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Abstract
Purpose Chlamydial genital infections constitute significant sexually transmitted infections worldwide. The often asymp-
tomatic status of C. trachomatis (CT) infections leads to an increased burden on human reproductive health, especially in 
middle- and low-income settings. Early detection and management of these infections could play a decisive role in control-
ling this public health burden. The objective of this review is to provide an insight into the evolution of diagnostic methods 
for CT infections through the development of new molecular technologies, emphasizing on -omics’ technologies and their 
significance as diagnostic tools both for effective patient management and control of disease transmission.
Methods Narrative review of the diagnostic methodologies of CT infections and the impact of the introduction of -omics’ 
technologies on their diagnosis by review of the literature.
Results Various methodologies are discussed with respect to working principles, required specifications, advantages, and 
disadvantages. Implementing the most accurate methods in diagnosis is highlighted as the cornerstone in managing CT 
infections.
Conclusion Diagnostics based on -omics’ technologies are considered to be the most pertinent modalities in CT testing 
when compared to other available methods. There is a need to modify these effective and accurate diagnostic tools in order 
to render them more available and feasible in all settings, especially aiming on turning them to rapid point-of-care tests for 
effective patient management and disease control.

Keywords Chlamydia trachomatis · Genital infections · Diagnostics · NAAT  · Point of care · -omics’

Introduction

Chlamydia trachomatis (CT) infections impose a huge burden 
on human sexual and reproductive health. They are considered 
to be the most significant causes of bacterial sexually trans-
mitted infections (STIs) worldwide [1–3]. The World Health 
Organization (WHO) reports 357 million new cases of four 
major STIs each year: chlamydia, gonorrhea, syphilis, and 
trichomoniasis. Among these, chlamydia infections make a sub-
stantial contribution of about 131 million cases [4]. According 
to reports by the Centers for Disease Control and Prevention 
(CDC), chlamydia infections are the most frequent notifiable 

diseases in the USA and constitute a major proportion of all 
STIs reported to CDC [5]. As CT is mostly an asymptomatic 
pathogen and may not often cause classical clinical features, 
many cases remain undetected, which leads to an underesti-
mated prevalence rate. This fact highlights the paramount 
importance of using effective diagnostic modalities in provid-
ing better patient care. To provide an insight into the various 
diagnostic tools utilized for effective patient management and 
control of disease transmission, we present a literature review 
of the diagnostic methodologies of CT infections and the impact 
of the introduction of -omics’ technologies on their diagnosis.

The pathogen

Chlamydia is an obligate intracellular pathogen character-
ized by a distinctive life cycle involving dual forms: an infec-
tious extracellular elementary body (EB) and an intracellular 
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reticulate body (RB) for replication. These bacteria grow only 
within the specialized vacuoles called inclusions in eukary-
otic cells. CT comprise the most popular species in the family 
Chlamydiaceae, because of its association with ocular tra-
choma and a wide array of genital tract manifestations in both 
males and females [6]. Originally, CT isolates were classified 
by serotyping, based on antigenic alterations on the major outer 
membrane protein (MOMP), and linked to different clinical 
manifestations [7, 8]. To date, 19 serovars of CT (A, B/Ba, 
C, D/Da, E, F, G/Ga, H, I/Ia, J, K, L1, L2/L2a, and L3) have 
been described. However, serotyping requires the cultivation 
of CT on cell lines, which deems it cumbersome and insen-
sitive. Nowadays, molecular typing methods can be used for 
genotyping, involving analysis of the ompA gene encoding for 
MOMP; thus the cultivation of cell lines is no longer required. 
The various genovars were named using similar letter-based 
nomenclatures as for serovars. Some of the typing methods 
involved are ompA sequencing, multilocus sequence typing 
(MLST), multilocus variable number tandem repeat analysis 
(MLVA), and whole-genome sequencing (WGS). In addition 
to the 19 serovars mentioned above, genovars Ja and L2b have 
been recognized [9, 10]. The various genovars reported in stud-
ies across the globe have been well summarized by Rawre J 
et al., with genovar E emerging as being the most frequent [9].

Clinical presentation

Several risk factors are reported that may contribute to devel-
oping CT infections. The sexually active younger age group 
of < 25 years is considered to be at a higher risk of acquiring 
the infection. Other major factors include multiple sex part-
ners, inconsistent usage of barrier methods with new sexual 
partners, past history of STIs, and exposure to commercial sex 
partners [8, 11]. Genital infections caused by CT are mostly 
asymptomatic in 70–80% of women and 40–50% of men, lead-
ing to a huge reservoir of undetected, infected individuals who 
pose a major threat of transmitting infections to their sexual 
partners [12]. In males, CT infections most commonly pre-
sent as non-gonococcal urethritis (NGU), with other common 
presentations including epididymitis and proctitis. Invasive 
serovars (L1-L3) linked with lymphogranuloma venereum 
(LGV) are mostly reported in men who have sex with men 
(MSM) and present with infections involving the inguinal 
lymph nodes and rectum [8, 13]. In females, the most com-
mon clinical presentation of a CT infection, when sympto-
matic, is mucopurulent cervicitis, which may be associated 
with urethritis. However, in the majority of women, CT infec-
tions run their course asymptomatic and these undetected and 
untreated cases may lead to sequelae of clinical complications 
influencing reproductive health. When an unidentified CT 
infection spreads to the upper genital tract, it can cause pel-
vic inflammatory disease (PID) including a varied range of 

manifestations such as endometritis, salpingitis, tubo-ovarian 
abscesses, pelvic peritonitis, and perihepatitis. Chronic PID 
can further lead to more severe complications such as tubal 
factor infertility and ectopic pregnancy [14]. Furthermore, an 
increased risk of acquiring cervical carcinoma and infection 
with human immunodeficiency virus (HIV) has been found 
to be related to active chlamydial infection. In both genders, 
accidental autoinoculation of genital secretions may lead to 
inclusion conjunctivitis [12, 15].

During pregnancy, CT infections have been mostly asso-
ciated with adverse outcomes such as recurrent miscar-
riages, stillbirth, premature rupture of membranes, preterm 
labor with low birth weight, and postpartum endometritis. 
Maternal infection can be transmitted to the neonate dur-
ing vaginal delivery, through contact with infected cervical 
secretions, potentially leading to neonatal inclusion conjunc-
tivitis, otitis media, and infant pneumonia. Long-term res-
piratory sequelae may be significant in these children when 
followed-up [16, 17].

Being a silent pathogen, most of the infections remain 
concealed and may later be revealed to have influenced the 
reproductive health, causing female sterility, which in turn 
brings with it an associated financial burden. Adequate 
screening programs need to be implemented in order to diag-
nose such infections. CDC recommends annual screening for 
chlamydia among sexually active females aged < 26 years and 
in older females associated with risk factors, although there 
is no emphasis on routine screening in men [1, 15]. However, 
as these screening programs are rarely being implemented, 
especially in developing and underdeveloped countries, the 
number of new cases every year keeps increasing [18].

From all the above, it becomes clear that the real chal-
lenge in managing CT infections is to identify these silent 
infections. This requires efficient diagnostic methods with 
adequate sensitivity and specificity, which, when imple-
mented as part of screening programs, can contribute to 
detecting new cases and controlling the transmission of 
infections. This review focusses on the currently available 
diagnostic approaches in detecting chlamydial infections, 
with special emphasis on the significance of -omics’ tech-
nologies in molecular testing.

Clinical specimens in CT testing

CT diagnosis involves various direct and indirect laboratory-
based methods whose efficiency depends primarily on the 
adequate collection and transportation of clinical specimens. 
As chlamydia is an obligate intracellular bacteria, specimens 
collected must involve host cells harboring the pathogen, 
especially when direct methods are involved in testing [19]. 
Also, the type of suitable specimens could vary based on the 
clinical presentations and the testing method [20].
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Genital swabs are known to be the most commonly col-
lected specimens for the detection of chlamydial infections. 
Dacron, rayon, cotton, and calcium-alginate tipped swabs 
are generally preferred [19, 21]. In women, cervical swabs 
or cervical swabs pooled with urethral swabs and in men 
urethral swabs are considered to be effective for chlamydial 
isolation. Present studies emphasize the collection of non-
invasive specimens for testing like self-collected vaginal 
swabs in females and first-void urine in both males and 
females [22, 23]. The testing for extra-genital CT infections 
requires sampling from rectal and pharyngeal sites [24].

Genitourinary specimens collected from various anatomi-
cal sites can influence diagnosis owing to the difference in 
their bacterial load. Michel et al. have elaborated on the 
importance of bacterial load in varied specimen types and 
their association with clinical symptoms [25]. In men, ure-
thral swabs and first-void urine specimens are considered 
equally adequate as there is no significant variation in terms 
of bacterial load. In females, though endocervical swabs 
are the preferred specimens, self-collected vaginal swabs 
have proved to have comparable significance with almost 
similar bacterial load. However, first-void urine in females 
is considered sub-optimal because of the poor bacterial load 
[25, 26]. Higher chlamydial load is found to correlate with 
symptomatic presentation in both males and females and 
also considered as an important indicator for transmission 
and development of sequelae [27].

Traditional methods in CT testing

Cervical cytology

Cervical cytological examination using Papanicolaou (Pap) 
smears has been among the early techniques adopted in 
screening for cervical cancer. This simple, rapid, readily 
accessible method is also known to provide clues in diag-
nosing STIs, with the associated inflammatory changes [28]. 
Several studies have been conducted to assess the utility of 
this method in CT diagnosis in the past [29–34]. Some stud-
ies have highlighted the association of cervical epithelial 
changes and cytological variations including increased his-
tiocytes and transformed lymphocytes with CT infections, 
indicating Pap smears as screening tests [28, 29]. However, 
these changes may not be unique to CT infections [30]. In 
addition, ample data on poor sensitivity of this methodol-
ogy, provided by various research reports, has marked it as 
an unreliable method both in screening and diagnosis of CT 
infections [31–34].

