reference 16), but we have
successfully used the latter to target the second gene within an operon (Brockett, Lee,
et al., unpublished data).

In eukaryotic systems, the use of CRISPR to generate knockouts comes with the
potential for off-target cutting events, as only a single cut on a given chromosome is
required to generate a knockout (31). Such off-target effects for CRISPR interference
are less concerning, due to the necessity of having the dCas ortholog remain bound to
the chromosomal target sequence at all times with high enough affinity to block tran-
scription (32). In Chlamydia, off-target effects of CRISPRi are further mitigated by its
small genome size. In addition, most off-target effects have gRNA binding sites with at
most 3-bp mismatches (31). For the dCas9 system, the incA-targeting gRNA showed a
maximum homology of 14 of 21 bp to a sequence in recB but without a nearby PAM
sequence. For the dCas12 system, the incA-targeting crRNA displayed a maximum
homology of 11 of 20 bp to multiple sequences but with no PAM sequence near these
chromosomal sites. In designing gRNAs or crRNAs, we have yet to encounter homology
greater than the 14 of 21 bp we described for the incA-targeting gRNA. Therefore, the
probability of blocking transcription elsewhere on the chromosome is extremely low,
since this would require at least a 7-bp mismatch and an appropriate PAM in the off-
target sequence.

Potential limitations of using CRISPRi could arise in Chlamydia if targeting an entire
operon, yet our demonstration that a target ORF could be complemented as a tran-
scriptional fusion with the dCas9 suggests a possible means to address this. For exam-
ple, in a three-gene operon, XYZ, if the entire operon is knocked down, then gene X
could be investigated by complementing back YZ. Similarly, gene Y could be investi-
gated by complementing back XZ. As CRISPRi is widely implemented in the field, the
success of such strategies should become apparent. Another potential limitation is the
degree to which the dCas ortholog blocks transcription. We have observed transcript
levels reduced by 80 to 90%; thus, for highly transcribed genes, this may not be suffi-
cient to reveal a phenotypic effect. Worth noting, however, is that this level of knock-
down in eukaryotes using small interfering RNA (siRNA) is sufficient to ablate protein
expression in a system where transcription and translation are not coupled as occurs in
prokaryotes (33). Finally, the lack of antibodies against a target protein could hamper
direct measurement of a phenotype and may require monitoring chlamydial microbiol-
ogy by transcriptome or proteome assessments. This is one reason we chose to investi-
gate IncA as a target, since we possess an antibody that recognizes it and it has a well-
characterized phenotype when knocked out (i.e., lack of inclusion fusion [18]). In spite
of these potential limitations, CRISPRi should add a powerful tool to our ability to dis-
sect gene function in Chlamydia.

In sum, we have demonstrated the application of CRISPRi to inducibly knock down
gene expression in Chlamydia. This approach should allow for the study of essential
gene function in this unique bacterium and will greatly accelerate our understanding
of chlamydial biology. We recently demonstrated such utility in the study of the essen-
tial clpP2X operon (22).

MATERIALS ANDMETHODS
Plasmid construction. All primer sequences and plasmid descriptions can be found in Table S1 in

the supplemental material.
The original pBOMB4-Tet::L2 plasmid (a kind gift of T. Hackstadt, Rocky Mountain Labs, NIH [18]) was

modified to reduce its ribosome binding efficiency by first digesting with AatII and PstI and treating
with alkaline phosphatase (FastDigest enzymes; Fermentas, Thermo Fisher, Grand Island, NY). PCR prod-
ucts encoding tetR with its promoter and mCherry with overlapping segments encoding a reduced ribo-
some binding efficiency site were amplified from pBOMB4-Tet::L2 using Phusion DNA polymerase (New
England Biolabs, Ipswich, MA) and purified using a Qiagen (Germantown, MD) PCR purification kit
according to the manufacturers’ guidelines. The digested pBOMB4 plasmid was mixed with the PCR
products in an NEBuilder HiFi DNA assembly (NEB) reaction following the manufacturer’s guidelines and
transformed into chemically competent E. coli 10-b (NEB) using standard techniques. The resulting
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colonies were screened for the correct plasmid, pBOMBL::L2, which was isolated by miniprep (Qiagen)
and verified by restriction digestion and sequencing across the promoter region and ribosome binding
site.

