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Abstract

Background

Treponema pallidum subsp. pertenue (TPE) is the causative agent of yaws, a multistage
disease endemic in tropical regions in Africa, Asia, Oceania, and South America. To date,
seven TPE strains have been completely sequenced and analyzed including five TPE
strains of human origin (CDC-2, CDC 2575, Gauthier, Ghana-051, and Samoa D) and two
TPE strains isolated from the baboons (Fribourg-Blanc and LMNP-1). This study revealed
the complete genome sequences of two TPE strains, Kampung Dalan K363 and Sei Gering-
ging K403, isolated in 1990 from villages in the Pariaman region of Sumatra, Indonesia and
compared these genome sequences with other known TPE genomes.

Methodology/principal findings

The genomes were determined using the pooled segment genome sequencing method
combined with the lllumina sequencing platform resulting in an average coverage depth of
1,021x and 644x for the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes, respectively. Both Indonesian TPE strains were genetically related to each other
and were more distantly related to other, previously characterized TPE strains. The modular
character of several genes, including TP0136 and TP0858 gene orthologs, was identified by
analysis of the corresponding sequences. To systematically detect genes potentially having
a modular genetic structure, we performed a whole genome analysis-of-occurrence of direct
or inverted repeats of 17 or more nucleotides in length. Besides in tprgenes, a frequent
presence of repeats was found in the genetic regions spanning TP0126-TP0136, TP0856—
TP0858, and TP0896 genes.
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Conclusions/significance

Comparisons of genome sequences of TPE Kampung Dalan K363 and Sei Geringging
K403 with other TPE strains revealed a modular structure of several genomic loci including
the TP0136, TP0856, and TP0858 genes. Diversification of TPE genomes appears to be
facilitated by intra-strain genome recombination events.

Author summary

Treponema pallidum subsp. pertenue (TPE) is the causative agent of yaws, a multi-stage
disease that is endemic in tropical regions of Africa, Asia, Oceania, and South America.
TPE belongs to the pathogenic treponemes and causes several human and animal infec-
tions. Whole genome sequences of two TPE strains isolated from patients in Indonesia
were determined in this study. While both strains were highly related to other TPE strains
isolated from humans and baboons, detailed genetic analyses revealed a modular charac-
ter of several genes and genomic regions. While TPE genomes appear to be the most con-
served genomes of uncultivable pathogenic treponemes, diversification of TPE genomes
appears to be facilitated by intra-strain genome recombination events. In addition to
genes with an identified modular structure, we identified additional genes that have direct
or inverted repeats and thus have the potential for genetic reshuffling.

Introduction

The infectious agent of yaws, Treponema pallidum subsp. pertenue (TPE), causes chronic infec-
tions in children and young adults, which is characterized by skin lesions including nodules and
ulcerations of the skin, which is later accompanied by joint, soft tissue, and bone manifestations
(reviewed in [1]). Unlike the syphilis treponemes, Treponema pallidum subsp. pallidum (TPA),
TPE and Treponema pallidum subsp. endemicum (TEN, the causative agent of endemic syphilis)
are transmitted between individuals mostly through direct skin contact. However, possible sex-
ual transmission has been reported for TEN, a treponeme highly related to TPE [2-4].

Only a limited number of TPE strains/isolates have been characterized to date, mainly as a
result of the uncultivable character of TPE, low number of available laboratory strains, and a
limited number of clinical isolates with sufficient numbers of treponemal DNA copies per sam-
ple. However, the recent study by Edmonson et al. [5] showed a successful long-time in vitro
cultivation of syphilis treponemes that could be also potentially applied to TPE strains. This
could result in an increase in the number of characterized TPE strains. So far, seven TPE strains
have been completely sequenced, including five strains of human origin (CDC-2, CDC 2575,
Gauthier, Ghana-051, and Samoa D) [6,7] and two TPE strains (Fribourg-Blanc and LMNP-1)
isolated from a Guinea baboon (Papio papio) in West Africa [8] and an olive baboon (Papio
anubis) from Tanzania [9], respectively. In addition to these complete genomes, genomes of 6
other TPE isolates of human origin [10] and 7 from nonhuman primates have been sequenced
to draft genome quality [9]. TPE strains have been shown to be highly similar to syphilis-caus-
ing strains of T. pallidum subsp. pallidum (TPA) [6] and to the TEN strain Bosnia A [11].

While there is an increasing understanding of genome structure and plasticity in TPA and
TEN [12,13], the genome characteristics of TPE remain largely unexplored. As a result, little is
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known about intra-strain recombinations that occur in TPE strains and their role in genome
evolution and diversification.

In this communication, we compared the complete genome sequences of two strains of
TPE isolated in Indonesia to other available TPE whole genome sequences and identified
regions resulting from intra-strain genome recombinations. While TPE genomes appear to be
relatively conserved compared to the genomes of other uncultivable pathogenic treponemes,
including TPA and TEN strains, genetic diversification of TPE genomes appears to be facili-
tated by intra-strain genome rearrangements.

Material and methods
Ethics statement

TPE strains Kampung Dalan K363 and Sei Geringging K403 originated from the study of
Noordhoek et al. [14], where involved persons or parents of involved children gave informed
consent for sample collection. No vertebrate animals were used in the study.