Culture methods

Isolating CT on cell cultures is considered to be the most 
optimal method of detecting urogenital infections caused 

by the organism. Because of the high specificity of this 
technique, it had been referred to as the “gold standard” 
for CT detection in the past. These cell culture methods 
require invasive specimens like endocervical and urethral 
swabs which must be collected precisely to include host cells 
with viable organisms. They must be transferred in suitable 
transport media like sucrose-glutamate phosphate buffer and 
transported at a temperature < 4 °C within 24 h of collec-
tion. If the processing within 24 h is not secured, transport 
at a temperature of − 70 °C on dry ice is required [19]. Cell 
lines mostly utilized include McCoy, Buffalo green mon-
key kidney cells and HeLa 229. These are analyzed for the 
presence of characteristic intracytoplasmic inclusion bodies 
at least 48–72 h after inoculation [7]. However, stringent 
conditions required in collection, transport, and processing 
of specimens pose a major drawback influencing the sen-
sitivity, which may range from 70–80%, sometimes being 
even lower. These methods are technically intricate, labor-
intensive with increased turnaround time and cost. Hence, 
these are no more preferred in routine diagnostic setups but 
are still important in studying drug resistance and in situ-
ations with legal implications as in sexual abuse [35, 36].

Antigen detection methods

Due to these drawbacks of culture methods in CT diagnosis, 
various other methods, which are non-culture based, have 
been developed and implemented. Methods demonstrating CT 
antigens from clinical specimens are among these improved 
techniques. As these methods do not require viable bacteria, 
highly specific procedures involved in specimen collection 
and transport, as needed for culture samples, are not necessary. 
Also, the advent of these methods has made CT testing possible 
in laboratories lacking the capability to maintain cell cultures.

Direct fluorescence antibody (DFA) test performed directly 
on clinical specimens is one of the most useful diagnostic 
methods available. This uses fluorescein isothiocyanate-
labeled monoclonal antibodies directed against chlamydial 
lipopolysaccharide (LPS) or MOMP of CT to detect 
chlamydial inclusions. Using monoclonal antibody reagents 
specific for MOMP of CT has led to 98–99% specificity and 
80–90% sensitivity in comparison with cell culture methods. 
Very high specificity shown by the DFA test owes to it being 
dependent on visualizing distinctive morphology and staining 
properties of chlamydial inclusions as in cultured cells. This 
test is relatively rapid and can be performed in about 30 min. 
It does not depend on a temperature-controlled transporta-
tion system. But this technique demands expertise and time 
in examination and interpretation of results, thus confining its 
use in low volume setups. However, due to its high specific-
ity, it has been used as a confirmatory test for positive results 
obtained by other non-culture tests [12, 19, 21].
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Enzyme immunoassays (EIAs) based on the detection of 
LPS genus-specific antigen was introduced later in diagnostics. 
These tests are based on LPS which is more abundant and 
soluble than MOMP. The major drawback of these techniques 
is the cross-reaction of LPS-specific antibodies to LPS of 
other gram-negative bacteria, leading to false-positive results. 
In order to improve specificity, certain blocking assays were 
developed which consist of re-testing the previously positive 
results in the presence of monoclonal antibodies specific to 
chlamydial LPS. As a result, these confirmatory tests increased 
the specificity of EIAs from 97 to > 99% rendering them as 
appropriate screening tests, even in a population with low 
prevalence [13, 19]. The efficiency of Chlamydiazyme (Abbott 
Diagnostics, North Chicago, Ill.) and MicroTrak (Behring, 
California, USA) assays have been analyzed by various studies 
in comparison to culture and other non-culture methods such 
as DFA, nucleic acid hybridization (NAH), and nucleic acid 
amplification (NAA) [37–43]. The sensitivity was determined 
to be 65–75% with a specificity of 97–99%.

Serology testing for CT

The role of serological techniques in CT diagnosis is very 
limited, as they have been proven to be inadequate. The 
chlamydial antibody response is either delayed or absent 
in some individuals. Most of these techniques detect anti-
chlamydial antibodies directed against LPS antigen which is 
a genus-specific antigen. Often these tests fail to differentiate 
antibodies produced against different species of chlamydia. As 
a result, these tests are not recommended as part of screening 
programs. However, they may be of diagnostic importance in 
chronic and invasive infections like in cases of PID and sexu-
ally acquired reactive arthritis (SARA) where direct detection 
of CT from genital specimens is not possible but found to be 
associated with increased anti-chlamydial antibody titers [7, 8].

Some of the serological tests evaluated for the diagnosis of 
chlamydial infections are the microimmunofluorescence (MIF) 
test and enzyme-linked immunosorbent assay (ELISA). The 
MIF test was believed to be the most sensitive serological test, 
which even presented species and serovar-specific responses. 
This was regarded as the “serological gold standard” for 
chlamydial testing [44]. However it has not been established for 
diagnostics because of technical constraints and cost involved. 
ELISA tests using genus-specific LPS are known to produce 
false-positive reactions attributable to cross-reactions with other 
chlamydial species. As antibodies produced during previous 
infections generally remain in circulation, positive test results 
do not confirm the presence of an active infection. The presence 
of IgM antibodies as expected in acute infections is also not 
consistent and a single serum specimen tested by ELISA fails to 
distinguish between previous and present infections. However, 
testing serum for chlamydial antibodies can be indicative of 
past infections and related to tubal infertility [45].

Modern technologies in CT diagnosis

Molecular techniques

Traditional methods for the diagnosis of CT infections have 
several disadvantages including low sensitivity, the require-
ment of invasive specimens, longer duration for performance 
and reporting, and associated high cost. Also, these tests 
may produce false-negative results, which can in turn lead to 
the spread of infections and increase in complications. These 
limitations point out the need to develop tests with higher 
sensitivity and specificity, in order to be used either as stand-
ard standalone reference tools or in combination with other 
traditional methods. The introduction of these methods led 
to a drastic leap in CT diagnosis, enabling better identifica-
tion of cases and management.

Commercially available nucleic acid hybridization (NAH) 
methods have been used in laboratories with high specimen 
load. The most commonly used method is the PACE 2 test 
(Gen-Probe, San Diego, Calif., USA). This method uses a 
chemiluminescent DNA probe that hybridizes to a species-
specific sequence of chlamydial 16S rRNA. Another DNA 
probe test developed in the later years is the PACE 2C which 
simultaneously detects both CT and Neisseria gonorrhoeae 
from a single specimen [12]. One other NAH test being used 
is the Hybrid Capture II (Digene Corporation, USA) using a 
signal amplification component so that the sensitivity can be 
increased [13]. These relatively rapid, simple tests have been 
suitable for testing a large number of specimens. Data on the 
performance of these NAHs show that they have almost com-
parable sensitivity and specificity to that of other EIAs [40, 46, 
47]. In comparison to DNA amplification assays, they are found 
to have decreased sensitivity [48]. Special care is necessary 
when confirming positive results especially from populations 
with low prevalence.

The development of nucleic acid amplification tests 
(NAAT) has been regarded as a major breakthrough in CT 
diagnostics and has utterly transformed the field. These tests 
can detect chlamydial DNA or RNA based on amplification 
technology and have almost succeeded in replacing cell cul-
ture methods, being referred to as the “new expanded gold 
standard.” These tests demonstrate high sensitivity, as they 
are efficient enough to detect the presence of a single nucleic 
sequence in the clinical specimen and are at the same time 
highly specific. Additionally, these tests have introduced the 
concept of non-invasive sampling for diagnosing genital CT. 
Studies have shown their efficacy in detecting CT in self-
collected vaginal swabs and urine specimens [22, 23, 49, 
50]. As the majority of these infections is asymptomatic, the 
collection of non-invasive specimens has proven beneficial 
for screening programs. First-void urine is the recommended 
specimen in men, while in women, self-collected or clinician-
collected vaginal swabs are preferred for NAAT testing [51].
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The major role of NAAT technologies in chlamydial diag-
nostics was appreciated with the development of polymerase 
chain reaction (PCR) and ligase chain reaction (LCR) tech-
niques. Both of these methods involve the amplification of 
nucleotide sequences within a cryptic plasmid [52]. In 1993 
the first PCR test approved by the Food and Drug Administra-
tion (FDA) was Amplicor (Roche Molecular Systems, Incor-
porated, Branchburg, NJ), which was approved for endocervi-
cal, male urethral and male urine specimens. Moreover, some 
studies have shown equally good sensitivity of this method, 
when tested on female urine samples [53]. Furthermore, it 
showed higher sensitivity in comparison to culture methods 
[54] as well as to non-culture techniques [42]. Studies have 
even highlighted the utility of this test in detecting CT from 
extra-genital sites, thus being useful in screening MSM [55]. 
However, the presence of inhibitors in clinical specimens and 
the poor handling of specimens have been found to alter the 
performance of this PCR technique. In 1995, LCR received 
approval by the FDA for diagnostic use. LCx assay (Abbott 
Laboratories, Abbott Park, Ill), an oligonucleotide probe-based 
assay, uses two probes that are ligated together when adjacent 
to each other and hybridize to one strand of the target DNA 
[56]. The evaluation of the performance of this method exhib-
ited good sensitivity and specificity in comparison to the cell 
culture method, making it a useful tool for screening urogenital 
infections [57, 58]. PCR and LCR demonstrate almost similar 
results when used in the diagnosis of CT and are considered 
as standards in testing and confirmation [59].

Following PCR and LCR, newer molecular technolo-
gies have been developed for CT diagnosis, which include 
the transcription-mediated amplification (TMA) test, the 
APTIMA Combo 2 (Gen-Probe Inc, USA), and the strand 
displacement amplification-based ProbeTec (BD Diagnostic 
Systems, USA). The TMA test is directed against ribosomal 
RNA, which works as an isothermal system using enzymatic 
target amplification and chemiluminescent detection in a sin-
gle tube format [19]. FDA has cleared this technique in 2005 
for testing genital and urine specimens [60]. Gaydos CA et al. 
have reported a sensitivity of 94.2 and 94.7% and a specificity 
of 97.6 and 98.9% when testing endocervical swabs and first 
catch urine respectively with this method [61]. In a compara-
tive study conducted by Lowe P et al., the APTIMA Combo 
2 assay showed very high sensitivity (100%) and specificity 
(> 99%) compared with the Amplicor CT/NG assay [62]. The 
ProbeTec assay, targeting the chlamydial cryptic plasmid, was 
another significant development for CT diagnosis and was 
approved by the FDA in 2014. Sensitivity was almost com-
parable to the other NAATs, while it showed a specificity of 
100% as demonstrated by Van Dyck E et al. [42].

Another FDA cleared NAAT is the Cepheid Xpert CT/NG 
(Sunnyvale, CA), a rapid, easy-to-use, cartridge-based real-
time PCR. This assay has been proven to be highly effective 
in testing urogenital specimens from both symptomatic and 

asymptomatic population [63]. Equally good performance was 
demonstrated when testing extra-genital specimens [60]. FDA 
has approved Aptima Combo 2 assay and Xpert CT/NG for 
extra-genital diagnostic testing of chlamydial infections using 
pharyngeal and rectal specimens, in 2019 [64]. Xpert CT/NG 
is considered to be the first molecular method to be utilized as 
a point-of-care (POC) assay. Being a closed system requiring 
minimal manual intervention, it is easy and rapid to perform. 
These properties allowed for it to be used even in clinics lack-
ing conventional laboratory facilities, thus enabling same-day 
treatment to patients. This has contributed to preventing loss 
of cases to follow up and occurrence of severe sequelae [65].

