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Abstract

The incidence of syphilis has risen worldwide in the last decade in spite of being an easily treated infection. The causative
agent of this sexually transmitted disease is the bacterium Treponema pallidum subspecies pallidum (TPA), very closely
related to subsp. pertenue (TPE) and endemicum (TEN), responsible for the human treponematoses yaws and bejel,
respectively. Although much focus has been placed on the question of the spatial and temporary origins of TPA, the
processes driving the evolution and epidemiological spread of TPA since its divergence from TPE and TEN are not well
understood. Here, we investigate the effects of recombination and selection as forces of genetic diversity and differen-
tiation acting during the evolution of T. pallidum subspecies. Using a custom-tailored procedure, named phylogenetic
incongruence method, with 75 complete genome sequences, we found strong evidence for recombination among the
T. pallidum subspecies, involving 12 genes and 21 events. In most cases, only one recombination event per gene was
detected and all but one event corresponded to intersubspecies transfers, from TPE/TEN to TPA. We found a clear signal
of natural selection acting on the recombinant genes, which is more intense in their recombinant regions. The phylo-
genetic location of the recombination events detected and the functional role of the genes with signals of positive
selection suggest that these evolutionary processes had a key role in the evolution and recent expansion of the syphilis
bacteria and significant implications for the selection of vaccine candidates and the design of a broadly protective syphilis
vaccine.
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Introduction
Although genetic variation plays a central role in microbial
evolution, some microorganisms have notably low levels of
genetic variability, including some of the most virulent hu-
man pathogens, such as Mycobacterium tuberculosis, Bacillus
anthracis, or Yersinia pestis (Didelot and Maiden 2010;
Achtman 2012; Gagneux 2018). Treponema pallidum subsp.
pallidum (TPA), the bacterium responsible for syphilis (Singh

and Romanowski 1999), was also a deadly pathogen with
devastating health consequences until the advent of penicillin
in the mid-20th century, which enabled treatment and led to
a significant reduction in incidence despite recent increases.
Interestingly, TPA displays strikingly low levels of sequence
diversity, lower than that of other genetically monomorphic
pathogens such as those mentioned above (Didelot and
Maiden 2010; Achtman 2012; Gagneux 2018).
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The evolutionary forces of mutation, recombination, and
natural selection that generate patterns of genetic diversity in
such monomorphic pathogens are of great interest. In-depth
analyses of these patterns provide insights into evolutionary
histories and enable the prediction of future evolutionary
trajectories. Understanding how these forces have shaped
current population genetic structure in particular species is
also useful for epidemiological purposes, as information on
the dominant strains in outbreaks and drug resistance,
among others, can be used to guide infection management
(Achtman 2008).

The increasing application of high-throughput sequencing
(HTS) technologies has generated a wealth of complete mi-
crobial genomes that, in turn, has allowed the comparisons
required to characterize the extent of genetic variation in
microbial pathogens, including monomorphic ones. HTS
has also enabled the tracking of the rise and spread of anti-
biotic resistance (Davies and Davies 2010), the detection of
changes in pathogenicity and virulence (Liu et al. 2006;
S�anchez-Bus�o et al. 2014), and outbreak investigations
(S�anchez-Bus�o et al. 2014; Franc�es-Cuesta et al. 2021).
However, genomic information derived from mapping to a
reference genome in HTS studies is highly dependent on the
reference selected (Valiente-Mullor et al. 2021).

Together with other processes responsible for generating
patterns of genetic diversity, it is imperative to examine re-
combination, which generates diversity (Awadalla 2003;
Lef�ebure and Stanhope 2007), and natural selection, which
shapes it by either maintaining or driving some alleles to
fixation or extinction. Particularly the role of recombination
is critical, because inferences on the evolutionary history of a
species must take into account both vertical and nonvertical
inheritance, assessing the contribution and consequences of
each type of processes (Anisimova et al. 2003; Didelot and
Maiden 2010). Since reconstructing the evolutionary history
of an organism is useful for detecting loci under selection,
these analyses would also be affected (Joseph et al. 2011).
However, the detection of recombining loci and those evolv-
ing under natural selection is a challenging task because nat-
ural selection may quickly remove allelic variants arising from
recombination events, or drive them to fixation, which poses
additional difficulties for accurately identifying recombinant
loci (Didelot and Maiden 2010).

