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Abstract 

Whole genome sequencing (WGS) is pivotal for the molecular characterization of Chlamydia trachomatis ( Ct )—the leading bacterial cause of 
sexually transmitted infections and infectious blindness worldwide. Ct WGS can inform epidemiologic, public health and outbreak in v estigations 
of these human-restricted pathogens. Ho w e v er, challenges persist in generating high-quality genomes for downstream analyses given its obli- 
gate intracellular nature and difficulty with in vitro propagation. No single tool exists for the entirety of Ct genome assembly, necessitating the 
adaptation of multiple programs with varying success. Compounding this issue is the absence of reliable Ct reference strain genomes. We, 
theref ore, de v eloped CtG AP— C hlam y dia t rachomatis G enome A ssembly P ipeline—as an integrated ‘one-stop-shop’ pipeline for assembly and 
characterization of Ct genome sequencing data from various sources including isolates, in vitro samples, clinical swabs and urine. CtGAP, written 
in Snak emak e, enables read qualit y st atistics output, adapter and qualit y trimming , host read remo v al, de no v o and reference-guided assembly, 
contig scaff olding, selectiv e omp A, multi-locus-sequence and plasmid t yping , phylogenetic tree construction, and recombinant genome identifi- 
cation. Twenty Ct reference genomes were also generated. Successfully validated on a diverse collection of 363 samples containing Ct , CtGAP 

represents a no v el pipeline requiring minimal bioinformatics expertise with easy adaptation for use with other bacterial species. 
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hlamydia trachomatis ( Ct ), an obligate intracellular bac-
erium, is the leading cause of bacterial sexually transmitted
nfections (STIs) with ∼130 million cases occurring world-
ide each year ( 1 ). Ct is also the leading cause of blindness—

eferred to as trachoma—with over 200 million individuals
t risk of irreversible blindness ( https:// www.who.int/ health- 
opics/trachoma#tab=tab _ 1 ). These figures are likely a gross
nderestimation of the true burden of disease given the inabil-
ty to effectively screen at-risk global populations, thus high-
ighting the importance of Ct as a major public health concern.

Traditionally, the molecular basis for Ct strain typing was
ttributed to the major outer membrane protein encoded
y omp A ( 2 ). Typing evolved to sequencing the omp A gene
 3 ) and then seven housekeeping genes, known as multiple
ocus sequence typing (MLST) ( 4 ,5 ). While these methods
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were largely useful in linking clinical presentation and tissue
tropism along with socio-demographic and epidemiologic in-
formation, utilizing only one or a small number of genes can
obscure the true nature of Ct genomes ( 6 ,7–9 ), including in-
dels and recombination. For instance, the L 2 c (also known
as L 2 -D / SF / L 2 c) strain, which is a recombinant of a lym-
phogranuloma venereum (LGV) strain L 2 and a urogenital
strain D ( 10 ), has an MLST that is identical to all other non-
recombinant LGV strains ( 6 ). 

Whole genome sequencing (WGS) has become an essen-
tial and economically beneficial tool for the molecular char-
acterization and surveillance of bacterial pathogens ( 7 ) es-
pecially in clinical samples. As postulated by Simar and col-
leagues ( 8 ), WGS-based bacterial strain typing will ultimately
lead to more effective infection control and interventions glob-
ally. Assembling quality Ct genomes for downstream applica-
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tions, however, remains a major challenge. Currently, no sin-
gle tool or pipeline has been developed to handle the entire
process of Ct genome assembly. But the lack of a standard-
ized workflow is not unique to Ct studies. A recent review
highlighted, ‘differing interpretations, quality control issues
and decreased reproducibility’ ( 8 ) as common problems aris-
ing from bacterial WGS studies. As an obligate intracellular
pathogen, Ct must be grown in host cells, further complicating
genome assembly if host read contamination is not success-
fully depleted / extracted. As such, there is an urgent need for
the creation and validation of standardized workflows for Ct
WGS that will facilitate the comparison of WGS data from dif-
ferent laboratories throughout the world for various research
applications and improved public health surveillance ( 9 ). 