Strains used in this study

Two TPE strains, Kampung Dalan K363 and Sei Geringging K403, were used in this study.
TPE Kampung Dalan K363 was isolated on January 5, 1990 and TPE Sei Geringging K403 on
May 14, 1990 in villages in the Pariaman region of Sumatra, Indonesia. Both TPE strains were
isolated from patients having skin lesions. Skin biopsies were first homogenized in PBS and
intra-dermally inoculated into the shaved inguinal areas of Syrian Golden hamsters, which
were later transported to the Netherlands [14]. Hamsters that developed skin lesions were sac-
rificed and the inguinal lymph nodes were homogenized in PBS and inoculated into the testes
of New Zealand White rabbits. Several serial passages in rabbits were performed before sam-
ples were taken for isolation of treponemal DNA. TPE strains Kampung Dalan K363 and Sei
Geringging K403 were provided as DNA samples by Dr. S. Bruisten (Public Health Laboratory,
Department of Infectious Diseases GGD Amsterdam) who derived the DNA samples from
crude treponemal lysates which were kindly donated by Dr. G. Noordhoek who collected these
samples in Indonesia and processed them in the Netherlands [14]. The determination of the
number of treponemal DNA copies per pl of samples was not performed.

Amplification of TPE genomic DNA

Total DNA of both samples was first amplified using multiple displacement amplification
(REPLI-g kit, QIAGEN, Valencia, CA, USA) according to the manufacturer’s instructions.
The amplified DNA was then diluted 50-times and used as a template for TPE whole genome
amplification, which was performed with treponemal specific primers as described previously
[6-8,11,15]. For amplification of individual amplicons (n = 278, S1 Table), PrimeSTAR GXL
DNA Polymerase (Takara Bio Inc., Otsu, Japan) was used. PCR products were generated using
touchdown PCR under the following cycling conditions: initial denaturation at 94°C for 1
min; 8 cycles: 98°C for 10 s, 68°C for 15 s (annealing temperature gradually reduced by 1°C/
every cycle), and 68°C for 6 min; 35 cycles: 98°C for 10 s, 61°C for 15 s, and 68°C for 6 min (43
cycles in total); followed by final extension at 68°C for 7 min. All overlapping PCR products
were purified using a QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA) and
mixed in equimolar amounts. Each pool of PCR products (n = 4 for each of TPE strains, S1
Table) was then used for whole genome sequencing.
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Whole genome sequencing and de novo assembly of the TPE genomes

Individual pools of both TPE samples were used for Illumina Nextera XT library preparation
and subsequently sequenced on a MiSeq platform (2x300 bp) at the sequencing facility of CEI-
TEC (Brno, Czech Republic). Resultant sequencing data were quality pre-processed using
Trimmomatic (v0.32) [16] with a sliding window length of 4 bp and a Phred quality threshold
value equal to 17. After pre-processing, sequencing reads shorter than 50 bp were removed.
Sequencing results for individual pools are summarized in S2 Table.

The Illumina sequencing reads corresponding to individual pools of both TPE samples
were handled separately and de novo assembled using SeqMan NGen v4.1.0 software (DNAS-
TAR, Madison, WI, USA) using default parameters. A total of 222, 249, 158, and 265 contigs
from the TPE Kampung Dalan K363 strain and 124, 92, 93, and 87 contigs from the TPE Sei
Geringging K403 strain were obtained for Pools 1-4, respectively (S2 Table). The resulting
contigs obtained from both strains were then separately aligned to the TPE Samoa D genome
(CP002374.1 [6]) using Lasergene software (DNASTAR, Madison, WI, USA). In parallel, the
Mumina sequencing reads corresponding to individual pools were mapped to the correspond-
ing pool sequences (S2 Table) of the TPE Samoa D genome (CP002374.1 [6]) and both the de
novo and reference-guided approaches were compared. All genome gaps and discrepancies
were resolved using Sanger sequencing. Altogether, 11 and 6 genomic regions of the TPE
Kampung Dalan K363 and TPE Sei Geringging K403 strains were Sanger sequenced, respec-
tively. The consensual sequences for individual pools were then used to compile the complete
genome sequences of both TPE strains.

To determine the number of repetitions within the arp (TP0433) gene, the repetitive
sequences (between coordinates 462430-463157 in the TPE Samoa D genome [6]) were ampli-
fied and Sanger sequenced using the primers 32BrepF1 (5-CGTTTGGTTTCCCCTTTGTC-
3’) and 32BrepR1 (5'-GTGGGATGGCTGCTTCGTATG-3') as described elsewhere [17]. Sim-
ilarly, the repetitive sequences within the TP0470 gene (Samoa D coordinates 498895-499200)
were amplified and sequenced using the primers TPI34F4 (5'-GTCTTGTGCACATTATTCA
AG-3') and TPI34R5 (5'-CTTCGTGCAACATCGCTACG-3'). The intra-strain variability, rel-
ative to the length of several G/C-homopolymeric tracts, was identified in both genomes and
the prevailing length of G/C regions was used in the final genome sequences.