The study of recombination and natural selection in
T. pallidum has been hindered by its low levels of genetic
variability and lack of identification of molecular mechanisms
for horizontal gene transfer (�Smajs et al. 2012), which has led
researchers to refer to it as a clonal species (Achtman 2008;
�Smajs et al. 2012). Nonetheless, several studies have pointed
at the occurrence of recombination or exchange of genetic
material in TPA (Gray et al. 2006; Harper et al. 2008; P�etro�sov�a
et al. 2012; �Cejkov�a et al. 2013; Staudov�a et al. 2014; Arora
et al. 2016; Tong et al. 2017; Marks et al. 2018; Posp�ı�silov�a et al.
2018; Schuenemann et al. 2018; Strouhal et al. 2018; Majander
et al. 2020; Mikalov�a et al. 2020) and the presence of natural
selection acting in these bacteria (�Cejkov�a et al. 2012; Giacani,
Brandt, et al. 2012; Giacani, Chattopadhyay, et al. 2012;
Kumar, Caimano, et al. 2018). For example, genes coding

for TPA integral membrane proteins appear to be involved
in genetic changes (Staudov�a et al. 2014; Arora et al. 2016;
Mikalov�a et al. 2017), while also being subjected to human
host selective pressures (Kumar, Caimano, et al. 2018).
Overall, the growing body of evidence suggests that the
role of recombination may be underestimated (Staudov�a
et al. 2014; Arora et al. 2016; Mikalov�a et al. 2017).

Here, we have used a large data set of 75 genomes—all
those available at the start of the analysis—across the three
subspecies of T. pallidum, namely TPA, T. pallidum subsp.
pertenue (TPE), and T. pallidum subsp. endemicum (TEN),
to explore how intersubspecies recombination and natural
selection have shaped the current diversity patterns observed
in TPA. To prevent the problems arising from using one single
reference for mapping, we have used reference genomes from
the major lineages of T. pallidum. Our findings provide
insights into how lateral gene transfer is a source for change
and adaptation in this pathogen, which is responsible for the
re-emerging syphilis infections.

Results

Reference-Based Alignments
The SNP calling results for each sample and reference are
listed in supplementary table 1, Supplementary Material on-
line. The resulting multiple sequence alignments spanned a
total of 1,139,633 bp (NIC-mapped data set, supplementary
file 1, Supplementary Material online, in 10.5281/zen-
odo.5160123), 1,139,569 bp (SS14-mapped data set, supple-
mentary file 2, Supplementary Material online, in 10.5281/
zenodo.5160123), and 1,139,744 bp (CDC2-mapped data
set, supplementary file 3, Supplementary Material online, in
10.5281/zenodo.5160123), respectively.

Recombination Events in T. pallidum
To determine the effects of recombination as a force of ge-
netic diversity and differentiation, we applied the phyloge-
netic incongruence method (PIM) procedure to the three
multiple alignments obtained from different genomes as ref-
erence for mapping. Firstly, we performed a likelihood map-
ping test to ascertain which genes had some phylogenetic
signal. For the NIC-mapped data set, 380 out of the 978 genes
showed a phylogenetic signal and were retained for the en-
suing analyses (supplementary table 2, Supplementary
Material online). The remaining genes were discarded be-
cause for all the quartets considered the distribution of the
corresponding likelihoods fell in the central zone of the tri-
angle. Using the SS14-mapped and CDC2-mapped data sets,
this step yielded 498 and 535 genes with some phylogenetic
signal, respectively (supplementary tables 3 and 4,
Supplementary Material online).