The choice of a reference genome for mapping during
genome assembly could introduce biases mainly through sin-
gle nucleotide polymorphisms (SNPs) in the final assembly,
thus leading to false discovery of new variants or incorrect
phylogenetic trees ( 11 ). The choice of reference strains for
Ct genome studies appears to have been loosely based on
lab preference. For instance, while some labs have utilized
reference strain D / UW-3 / Cx ( 12 ,13 ), others have used refer-
ence strain L 2 / 434 / LN for WGS mapping or scaffolding ( 14 ).
However, these genomes vary in key regions such as the Plas-
ticity Zone ( 15 ). In addition, while some have performed map-
ping against a single reference genome ( 12 ,16 ), others have
created a consensus reference sequence from multiple avail-
able reference strains for mapping ( 17 ,18 ). But the source of
these ‘reference strains’ vary and may have several SNPs com-
pared across the same strains. This lack of consistency in ref-
erence sequence selection likely hampers meaningful compar-
isons of Ct WGSs from different labs globally. This problem is
compounded by a lack of a reliable set of Ct reference strain
genomes for genomic studies. 

To address these issues, we developed the C hlamydia
t rachomatis G enome A ssembly P ipeline (CtGAP) as a ‘one-
stop-shop’ pipeline for genome assembly and initial charac-
terization of Ct sequencing reads generated from DNA puri-
fied from Ct isolates, clinical swabs, in vitro studies and urine
samples. Consensus genomes for Ct reference strains were de-
veloped as well as a plurality consensus sequence of the 21
reference strains to enable reference-guided assembly. Here,
CtGAP was used to process 363 Ct samples from the NCBI
sequence read archives (SRAs), European Nucleotide Archive
(ENA) and GenBank databases representing geographically
diverse trachoma and STI populations. Comparative analy-
sis performed on the dataset include construction of whole
genome phylogenetic trees, and genotyping with omp A and
MLST as cross-comparators. CtGAP can also be customized
for other Chlamydia spp. and bacteria. 

Materials and methods 

Generation of C. trachomatis reference strain 

genomes using Illumina SureSelect and nanopore 

Ct reference strains summarized in Table 1 were propagated,
and genomic (g)DNA was extracted and omp A genotyped
to verify the strain as we described ( 12 ,19 ) prior to WGS.
Illumina sequencing used the SureSelect RNA bait capture
methodology as we described ( 12 ,13 ). Briefly, 3 μg of gDNA
in 130 μl of TE low 

was sheared on a Covaris M220 instrument
(Covaris, Woburn, MA) followed by magnetic bead purifica-
tion. SureSelectXT Target Enrichment employed an upgraded
RNA bait library consisting of 35 996, 120-mer probes span- 
ning 86 GenBank Ct reference and clinical chromosomes and 

plasmids (Agilent Technologies, INC, Santa Clara, CA, refer- 
ence: ELID: 3325141) ( 12 ). Capture libraries were sequenced 

as 150 bp paired end reads on an Illumina NovaSeq instru- 
ment for at least 100 × coverage per genome ( ∼1.05 Mb Ct 
genome; ∼7 kb plasmid). 

For nanopore sequencing, the same reference strain gDNA 

was used as for Illumina sequencing but without the need 

for the SureSelectXT Target Enrichment step. Sample libraries 
were prepared for gDNA using the Oxford Nanopore Tech- 
nologies Native Barcoding Kit 24 V14 (SQK-NBD114.24) 
per manufacturer’s specifications. All samples were run on 

Nanopore R10.4.1 flow cells on either a MinION, Mk1B 

or GridION. Samples were subsequently demultiplexed using 
Guppy (V6). Prior to preprocessing, reads were filtered to keep 

the top 80% reads with the highest quality using the FiltLong 
package ( https:// github.com/ rrwick/ Filtlong ) with a minimum 

100 × coverage generated per sample. 
Both nanopore and SureSelect sequences were preprocessed 

using a suite of tools available in the bbtools package ( 20 ) 
for adapter trimming and removal of contaminating human 

reads. De novo genome assembly was performed using SPAdes 
( 21 ) and Flye ( 22 ) using default settings on sequences from Il- 
lumina and nanopore platforms, respectively. Assembled con- 
tigs were subsequently aligned using BLASTn ( 23 ) against all 
Ct reference strain genomes present in NCBI database to con- 
firm their Ct identity with a threshold of > 99% to call a 
match. An additional step of scaffolding contigs generated by 
SPAdes was performed using RagTag ( 24 ). 