Gene identification, annotation, and classification

Genes were annotated using Geneious software (v5.6.5) [18] as described previously [11] and
were tagged with TPEKDK363_ and TPESGK403_ prefixes. Locus tag numbering corre-
sponded to tag numbering for the orthologous genes annotated in the TPE Samoa D genome
(CP002374.1 [6]). The TPE Samoa D genome contains one (TPESAMD_0005a) additionally
annotated gene compared to the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes. This gene is fused to TP0006 and is designated as TPEKDK363_0006 and
TPESGK403_0006, respectively. Four genes (TPEKDK363_0146, TPEKDK363_0520,
TPEKDK363_0812, and TPEKDK363_0856a) and eight genes (TPESGK403_0126,
TPESGK403_0146, TPESGK403_0312a, TPESGK403_0435a, TPESGK403_0520,
TPESGK403_0812, TPESGK403_0865, and TPESGK403_0924a) were annotated as pseudo-
genes in the TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes, respectively.
Since the tprK gene showed intra-strain variability, the corresponding nucleotide positions
were denoted with an “N” in the complete genome sequences. For proteins with unpredicted
functions, a 150 bp-gene size limit was applied.
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Identification of genetic heterogeneity in the sequenced genomes

The identification of genetic heterogeneity was carried out as described by Strouhal et al. [7].
Briefly, individual Illumina reads were mapped to the final version of the genome sequence
using SeqMan NGen (v4.1.0) software with default parameters and requiring at least a 93%
read identity relative to the reference genome. For the determination of the frequency of each
nucleotide in every single genome position, the haploid Bayesian method was used for SNP
calculation using the same software. Individual reads supporting a less frequent allele located
at the 3’-terminus (i.e., five or less nucleotides) were omitted. At least thirty independent reads
from both directions were required. Nucleotide positions located within homopolymeric tracts
(defined as a stretch of six or more identical nucleotides) were excluded from analysis. Chro-
mosomal loci showing genetic heterogeneity within TPE genomes were defined as those con-
taining more than 8% alternative reads in regions having a coverage depth greater than 100x.
Candidate sites were then visually inspected using SeqMan NGen (v4.1.0) software; the tprK
(TP0897) gene, showing intra-strain variability, was excluded from the analysis.

Analysis of whole genome sequences

Phylogenetic trees of the TPE strains were constructed from available whole genome sequences
(S3 Table) including the Samoa D (CP002374.1 [6]), CDC-2 (CP002375.1 [6]), Gauthier
(CP002376.1 [6]), Fribourg-Blanc (CP003902.1 [8]), Ghana-051 (CP020365.1 [7]), CDC 2575
(CP020366.1 [7]), and LMNP-1 (CP021113.1 [9]) strains. Moreover, 6 additional draft
genomes of TPE strains isolated on Solomon Islands [10] were used to determine the phyloge-
netic relatedness of TPE Kampung Dalan K363 and Sei Geringging K403 strains. The genome
of TEN Bosnia A strain (CP007548.1 [11]) was used as an outgroup.

Whole genome alignment was constructed using SeqMan software (DNASTAR, Madison,
WI, USA) and phylogenetic trees were constructed using the Maximum Likelihood method
based on Tamura-Nei model [19] and with MEGA software [20]. Since there were chromo-
somal regions that included: (1) the tprD and tprK genes, (2) intergenic regions within both rrn
operons, and (3) sequences in the arp and in the TP0470 genes, which are recombinant or repet-
itive in TPE strains (S3 Table), these regions were excluded from the phylogenetic analyses.

For analysis of the modular structure of the TP0136, TP0856, and TP0858 genes, additional
available treponemal whole genome sequences were used including: TPA strains Nichols
(CP004010.2 [21]), SS14 (CP004011.1 [21]), DAL-1 (CP003115.1 [22], Mexico A (CP003064.1
[23]), Chicago (CP001752.1 [24]), and Sea81-4 (CP003679.1 [25]) and T. paraluisleporidarum
ecovar Cuniculus strain Cuniculi A (CP002103.1 [26]).

Identification of sequentially unique k-mers

For each TPE genome sequence (n = 9; S3 Table), the number of canonical k-mers of length
9-33 nt were determined using Jellyfish software (v2.0.0) [27]. The number of unique k-mers
saturated at a length of 17 nts and the 17-mers and longer k-mers were used for further evalua-
tion. In order to determine their exact locations and their exact numbers, the detected k-mers
were mapped to the TPE genomes using EMBOSS fuzznuc (v6.6.0) [28]. Subsequently, k-mers
were divided into two groups with the first group comprised of k-mers with exactly the same
numbers in all tested TPE genomes and the second group comprised of k-mers with different
numbers in at least one TPE genome. Localization of k-mers in the annotated genes of each
TPE genome was carried out using BEDTools intersect (v2.26.0) [29]. For each gene, the num-
ber and type of overlapping k-mers was determined using R (v3.4.1, packages rio v0.5.5, dplyr
v0.7.3) [30]. Similarly, for each k-mer, the number and type of overlapping genes was deter-
mined and k-mers with more than a single localization in at least one genome were extracted.
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Nucleotide sequence accession numbers

The complete genome sequences from TPE Kampung Dalan K363 and TPE Sei Geringging
K403 were deposited in the GenBank under accession number CP024088.1 and CP024089.1,
respectively.

Results

Whole genome sequencing of the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 strains and de novo assembly of the genomes

Both TPE strains were sequenced using the pooled segment genomic sequencing (PSGS) pro-
tocol as previously described [6-8,11,15]. Illumina sequencing resulted in 7,545,122 paired
reads and 1,241,564,236 total bases, with an average coverage depth of 1,021x for the TPE
Kampung Dalan K363 genome, and 3,784,916 paired reads and 784,165,636 total bases, with
an average coverage depth of 644x for the TPE Sei Geringging K403 genome. A total of 222,
249, 158, and 265 contigs for each of the pools 1-4 of the TPE Kampung Dalan K363 strain
and 124, 92, 93, and 87 contigs for the 4 pools of the TPE Sei Geringging K403 strain were
obtained by de novo assembly. Detailed characteristics of Illumina sequencing and de novo
assembly are shown in S2 Table. The genome structures of both TPE strains were similar to
other previously characterized TPE strains with no major chromosomal rearrangements. The
summarized genomic features of TPE Kampung Dalan K363 and TPE Sei Geringging K403
were compared to the most closely related TPE Samoa D genome (CP002374.1 [6]). Details
are shown in Table 1.