NAATs have been the most competent methods devised 
for CT diagnosis with high sensitivity and specificity values. 
The fact that non-invasive samples are accepted for test-
ing has favored the use of these methodologies in screening 
asymptomatic population. These are found to be consider-
ably rapid, while providing accurate results. They are even 
considered efficient enough to replace culture methods in 
testing specimens implicated with legal issues. Most of 
these test formats are designed to detect both CT and N. 
gonorrhoeae in the same assay using a single specimen and 
therefore enabling better patient management. However, the 
requirement of well-trained personnel for testing specimens 
and the necessity of sophisticated laboratory infrastructure 
for most of these assays have limited their usage to high-end 
settings. Additionally, the high financial cost of these meth-
ods has prevented their popularity in resource-poor setups.

“Swedish variation” of CT

Though a highly conserved pathogen, genetic variation 
involving a 377 base pair deletion in the cryptic plasmid 
has been noted for CT. This variant denoted as nvCT was 
first reported from Sweden in 2006 by Ripa and Nilsson 
and has been associated with reduced transmission duration. 
Earlier versions of some commercial NAAT systems had 
failed to detect this variant as the targets for these NAATs 
were located in the acquired deletion site of the plasmid. 
While designing in-house PCRs or using commercial NAAT 
systems for CT detection, ability to detect this variant should 
be considered to avoid false-negative results [66–68].

Rapid “Point‑of‑care” testing in CT diagnosis

“Point-of-care” testing (POCT) in a public health setting 
provides major advantages compared with the often cumber-
some sample logistics of medical laboratories. The relatively 
low costs of the testing equipment allow more installations 
closer to the patient. This also leads to a faster availability 
of the results for the patient and medical care team and, in 
eligible cases, an immediate commence of treatment. The 
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so achieved initiation of treatment during the first visit to 
the health facility could result in higher rates of follow-up.

The availability of POCT in clinical settings is considered 
essential in controlling chlamydial infections. According to 
WHO, such tests should be affordable, sensitive, specific, 
user-friendly, rapid and robust, equipment-free, and deliver-
able to end-users (ASSURED criteria) [69]. Chlamydial diag-
nosis involves highly accurate NAATs. However, these have 
been only accessible in the developed world, as they demand 
well-equipped laboratories with trained personnel and high 
maintenance costs. As these tests are mostly laboratory-based, 
the patients are required to make a second visit to the clinic 
for collecting test results and receiving instructions for treat-
ment. Patients in middle- and low-income countries may fail 
to access these technologies, leading to an increased burden of 
infections. Rapid and accurate POC tests are necessary in order 
to enable diagnosis and treatment on a single clinical visit. This 
would decrease the rate of patients’ lost-to-follow-up, further 
reducing morbidity and potential transmission [70].

Immunochromatography-based rapid diagnostic tests 
(RDTs) detecting chlamydial LPS antigen have been devel-
oped, which require minimal logistics and deliver rapid results 
enabling treatment of positive cases immediately. But poor sen-
sitivity made them inappropriate for testing both symptomatic 
and asymptomatic patients [71–73]. To overcome this weak-
ness, molecular RDTs were introduced in POCT. The Cepheid 
GeneXpert platform is an example for an established POCT 
system which even works well in mobile laboratories. Xpert 
CT/NG can provide highly accurate results, comparable with 
laboratory-based NAATs, in approximately 90 min, thus facili-
tating faster delivery of results and immediate administration 
of treatment [74]. Furthermore, the method has greatly benefit-
ted from the FDA approval of testing extra-genital specimens. 
Harding-Esch EM et al. have also presented a NAAT-based 
RDT, which can produce results in 30 min with a performance 
analogous to the standard reference tests [75].

The sensitivity, specificity, advantages, and disadvantages 
of various diagnostic tests available for CT detection are 
summarized in Table 1.

CT diagnosis in the era of ‑omics’ 
technologies

The advent of -omics’ technologies has led to a major revolu-
tion in diagnostics of a wide array of clinical conditions. These 
assays can prove to be instrumental in managing various infec-
tious diseases, as they could reveal critical details of the patho-
physiological mechanisms involved in health and disease. These 
methods in combination with bioinformatics have contributed 
immensely to understanding the pathophysiology and complex 
interplay between hosts and pathogens. The wider term “-omics” 
encompasses a range of technologies for analyzing and detecting 

genes (genomics), messenger RNA (mRNA) (transcriptomics), 
proteins (proteomics), and metabolites (metabolomics) from 
clinical specimens, which could prove to be important biomark-
ers in various clinical conditions. These technologies, especially 
when utilized in an integrated manner, could evolve as powerful 
diagnostic tools in clinical medicine [79, 80].

The utility of -omics’ in CT diagnosis has evolved over the 
years. Despite its high infection rates and impact on human 
health, the unique biology of these obligate intracellular bacte-
ria has not been well explored until the introduction of -omics’ 
investigations. These modern modalities have been fundamen-
tal in shedding light on the natural history, evolutionary aspects, 
and complex pathophysiology of this mysterious pathogen, thus 
paving new ways to the improvement of patient care [81, 82].

Genomics

Genomics, the first and most widely known -omics’ tech-
nology, studies the genetic profile of organisms either with 
respect to the whole genome or by targeting exonic cod-
ing regions or analyzing single nucleotide polymorphisms 
(SNPs) [83]. These high-throughput technologies have pro-
vided better insight into CT, especially with regard to epide-
miological patterns among the various serovars, evolution of 
new variants due to mutations, monitoring sexual networks, 
and observation of persistence and reinfection rates. Several 
methods have been implemented for CT genotyping such as 
restriction fragment length polymorphism (RFLP), sequenc-
ing methods, DNA microarrays, and WGS [9].

RFLP involves the typing of the amplified ompA gene 
using restriction enzymes, where each genotype produces 
fragments of varying lengths that are electrophoretically 
identified. This technique is more focused on looking into the 
epidemiological patterns of various genovars of CT but fails 
to perform in infections with mixed genotypes and to identify 
single nucleotide changes and possesses low discriminatory 
power [9]. Various studies have utilized this technique in gen-
otyping CT strains isolated from diverse populations [84–87].

Hybridization methods have been the superior technolo-
gies in detecting mixed CT infections and in epidemiological 
studies. Advanced types in use are reverse line blot hybridi-
zation, reverse dot blot hybridization, and microsphere sus-
pension array hybridization. These techniques are based on 
hybridization of the amplified DNA with probes labeled on 
nylon membranes or carboxylated beads and results are noted 
either by blot formation or by analyzing the signals generated 
[9]. Studies conducted using these methods have highlighted 
their role in revealing multiple genotypes from a single clini-
cal specimen and effective genotyping in large epidemiologi-
cal studies [88–90]. However, poor resolution and inability to 
identify genovariants are major drawbacks [9].

The discriminatory power of CT typing has been increased 
with the introduction of high-resolution typing methods like 

1332 Brazilian Journal of Microbiology (2021) 52:1327–1339



1 3

MLVA and MLST [9, 10]. Several studies have shown their 
significance in determining genetic variants and in phylo-
genetic analyses [91–93]. But these expensive, equipment 
dependent methods are inefficient in diagnosing mixed infec-
tions leading to uninterpretable results. The emergence of 
DNA microarrays, as alternate technologies of genotyping 
requiring minimal sequencing, has been a major progress both 
in research and diagnostics. These high-resolution methods 
are rapid, less expensive with high sensitivity and specificity. 
Moreover, these methods can detect mixed infections mak-
ing them relevant in clinical and epidemiological setups [94]. 
Studies have shown their superiority to MLST techniques in 
genotyping with regard to rapidity, relatively low cost and eas-
ier analysis of results. Also, they have proven to be compara-
ble with these high-resolution methods in terms of sensitivity 
and specificity making them powerful alternative tools [95].

WGS has emerged as a vital tool for public health surveil-
lance, molecular epidemiology of infectious diseases, and 
determination of antimicrobial drug resistance. This method is 
known to provide higher resolution and accuracy than the classi-
cal molecular typing methods. In CT diagnosis, this technology 
has been a promising solution in recognizing recurrent and per-
sistent infections, thus helping to improve clinical management 
and disease control [96]. Clarity on the concept of reductive 
evolution involving genome degradation in CT has been enabled 

by WGS [97]. Though recombination has been previously con-
sidered uncertain in CT, owing to its intracellular nature, whole 
genome analysis has revealed the recombination machinery 
within the genome and the capability among clinical strains to 
recombine naturally or in cell cultures. Recombination, an inher-
ent property responsible for diversity among species, was found 
to occur not only in strains with tropism to similar tissues but 
also between strains possessing tropism to different tissues. This 
correlated with the incidence of mixed and cross-site infections 
[98]. Chlamydia culture, a cumbersome and time-consuming 
technique, was previously a prerequisite for obtaining DNA for 
WGS, but the introduction of culture-independent methodolo-
gies has resolved these glitches making WGS popular as the 
ultimate typing tool [9, 10, 99]. The application of the tech-
nique directly on clinical specimens is very advantageous, as 
it can lead to a rapid diagnosis and thus accelerate the clinical 
response. WGS provides an insight into the epidemiological pat-
tern and genetics of CT, which could eventually aid in tracing 
sources and investigating transmission networks [97, 99]. Borges 
V et al. studying the LGV outbreak among retro positive MSM 
performed WGS from anorectal samples. This helped them to 
notify the outbreak of LGV and the strain causing this outbreak 
was found to be unique (L2b/D-Da). This study highlights the 
role WGS can play in identifying and also characterizing LGV 
directly from clinical specimens [100].