For 10 reference strains (Table 1 ), genome sequences had 

previously been generated using the Roche 454 sequencing 
platform, which has now been discontinued. The genomes 
from the 454 platform were assembled using the 454 gsAssem- 
bler software (V 2.0.01.14) with default parameters and had 

been closed using primers flanking gaps to generate PCR prod- 
ucts for Sanger sequencing. 

Curating consensus C. trachomatis reference 

genome assemblies 

Each reference genome was sequenced and assembled de novo 

by at least two technology platforms except for L 2 b (see 
Table 1 ). To generate a consensus genome assembly, assem- 
bled genomes from the different technologies were aligned 

using the progressiveMauve option in Geneious Prime (Ver- 
sion 2023.2.1). The alignment was then manually inspected to 

identify regions where the assemblies differed and resolve po- 
tential sequencing or assembly errors. Where assemblies were 
generated from reads from the three platforms ( n = 10), an 

agreement between at least two assemblies was required to 

resolve each observed discrepancy. For assemblies from only 
two platforms, a ‘third’ publicly available Ct reference se- 
quence, if available, was added to the comparison. In general,
this approach allowed us to confidently determine each base 
throughout the genome for the reference strain. 

Assemblies from nanopore and Illumina platforms were 
available for 20 reference genomes; we did not have access 
to DNA from reference strain L 2 b / UCH-2. Resolution of sin- 
gle nucleotide indels present in homopolymer regions, within 

which nanopore sequencing technology is known to be less 
accurate than Illumina ( 25 ), was done using the nucleotide (s) 
from the Illumina assembly for the final consensus genome. A 

BLASTn alignment against similar strains was also performed 

https://github.com/rrwick/Filtlong
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Table 1. Characteristics of Ct reference strains and associated omp A genotypes, MLST and sequencing platform used 

Strain Year isolated Anatomic site Geographic origin omp A allele MLST 

a Sequencing platform 

b 

A / Sa-1 1957 Conjunctiva Saudi Arabia A 50 I, N, R 

B / TW-5 / OT 1959 Conjunctiva Taiwan B 6 I, N 

c 

Ba / Apache-2 1960 Conjunctiva Arizona Ba 18 I, N, R 

C / TW-3 / OT 1959 Conjunctiva Taiwan C 11 I, N 

c 

D / UW-3 / Cx 1965 Cervix Washington D 48 I, N 

c 

Da / TW-448 1985 Conjunctiva Taiwan Da 37 I, N, R 

E / bour 1959 Cervix California E 39 I, N 

c 

F / IC-Cal-13 1960 Cervix California F 34 I, N, R 

G / UW-57 / Cx 1971 Cervix Washington G 30 I, N, R 

H / UW-4 / Cx 1965 Cervix Washington H 19 I, N, R 

I / UW-12 / Ur 1966 Urethra Washington I 19 I, N 

c 

Ia / UW-202 1985 Urethra Washington Ia 23 I, N, R 

J / UW-36 / Cx 1971 Cervix Washington J 9 I, N, R 

Ja / UW-92 1992 Cervix Washington Ja 39 I, N 

c 

K / UW-31 / Cx 1973 Cervix Washington K 19 I, N, R 

L 1 / 440 / LN 1968 Lymph node California L 1 1 I, N 

c 

L 2 / 434 / Bu 1968 Bubo California L 2 1 I, N 

c 

L 2 a / UW-396 / LN 1985 Lymph node Washington L 2 a 1 I, N 

c 

L 2 b / UCH-2 d NA Rectum London L 2 b 1 I d 

L 2 -D / SF / L 2 c 2010 Rectum San Francisco L 2 c 1 I, N, R 

L 3 / 404 / LN 1967 Lymph node California L3 1 I, N 

c 

The assembled genomes and SRAs have been deposited in NCBI under BioProject ID: PRJNA1137892 (URL: https:// dataview.ncbi.nlm.nih.gov/ object/ 
PRJNA1137892?reviewer=oq7dbk66mg4bgvk6fr54msog3h ) ( Supplementary Table S1 ). NA, not available. 
a MLST scheme ( C. trachomatis ) ( 4 ,6 ). 
b I, Illumina SureSelect; N, nanopore; R, Roche 454. 
c Ct reference genomes from NCBI were used to inform the consensus sequences. 
d Sequence was obtained from a published work ( 14 ). 