Analysis of whole genome sequences

The genomes of TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains differed in
the number of repetitions within the arp (TP0433) and TP0470 genes (S3 Table). The TPE
Kampung Dalan K363 strain contained 4 and 35 repetitions in the arp and TP0470 genes,
respectively, while the TPE Sei Geringging K403 strain contained 2 and 28 repetitions within
these genes, respectively. In both strains, the same repeat motif (Type II) within the arp gene
was identified as previously shown in other TPE strains [31]. Both TPE genomes showed the
same constitution of intergenic spacer regions within the rrn operons, i.e., tRNA-Ile/tRNA-Ala
pattern [13,32] (S3 Table), and both contained the tprD2 allele in the tprD locus [33] (S3
Table). Moreover, both TPE genomes differed in the sequences of the tprK gene variable
regions [34-37].

The whole genome sequences of the TPE Kampung Dalan K363 and TPE Sei Geringging
K403 strains were analyzed with respect to the occurrence of nucleotide diversity between
both strains. As a result, the genomes differed in 38 single nucleotide positions (S4 Table). In
addition, both genomes differed in 18 nucleotide positions within the TP0858 gene. Moreover,
there were differences in both genomes in the number of 2 nt-long (TG) and 9 nt-long
(TCCTCCCCC) repetitive sequences between coordinates 390964-390969 and 1051995-
1052003 (according to the TPE Samoa D genome [6]), respectively. The genome of the TPE
Kampung Dalan K363 strain contained 2 and 2 of these repetitive sequences, while the TPE
Sei Geringging K403 genome contained 3 and 1 of these repetitions (54 Table), respectively.
Since both TPE strains Kampung Dalan K363 and Sei Geringging K403 underwent serial pas-
sages in hamsters and rabbits after their isolation from human patients, the identified genetic
differences resulted either from the cultivation experiments in animals or were already present
during infection of humans.
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Table 1. Basic characteristics of the TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes and their comparison to the published TPE Samoa D

genome.

Genome parameter
GenBank Accession No.
Genome size

G+C content

No. of predicted genes

Sum of the intergenic region length (% of the genome
length)

Average/median gene length

Average/median gene length of genes with unknown
function

No. of genes encoded on plus/minus DNA strand
No. of annotated pseudogenes

No. of tRNA loci

No. of rRNA loci

No. of ncRNAs

(6]

TPE Kampung Dalan K363 TPE Sei Geringging K403 TPE Samoa D*
CP024088.1 CP024089.1 CP002374.1
1,139,764 bp 1,139,464 bp 1,139,330 bp

52.78% 52.77% 52.80%

1124 including 54 untranslated 1124 including 54 untranslated 1125 including 54 untranslated
genes” genes” genes®

53,026 bp (4.65%) 53,213 bp (4.67%) 52,844 bp (4.64%)
981.5/834.0 bp

981.4/834.0 bp 980.3/831.0 bp

819.1/636.0 bp 821.1/640.5 bp 843.4/657.0 bp
599/525 599/525 600/525
4 8 6
45 45 45

6 (2 operons)
3 3 3

6 (2 operons) 6 (2 operons)

® The TPE Samoa D genome contains one (TPESAMD_0005a) additionally annotated gene compared to the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes where this gene is fused to TP0006 and is designated as TPEKDK363_0006 and TPESGK403_0006, respectively.

https://doi.org/10.1371/journal.pntd.0006867.t001

As revealed by our phylogenetic analyses, the TPE Kampung Dalan K363 and TPE Sei Ger-

ingging K403 strains clustered together and were more distantly related to other complete
genomes of TPE strains of human or baboon origin (Fig 1). In contrast to the Indonesian
strains used in this study, all other TPE strains originated from Africa with the exception of
the TPE Samoa D strain, which was isolated in Western Samoa in 1953 (S3 Table). Neverthe-
less, additional phylogenetic analysis including the recently published TPE draft genome
sequences from 6 individuals from Solomon Islands [10] did not show clustering of TPE Kam-
pung Dalan K363 and TPE Sei Geringging K403 with these strains (S1 File). While all Solomon
Island isolates [10] clustered together and were more closely related to TPE Samoa D, TPE
Kampung Dalan K363 and TPE Sei Geringging K403 belonged to distinct cluster.

Intra-strain heterogeneity in the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 genomes

The TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes were inspected for the
presence of genetic intra-strain heterogeneity [38]. While the genome of the TPE Kampung
Dalan K363 strain contained 3 intra-strain heterogeneous sites, the genome of the TPE Sei
Geringging K403 strain harbored only a single such site (S5 Table). The TPE Kampung Dalan
K363 strain contained heterogeneous sites in genes TP0448 (encoding uracil phosphoribosyl-
transferase), TP0488 (coding for methyl-accepting chemotaxis protein), and TP1032 (encod-
ing hypothetical protein). In the TPE Sei Geringging K403 strain, a single heterogeneous site
was found in the TP0363 gene, encoding chemotaxis protein CheA, which is a sensor histidine
kinase. All four heterogeneous sites resulted in amino acid replacements in the corresponding
proteins (S5 Table).