Table 1  Comparison of diagnostics in detecting genital infections by C. trachomatis 

NAH nucleic acid hybridization, NAAT  nucleic acid amplification test, CBNAAT  cartridge-based nucleic acid amplification test

Test method Sensitivity (%) Specificity (%) Advantages Disadvantages References

Cell culture 70–85 99.9 • Detection of viable bacteria
• Availability of bacteria for genotyping 

and antimicrobial susceptibility testing

• Stringent collection and transport 
of specimens

• Technically complex
• Time-consuming
• High cost

Domeika et al. [8]
Black CM [19]

Antigen detection
Methods
a) Direct Fluorescent Antibody 

test
50–90 98–99 • Visualizing morphology of inclusions

• Assessment of quality of specimens
• Expertise in interpretation
• Not suitable for large sample 

size

Black CM [19]
Gann et al. [41]
Phillips et al. [76]
Dereli et al. [77]

b) Enzyme immunoassay 65—80 97–99 • Minimal technical skills • False-positive reactions
• Time-consuming

Chernesky [13]
Clarke et al. [40]
Gann et al. [41]

c) Immunochromatography 20–65 97–99 • Rapid
• Easy to perform

• Poor sensitivity Kelly et al. [69]
Sabido et al. [71]
Yin et al. [72]

Molecular methods
a) NAH 75–85 97–99 • Relatively simple, rapid

• Suitable for large specimen numbers
• The requirement of specific 

instruments
• Low sensitivity

Clarke et al. [40]
LeBar et al. [47]
Black et al. [48]

b) NAAT 84–99 92–99 • High sensitivity
• Rapid, accurate
• Use of non-invasive specimens

• Expensive
• Sophisticated laboratory 

infrastructure
• Well trained personnel

Black et al. [48]
Harkins et al. [52]
Gaydos et al. [61]

c) CBNAAT 97–100 97–100 • Cartridge-based
• Near point-of-care test
• Testing extra-genital specimens

• High cost Gaydos et al. [63]
Garrett et al. [78]
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Transcriptomics

Even with genomic studies providing highly accurate data, 
the information generated is mostly static and not functional 
[83]. Advanced technologies in the -omics’ cascade have 
assisted in overcoming these barriers. Transcriptomics, 
the field analyzing the host mRNAs, have played a signifi-
cant role in elucidation of the pathophysiological changes 
and varied gene expressions occurring in host cells during 
disease [101]. Analysis of host mRNAs provides a direct 
approach to cell and tissue-specific gene expressions which 
can be fundamental in apprehending the effect of altered 
transcriptome profiles during CT infections. Hayward RJ 
et al. have proposed the utility of single-cell approaches 
which could identify early infection biomarkers in host cells 
using single-cell RNA-Seq (sc RNA-Seq) and in understand-
ing the intricate host responses during CT infections [102]. 
Detecting mRNA can be a potential marker for determining 
chlamydia viability indicative of true infections, which is 
unlikely using NAAT methodologies. Also, it can be used 
to determine the gene expressions at various stages of the 
chlamydia life cycle. A study by Zheng X et al. highlights 
the significance of the blood mRNA profile in diagnos-
ing sexually transmitted infection-induced endometritis in 
women, which would further promote extensive screening 
for STIs in order to prevent further sequelae [103]. However, 
studies involving mRNAs as templates can be challenging 
due to their fragile nature [104], and the interpretation of 
data generated by these high-end technologies requires high 
expertise. Therefore, further research is necessary in order 
to validate these tests in the diagnostic setup.

Proteomics

Proteomics, the qualitative or quantitative study of the pro-
teome, which comprises the entire set of proteins of an organ-
ism, could help develop new diagnostic and prognostic bio-
markers. Though transcriptional profiles provide insight into 
host–pathogen relations, post-transcriptional alterations could 
generate modified host proteins which can be effectively evalu-
ated by proteomics [83]. Chlamydia, being an obligate intracel-
lular pathogen, is known to intensely remodel the host proteome 
during infections for its replication and survival. This concept 
has been elucidated in a study conducted by Olive AJ et al. 
utilizing the global protein stability (GPS) platform, which 
demonstrates altered stability of host proteins and sequential 
manipulation of host pathways during CT infections. Analy-
sis of these changes in host proteins could contribute to the 
understanding of the host–pathogen interactions and the devel-
opment of therapeutic regimens [105]. Interferon-γ (IFN-γ), 
released as a mechanism of cell-mediated immune response 
during CT infections, disturbs the normal developmental cycle 
of the pathogen by decreasing the tryptophan synthesis, leading 

to the formation of aberrant reticulate bodies (ARBs) which 
are non-replicating but viable. Quantitative proteome analysis 
of these ARBs has shown increased levels of tryptophan syn-
thase subunits, likely markers of persistence, which is a key 
feature leading to chronic infections and escape from immune 
responses [106]. Though ample data is produced by these pro-
teomic tools, complexity in analysis can be a major limitation. 
Validating these technologies in the future can advance them as 
promising biomarkers in clinical diagnosis [79].

Metabolomics 

Metabolomics, the most recent layer of the -omics’ cascade, 
focuses on the quantitative estimation of metabolites pro-
duced either during the host–pathogen interaction or during 
interventions. These can prove to be significant biomarkers 
indicative of infection, as well as in monitoring the effective-
ness of therapy [101]. This field is found to be interlinked 
to the other -omics’ strata, as the levels of the metabolites 
produced are complementary to the variations in tran-
scriptome and proteome [83]. Research studies conducted 
in order to demonstrate these compounds and tag them as 
indicators of infections have been on the rise in the field of 
chlamydia diagnosis. A study by Foschi C et al. involving 
a proton-based nuclear magnetic resonance spectroscopy 
has compared the urine metabolome of women with CT 
genito-urinary infection with that of CT negative women. 
An increased concentration of metabolites like sucrose, man-
nitol, lactate, and pyruvate were observed in CT-infected 
women, which were not found in CT negative women [107]. 
Also, in a study adapting a similar methodology for the met-
abolic profiling of vaginal swabs from CT-infected women 
and healthy women, specimens from CT-infected women 
exhibited altered nitrogen metabolism with decreased lev-
els of amino acids and biogenic amines. Variations in these 
metabolites were proposed to be indicative of CT infec-
tion, thus implicating them as potential biomarkers [108]. 
However, further research is essential in order to be able 
to associate these low molecular weight compounds with 
the pathogenic mechanisms of CT and to comment on their 
diagnostic or prognostic value [107, 108]. Simplified data 
interpretation and cost-effectiveness could drive the utiliza-
tion of these methods in clinical practice [101].

The advantages and disadvantages of the various -omics’ 
technologies discussed above are summarized in Table 2.

‑omics’: an integrated approach

Considering the disadvantages associated with individual 
-omics’ methodologies, their implementation in clinical 
practice is not yet well established. In very few instances, 
these methodologies have been found to outpace the already 
available testing strategies [80]. With regard to the laboratory 
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viewpoint, these technologies demand high-end equipment, 
technical expertise for analyzing the enormous data generated 
and associated high cost [101]. However, research studies uti-
lizing these techniques have elucidated their role in diagnosis, 
even though they are not yet implemented in routine practice. 
Integrating the various layers of the -omics’ cascade enables 
a better understanding of the underlying factors in disease. 
In CT diagnosis, this integrated approach could play a piv-
otal role in unmasking the hidden patterns of this pathogen, 
deemed to be associated with the complications of CT infec-
tions. It could also aid in monitoring transmission networks 
and eventually disease prevention. Furthermore, awareness of 
the strengths and limitations of these high-throughput meth-
odologies among clinicians is a prerequisite for their effective 
introduction into clinical practice.

Conclusion

The accurate and cost-effective diagnosis of STIs, while 
keeping in mind that a syndromic approach is needed, poses 
a major challenge, particularly in developing and under-
developed countries. Implementing highly sensitive and 

specific POC tests that are rapid, accessible, and affordable 
is a necessity in all settings. The diagnosis of CT genital 
infections has come a long way, from the less-sensitive cul-
ture techniques to the non-culture methods, to the advent of 
highly accurate molecular technologies. -omics’ technolo-
gies, especially when used in an integrated manner, can be 
very promising solutions. Better awareness of their diag-
nostic and prognostic value, supporting infrastructure and 
available research studies for further validation, is neces-
sary for the success and widespread implementation of these 
technologies in CT diagnosis and management.
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Table 2  Comparison of -omics’ technologies in CT diagnosis

RFLP restriction fragment length polymorphism, RLBH reverse line blot hybridization, RDBH reverse dot blot hybridization, MSA microsphere 
suspension array, MLST multi-locus sequence typing, MLVA multi-locus variable number tandem repeats analysis

-omics’ methodology Advantages Disadvantages References

Genomics
a) RFLP • No requirement of chlamydia culture

• Rapid, easy to perform technique
• Used in epidemiological studies

• Presence of atypical restriction patterns
• Low ability to detect mixed infections, 

genovariants
• Analytically difficult

Rawre et al. [9]
de Vries et al. [10]
Gao et al. [84]

b) Hybridization methods (RLBH, 
RDBH, MSA)

• Ability to detect mixed infections
• Utility in epidemiological studies

• Low resolution
• Poor detection of genovariants

Rawre et al. [9]
Huang et al. [88]

c) Sequencing methods (MLST, MLVA) • High resolution
• Detection of genovariants
• Phylogenetic analysis

• Failure to detect mixed infections
• Non-interpretable results
• Expensive, labor-intensive

Rawre et al. [9]
Herrmann et al. [91]
Gravningen et al. [92]
Peuchant et al. [93]

d) DNA microarrays • Rapid
• High resolution
• Short turn-around-time
• Detection of mixed infections
• Easier analysis

• Expensive for routine use Rawre et al. [9]
Gallo Vaulet et al. [94]
Christerson et al. [95]

e) Whole-genome sequencing • High resolution, accuracy
• Detection of mixed infections, genovariants
• Generation of large data for understanding 

diversity, evolution, and antimicrobial resistance

• High cost
• Expertise for interpretation
• Longer turnaround time

Rawre et al. [9]
Seth-Smith et al. [99]
Christiansen et al. [109]

Transcriptomics • Detection of altered gene expressions in 
infected cells

• Detection of bacterial viability

• Expensive
• Technically difficult
• Significance as diagnostic tests to be 

validated

Hayward et al. [102]
Zheng et al. [103]
Janssen et al. [104]

Proteomics • Detection of host–pathogen interactions
• Rapid

• Significance as diagnostic tests to be 
validated

Olive et al. [105]
Østergaard et al. [106]

Metabolomics • Markers of active infection
• Rapid

• Significance as diagnostic tests to be 
validated

• Expensive

Foschi et al. [107]
Parolin et al. [108]

1335Brazilian Journal of Microbiology (2021) 52:1327–1339



1 3

Declarations 

Ethical approval This review article does not contain any studies with 
human participants or animals performed by any of the authors.