t  

s  

f  

s  

k

G
p

T  

a  

C  

1  

h  

i  

q  

i  

t  

F  

t  

e  

t  

c  

a  

(  

m  

p
 

e  

g  

r  

s  

l  

t  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o confirm the call with a threshold of 100% identity. Larger
equence deletions were resolved by retaining the information
rom the other assembly. This was particularly helpful in re-
olving instances of Illumina assemblies missing 1–2 copies of
nown multicopy genes. 

enome assembly pipeline and development of a 

lurality consensus sequence 

o perform both de novo and reference-guided Ct genome
ssemblies, we developed a workflow—referred to as
tGAP— utilizing open-source Linux-based packages (Figure
 , Supplementary Figure S1 ). The workflow was designed to
andle WGS read data derived from gDNA extracted from Ct
solates and clinical samples and sequenced on the Illumina se-
uencing platform. CtGAP takes in raw DNA sequence reads
n fastq format as input and performs an initial quality con-
rol including adaptor removal and read trimming using the
astp package ( 26 ). This is followed by the removal of con-
aminating human reads using Scrubby ( https://github.com/
steinig/scrubby ) by: (i) specifying the depletion of all reads
hat are classified as Archaea, Eukaryota, Holozoa and Nu-
letmycea with kraken2 ( 27 ); and (ii) aligning leftover reads
gainst human reference sequence GRCh38 with minimap2
 28 ). Scrubby is then utilized to extract all remaining reads
apping to the Chlamydiales order, as well as read statistics
ost-cleanup. 
When working with reads from Ct isolates where the refer-

nce strain is known, CtGAP can perform a reference-guided
enome assembly starting with reads mapping to the selected
eference genome with Bowtie2 ( 29 ) and conversion of the
amtools ( 30 ) sorted bam file into fastq with bedtools ( 31 ) fol-
owed by genome assembly with Shovill ( https://github.com/
seemann/shovill ). CtGAP also performs a de novo genome as-
embly using Shovill followed by omp A genotyping with cus-
tom BLAST ( 23 ), MLST and plasmid typing ( 4 , 32 , 33 ), and
scaffolding with ragtag ( 24 ) and gapfiller ( 34 ) for the assem-
bled contigs. 

A consensus plurality reference genome was created from
all 21 reference Ct strains (Table 1 ). These genomes were
oriented with Dnaapler ( 35 ) and aligned with Mugsy ( 36 )
using default settings. Thereafter, goalign ( 37 ) was used to
create a plurality consensus sequence to capture the vari-
ants present in the 21 reference Ct strains. CtGAP comes
pre-equipped with this consensus sequence and can be used
to perform a reference-guided genome assembly when work-
ing with clinical samples that have no prior strain informa-
tion or when the user would prefer to perform this type of
assembly. 

CtGAP can also compare mapping of the query fastq to
the reference genome database by mapping the filtered reads
against all 21 Ct reference genomes using Bowtie2 ( 29 ) and
generating genome coverage statistics using Samtools ( 30 ).
The coverage output can be visualized in any text editing soft-
ware. The reference strain with the most covered bases along
with the highest mean mapping quality is recommended to
be used in a second iteration of CtGAP for reference-guided
genome assembly. The information from the coverage statis-
tics may also be used in conjunction with other de novo as-
sembly metrics—omp A genotyping, MLST and phylogenetic
tree—to infer if the clinical sample is a recombinant. Genome
quality assessment using QUAST ( 38 ) is performed on the
genome output. Where both de novo and reference guided as-
semblies are performed, CtGAP also performs a comparison
of both assemblies using MuMmer ( 39 ). A .tree file is gener-
ated by CtGAP that can be imported into other phylogenetic
software such as Figtree or iTOL ( 40 ) for the downstream pro-
cessing of choice. To ease piping into other bacterial genome
analysis pipelines such as Bactopia ( 41 ), CtGAP outputs key
intermediate data such as the processed fastq reads. A compre-

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1137892?reviewer=oq7dbk66mg4bgvk6fr54msog3h
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://github.com/esteinig/scrubby
https://github.com/tseemann/shovill
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Figure 1. Simplified CtG AP w orkflo w f or generating C. trachomatis genomes. CtG AP pro vides the opportunity f or de no v o and reference-guided genome 
assembly with other outputs such as the omp A genotype, MLST and phylogenetic tree construction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

hensive CtGAP how-to documentation along with the source
code is available at https:// github.com/ D- Dean- Lab/CtGAP . 