The dCas9 gene from Staphylococcus aureus was PCR-amplified with Phusion DNA polymerase using
the plasmid pX603-AAV-CMV::NLS-dSaCas9(D10A,N580A)-NLS-3xHA-bGHpA (a gift of F. Zhang; Addgene
plasmid 61594 [23]) as the template. The purified PCR product was inserted into the EagI- and KpnI-
digested plasmid pBOMBL::L2, which was also treated with alkaline phosphatase, using NEBuilder HiFi
DNA assembly kit. The product was transformed into chemically competent E. coli 10-b using standard
techniques. The resulting colonies were screened for the correct plasmid, pBOMBL-Sa_dCas9vaa::L2
[also referred to as pBOMBLCRia::L2 (e.v.)], as described above. The gRNA cassette targeting the 59 region
upstream of incA was synthesized by Integrated DNA Technologies (IDT, Coralville, IA) as a synthetic
double-stranded DNA (gBlock), the sequence of which is listed in the supplemental material. The gRNA
gBlock was used directly in an NEBuilder HiFi DNA assembly reaction with BamHI-digested and alkaline
phosphatase-treated pBOMBL-Sa_dCas9vaa::L2. The resulting plasmid, pBOMBLCRia::L2 (incA_IGR), was
transformed into competent E. coli 10-b , isolated, and confirmed as described above.

The dCas12 (ddAsCpf1) gene from Acidaminococcus was PCR amplified with Phusion DNA polymerase
using the plasmid pXX55-ddAsCpf1 (a kind gift of J. Wang [24]) as the template. The PCR product was
inserted into EagI- and KpnI-digested plasmid pBOMBL::L2 as described above to create the plasmid
pBOMBL-ddCpf1vaa::L2 [also referred to as pBOMBL12CRia::L2 (e.v.)]. The crRNA cassette targeting the 59
region upstream of incA was synthesized by IDT and directly inserted into BamHI-digested pBOMBL-
ddCpf1vaa::L2 as noted above for the dCas9 system to create the plasmid pBOMBL12CRia::L2 (incA_IGR).

To complement the incA knockdown in the dCas9 system, incA was PCR amplified from C. trachoma-
tis L2 genomic DNA. The reverse primer added a 39 FLAG tag to the product and contained overlapping
regions with Sa_dCas9vaa, which was itself amplified to encode overlapping regions with incA and an in-
ternal ribosome binding site for a transcriptional fusion product. The PCR products were inserted into
EagI- and KpnI-digested plasmid pBOMBL::L2 as noted above to create the plasmid pBOMBLCRia-
incA_FLAG::L2 (incA_IGR).

Organism and cell culture. The plasmidless (2pL2) strain of C. trachomatis serovar L2 (a kind gift of
I. Clarke) was propagated in McCoy cells as described elsewhere for use in transformations (12). The mu-
rine fibroblast cell line McCoy (a kind gift of H. Caldwell, NIH) and the human cervical epithelial HeLa cell
line were routinely cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco/Thermo Fisher) sup-
plemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT) and 10mg/ml gentamicin (Gibco/
Thermo Fisher) and incubated at 37°C with 5% CO2. Bacterial and eukaryotic cell cultures are routinely
tested for Mycoplasma contamination using LookOut Mycoplasma PCR detection kit (Millipore-Sigma, St.
Louis, MO) according to the manufacturer’s instructions.

Chlamydial transformation. Transformations were performed as described elsewhere using deme-
thylated plasmids prepared from the dam2 dcm2 strain of E. coli (NEB) (12). Briefly, 2mg of demethylated
plasmid was added to 2.5� 106 C. trachomatis serovar L2 -pL2 in Tris-CaCl2 buffer and incubated at
room temperature for 30min (14). McCoy cells plated the day before at 106 per well in a 6-well plate
were subsequently infected with the transformation mix (one well per transformation). Penicillin (1 U/
ml) and cycloheximide (1mg/ml) (MilliporeSigma) were added at 8 h postinfection (hpi). Infected cells
were harvested at 48 hpi, centrifuged at 17,000 � g for 30min at 4°C, and resuspended in 1ml of Hanks’
balanced salt solution (HBSS; Gibco). The suspension was centrifuged for 5min at 400� g at 4°C, and
the supernatant was added to 1ml HBSS to infect a new monolayer of McCoy cells. This process of
infecting and harvesting infected cells was repeated until wild-type inclusions were visible and the peni-
cillin-resistant bacteria were isolated.