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Geisler WM (2015) Diagnosis and Management of Uncompli-
cated Chlamydia trachomatis Infections in Adolescents and 
Adults: Summary of Evidence Reviewed for the 2015 Cent-
ers for Disease Control and Prevention Sexually Transmitted 
Diseases Treatment Guidelines. Clin Infect Dis 61:S774–S784. 
https:// doi. org/ 10. 1093/ cid/ civ694

 2. Ogbu GI, Anzaku SA, Aimakhu C (2017) Burden of Chlamydia 
trachomatis infection amongst infertile women compared with 
pregnant controls in North-central Nigeria. Int J Res Med Sci 
5:3819. https:// doi. org/ 10. 18203/ 2320- 6012. ijrms 20173 954

 3. Malik A, Jain S, Rizvi M et al (2009) Chlamydia trachoma-
tis infection in women with secondary infertility. Fertil Steril 
91:91–95. https:// doi. org/ 10. 1016/j. fertn stert. 2007. 05. 070

 4. World Health Organization (2019) Sexually transmitted infec-
tions (STIs) https:// www. who. int/ en/ news- room/ fact- sheets/ 
detail/ sexua lly- trans mitted- infec tions- (stis). Accessed 15 May 
2019

 5. Centers for Disease Control and Prevention (2017) Sexually 
transmitted disease surveillance in 2017. https:// www. cdc. gov/ 
std/ stats 17/ chlam ydia. htm. Accessed 15 May 2019

 6. Stamm WE, Batteiger BE (2010) Introduction to Chlamydia 
and Chlamydophila. In: GL Mandell, JE Bennet, R Dolin (ed). 
Mandell, Douglas and Bennett’s principles and practice of 
infectious diseases. Churchill Livingstone, 7th edn. Philadel-
phia, p 2439–2441

 7. Meyer T (2016) Diagnostic Procedures to Detect Chlamydia 
trachomatis Infections. Microorganisms 4:25. https:// doi. org/ 
10. 3390/ micro organ isms4 030025

 8. Domeika M, Savicheva A, Sokolovskiy E et al (2009) Guide-
lines for the laboratory diagnosis of Chlamydia trachomatis 
infections in East European countries. J Eur Acad Dermatology 
Venereol 23:1353–1363. https:// doi. org/ 10. 1111/j. 1468- 3083. 
2009. 03328.x

 9. Rawre J, Juyal D, Dhawan B (2017) Molecular typing of Chla-
mydia trachomatis: An overview. Indian J Med Microbiol. 
35:17–26. https:// doi. org/ 10. 4103/ ijmm

 10. de Vries HJ, Schim van der Loeff MF, Bruisten SM (2015) High-
resolution typing of Chlamydia trachomatis: epidemiological and 

clinical uses. Curr Opin Infect Dis 28:61–71. https:// doi. org/ 10. 
1097/ QCO. 00000 00000 000129

 11. Kucinskiene V, Sutaite I, Valiukeviciene S et al (2006) Preva-
lence and risk factors of genital Chlamydia trachomatis infection. 
Med 42:885–894

 12. Malhotra M, Sood S, Mukherjee A, Muralidhar SBM (2013) 
Genital Chlamydia trachomatis. Indian J Med Res 138:303–316

 13. Chernesky MA (2005) The laboratory diagnosis of Chlamydia 
trachomatis infections. Can J Infect Dis Med Microbiol J Can des 
Mal Infect la Microbiol medical 16:39–44

 14. Ljubin-Sternak S, Meštrović T (2014) Chlamydia trachomatis 
and Genital Mycoplasmas: Pathogens with an Impact on Human 
Reproductive Health. J Pathog 2014:1–15. https:// doi. org/ 10. 
1155/ 2014/ 183167

 15. Taylor BD, Haggerty CL (2011) Management of Chlamydia tra-
chomatis genital tract infection: Screening and treatment chal-
lenges. Infect Drug Resist 4:19–29. https:// doi. org/ 10. 2147/ IDR. 
S12715

 16. Adachi K, Nielsen-Saines K, Klausner JD (2016) Chlamydia 
trachomatis infection in pregnancy: the global challenge of pre-
venting adverse pregnancy and infant outcomes in Sub-Saharan 
Africa and Asia. Biomed Res Int. https:// doi. org/ 10. 1155/ 2016/ 
93157 57

 17. De Borborema-Alfaia APB, De Lima Freitas NS, Filho SA, 
Borborema-Santos CM (2013) Chlamydia trachomatis infection 
in a sample of northern Brazilian pregnant women: Prevalence 
and prenatal importance. Brazilian J Infect Dis 17:545–550. 
https:// doi. org/ 10. 1016/j. bjid. 2013. 01. 014

 18. Saison F, Mahilum-Tapay L, Michel CEE et al (2007) Preva-
lence of Chlamydia trachomatis infection among low- and high-
risk Filipino women and performance of Chlamydia rapid tests 
in resource-limited settings. J Clin Microbiol 45:4011–4017. 
https:// doi. org/ 10. 1128/ JCM. 01343- 07

 19. Black CM (1997) Current methods of laboratory diagno-
sis of Chlamydia trachomatis infections. Clin Microbiol Rev 
10:160–184

 20. Bébéar C, de Barbeyrac B (2009) Genital Chlamydia trachoma-
tis infections. Clin Microbiol Infect 15:4–10. https:// doi. org/ 10. 
1111/j. 1469- 0691. 2008. 02647.x

 21. Barnes RC (1989) Laboratory diagnosis of human chlamydial 
infections. Clin Microbiol Rev 2:119–136. https:// doi. org/ 10. 
1128/ CMR.2. 2. 119

 22. Schachter J, McCormack WM, Chernesky MA et al (2003) Vagi-
nal swabs are appropriate specimens for diagnosis of genital tract 
infection with Chlamydia trachomatis. J Clin Microbiol 41:3784–
3789. https:// doi. org/ 10. 1128/ JCM. 41.8. 3784- 3789. 2003

 23. Chernesky MA, Jang D, Lee H et  al (1994) Diagnosis of 
Chlamydia trachomatis infections in men and women by test-
ing first-void urine by ligase chain reaction. J Clin Microbiol 
32:2682–2685

 24. Arif N, Juyal D, Sebastian S et al (2017) Analysis of laboratory 
testing results for Chlamydia trachomatis infection in an STI 
clinic in India: Need for extragenital screening. Int J Infect Dis 
57:1–2. https:// doi. org/ 10. 1016/j. ijid. 2017. 01. 004

 25. Michel CE, Sonnex C, Carne CA et al (2007) Chlamydia tra-
chomatis load at matched anatomic sites: implications for screen-
ing strategies. J Clin Microbiol 45:1395–1402. https:// doi. org/ 10. 
1128/ JCM. 00100- 07

 26. Vodstrcil LA, McIver R, Huston WM et al (2015) The Epidemi-
ology of Chlamydia trachomatis Organism Load during Genital 
Infection: A Systematic Review. J Infect Dis 211:1628–1645. 
https:// doi. org/ 10. 1093/ infdis/ jiu670

 27. Wijers JNAP, Hoebe CJPA, van Liere GAFS et al (2019) Chla-
mydia trachomatis bacterial load, estimated by Cq values, in 
urogenital samples from men and women visiting the general 

1336 Brazilian Journal of Microbiology (2021) 52:1327–1339

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/cid/civ694
https://doi.org/10.18203/2320-6012.ijrms20173954
https://doi.org/10.1016/j.fertnstert.2007.05.070
https://www.who.int/en/news-room/fact-sheets/detail/sexually-transmitted-infections-(stis)
https://www.who.int/en/news-room/fact-sheets/detail/sexually-transmitted-infections-(stis)
https://www.cdc.gov/std/stats17/chlamydia.htm
https://www.cdc.gov/std/stats17/chlamydia.htm
https://doi.org/10.3390/microorganisms4030025
https://doi.org/10.3390/microorganisms4030025
https://doi.org/10.1111/j.1468-3083.2009.03328.x
https://doi.org/10.1111/j.1468-3083.2009.03328.x
https://doi.org/10.4103/ijmm
https://doi.org/10.1097/QCO.0000000000000129
https://doi.org/10.1097/QCO.0000000000000129
https://doi.org/10.1155/2014/183167
https://doi.org/10.1155/2014/183167
https://doi.org/10.2147/IDR.S12715
https://doi.org/10.2147/IDR.S12715
https://doi.org/10.1155/2016/9315757
https://doi.org/10.1155/2016/9315757
https://doi.org/10.1016/j.bjid.2013.01.014
https://doi.org/10.1128/JCM.01343-07
https://doi.org/10.1111/j.1469-0691.2008.02647.x
https://doi.org/10.1111/j.1469-0691.2008.02647.x
https://doi.org/10.1128/CMR.2.2.119
https://doi.org/10.1128/CMR.2.2.119
https://doi.org/10.1128/JCM.41.8.3784-3789.2003
https://doi.org/10.1016/j.ijid.2017.01.004
https://doi.org/10.1128/JCM.00100-07
https://doi.org/10.1128/JCM.00100-07
https://doi.org/10.1093/infdis/jiu670


1 3

practice, hospital or STI clinic. PLoS One 14:e0215606. https:// 
doi. org/ 10. 1371/ journ al. pone. 02156 06

 28. Jayapalan S, Bindu RS (2020) Papanicolaou smear: A diagnostic 
aid in sexually transmitted infections. Indian J Sex Transm Dis 
41:143–148. https:// www. ijstd. org/ text. asp? 2020/ 41/2/ 143/ 291206

 29. Choi Y, Roh J (2014) Cervical cytopathological findings in 
Korean women with Chlamydia trachomatis, Mycoplasma hom-
inis, and Ureaplasma urealyticum infections. ScientificWorld-
Journal 2014:756713. https:// doi. org/ 10. 1155/ 2014/ 756713

 30. Purola E, Paavonen J (1982) Routine cytology as a diagnostic aid 
in chlamydial cervicitis. Scand J Infect Dis Suppl 32:55–58

 31. Taylor-Robinson D, Thomas BJ (1991) Laboratory techniques for 
the diagnosis of chlamydial infections. Genitourin Med 67:256–
266. https:// doi. org/ 10. 1136/ sti. 67.3. 256

 32. Taylor-Robinson D (1997) Evaluation and comparison of tests to 
diagnose Chlamydia trachomatis genital infections. Hum Reprod 
12:113–120

 33. Vinette-Leduc D, Yazdi HM, Jessamine P, Peeling RW (1997) 
Reliability of cytology to detect chlamydial infection in asymp-
tomatic women. Diagn Cytopathol 17:258–261. https:// doi. org/ 
10. 1002/ (sici) 1097- 0339(199710) 17: 4258:: aid- dc43.0. co;2-8