Data sets and comparative genomics 

To assess the functionality of the CtGAP workflow in compar-
ative genomic analyses of Ct , raw reads from three data sets
were tested: (i) Ct reference strains sequenced on the Illumina
platform as part of this study ( n = 20) ( Supplementary Table 
S1 ); (ii) Complete Ct genomes from NCBI [ n = 92; where no
raw reads were available, synthetic reads were generated using
ART ( 42 )] ( Supplementary Tables S2 and S3 ); and (iii) avail-
able SRAs in NCBI and ENA for clinical samples ( n = 271)
( Supplementary Table S4 ). A whole-genome phylogeny of all
reconstructed genomes assembled using the de novo approach
(unless otherwise stated) was generated using the Augur
package ( 43 ). 

Results 

Manually polished Ct reference genomes and 

plurality consensus sequence generation 

DNA extracted from 20 Ct reference strains were sequenced
on both the Illumina and nanopore platforms and assembled
as described in Methods. For 10 of these strains, Roche 454 

sequenced genomes with gap closure using Sanger sequenc- 
ing were also available. While programs like SPAdes ( 21 ) al- 
low for hybrid assembly ( 44 ) of Illumina short reads with 

long nanopore reads, in our hands, we noticed that the hy- 
brid assembly output was identical to the default assembly 
mode thus making the nanopore data redundant. Also, the 
SPAdes assembler cannot handle Roche 454 genomes. For 
each reference strain, therefore, genome assemblies from the 
available platforms [Illumina + Nanopore ( n = 20), or Illu- 
mina + Nanopore + Roche 454 ( n = 10)] were used to create 
a manually polished final assembly by comparing each assem- 
bly base-by-base and resolving any observed sequencing er- 
rors. When only two assemblies were available, WGSs of ref- 
erence strains, if available in the public databases, were used 

as comparators (Table 1 ). 

CtGAP training datasets and phylogenetic analyses 

The CtGAP workflow (Figure 1 ) successfully incorporates a 
suite of open-source packages to facilitate the assembly and 

characterization of Ct WGS data. An important output from 

CtGAP is genome quality statistics obtained by incorporating 
QUAST into our pipeline. Examples of key information from 

https://github.com/D-Dean-Lab/CtGAP
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
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Figure 2. Whole genome ph ylogen y of C. trachomatis sequences 
a v ailable from NCBI ( n = 92) in addition to the 21 Ct reference genomes 
from this study. The CtGAP generated tree was visualized, and met adat a 
added in iTOL ( 40 ). Ct reference strains are shown in bold followed by an 
asterisk. Highlighted lineages: light y ello w, LGV, lymphogranuloma 
venereum strains; light blue, P-UA, prevalent urogenital and anorectal 
strains; beige, NP-UA, non-pre v alent urogenital and anorectal strains; 
and light green, ocular strains. The scale bar represents the substitutions 
his output includes genome length, number of contigs and
C content. This information is provided for every CtGAP-

ssembled genome (data not shown). In the current study, the
erformance of CtGAP in correctly assembling Ct was tested
n 92 available published reference and clinical genomes from
CBI. CtGAP automatically computes a phylogenetic tree by

omparing the sequence of the assembled samples to the 21
eference genomes. Figure 2 shows the phylogenetic recon-
tructions of the 92 published genomes assembled using the
e novo approach in CtGAP. All 92 genomes were success-
ully reassembled and typed using CtGAP. 