In both TPE genomes, intra-strain variability in the length of G/C-homopolymeric tracts

was identified as previously shown in other treponemal genomes [7,39,40]. Based on the pre-
vailing length of G/C regions in the final genome sequences, 16 out of 44 such regions were
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TPE Kampung Dalan K363

TPE Sei Geringging K403
27

TPE Samoa D

TPE Gauthier

32

TPE Fribourg-Blanc
|78
TPE LMNP-1
—— TPECDC-2
15
TPE CDC 2575
99
TPE Ghana-051
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Fig 1. A phylogenetic tree constructed from the whole genome sequence alignment of available TPE and TEN
complete genome sequences (S3 Table). The tree was constructed using the Maximum Likelihood method based on
the Tamura-Nei model [19] and MEGA software [20]. The bar scale corresponds to a difference of 0.0001 nucleotides
per site. Bootstrap values based on 1,000 replications are shown next to the branches. There were a total of 1,189
informative positions in the final dataset. Genome sequence of TEN strain Bosnia A was used as an outgroup. Both TPE
strains of Indonesian origin were highly related to each other when compared to the genetic diversity detected among
other, previously characterized TPE strains. Both intergenic spacer regions within the rrn operons, the tprK (TP0897)
and tprD (TP0131) gene sequences and the repetitive sequences within the arp (TP0433) and TP0470 genes were
omitted from the analysis. The TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains are shown in bold.

https://doi.org/10.1371/journal.pntd.0006867.9001

found to be different when comparing the TPE Kampung Dalan K363 and TPE Sei Geringging
K403 genomes (S6 Table). Therefore, four genes (TPESGK403_0126, TPESGK403_0312a,
TPESGK403_0865, and TPESGK403_0924a) were annotated as pseudogenes in the TPE Sei
Geringging K403 genome (S6 Table).

Modular structure of the TP0856 and TP0858 genes

Although both Indonesian TPE strains were highly related to each other, a relatively long
stretch of nucleotide differences in the TP0858 gene sequence of both analyzed strains suggests
a potential recombination event. Compared to the TP0858 sequence of the TPE Sei Geringging
K403 strain (which was similar to the other TPE strains), the TP0858 sequence in the TPE
Kampung Dalan K363 strain differed in 18 nucleotide positions (coordinates 819-853 in the
TP0858 gene of the TPE Samoa D [6]). Moreover, the nucleotide sequence present in the
TP0858 gene of the TPE Kampung Dalan K363 strain (i.e., r5 sequence; see Fig 2) was found
to be identical with the one found between coordinates 798-832 in the TP0856 gene (TPE
Samoa D gene coordinates). Interestingly, the same sequence (i.e., r5 sequence; see Fig 2) was
detected also in the TP0858 gene of the TPA Sea 81-4 (coordinates 819-853 according to the
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*according to TPE Samoa D (GenBank Acc. No. CP002374.1)

Fig 2. The modular structure of the TP0856 and TP0858 genes among completely sequenced treponemal strains. A. Please note the differences between sequence
patterns of TPE Kampung Dalan K363 and the other TPE strains, the TPA Sea81-4 and the other TPA strains, and TPE and TPA/TEN strains in TP0858 gene. The r3
sequence (in TPA Sea81-4), r4 sequence (in TPA and TEN strains), r5 sequence (in Kampung Dalan K363 and TPA Sea81-4) and r6 sequence (in TEN Bosnia A)
within TP0858 or TP0856 genes resulted probably from intra-strain recombination events. B. A list of repetitive (r3, r4, r5, r6) and non-repetitive (unique) sequences
(r1,12,17,18,19).

https://doi.org/10.1371/journal.pntd.0006867.9g002

TPE Samoa D TP0858 gene). Analysis of additional treponemal genomes revealed that the
TEN Bosnia A strain contained identical sequences in the above described regions of both the
TP0856 and TP0858 genes (i.e., r6 sequence; see Fig 2), even though these sequences in the
TEN Bosnia A strain and the TPE Kampung Dalan K363 strain differed (Fig 2). Upstream of
this sequence, between coordinates 768-809 in the TP0858 gene (TPE Samoa D gene coordi-
nates), there was a 42 nt-long DNA region (i.e., r8 and r4 sequences; see Fig 2) showing identi-
cal sequences within TPE and TPA/TEN strains, respectively, but different in the TPE and
TPA/TEN comparison (Fig 2). In addition, the TPA Sea81-4 strain contained identical
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sequences (i.e., r3 sequence; see Fig 2) in both the TP0856 and TP0858 genes between coordi-
nates 538-573 and 579-612 (TPE Samoa D gene coordinates), respectively. The modular
structure of the TP0856 and TP0858 genes comprising all completely sequenced treponemal
strains is depicted in more detail in Fig 2.

Protein sequence analyses revealed that the repetitive modules found within both TP0856
and TP0858 genes (e.g., r3 in TPA Sea81-4, r4 in TPA and TEN strains, r5 in TPE Kampung
Dalan K363 and TPA Sea81-4, and r6 in TEN Bosnia A) used the same reading frame and
therefore yielded the same amino acid sequence in both TP0856 and TP0858 proteins. Protein
function analysis of TP0856 and TP0858 revealed presence of UPF0164, an uncharacterized
protein family found only among T. pallidum strains. Members of this protein family belong
to the membrane beta barrel superfamily. No motifs were found within these genes using the
Motif search (https://www.genome.jp/tools/motif) and Pfam, NCBI-CDD and PROSITE Pro-
file databases. However, as described recently [41], TP0856 and TP0858 proteins showed struc-
tural similarity to FadL, a long fatty acid transporter.