 34. Cornetta Mda C, Gonçalves AK, Bertini AM (2006) Efficacy of 
cytology for the diagnosis of Chlamydia trachomatis in pregnant 
women. Braz J Infect Dis 10:337–340. https:// doi. org/ 10. 1590/ 
s1413- 86702 00600 05000 07

 35. Stamm WE, Batteiger BE (2010). Chlamydia trachomatis (Trachoma, 
Perinatal Infections, Lymphogranuloma Venereum, and Other Geni-
tal Infections. In: GL Mandell, JE Bennet, R Dolin (ed). Mandell, 
Douglas and Bennett’s principles and practice of infectious dis-
eases.. Churchill Livingstone, 7th edn. Philadelphia, p 2443–2457

 36. Su WH, Tsou TS, Chen CS et al (2011) Diagnosis of Chlamydia 
infection in women. Taiwan J Obstet Gynecol 50:261–267. 
https:// doi. org/ 10. 1016/j. tjog. 2011. 07. 001

 37. Jones MF, Smith TF, Houglum AJ, Herrmann JE (1984) Detec-
tion of Chlamydia trachomatis in genital specimens by the 
chlamydiazyme test. J Clin Microbiol 20:465–467

 38. Mahony J, Castriciano S, Sellors J et al (1989) Diagnosis of 
Chlamydia trachomatis genital infections by cell culture and two 
enzyme immunoassays detecting different chlamydial antigens. 
J Clin Microbiol 27:1934–1938

 39. Ehret JM, Leszcynski JC, Douglas JM et al (1993) Evaluation 
of Chlamydiazyme enzyme immunoassay for detection of Chla-
mydia trachomatis in urine specimens from men. J Clin Micro-
biol 31:2702–2705

 40. Clarke LM, Sierra MF, Daidone BJ et al (1993) Comparison 
of the Syva MicroTrak enzyme immunoassay and Gen-Probe 
PACE 2 with cell culture for diagnosis of cervical Chlamydia 
trachomatis infection in a high-prevalence female population. J 
Clin Microbiol 31:968–971

 41. Gann PH, Herrmann JE, Candib L, Hudson RW (1990) Accuracy of 
Chlamydia trachomatis antigen detection methods in a low-prevalence 
population in a primary care setting. J Clin Microbiol 28:1580–1585

 42. Dyck EVAN, Ieven M, Pattyn S, Damme LVAN (2001) Detection 
of Chlamydia trachomatis and Neisseria gonorrhoeae by enzyme 
immunoassay, culture, and three nucleic acid amplification tests. 
39:1751–1756. https:// doi. org/ 10. 1128/ JCM. 39.5. 1751

 43. Sood S, Satpathy G, Kapil A et al (2011) The role of a commer-
cial enzyme immunoassay antigen detection system for diagnosis 
of C. trachomatis in genital swab samples. Indian J Med Micro-
biol 29:417. https:// doi. org/ 10. 4103/ 0255- 0857. 90180

 44. Bax CJ, Mutsaers JAEM, Jansen CL et al (2003) Comparison 
of Serological Assays for Detection of Chlamydia trachomatis 
Antibodies in Different Groups of Obstetrical and Gynecological 
Patients. Clin Vaccine Immunol 10:174–176. https:// doi. org/ 10. 
1128/ cdli. 10.1. 174- 176. 2003

 45. van den Broek IVF, Land JA, van Bergen JEAM et al (2014) 
Chlamydia trachomatis Antibody Testing in Vaginal Mucosal 
Material versus Blood Samples of Women Attending a Fertility 
Clinic and an STI Clinic. Obstet Gynecol Int 2014:1–9. https:// 
doi. org/ 10. 1155/ 2014/ 601932

 46. Manavi K (2006) A review on infection with Chlamydia tra-
chomatis. Best Pract Res Clin Obstet Gynaecol 20:941–951

 47. LeBar W, Herschman B, Jemal C, Pierzchala J (1989) Compari-
son of DNA probe, monoclonal antibody enzyme immunoassay, 
and cell culture for the detection of Chlamydia trachomatis. J 
Clin Microbiol 27:826–828

 48. Black CM, Marrazzo J, Johnson RE et al (2002) Head-to-head 
multicenter comparison of DNA probe and nucleic acid amplifi-
cation tests for Chlamydia trachomatis infection in women per-
formed with an improved reference standard. J Clin Microbiol 
40:3757–3763. https:// doi. org/ 10. 1128/ JCM. 40. 10. 3757

 49. Rönn MM, Mc Grath-Lone L, Davies B et al (2019) Evaluation 
of the performance of nucleic acid amplification tests (NAATs) 
in the detection of chlamydia and gonorrhea infection in vaginal 
specimens relative to patient infection status: A systematic review. 
BMJ Open 9:1–9. https:// doi. org/ 10. 1136/ bmjop en- 2018- 022510

 50. Mangin D, Murdoch D, Wells JE et al (2012) Chlamydia tra-
chomatis testing sensitivity in midstream compared with first-
void urine specimens. Ann Fam Med 10:50–53

 51. Papp JR, Schachter J, Gaydos CA, van der Pol B (2014) Recommenda-
tions for the laboratory-based detection of Chlamydia trachomatis 
and Neisseria gonorrhoeae-2014. MMWR Recomm Rep 63:1–19

 52. Harkins AL, Munson E (2011) Molecular Diagnosis of Sexually 
Transmitted Chlamydia trachomatis in the United States. ISRN 
Obstet Gynecol 2011:1–17. https:// doi. org/ 10. 5402/ 2011/ 279149

 53. Quinn TC, Welsh L, Lentz A et al (1996) Diagnosis by AMPLI-
COR PCR of Chlamydia trachomatis infection in urine samples 
from women and men attending sexually transmitted disease clin-
ics. J Clin Microbiol 34:1401–1406

 54. Livengood CH, Wrenn JW (2001) Evaluation of COBAS 
AMPLICOR (Roche): Accuracy in the detection of Chlamydia 
trachomatis and Neisseria gonorrhoeae by co-amplification of 
endocervical specimens. J Clin Microbiol 39:2928–2932. https:// 
doi. org/ 10. 1128/ JCM. 39.8. 2928- 2932. 2001

 55. Lister NA, Tabrizi SN, Fairley CK, Garland S (2004) Validation 
of Roche COBAS Amplicor Assay for Detection of Chlamydia 
trachomatis in Rectal and Pharyngeal Specimens by an omp1 
PCR Assay. J Clin Microbiol 42:239–241. https:// doi. org/ 10. 
1128/ JCM. 42.1. 239- 241. 2004

 56. Wiedmann M, Wilson WI, Luo J et al (1994) Ligase chain reac-
tion applications. Genome Res 3:S51–S64

 57. Schachter J, Stamm WE, Quinn TC et al (1994) Ligase chain 
reaction to detect Chlamydia trachomatis infection of the cervix. 
J Clin Microbiol 32:2540–2543

 58. Gaydos CA, Howell MR, Quinn TC et al (1998) Use of ligase 
chain reaction with urine versus cervical culture for detection 
of Chlamydia trachomatis in an asymptomatic military popula-
tion of pregnant and nonpregnant females attending Papanico-
laou smear clinics. J Clin Microbiol 36:1300–1304

 59. de Barbeyrac B, Rodriguez P, Dutilh B et al (1995) Detection 
of Chlamydia trachomatis by ligase chain reaction compared 
with polymerase chain reaction and cell culture in urogenital 
specimens. Genitourin Med 71:382–386

 60. Cosentino LA, Danby CS, Rabe LK et al (2017) Use of nucleic 
acid amplification testing for diagnosis of extragenital sexually 
transmitted infections. J Clin Microbiol 55:2801–2807. https:// 
doi. org/ 10. 1128/ jcm. 00616- 17

 61. Gaydos CA, Quinn TC, Willis D et al (2003) Performance 
of the APTIMA Combo 2 assay for detection of Chlamydia 
trachomatis and Neisseria gonorrhoeae in female urine and 

1337Brazilian Journal of Microbiology (2021) 52:1327–1339

https://doi.org/10.1371/journal.pone.0215606
https://doi.org/10.1371/journal.pone.0215606
https://www.ijstd.org/text.asp?2020/41/2/143/291206
https://doi.org/10.1155/2014/756713
https://doi.org/10.1136/sti.67.3.256
https://doi.org/10.1002/(sici)1097-0339(199710)17:4258::aid-dc43.0.co;2-8
https://doi.org/10.1002/(sici)1097-0339(199710)17:4258::aid-dc43.0.co;2-8
https://doi.org/10.1590/s1413-86702006000500007
https://doi.org/10.1590/s1413-86702006000500007
https://doi.org/10.1016/j.tjog.2011.07.001
https://doi.org/10.1128/JCM.39.5.1751
https://doi.org/10.4103/0255-0857.90180
https://doi.org/10.1128/cdli.10.1.174-176.2003
https://doi.org/10.1128/cdli.10.1.174-176.2003
https://doi.org/10.1155/2014/601932
https://doi.org/10.1155/2014/601932
https://doi.org/10.1128/JCM.40.10.3757
https://doi.org/10.1136/bmjopen-2018-022510
https://doi.org/10.5402/2011/279149
https://doi.org/10.1128/JCM.39.8.2928-2932.2001
https://doi.org/10.1128/JCM.39.8.2928-2932.2001
https://doi.org/10.1128/JCM.42.1.239-241.2004
https://doi.org/10.1128/JCM.42.1.239-241.2004
https://doi.org/10.1128/jcm.00616-17
https://doi.org/10.1128/jcm.00616-17


1 3

endocervical swab specimens. J Clin Microbiol 41:304–309. 
https:// doi. org/ 10. 1128/ JCM. 41.1. 304- 309. 2003

 62. Lowe P, O’Loughlin P, Evans K et al (2006) Comparison of the 
Gen-Probe APTIMA Combo 2 assay to the AMPLICOR CT/
NG assay for detection of Chlamydia trachomatis and Neis-
seria gonorrhoeae in urine samples from Australian men and 
women. J Clin Microbiol 44:2619–2621. https:// doi. org/ 10. 
1128/ JCM. 00476- 06

 63. Gaydos CA, Van Der Pol B, Jett-Goheen M et al (2013) Perfor-
mance of the cepheid CT/NG Xpert Rapid PCR test for detection 
of Chlamydia trachomatis and Neisseria gonorrhoeae. J Clin 
Microbiol 51:1666–1672. https:// doi. org/ 10. 1128/ JCM. 03461- 12