Of the 92 publicly available Ct genomes above, we also ran
tGAP on 42 Ct samples that had both their raw reads and
enome assemblies available in NCBI databases. Accession
umbers for the 42 raw reads and assembled genomes are in
upplementary Table S3 . CtGAP returned identical genomes
o those available in NCBI’s genome database based on anal-
sis using MuMmer’s dnadiff option ( 39 ) (Figure 3 ). 

The performance of CtGAP was also tested on 271
linical samples downloaded from NCBI’s SRA database
 Supplementary Table S4 ). These samples represent a diversity
f Ct strains from various worldwide sexually transmitted and
cular trachoma populations. Examples of the omp A geno-
ype, MLST, plasmid type and reference genome coverage out-
uts of CtGAP for these samples are shown in Supplementary 
ables S5 –S8 , respectively. The CtGAP-generated omp A geno-
ypes were determined by comparison against complete omp A
ene sequences in GenBank using BLASTn (Table 1 ). Simi-
arly, the CtGAP MLST designations for both genomes and
lasmids were determined by using the C. trachomatis typ-
ng scheme in the PubMLST database ( https://pubmlst.org/
rganisms/chlamydiales-spp ) ( 4 ,32 ). However, in some cases,
he NCBI SRAs did not contain any plasmid sequences. We
herefore designated the samples without plasmid sequences
s ‘no plasmid profile’ ( Supplementary Table S7 ). 

Four assemblies were obtained for each of the 271 samples
sing the de novo , plurality consensus sequence, and a single
eference assembly option in the pipeline—a generic reference
train (D / UW-3 / Cx) and the reference strain with the most
apped reads and mapping quality from the Bowtie2 map-
ing step (i.e. the ‘top mapped’ reference strain). A represen-
ative phylogenetic tree for all 271 samples using de novo as-
embly along with the associated MLST, and omp A genotypes
s shown in Figure 4 . 

To assess the performance of the assembly methods, assem-
lies for the 271 samples were compared for the number of
NPs between any pair of assemblies using MuMmer’s dnadiff
ption ( 39 ). The results showed that no sample had identical
ssemblies with all four assembly options and that the SNPs
etween the different assembly pairs varied between 1 and 495
Figure 5 , Supplementary Table S9 , Supplementary Figure S2 ).
he comparison of de novo and top mapped reference guided
ssemblies showed fewer SNPs compared to other assembly
airs suggesting that these two methods were more similar.
oth de novo and top mapped reference methods also had far
ewer failed assemblies compared to the other assembly meth-
ds as shown in Supplementary Table S9 . 
To assist in the discovery of recombination events where

he omp A genotype and the genome backbone are differ-
nt, information from the mapping coverage and quality, and
mp A genotyping outputs ( Supplementary Tables S8 and S5 ,
espectively) can be informative. For this analysis, the refer-
nce strain with the top mapped reads and mapping quality is
 per site. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://pubmlst.org/organisms/chlamydiales-spp
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
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Figure 3. Whole genome ph ylogen y comparison of 42 CtGAP de novo 
assembled genomes to their original publicly a v ailable genome 
assemblies using the respective SRA from NCBI. The comparison of 
CtGAP generated genomes to those available in NCBI’s genome 
database was performed using MuMmer’s dnadiff option ( 39 ). The 
CtGAP generated tree was visualized, and met adat a added in iTOL ( 40 ). 
Assemblies in red represent the Ct reference strains from this study; 
those in bright green are the CtGAP assembled genomes; and the ones 
in dark blue are the original genome assemblies from NCBI. Highlighted 
lineages: light y ello w, LGV, lymphogranuloma venereum strains; light 
blue, P-UA, pre v alent urogenital and anorectal strains; beige, NP-UA, 
non-pre v alent urogenital and anorectal strains; and light green, ocular 
strains. The scale bar represents the substitutions per site. 

 

 

recorded and matched with the omp A genotype. For example,
genomes previously described as recombinants with omp A 

genotypes different from their genome backbones were con- 
firmed by CtGAP, including SRR25447214, SRR25447288–
SRR25447289 and SRR25447265–SRR25447267, where the 
omp A genotype was a Ja but the genome backbone was an 

strain E ( 13 ), and ERR3288031–ERR3288035 with a Da 
omp A genotype and an strain L 2 b genome backbone ( 45 ). 