In addition, the sequences of TP0856 and TP0858 were analyzed by I-TASSER server [42]
to predict the protein structure. The analyses revealed that most of the variable sites (i.e., r1, r2,
r4, r5, 6, r8 and r9) of TP0856 and TP0858 represent coil sequences at the outer surface of f-
barrels suggesting that these protein loci are exposed to the external milieu. The detailed over-
view of predicted structure for module sequences in TP0856 and TP0858 genes are shown in
S7 Table.

Modular structure of the TP0136 gene

An alignment of both whole genome sequences of the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 strains revealed striking sequence differences in the TP0136 gene compared
to other TPE strains. A detailed analysis of treponemal TP0136 gene orthologs identified a
modular structure in the region between coordinates 158103-158250 (coordinates according
to the TPE Samoa D genome [6]; see Fig 3). While in the TPE Samoa D and TPE Gauthier
strains, the DNA region between coordinates 158196-158228 is represented by a 33-nt long
sequence (i.e., r6 and r4 sequences; see Fig 3), in TPE strains CDC-2, CDC 2575, Fribourg-
Blanc, and LMNP-1, the same region contains an additional copy of this 33-nt long sequence
(Fig 3). In contrast, the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains con-
tain within this region a duplicated segment from coordinates 158229-158250 (i.e., r5 and r2
sequences; see Fig 3), followed by another duplicated sequence from positions 158128-158195
(i.e., r3 and r4 sequences; see Fig 3). The sequence of the TP0136 gene from the TPE Kampung
Dalan K363 and TPE Sei Geringging K403 strains thus resembles the TP0136 gene sequences
found in TPA strains (Fig 3), where two 96 nt-long repetitions are present (i.e., comprising
r1-r2-r3-r4 sequences). The modular structure of the TP0136 gene comprising all completely
sequenced treponemal strains is depicted in more detail in Fig 3.

Prediction of treponemal genes with a modular structure in TPE genomes

To systematically detect genes showing a modular genetic structure, a whole genome analysis
of the presence of direct or inverted repeats of 17 or more nucleotides in length was per-
formed. The length of 17 or more nucleotides was based on an analysis of identified sequen-
tially unique k-mers present in TPE genomes. Starting with k-mers 9 nts in length, the number
of different k-mers increases with the length of k-mers until it reaches a maximum at 11 nts
and then decreasing (Fig 4). In k-mers 17 nt in length, the number of detected different k-mers
remains stable and therefore this length of k-mers was selected for identification of positions
and multiplicity of these k-mers in the TPE strain genomes. The results of position- and
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Fig 3. A. Modular structure of the TP0136 gene of the TPE Kampung Dalan K363, TPE Sei Geringging K403 and
additional TPE, TEN, and TPA strains. While the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains
resemble TPA strains, other TPE strains showed a deleted version of the TP0136 gene (Samoa D and Gauthier) or a
deleted version with a duplicated subregion r6 and r4 (CDC-2, CDC 2575, Ghana-051, Fribourg-Blanc, and LMNP-1).
The sequence of the TP0136 gene from the Treponema paraluisleporidarum ecovar Cuniculus strain Cuniculi A was
not included in this analysis since this gene locus contains a genetically different sequence, which is identical (99.7% at
the DNA level) to the TP0133 gene sequence. B. A list of repetitive sequences (r1, r2, r3, 4, 15, r6).

https://doi.org/10.1371/journal.pntd.0006867.g003

multiplicity-mapping of k-mers are summarized in Table 2. Besides tpr genes (tprCDEFGIJK),
a frequent presence of repeats was found in the region spanning the TP0126-TP0136 genes,
and in TP0856, TP0858, and TP0896 genes. Examples of other treponemal genes showing a
different modular structure are presented in Fig 5.

Discussion

Two TPE strains isolated in 1990 from villages in the Pariaman region of Sumatra, Indonesia,
were completely sequenced in this study using the pooled segment genomic sequencing
(PSGS) approach. This approach allowed assembly and compilation of complete genome
sequences without gaps or ambiguous nucleotide positions. The only exception was the vari-
able regions within the #prK gene where consensus sequences were not determined due to
intra-strain nucleotide sequence variability [34-37]. Both Indonesian TPE strains, i.e.,
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of 17 nts, which was subsequently used as the cutoff length for further evaluations.
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Fig 4. Number of identified k-mers of different length (9-33 nt) derived from TPE genome sequences. The number of unique k-mers saturated at a length

https://doi.org/10.1371/journal.pntd.0006867.9004

Table 2. The list of detected genes with direct or inverted repeats of 17 or more nucleotides in length.

Gene
TP0117
TP0126abc
TP0129
TP0130
TP0131
TP0136
TP0136a
TP0313
TP0316
TP0317
TP0620
TP0621
TP0856
TP0896

*protein predictions by Naqvi et al. [43]

Gene name

tprC

tprD

tprE
tprF
tprG
tprl
tpr]