Inclusion forming unit assay.McCoy cells were routinely cultured in Dulbecco’s modified Eagle me-
dium (DMEM; Gibco) at 37°C with 5% CO2 supplemented with 10% fetal bovine serum (FBS; HyClone,
Logan, UT). All infected and uninfected cell cultures were incubated at these conditions. Cells
were plated in 24-well culture plates at a density of 1� 105 cells per well. Glass coverslips were placed in
one well subset of the 24-well culture plate for immunofluorescence microscopy. Cells were infected
with transformed C. trachomatis L2 strains, i.e., pBOMBL::L2, pBOMBL-Sa_dCas9vaa::L2, pBOMBLCRia::L2
(incA_IGR), pBOMBLCRia-incA_FLAG (incA_IGR), pBOMBL-ddCpf1vaa::L2, and pBOMBL12CRia::L2
(incA_IGR) at a multiplicity of infection of 1. The cells were centrifuged at 400� g for 15 min in the
Eppendorf 5810R centrifuge and cultured at 37°C with 5% CO2. Samples were induced with increasing
concentrations of aTc, i.e., 0 nM, 2 nM, 10 nM, and 20 nM at 4 h postinfection and harvested at 24 hpi
and 48 hpi. At the designated time points, cell lysates, which contain elementary bodies (EBs), were col-
lected from infected McCoy cell cultures by scraping cells into 2-sucrose-phosphate (2SP) solution. The
resulting mixture was frozen at 280°C and used to infect a fresh McCoy cell monolayer in a series of 10-
fold dilutions. The secondary infection was allowed to progress for 24 h prior to fixation with 4% parafor-
maldehyde. Labeling for immunofluorescence microscopy of the organisms was done using primary
goat anti-MOMP antibody and a secondary donkey anti-goat antibody labeled with Alexa Fluor 594.
Titers were enumerated by calculating the total number of inclusions per field based on counts from 15
fields of view for each triplicate well, giving a total of 45 fields of view per experiment. Three independ-
ent replicates were performed, and the totals for each experiment were averaged. Results were normal-
ized as a percentage of the uninduced samples for each time point. Student’s two-tailed t test to
compare the induced samples to the uninduced samples was performed using the averages of each bio-
logical replicate. No statistical differences (i.e., P. 0.05) were observed for any IFU experiments using
Student’s t test.
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Indirect immunofluorescence microscopy. Cells were cultured on glass coverslips in 24-well tissue
culture plates and infected with C. trachomatis L2 strains at a multiplicity of infection (MOI) of 2. At 8
hpi, the samples were induced with various concentrations of aTc, i.e., 0 nM, 2 nM, 10 nM, and 20 nM. At
the designated time points the samples were then washed three times with DPBS and fixed with 100%
methanol for 1 min. For a subset of the samples, at 16 hpi, the DMEM medium was aspirated and
washed three times with DPBS and new DMEM added without aTc and cultured until the designated
time points for fixation. Organisms were stained using a primary mouse antibody specific to C. tracho-
matis major outer membrane protein (MOMP), primary sheep antibody specific to IncA, primary rabbit
antibody specific to Sa-dCas9 (Abcam, Cambridge, MA). DAPI (49,6-diamidino-2-phenylindole) was added
to visualize DNA. For the pBOMBLCRia-incA_FLAG::L2 (incA_IGR) strain, a primary mouse antibody spe-
cific for FLAG (Millipore-Sigma) was also used in conjunction with a secondary donkey anti-mouse anti-
body conjugated to Alexa Fluor 488 (Jackson Laboratory). The samples were observed with a Zeiss
Imager.Z2 equipped with an Apotome.2 using a 100� lens objective.

Transcriptional analyses. RNA extraction was performed on infected cell monolayers using TRIzol
(Invitrogen/Thermo Fisher). DNA contamination was removed by using Turbo DNAfree (Ambion/Thermo
Fisher) according to manufacturer’s instructions. DNA-free RNA was converted to cDNA using random
nonamers (New England Biolabs, Ipswich, MA) and SuperScript III RT (Invitrogen/Thermo Fisher) per the
manufacturer’s instructions. Reaction end products were diluted 10-fold with molecular biology grade
water and stored at 280°C. Equal volumes of cDNA reaction mixture were used with SYBR green master
mix (Applied Biosystems) and quantified by QuantStudio 3 (Applied Biosystems/Thermo Fisher) using
the standard amplification cycle with a melting curve analysis. Results were compared to a standard
curve generated against purified C. trachomatis L2 genomic DNA. Replicate wells were harvested for
DNA extraction using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany). Chlamydial genomes
were quantified by using equal total DNA quantities in qPCR with a groEL1 primer set. Resulting genomic
values were used to normalize respective transcript data (27, 28). RT-qPCR results were normalized for
efficiency with typical results demonstrating an r2 of.0.995 and efficiencies greater than 90%. Student’s
t test was used to compare the normalized transcript levels of induced and uninduced samples follow-
ing log10 transformation. Data with an asterisk (*) indicate a P value of,0.05.
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