Discussion 

The lack of a standardized workflow for assembling Ct 
genomes continues to limit WGS adoption in the field. This 
study therefore describes the development of CtGAP, a simple- 
to-use open-source and easily customizable tool for the assem- 
bly of Ct genomes and subsequent analyses, thus reducing the 
level of hands-on time required for processing and character- 
izing Ct genomes. 

To effectively process WGS paired end read data from 

Ct isolates and clinical samples sequenced on the Illumina 
sequencing platform, CtGAP harnesses the power of sev- 
eral standalone genomic tools (i.e., Fastp, Scrubby, Kraken2 

Bowtie2, Samtools, BEDTools, Shovill) into a single easy-to- 
use pipeline. CtGAP also integrates key sequence analysis 
tools such as SKA, Augur, BLAST and pyMLST to reduce the 
need for transferring data across multiple platforms thus sim- 
plifying downstream processing of the assembled genomes. By 
incorporating all the above tools into a single pipeline, users 
can eradicate potential tool-based assembly / analysis bias. 

The inclusion of two rounds of Fastp in the CtGAP pipeline 
was intended to allow users to obtain raw read statistics pre- 
processing and after adapter trimming and depletion of un- 
wanted reads. This provides the user comparative metrics of 
the raw reads compared to reads available for assembly. Both 

outputs are available in either text or html formats. An im- 
portant feature of the CtGAP pipeline is the incorporation of 
Scrubby for the depletion of unwanted reads. Scrubby was 
used to facilitate a fast k-mer based depletion of all reads clas- 
sified as Archaea, Eukaryota, Holozoa and Nucletmycea with 

Kraken2. This was then followed up with a further alignment 
of the remaining reads against the human reference genome 
(GRCh38) with minimap2 to further deplete any possible left- 
over human genome contaminants. Scrubby was also used 

to extract all reads mapping to the Chlamydiales order. Ct- 
GAP stores its intermediate products. such as host-depleted 

reads, in appropriately named directories to facilitate their 
usage in other genome analysis or assembly tools such as 
Bactopia ( 41 ). 

CtGAP is uniquely equipped with the ability to produce two 

types of genome assemblies per sample: de novo and reference- 
guided assemblies. For the reference-guided assembly, the user 
can choose between a plurality consensus sequence or specific 
reference strain-based assembly. With the understanding that 
a reference based genome assembly is only as good as the ref- 
erence utilized in the mapping step ( 11 ) and to ensure opti- 
mum quality reference-based assembly, we re-sequenced 20 

reference Ct strains using Illumina and nanopore platforms,
10 of which also had a Roche 454 genome assembly available 
with gap closure. All available assemblies—with the addition 

of any reference strains from NCBI when only two assem- 
blies were available—were then used to manually generate a 
quality sequence for each reference strain. These sequences are 
available for use in CtGAP as is (for single reference strain- 
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Figure 4. Ph ylogen y of C. trachomatis genomes generated b y CtG AP ( n = 271) using de no v o assembly and sho wing MLS T (outer circle) and omp A 

genotype (2nd circle from outside) met adat a (see Supplementary Table S6 ). T he CtG AP generated tree w as visualiz ed, and met adat a added in iTOL ( 40 ). 
The color coding for the omp A genotypes and MLSTs are to the right of the tree in separate columns. Ct reference genome strains are in bold font (3rd 
circle from outside). Highlighted lineages (3rd circle from outside): light y ello w, LGV, lymphogranuloma venereum strains; light blue, P-UA, prevalent 
urogenital and anorectal strains; beige, NP-UA, non-pre v alent urogenital and anorectal strains; and light green, ocular strains. The scale bar represents 
the substitutions per site. 
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ased assembly) or in the form of a plurality consensus-based
ssembly. 

In addition to the de novo assembly mode, CtGAP can
erform three different reference guided assemblies using the
lurality consensus, a predetermined / generic reference, or a
tGAP informed reference. The first two can be performed
longside the de novo assembly. As a deliverable, CtGAP pro-
ides coverage report statistics of the samples against 21 refer-
nce Ct strains. This information can facilitate an informed se-
ection of a reference genome (the top-mapped reference) that
losely matches the genome backbone of the sample for an
ptional second iteration of reference-guided assembly on Ct-
AP. This latter method is especially useful for assembling un-
nown clinical Ct strains and identifying recombinants where
there can be two top-matched reference strains that, through
two interactions, ultimately optimize the assembly. 