Next, for each gene retained in the likelihood mapping
analyses, we tested the phylogenetic congruence between
trees, comparing the tree obtained from the gene alignment
and the tree obtained from the complete genome alignment
using the SH and ELW topology tests. For the NIC-mapped
data set, only 44 genes showed reciprocal incongruence. In
contrast, 62 and 75 genes displayed reciprocal incongruence
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in the SS14-mapped and CDC2-mapped data sets, respec-
tively. Overall, 90 genes displayed reciprocal incongruence
in at least one of the three data sets, whereas only 29 genes
did so for all three data sets (supplementary table 5,
Supplementary Material online). Moreover, all the reciprocal
tests, that is, the complete genome alignment tested with the
tree derived from it and with the trees derived from each gene
alignment, yielded the same result for the three data sets:
acceptance of the complete genome tree with probability
or weight equal to 1 and rejection of the alternative tree
with null probability or weight.

We checked for the presence of a minimum of three con-
secutive homoplasic SNPs contributing to the reciprocal in-
congruence results in these 90 genes. Only 12 genes had three
or more consecutive homoplasic SNPs and the rest were not
considered further. It is worth noting that the recombination
event observed in tp0164 displayed reciprocal incongruence
in the topology analyses of the NIC-mapped data set only.
However, the recombination event was detected in the SNP
alignment for all three data sets.

Our analyses identified only one recombination event per
gene (table 1 and supplementary figs. 1–12, Supplementary
Material online) except for genes tp0136 and tp0865, for
which seven and four events were detected, respectively (sup-
plementary fig. 13, Supplementary Material online). The av-
erage length of the recombinant region was around 470 bp
(471.85, median ¼ 391), with a minimum of 12 bp and a
maximum of 1,900 bp. The average number of SNPs encom-
passed in these events was 15.38, with a minimum of 3 and a
maximum of 45 nucleotides. In total, the identified recombi-
nation events account for 294 out of the 927 SNPs (31.72%)
found among the TPA strains analyzed here (table 1).

We found an additional recombination event in the tp1031
(tprL) gene which was not among the 12 recombination events
detected by PIM despite showing reciprocal incongruence in
the topology tests in the SS14-mapped and CDC2-mapped
data sets. Nevertheless, tp1031 was classified as a gene with a
high number of SNPs and, also, without signs of positive selec-
tion acting on it (see subsection below). A detailed analysis of
this gene revealed 18 SNPs present only in SS14 clade strains
(positions 745–872) (supplementary fig. 14, Supplementary
Material online). This high variation found in the SS14 clade
seems to be the result of a transfer from another Treponema
subspecies or species not identified in the public databases.

In addition, we checked for intragenomic recombination in
tp0897 (also known as tprK) (table 2). The most similar ge-
nome fragments to those included in the variable regions of
tprK correspond to coding and intergenic regions between
tp0126a and tp0138. However, none of these putative donors
for the variable regions in tprK was detected by PIM (table 1).

Most Recombination Events Have Occurred between
Subspecies
Next, for each of the three data sets, we removed the 12
recombinant genes and tp0897 from the multiple alignment,
in order to build a nonrecombinant genome phylogeny. As
the three tree topologies were almost identical (supplemen-
tary figs. 15 and 16, Supplementary Material online), we

selected the phylogenetic tree for the NIC-mapped data set
(fig. 1) to represent the 21 recombination events detailed in
supplementary figures 1–12, Supplementary Material online.
The SS14-mapped and CDC2-mapped data sets were not
considered for the remaining analyses. All but one recombi-
nation event corresponded to intersubspecies transfers, from
TPE/TEN to TPA. The only exception was the event tp0136_2
(table 1), which corresponded to an intrasubspecies transfer
(within TPA), specifically, to a transfer from the Nichols to the
SS14 clade (table 1 and supplementary figs. 1–12,
Supplementary Material online). These recombination events
between the clades further support a geographically close
common history of the TPA and TPE lineages, which cannot
be concluded from the geographical distribution of extant
lineages (Majander et al. 2020).