 64. U.S. Food and Drug Administration (2019) https:// www. fda. gov/ 
news- events/ press- annou nceme nts/ fda- clears- first- diagn ostic- 
tests- extra genit al- testi ng- chlam ydia- and- gonor rhea. Accessed 
1 June 2019

 65. Causer LM, Guy RJ, Tabrizi SN et al (2018) Molecular test for 
chlamydia and gonorrhea used at the point of care in remote pri-
mary healthcare settings: A diagnostic test evaluation. Sex Transm 
Infect 94:340–345. https:// doi. org/ 10. 1136/ sextr ans- 2017- 053443

 66. Unemo M, Clarke IN (2011) The Swedish new variant of Chla-
mydia trachomatis. Curr Opin Infect Dis 24:62–69. https:// doi. 
org/ 10. 1097/ QCO. 0b013 e3283 4204d5

 67. Persson K, Hammas B, Janson H et al (2012) Decline of the new 
Swedish variant of Chlamydia trachomatis after introduction of 
appropriate testing. Sex Transm Infect 88:451–455. https:// doi. 
org/ 10. 1136/ sextr ans- 2011- 050409

 68. Smid JH, Althaus CL, Low N et al (2020) Rise and fall of the 
new variant of Chlamydia trachomatis in Sweden: mathematical 
modelling study. Sex Transm Infect 96:375–379. https:// doi. org/ 
10. 1136/ sextr ans- 2019- 054057

 69. Kelly H, Coltart CEM, Pant Pai N et al (2017) Systematic reviews 
of point-of-care tests for the diagnosis of urogenital Chlamydia 
trachomatis infections. Sex Transm Infect 93:S22–S30. https:// 
doi. org/ 10. 1136/ sextr ans- 2016- 053067

 70. Herbst de Cortina S, Bristow CC, Joseph Davey D, Klausner JD 
(2016) A Systematic Review of Point of Care Testing for Chla-
mydia trachomatis, Neisseria gonorrhoeae, and Trichomonas 
vaginalis. Infect Dis Obstet Gynecol 2016:1–17. https:// doi. org/ 
10. 1155/ 2016/ 43861 27

 71. Sabidó M, Hernández G, González V et al (2009) Clinic-based 
evaluation of a rapid point-of-care test for detection of Chla-
mydia trachomatis in specimens from sex workers in Escuintla, 
Guatemala. J Clin Microbiol 47:475–476. https:// doi. org/ 10. 
1128/ JCM. 01975- 08

 72. Yin YP, Peeling RW, Chen XS et al (2006) Clinic-based evalu-
ation of Clearview Chlamydia MF for detection of Chlamydia 
trachomatis in vaginal and cervical specimens from women at 
high risk in China. Sex Transm Infect 82:33–37. https:// doi. 
org/ 10. 1136/ sti. 2006. 022475

 73. Van Dommelen L, Van Tiel FH, Ouburg S et al (2010) Alarm-
ingly poor performance in Chlamydia trachomatis point-of-
care testing. Sex Transm Infect 86:355–359. https:// doi. org/ 
10. 1136/ sti. 2010. 042598

 74. Rivard KR, Dumkow LE, Draper HM et al (2017) Impact of 
rapid diagnostic testing for chlamydia and gonorrhea on appro-
priate antimicrobial utilization in the emergency department. 
Diagn Microbiol Infect Dis 87:175–179. https:// doi. org/ 10. 
1016/j. diagm icrob io. 2016. 10. 019

 75. Harding-Esch EM, Cousins EC, Chow SLC et al (2018) A 
30-Min Nucleic Acid Amplification Point-of-Care Test for Gen-
ital Chlamydia trachomatis Infection in Women: A Prospec-
tive, Multi-center Study of Diagnostic Accuracy. EBioMedicine 
28:120–127. https:// doi. org/ 10. 1016/j. ebiom. 2017. 12. 029

 76. Phillips RS, Hanff PA, Kauffman RS, Aronson MD (1987) Use 
of a direct fluorescent antibody test for detecting Chlamydia 

trachomatis cervical infection in women seeking routine 
gynecologic care. J Infect Dis 156:575–581

 77. Dereli D, Ertem E, Serter D, Yüce K (1991) Evaluation of a direct 
fluorescent antibody test for detection of Chlamydia trachomatis 
in endocervical specimens. Brief report APMIS 99:961–964

 78. Garrett N, Mitchev N, Osman F et al (2019) Diagnostic accu-
racy of the Xpert CT/NG and OSOM Trichomonas Rapid 
assays for point-of-care STI testing among young women 
in South Africa: A cross-sectional study. BMJ Open 9:1–5. 
https:// doi. org/ 10. 1136/ bmjop en- 2018- 026888

 79. Horgan RP, Kenny LC (2011) ‘Omic’ technologies: genomics, 
transcriptomics, proteomics, and metabolomics. Obstet Gynae-
col 13:189–195

 80. Karczewski KJ, Snyder MP (2018) Integrative omics for health 
and disease. Nat Rev Genet 19:299–310. https:// doi. org/ 10. 
1038/ nrg. 2018.4

 81. Hadfield J, Bénard A, Domman D, Thomson N (2018) The 
Hidden Genomics of Chlamydia trachomatis. Curr Top 
Microbiol Immunol 412:107–131. https:// doi. org/ 10. 1007/ 
82_ 2017_ 39

 82. Hadfield J, Harris SR, Seth-Smith HMB et al (2017) Comprehen-
sive global genome dynamics of Chlamydia trachomatis show 
ancient diversification followed by contemporary mixing and 
recent lineage expansion. Genome Res 27:1220–1229. https:// 
doi. org/ 10. 1101/ gr. 212647. 116

 83. Kouskouti C, Evangelatos N, Brand A et al (2018) Maternal 
sepsis in the era of genomic medicine. Arch Gynecol Obstet 
297:49–60. https:// doi. org/ 10. 1007/ s00404- 017- 4584-5

 84. Gao X, Chen XS, Yin YP et al (2007) Distribution study of Chla-
mydia trachomatis serovars among high-risk women in China 
performed using PCR-restriction fragment length polymorphism 
genotyping. J Clin Microbiol 45:1185–1189. https:// doi. org/ 10. 
1128/ JCM. 02076- 06

 85. Petrovay F, Balla E, Németh I, Gönczöl E (2009) Genotyping 
of Chlamydia trachomatis from the endocervical specimens of 
high-risk women in Hungary. J Med Microbiol 58:760–764. 
https:// doi. org/ 10. 1099/ jmm.0. 008607-0

 86. Rawre J, Dhawan B, Malhotra N et al (2016) Prevalence and dis-
tribution of Chlamydia trachomatis genovars in Indian infertile 
patients: a pilot study. APMIS 124:1109–1115. https:// doi. org/ 
10. 1111/ apm. 12622

 87. de Jesús De Haro-Cruz M, Deleón-Rodriguez I, Escobedo-
Guerra MR, et al (2011) Genotyping of Chlamydia trachoma-
tis from endocervical specimens of infertile Mexican women. 
Enferm Infecc Microbiol Clin 29:102–108. https:// doi. org/ 10. 
1016/j. eimc. 2010. 08. 014

 88. Huang CT, Wong WW, Li LH et al (2008) Genotyping of Chla-
mydia trachomatis by microsphere suspension array. J Clin 
Microbiol 46:1126–1128. https:// doi. org/ 10. 1128/ JCM. 02278- 07

 89. Quint KD, Geraets DT, van den Munckhof HA et al (2011) Eval-
uation of a novel Chlamydia trachomatis microsphere suspension 
assay for detection and genotyping of the different serovars in 
clinical samples. J Mol Diagn 13:152–159. https:// doi. org/ 10. 
1016/j. jmoldx. 2010. 11. 017

 90. Gharsallah H, Frikha-Gargouri O, Besbes F et al (2012) Devel-
opment and application of an in-house reverse hybridization 
method for Chlamydia trachomatis genotyping. J Appl Microbiol 
113:846–855. https:// doi. org/ 10. 1111/j. 1365- 2672. 2012. 05375.x

 91. Herrmann B, Isaksson J, Ryberg M et al (2015) Global Multilo-
cus Sequence Type Analysis of Chlamydia trachomatis Strains 
from 16 Countries. J Clin Microbiol 53:2172–2179. https:// doi. 
org/ 10. 1128/ JCM. 00249- 15

 92. Gravningen K, Christerson L, Furberg AS et al (2012) Multilocus 
sequence typing of genital Chlamydia trachomatis in Norway 
reveals multiple new sequence types and large genetic diversity. 
PLoS One 7:e34452. https:// doi. org/ 10. 1371/ journ al. pone. 00344 52

1338 Brazilian Journal of Microbiology (2021) 52:1327–1339

https://doi.org/10.1128/JCM.41.1.304-309.2003
https://doi.org/10.1128/JCM.00476-06
https://doi.org/10.1128/JCM.00476-06
https://doi.org/10.1128/JCM.03461-12
https://www.fda.gov/news-events/press-announcements/fda-clears-first-diagnostic-tests-extragenital-testing-chlamydia-and-gonorrhea
https://www.fda.gov/news-events/press-announcements/fda-clears-first-diagnostic-tests-extragenital-testing-chlamydia-and-gonorrhea
https://www.fda.gov/news-events/press-announcements/fda-clears-first-diagnostic-tests-extragenital-testing-chlamydia-and-gonorrhea
https://doi.org/10.1136/sextrans-2017-053443
https://doi.org/10.1097/QCO.0b013e32834204d5
https://doi.org/10.1097/QCO.0b013e32834204d5
https://doi.org/10.1136/sextrans-2011-050409
https://doi.org/10.1136/sextrans-2011-050409
https://doi.org/10.1136/sextrans-2019-054057
https://doi.org/10.1136/sextrans-2019-054057
https://doi.org/10.1136/sextrans-2016-053067
https://doi.org/10.1136/sextrans-2016-053067
https://doi.org/10.1155/2016/4386127
https://doi.org/10.1155/2016/4386127
https://doi.org/10.1128/JCM.01975-08
https://doi.org/10.1128/JCM.01975-08
https://doi.org/10.1136/sti.2006.022475
https://doi.org/10.1136/sti.2006.022475
https://doi.org/10.1136/sti.2010.042598
https://doi.org/10.1136/sti.2010.042598
https://doi.org/10.1016/j.diagmicrobio.2016.10.019
https://doi.org/10.1016/j.diagmicrobio.2016.10.019
https://doi.org/10.1016/j.ebiom.2017.12.029
https://doi.org/10.1136/bmjopen-2018-026888
https://doi.org/10.1038/nrg.2018.4
https://doi.org/10.1038/nrg.2018.4
https://doi.org/10.1007/82_2017_39
https://doi.org/10.1007/82_2017_39
https://doi.org/10.1101/gr.212647.116
https://doi.org/10.1101/gr.212647.116
https://doi.org/10.1007/s00404-017-4584-5
https://doi.org/10.1128/JCM.02076-06
https://doi.org/10.1128/JCM.02076-06
https://doi.org/10.1099/jmm.0.008607-0
https://doi.org/10.1111/apm.12622
https://doi.org/10.1111/apm.12622
https://doi.org/10.1016/j.eimc.2010.08.014
https://doi.org/10.1016/j.eimc.2010.08.014
https://doi.org/10.1128/JCM.02278-07
https://doi.org/10.1016/j.jmoldx.2010.11.017
https://doi.org/10.1016/j.jmoldx.2010.11.017
https://doi.org/10.1111/j.1365-2672.2012.05375.x
https://doi.org/10.1128/JCM.00249-15
https://doi.org/10.1128/JCM.00249-15
https://doi.org/10.1371/journal.pone.0034452