Identical repeat found in
tprDFI

TP0129, TP0129ab
TP0126abc, TP0129ab
tprK

tprCFI

TP0133, TP0134

tprK

tprGJ

tprCDI

tprE]

tprCDF

tprGE

TP0858

TP0126a, tprK

https://doi.org/10.1371/journal.pntd.0006867.t002

Prediction of protein function
Tpr protein C

hypothetical protein

glutamate 5-kinase

repeat protein K*

Tpr protein D

fibronectin binding protein, outer membrane protein®
hypothetical protein

Tpr protein E

Tpr protein F

Tpr protein G

Tpr protein I

Tpr protein J

lipoprotein®

ATP synthase CF1 alpha subunit®
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Fig 5. A schematic representation of examples of detected modular structure in several treponemal genes. A. The modular
structure of TP0126/TP0126b and TP0126c genes (coordinates 148661-148691 and 149217-149247, respectively, according to the
TPE Samoa D genome [6]). The TPE Fribourg-Blanc strain has identical sequences between regions where the TP0126 and
TP0126b genes overlap and in TP0126¢, while other analyzed genomes have different sequences in the TP0126/TP0126b. B. The
modular structure of the TP0127b, TP0128, TP0130, and TP0898 genes (coordinates 150108-150120, 150605-150619, 151643—
151659, and 977776-977789, respectively, according to the TPE Samoa D genome [6]). The TEN Bosnia A strain has identical
sequences in regions of TP0128, TP0130, and TP0898 genes, while other genomes have the same sequences between regions of the
TP0128 and TP0130 genes and between the TP0127b and TP0898 genes. C. The modular structure of the TP0117, TP0131,
TP0316, and TP0620 genes (coordinates 134610-134655, 152056-152101, 331882-331927, and 672661-672706, respectively,
according to the TPE Samoa D genome [6]). The TPE LMNP-1 strain has identical sequences in all of these genes while other
genomes have the same sequences between regions of the TP0117 and TP0131 genes and between the TP0316 and TP0620 genes.
D. The modular structure of the TP0117, TP0131, TP0316, and TP0620 genes (coordinates 134676-134672, 152122-152138,
331948-331964, and 672727-672743, respectively, according to the TPE Samoa D genome [6]). The TPE LMNP-1 and TEN
Bosnia A strains have identical sequences in all of these genes while other genomes have the same sequences between regions of
the TP0117 and TP0131 genes and between the TP0316 and TP0620 genes. E. The modular structure of the TP0117, TP0131,
TP0316, and TP0620 genes (coordinates 134780-134804, 152226-152250, 332052-332076, and 672831-672855, respectively,
according to the TPE Samoa D genome [6]). The TPE LMNP-1 strain has identical sequences in all these genes while TPE strains
Gauthier, CDC 2575, and Ghana-051 have identical sequences between regions of the TP0117 and TP0131 genes and between the
TP0316 and TP0620 genes. The remaining genomes have the same sequences between the TP0316 and TP0620 genes.

https://doi.org/10.1371/journal.pntd.0006867.9005

Kampung Dalan K363 and Sei Geringging K403, were genetically related to each other and
both strains were more distantly related to other, previously characterized TPE strains.

Most of the available complete genome sequences of TPE strains originated in Africa except
for the TPE Kampung Dalan K363 and Sei Geringging K403 strains that were isolated in Indo-
nesia [14] and the TPE Samoa D strain that was isolated from the Samoan Islands in the cen-
tral South Pacific, forming part of Polynesia [44]. This opens the question of whether TPE
strains differ with respect to their geographical origin as shown by molecular typing studies of
TPA [13]. A recent paper on TPE isolates sequenced from the Solomon Islands revealed 8
draft genome TPE sequences from 6 patients [10] showing that the Solomon Islands genome
sequences represented a discrete TPE clade that was distinct from all previously sequenced
TPE strains. Nevertheless, the phylogenetic analysis including also TPE strains from Solomon
Islands [10] did not show clustering of TPE Kampung Dalan K363 and TPE Sei Geringging
K403 with these strains (S1 File) despite their close geographical origin. However, the draft
genome status of TPE Solomon Islands strains needs to be taken into account in the interpreta-
tion of the phylogeny shown in S1 File. Interestingly, the genetic features within the TP0858
gene of the TPE Kampung Dalan K363 strain, presented in this study, was similar to those
found in all of the Solomon Islands isolates. This comprised a short sequence within the
TP0858 gene that was conserved in all the Solomon Islands isolates suggesting that this
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sequence is representative of isolates from the South Pacific region [10]. Moreover, this
sequence is a part of the reverse primer binding site within the TP0858 gene, which was the
target of a PCR assay designed by Chi and colleagues [45], which leads to false-negative PCR
results on samples with this recombination [10,46].

A limited amount of genetic diversity within individual TPE strains was found in this
study. Although it has been shown that the number of identified intra-strain heterogeneous
sites correlates positively with the average depth of sequencing coverage, these genomes
revealed just one and three such sites, although the average depth of sequencing coverage was
well above 600x. Cejkova et al. [38] proposed that the number of heterogeneous sites also
reflects T. pallidum subspecies classification, where the majority of heterogeneous sites were
found among TPA strains and not among TPE strains. This work appears to be consistent
with this prediction same as the recently sequenced genomes of TPE strains Ghana-051 and
CDC 2575, which showed a relatively limited number of heterogeneous sites (n = 13, n = 5;
respectively) [7]. As shown in previous studies, all the alternative alleles identified in this study
encoded non-synonymous amino acid replacements, suggesting an adaptive character for this
genetic variability [38].