Among the intersubspecies transfers, 11 originated from the
TPE/TEN clade: these events included the most frequent
donor-recipient combination, which involved the entire
Nichols clade as recipient (five events). The assignment of an
event to the TPE/TEN clade does not necessarily mean that the
actual source of the event was an ancestor of TPE and TEN
strains; it could have also been a more recent descendant of
any of these two subspecies that shared the same variants.
Consequently, we cannot ascertain the exact phylogenetic lo-
cation of the donor genome. Additionally, we detected six
events originating from the TEN clade and three events orig-
inating from the TPE. Interestingly, strains in the Nichols clade
were the most frequent recipient of external DNA, involving
particular strains or clusters within (nine events) or the ances-
tor of the entire clade (in seven events). Only one event in-
volving tp0558 had the whole SS14 clade as recipient, whereas
there were two events in tp0136 (one event originated in TPA),
one in tp0488 and another in tp0326, that had SW6, Mexico A
and all SS14 clade but one (Mexico A) strain in this clade as
recipients, respectively.

The effect of recombination on the phylogenetic recon-
struction of T. pallidum can be seen by comparing the topol-
ogies of two maximum likelihood (ML) trees: that obtained
with all genes included in the alignment of the NIC-mapped
data set (1,139,633 bp), and that obtained after excluding the
recombinant genes plus tp0897 from the alignment
(1,117,857 bp) (supplementary fig. 17, Supplementary
Material online). As expected, the most remarkable differen-
ces between the two topologies involved those strains and
clusters frequently implicated in recombination events. In the
Nichols clade, Seattle 81-4 occupies a basal position in the
nonrecombinant tree, whereas this position corresponds to
NE20 and SEA86 in the complete genome-based tree. In fact,
this difference in the topology is responsible for the doubling
of recombination events inferred in locus tp0865, in which
identical events had to be postulated for Seattle 81-4 and for
the NE20-SEA86 cluster. In tp0865, two different recombinant
regions were detected which, based on the phylogeny derived
from the nonrecombinant core genome of T. pallidum, cor-
responded to four different transfers (supplementary fig. 10,
Supplementary Material online). An alternative explanation,
requiring only two recombination events, would involve sep-
arate transfers for each region from the source clade (TPE/
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TEN and TPE, respectively) to the Nichols clade, with a sub-
sequent loss of the transferred fragments in the sister clade to
NE20-SEA86 in the ML phylogenetic tree (fig. 1). These
explanations rely on the assumption that the phylogenetic
reconstruction after removal of recombinant regions is accu-
rate. But there are other processes that can obscure phyloge-
netic reconstruction (Brocchieri 2001; Maddison and Knowles
2006; Degnan et al. 2009). Thus, it is important to take into
account that there might be alternative topologies providing
a simpler explanation for the observation of four recombina-
tion events in tp0865.

The BAL3 strain also displays a dramatic topological
change from a sister branch to the SS14 clade in the complete
genome tree to a well-supported position within the Nichols
clade in the nonrecombinant tree. For the SS14 clade, there
are numerous minor differences between the two trees.
Nonetheless, the basal position of Mexico A is retained in
both. Interestingly, the relationships of all strains from the
yaws (TPE) and bejel (TEN) clades are consistent in both trees.

Recombination Detection with Alternative Tools
The two alternative tools detected more recombination
events than PIM (supplementary tables 6 and 7 and figs. 18

and 19, Supplementary Material online). Gubbins detected 58
potential recombination events spanning 57 genes, whereas
ClonalFrameML identified 92 potential events spanning 44
genes. Ten of the 12 recombinant genes detected by PIM
(tp0136, tp0179, tp0326, tp0462, tp0488, tp0515, tp0548,
tp0865, tp0967, tp0968) were also detected by
ClonalFrameML and Gubbins. Additionally, Gubbins detected
tp0558 but did not detect tp0164, whereas for
ClonalFrameML, the pattern was reversed (fig. 2). The average
length of the recombinant regions detected by Gubbins and
ClonalFrameML was 2,199 bp (range 33–12,566 bp) and
470 bp (range 4–3,508), respectively.