1 3

 93. Peuchant O, Le Roy C, Herrmann B et al (2012) MLVA Sub-
typing of Genovar E Chlamydia trachomatis Individualizes the 
Swedish Variant and Anorectal Isolates from Men who Have Sex 
with Men. PLoS One 7:e31538. https:// doi. org/ 10. 1371/ journ al. 
pone. 00315 38

 94. Gallo Vaulet L, Entrocassi C, Portu AI et al (2016) High Fre-
quency of Chlamydia trachomatis mixed infections detected 
by microarray assay in South American Samples. PLoS One 
11:e0153511. https:// doi. org/ 10. 1371/ journ al. pone. 01535 11

 95. Christerson L, Ruettger A, Gravningen K et al (2011) High-resolution 
genotyping of Chlamydia trachomatis by use of a novel multilocus 
typing DNA microarray. J Clin Microbiol 49:2838–2843. https:// 
doi. org/ 10. 1128/ JCM. 00883- 11

 96. Suchland RJ, Dimond ZE, Putman TE, Rockey DD (2017) Dem-
onstration of persistent infections and genome stability by whole-
genome sequencing of repeat-positive, Same-Serovar Chlamydia 
trachomatis Collected From the Female Genital Tract. J Infect 
Dis 215:1657–1665. https:// doi. org/ 10. 1093/ infdis/ jix155

 97. Seth-Smith HM, Thomson NR (2013) Whole-genome sequenc-
ing of bacterial sexually transmitted infections: implications for 
clinicians. Curr Opin Infect Dis 26:90–98. https:// doi. org/ 10. 
1097/ QCO. 0b013 e3283 5c2159

 98. Harris SR, Clarke IN, Seth-Smith HM et  al (2012) Whole-
genome analysis of diverse Chlamydia trachomatis strains identi-
fies phylogenetic relationships masked by current clinical typing. 
Nat Genet 44:413-S1. https:// doi. org/ 10. 1038/ ng. 2214

 99. Seth-Smith HM, Harris SR, Skilton RJ et al (2013) Whole-
genome sequences of Chlamydia trachomatis directly from clini-
cal samples without culture. Genome Res 23:855–866. https:// 
doi. org/ 10. 1101/ gr. 150037. 112

 100. Borges V, Cordeiro D, Salas AI et al (2019) Chlamydia tra-
chomatis: when the virulence-associated genome backbone 
imports a prevalence-associated major antigen signature. Microb 
Genom 5:e000313. https:// doi. org/ 10. 1099/ mgen.0. 000313

 101. Mangioni D, Peri AM, Rossolini GM et al (2019) Towards Rapid 
Sepsis Diagnosis and Patients Stratification: What’s New from 

Microbiology and Omics Science. J Infect Dis pii: jiz585. https:// 
doi. org/ 10. 1093/ infdis/ jiz585. Epub ahead of print

 102. Hayward RJ, Marsh JW, Humphrys MS et al (2019) Early tran-
scriptional landscapes of Chlamydia trachomatis-infected epi-
thelial cells at single-cell resolution. Front Cell Infect Microbiol. 
https:// doi. org/ 10. 3389/ fcimb. 2019. 00392

 103. Zheng X, O’Connell CM, Zhong W et al (2018) Gene Expression 
Signatures Can Aid Diagnosis of Sexually Transmitted Infection-
Induced Endometritis in Women. Front Cell Infect Microbiol 
8:307. https:// doi. org/ 10. 3389/ fcimb. 2018. 00307

 104. Janssen KJH, Dirks JAMC, Dukers-Muijrers NHTM et al (2018) 
Review of Chlamydia trachomatis viability methods: assessing the 
clinical diagnostic impact of NAAT positive results. Expert Rev Mol 
Diagn 18:739–747. https:// doi. org/ 10. 1080/ 14737 159. 2018. 14987 85

 105. Olive AJ, Haff MG, Emanuele MJ et  al (2014) Chlamydia 
trachomatis-induced alterations in the host cell proteome are 
required for intracellular growth. Cell Host Microbe 15:113–124. 
https:// doi. org/ 10. 1016/j. chom. 2013. 12. 009

 106. Østergaard O, Follmann F, Olsen AW et al (2016) Quantitative 
protein profiling of Chlamydia trachomatis growth forms reveals 
defense strategies against tryptophan starvation. Mol Cell Prot-
eomics 15:3540–3550. https:// doi. org/ 10. 1074/ mcp. M116. 061986

 107. Foschi C, Laghi L, D’Antuono A et al (2018) Urine metabolome 
in women with Chlamydia trachomatis infection. PLoS One 
13:e0194827. https:// doi. org/ 10. 1371/ journ al. pone. 01948 27

 108. Parolin C, Foschi C, Laghi L et al (2018) Insights into Vaginal 
Bacterial Communities and Metabolic Profiles of Chlamydia tra-
chomatis Infection: Positioning between Eubiosis and Dysbiosis. 
Front Microbiol 9:600. https:// doi. org/ 10. 3389/ fmicb. 2018. 00600

 109. Christiansen MT, Brown AC, Kundu S et al (2014) Whole-
genome enrichment and sequencing of Chlamydia trachomatis 
directly from clinical samples. BMC Infect Dis 14:591. https:// 
doi. org/ 10. 1186/ s12879- 014- 0591-3

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Seema Shetty1,2,3  · Christina Kouskouti4,5 · Uwe Schoen6 · Nikolaos Evangelatos2,7,8 · Shashidhar Vishwanath1,3 · 
Kapaettu Satyamoorthy9 · Franz Kainer4 · Angela Brand2,10,11

1 Department of Microbiology, Kasturba Medical College, 
Manipal, Manipal Academy of Higher Education, Madhav 
Nagar, Manipal 576104, Karnataka, India

2 United Nations University – Maastricht Economics 
and Social Research Institute On Innovation and Technology 
(UNU-MERIT), Maastricht 6211, AX, The Netherlands

3 Manipal Centre for Infectious Diseases, Prasanna School 
of Public Health, Manipal Academy of Higher Education, 
Manipal 576104, Karnataka, India

4 Department of Obstetrics and Perinatal Medicine, Klinik 
Hallerwiese, St. Johannis-Muhlgasse 19, 90419 Nuremberg, 
Germany

5 Division of Maternal and Fetal Medicine Department 
of Obstetrics and Gynaecology, Mt. Sinai Hospital University 
of Toronto, Toronto, ON, Canada

6 BioMedHeliX (Pty) Ltd., 3 Conifer Road, Cape Town 8005, 
South Africa

7 Interdepartmental Division of Critical Care Medicine, 
University of Toronto, ON, Canada

8 Dr. TMA Pai Endowment Chair in Research Policy 
in Biomedical Sciences and Public Health, Prasanna School 
of Public Health (PSPH), Manipal Academy of Higher 
Education, Manipal 576104, Karnataka, India

9 Department of Cell and Molecular Biology, Manipal School 
of Life Sciences, Manipal Academy of Higher Education, 
Manipal 576104, Karnataka, India

10 Dr. TMA Pai Endowment Chair in Public Health Genomics, 
Department of Public Health Genomics, Manipal School 
of Life Sciences, Manipal Academy of Higher Education, 
Manipal 576104, Karnataka, India

11 Department of International Health, Faculty of Health, 
Medicine and Life Sciences, Maastricht University, 
Maastricht 6229, GT, The Netherlands

1339Brazilian Journal of Microbiology (2021) 52:1327–1339

https://doi.org/10.1371/journal.pone.0031538
https://doi.org/10.1371/journal.pone.0031538
https://doi.org/10.1371/journal.pone.0153511
https://doi.org/10.1128/JCM.00883-11
https://doi.org/10.1128/JCM.00883-11
https://doi.org/10.1093/infdis/jix155
https://doi.org/10.1097/QCO.0b013e32835c2159
https://doi.org/10.1097/QCO.0b013e32835c2159
https://doi.org/10.1038/ng.2214
https://doi.org/10.1101/gr.150037.112
https://doi.org/10.1101/gr.150037.112
https://doi.org/10.1099/mgen.0.000313
https://doi.org/10.1093/infdis/jiz585
https://doi.org/10.1093/infdis/jiz585
https://doi.org/10.3389/fcimb.2019.00392
https://doi.org/10.3389/fcimb.2018.00307
https://doi.org/10.1080/14737159.2018.1498785
https://doi.org/10.1016/j.chom.2013.12.009
https://doi.org/10.1074/mcp.M116.061986
https://doi.org/10.1371/journal.pone.0194827
https://doi.org/10.3389/fmicb.2018.00600
https://doi.org/10.1186/s12879-014-0591-3
https://doi.org/10.1186/s12879-014-0591-3
http://orcid.org/0000-0001-5108-4732

	Diagnosis of Chlamydia trachomatis genital infections in the era of genomic medicine
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	The pathogen
	Clinical presentation
	Clinical specimens in CT testing

	Traditional methods in CT testing
	Cervical cytology
	Culture methods
	Antigen detection methods
	Serology testing for CT

	Modern technologies in CT diagnosis
	Molecular techniques
	“Swedish variation” of CT

	Rapid “Point-of-care” testing in CT diagnosis
	CT diagnosis in the era of -omics’ technologies
	Genomics
	Transcriptomics
	Proteomics
	Metabolomics 
	-omics’: an integrated approach

	Conclusion
	References