Assembly statistics such as total number of bases, contigs
and GC content is also reported for every genome. When
both de novo and reference-guided assemblies are performed,
a report comparing both assemblies is produced by CtGAP
and contains key information such as sequence length, iden-
tity, number and position of SNPs between assemblies. These
statistics allow users to easily determine the quality of the as-
sembled genomes without the need to export the genome to
standalone QC tools. 

With our testing dataset, the different assembly methods
do not produce identical genome assemblies with differences
between assembly pairs varying between one to as many as

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae187#supplementary-data
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Figure 5. Comparison of SNPs between different assembly pairs for 271 
samples. The four assemblies performed in CtGAP for the 271 samples 
included de no v o , reference-guided using the top mapped Ct reference 
genome, reference-guided using only the Ct reference strain D / UW-3 / Cx 
and the plurality sequence generated from the 21 Ct reference genome 
strains in this study. SNPs between any pair of assemblies were 
identified using MuMmer’s dnadiff option tool ( 39 ). The Boxplot shows 
the 5–95% confidence intervals of data distribution with mean values 
indicated by horizontal bars. Generic ref, Ct reference genome strain 
D / UW-3 / Cx; top mapped ref, Ct reference strain with the most mapped 
reads and quality using the B o wtie2 mapping tool in CtGAP. De–PL, de 
no v o—plurality; De–R efD, de no v o—reference strain D / UW -3 / CX; 
PL–R efD, plurality —reference strain D / UW -3 / CX; De–Top, de no v o—top 
mapped reference strain; PL–Top, plurality-top mapped reference strain; 
and RefD–Top, reference strain D / UW-3 / CX—top mapped reference 
strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

495 SNPs. The de novo and top-mapped reference guided as-
semblies were more similar than any other pair of assemblies,
suggesting that the best assembly will be the use of either the
de novo assembly method or the top-mapped reference-guided
assembly method. The differences between the assembly meth-
ods further illustrates the need to select the appropriate Ct
reference strain and not just a commonly used strain such at
D / UW-3 / Cx, L 2 / 434 / Bu or A / HAR-13. This will provide a
more robust assembly to guarantee reproducibility globally.
As CtGAP is equipped with the resources to simultaneously
generate both de novo and reference-guided assemblies for Ct
genomes, it is a promising tool to study the effects of assembly
methods on Ct genomes in future studies. 

A limitation of the CtGAP workflow is the lack of capacity
to handle NGS reads generated from the nanopore sequenc-
ing platform. The use of nanopore in sequencing Ct genomes
is currently in its infancy with ∼5 Ct nanopore genome assem-
blies currently available in online databases. The lack of a ro-
bust training dataset made it impossible to include nanopore
capabilities in the current iteration of CtGAP. In addition, the
pipeline can’t assemble Ct strains that occur as mixed infec-
tions as we recently reported ( 12 ). However, these mixed in-
fections can be identified based on QUAST statistics. 

In summary, the adoption of NGS data analysis in the study
of Ct pathogenesis and epidemiology is increasing rapidly.
However, there are currently no Ct -specific tools designed 

to handle the first and most important step—genome assem- 
bly. CtGAP provides an effective workflow to assemble Ct 
genomes from raw NGS reads. CtGAP also provides the user 
with initial data for comparative analyses on the assembled 

genomes and on typing strategies for comparison with current 
global data that are only resolved to the single omp A gene or 
MLST gene level. While CtGAP is currently designed specifi- 
cally for Ct genomes, it is easily customizable to handle other 
Chlamydia species and bacteria. 

Data availability 

The genome sequence data generated as part of this study are 
freely available at the NCBI’s Genome database BioProject 
PRJNA1137892. The accession codes for all data described 

in this study are provided in the Supplementary Tables S1 –S4 .
A comprehensive CtGAP how-to documentation along with 

the source code is available at https:doi.org/ 10.5281/ zenodo. 
14511460 and https:// github.com/ D- Dean- Lab/CtGAP . 

Supplementary data 

Supplementary Data are available at NARGAB Online. 
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