Of the 57 recombinant genes detected by Gubbins, 46
were not detected by PIM. Of these, ten did not pass the
phylogenetic signal test, 23 did not pass the phylogenetic
congruence tests, eight did not pass the polyphyletic SNP
distribution, tp0897 or tprK is a hypervariable gene, tp1031
(tprL) gene is discussed as an additional recombinant gene
with a likely donor from an unidentified Treponema spe-
cies, and three genes (tp0857, tp0863, and tp1030) were not
tested because several of its sequences contain a high num-
ber of Ns (supplementary table 6, Supplementary Material
online).

Table 1. Recombination Events in Treponema pallidum Detected Using PIM with the NIC-Mapped Data Set.

Gene_Event Start End Size (bp) SNPs Origin Receptor Function (UniProt)

TP0136_1 158,092 158,104 13 4 TPE SW6 Adhesin allowing binding to
fibronectinTP0136_2 158,138 158,149 12 4 Seattle 81-4 SW6

TP0136_3 158,149 158,167 19 3 TPE Seattle 81-4
TP0136_4 158,271 158,336 66 6 TPE Nichols clade
TP0136_5 158,346 158,364 18 7 TEN Nichols clade
TP0136_6 158,915 158,976 62 3 TPE-TEN Nichols clade
TP0136_7 159,312 159,323 12 5 TPE-TEN Nichols clade
TP0164 187,064 187,177 113 4 TPE-TEN NE20, SEA86

cluster
troB, iron/zinc/

manganeseABC super-
family ATP-binding cas-
sette transporter, ABC
protein

TP0179 198,040 198,428 391 9 TPE-TEN Nichols clade Hypothetical protein
TP0326 347,027 347,956 929 32 TEN SS14 clade exclud-

ing Mexico A
b-barrel assembly machin-

ery A (BamA) ortholog
and rare outer mem-
brane protein

TP0462 492,772 493,605 834 43 TPE-TEN NE20, SEA86
cluster

Hypothetical protein

TP0488 522,981 523,620 640 41 TEN Mexico A Mcp2, methyl-accepting
chemotaxis protein

TP0515 555,872 557,771 1,900 17 TPE-TEN Nichols clade LptD homolog
TP0548 593,563 594,215 653 45 TPE-TEN Nichols clade OMP—FadL family
TP0558 606,171 606,591 421 4 TPE-TEN SS14 clade NiCoT family nickel–cobalt

transporter, high affinity
TP0865_1 945,224 945,542 319 13 TPE-TEN NE20, SEA86

cluster
OMP—FadL family

TP0865_2 945,224 945,542 319 13 TPE-TEN Seattle 81-4 As above
TP0865_3 945,830 946,298 469 18 TEN NE20, SEA86

cluster
As above

TP0865_4 945,830 946,298 469 18 TEN Seattle 81-4 As above
TP0967 1,051,257 1,052,302 1,046 15 TPE-TEN Seattle 81-4 TolC-homolog
TP0968 1,052,414 1,053,617 1,204 22 TEN Seattle 81-4 TolC-homolog

Note.—For each recombination event (denoted as gene_event), we report the start and end positions of the event (coordinates according to the Nichols strain), its size in base
pairs, the number of SNPs detected in the event, the donor (origin) cluster/strain, the recipient (receptor) cluster/strain (supplementary figs. 1–12, Supplementary Material
online, for additional details), and the functional significance of the gene according to UniProt.
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Of the 44 total recombinant genes detected by
ClonalFrameML, 33 were not detected by PIM. Of these,
two did not pass the phylogenetic signal test, 21 did not
pass the phylogenetic congruence tests, and seven did not
pass the polyphyletic SNP distribution. The remaining three
genes corresponded to tp0897, tp1031, and tp0857, discussed
above (supplementary table 7, Supplementary Material
online).