In general, pathogenic treponemes comprising TPA, TPE, and TEN strains or isolates, lack
mobile genetic elements including pathogenicity islands, prophages, and plasmids [12,13]. It
was long believed that the lack of mobile genetic elements is related to the absence of genetic
recombination both within and between treponemal strains. Yet, due to recent accumulation
of genetic data, treponemes appear to recombine genetic material both within and between
genomes. One of the first observations describing intra-strain genetic recombinations (recom-
binations within genomes) came from studies on the ¢tprK gene, which shows increasing vari-
ability during the course of human infection [35,36]. The underlying mechanism here is gene
conversion using sequences from the flanking regions of tprD [34]. Later, Gray et al. [47] dem-
onstrated that intra-genomic recombination has played a significant role in the evolution of
tpr genes (tprCDIGJK), which have evolved through gene duplication and gene conversion. As
an example, the occurrence of tprD and tprD2, both found within TPA clusters (Nichols-like
and SS14-like) and within TPE strains [33], suggests a gene conversion mechanism in copying
the tprC allele (that is identical with the tprD allele) to the tprD locus [33,47]. Similarly, the
TP0136 locus of the Treponema paraluisleporidarum ecovar Cuniculus strain Cuniculi A con-
tains an almost identical copy of the TP0133 gene sequence, suggesting the same mechanism
as for tprD/tprD2 allele alternation [13,26]. A similar situation was recently found in TPE sam-
ples isolated on Lihir Island, Papua New Guinea [48], where the TP0136 allele also had an
intriguing sequence identity to the TP0133 gene. The authors proposed a possible interstrain
recombination between treponemal species, however, intra-strain recombination by copying
the TP0133 allele to the TP0136 locus appears to be more plausible. As shown in Cejkova et al.
[32], two rRNA (rrn) operons occurred in two different rrn spacer patterns (i.e., tRNA-Ala/
tRNA-Ile and tRNA-Ile/tRNA-Ala patterns) and these variants were found independently of
species/subspecies classification, time, and geographical source of the treponemal strains, sug-
gesting the existence of reciprocal recombination in treponemes. Besides intra-genomic
recombination events, traces of interstrain (intergenomic) recombination between TPA, TPE,
and TEN strains have been proposed for several genetic loci [3,11,23].

Comparisons of genome sequences of the TPE Kampung Dalan K363 and TPE Sei Gering-
ging K403 strains as well as analysis of other TPE strains revealed a modular structure for at
least three gene loci including TP0136, TP0856, and TP0858, suggesting that the recombina-
tion within treponemal genomes can result in substantial changes in gene and protein
sequences. Further systematic analyses revealed additional gene loci with a modular genetic
structure that differ in certain strain(s) compared to others, these genes included TP0126,
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TP0126b, TP0126¢, TP0127b, TP0128, TP0130, TP0898, and tprCDFI (TP0117, TP0131,
TP0316, and TP0620), indicating that this mechanism, which enables genetic diversification, is
quite common in treponemal genomes. Moreover, there were additional genes identified that
have direct or inverted repeats (summarized in Table 2) and thus have the potential for genetic
reshuffling. The analysis of these genes revealed that these loci were limited to specific and rel-
atively short genomic regions. In addition, these regions were often found in paralogous gene
families including tpr genes (tprCDEFGIJK), the paralogous family of TP0133, TP0134,
TP0136, and TP0462 genes, and the paralogous family of TP0548, TP0856, TP0858, TP0859,
and TP0865 genes.

As a consequence of the inherent variability of these paralogous families, restriction frag-
ment length polymorphism (RFLP) analysis of the tprE (TP0313), tprG (TP0317), and tpr]
(TP0621) genes became a part of the CDC-typing scheme that determines, in addition to the
tprEGJ RFLP pattern, a number of 60-bp tandem repeats within arp (TP0433) [49]. Interest-
ingly, members of two additional paralogous families including TP0136 and TP0548 are tar-
gets of sequencing-based molecular typing [50-55].

Similar to the TP0136 protein, TP0856 and TP0858 are predicted lipoproteins [43]. Structure
similarity of TP0856 and TP0858 proteins to FadL, a long chain fatty acid transporter, was
recently published [41] and both proteins are members of a FadL-like family (TP0548, TP0856,
TP0858, TP0859, TP0865) found in T. pallidum. Moreover, most of the variable sites (i.e., r1, 2,
r4, r5, 16, 18 and r9) of TP0856 and TP0858 were located in loops suggesting that these protein
loci are exposed to the external milieu. The TP0136 gene has been shown to have heterogeneous
sequences among T. pallidum strains [56,57]. Moreover, the TP0136 lipoprotein was demon-
strated to be exposed on the surface of the bacterial outer membrane and was shown to bind to
the extracellular matrix glycoproteins fibronectin and laminin [56]. Immunization with recom-
binant TP0136 delayed ulceration in experimentally infected rabbits but did not prevent infec-
tion or the formation of skin lesions [56]. The NH,-terminus of the TP0136 protein comprises a
region with a modular structure overlapping the major fibronectin binding activity domain
[57]. The modular structure was identified within the two 96 nt-long repetitions that are present
in TPA strains and in the TEN Bosnia A strain. Interestingly, the sequence of the TP0136 gene
in the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains resembled the TP0136
gene sequences found in TPA strains representing a new molecular type in the yaws MLST typ-
ing scheme [48]. Moreover, the specific insertion in TP0136 in the DAL-1 genome [22] was pre-
dicted to contain donor sequences for the tprK gene of T. pallidum [58].

In the case of TprC protein, one of the predicted antigenic epitopes on the 3D predicted
structure, E3 (residues 575-583), partially overlaps with a recombinant region [59,60]. Our
findings are therefore consistent with relatively frequent genetic recombinations operating at
certain treponemal loci and these recombinations likely result in novel amino acid sequences
exposed to the external milieu.

In summary, although TPE genomes appear to be the most conserved genomes of the
uncultivable pathogenic treponemes [12,13], diversification of TPE genomes appears to be
facilitated by intra-strain genome recombination events and rearrangements. Analysis of addi-
tional genomes will likely reveal more potential recombinations in the future.
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