Selection Analyses
The effects of selection on the 12 recombinant genes as iden-
tified by PIM were estimated by the nonsynonymous to syn-
onymous substitution ratios (x). We found diverse patterns
across the genes (table 3).

Both positive and purifying selections were observed in
four genes, tp0179, tp0865, tp0968, and tp0326, with clear
differences between recombinant and nonrecombinant
regions of these two genes. In tp0179 and tp0968, purifying
selection was observed in the nonrecombinant region
(x¼ 0.58 in both genes) and positive selection in the recom-
binant region (x¼ 1.96 and x¼ 1.85, respectively), with
fewer changes in the nonrecombinant compared with the
recombinant regions (table 3). In contrast, three nonrecom-
binant and two recombinant regions were observed in
tp0865, with indications for positive selection in the former
(x¼ 1.64) and purifying selection (x¼ 0.68) in the latter.
Interestingly, a more detailed analysis of x in the different
subregions revealed some additional differences (supplemen-
tary table 8, Supplementary Material online). Values of x
were similar in both recombinant regions, with estimates
lower than 1 but not indicative of strong purifying selection
(0.84 and 0.58, respectively). The three nonrecombinant por-
tions of this gene were not homogeneous: two of them, NR1
and NR3, were very constrained to changes, with only one
synonymous mutation in NR3 and one nonsynonymous
change in NR1. The central, nonrecombinant portion of
tp0865 (NR2) accumulated more nonsynonymous than syn-
onymous changes, leading to x¼ 2.25.

For tp0326, a weak signal of purifying selection was
detected in the nonrecombinant regions, with two synony-
mous substitutions and three nonsynonymous substitutions
detected. However, the recombinant portion of this gene
seems to have evolved under strong positive selection

(x¼ 5.51, with 29 nonsynonymous changes and three syn-
onymous ones).

Three genes (tp0164, tp0558, and tp0967) showed negative
or purifying selection (x< 1) in both types of regions. For
tp0164, we only found SNPs within the recombinant region,
associated with the recombination events (table 3). In contrast,
tp0558 and tp0967 showed some SNPs in both types of regions,
but with fewer nonsynonymous than synonymous changes in
the tp0558 gene, and more nonsynonymous changes than syn-
onymous changes in the tp0967 gene (table 3).

Positive selection in both regions was the dominant form
of selection in four of the remaining recombinant loci. The
tp0136 gene had similar x values (>1) in the nonrecombi-
nant and recombinant regions indicating pervasive positive
selection in this gene (table 3). In tp0462, tp0488, and tp0548,
both recombinant and nonrecombinant regions showed a
strong signal of positive selection. Finally, tp0515 also pre-
sented strong positive selection in the recombinant region,
with no synonymous substitutions and 17 nonsynonymous
changes, but its nonrecombinant region is highly constrained,
with only one synonymous substitution found (table 3).

In addition to examining the role of natural selection in the
putative recombinant genes, we also investigated its role in the
rest of the genome using SNPeff and Codeml. Among the 965
remaining genes (without considering the final 12 recombinant
genes and the tp0897 gene), only 14 yielded estimates of x> 1
(supplementary table 9, Supplementary Material online), with
estimates ranging from 1.11 to 2.61. Among them, only two
had estimates of x> 2, containing eight or fewer SNPs. Thus,
the amount of variation contributed by these genes was quite
low.

Although some of the genes identified as recombinant and
with signs of positive selection had a large number of SNPs,
especially for genomes with such a low genetic variability as
those of T. pallidum, not all the genes with a relatively high
proportion of SNPs have been under the action of adaptive
selection. We detected 23 genes (supplementary table 10,
Supplementary Material online) in which the number of ob-
served SNPs exceeded twice the number of expected ones,
but whose estimates for x were <1.

Globally, there were only eight genes in the T. pallidum
genome with estimates for x> 2. Six of those corre-
sponded to genes involved in recombination events

Table 2. Summary of BlastN Searches of Variable Sequences (Defined in Centurion-Lara et al. [2004]) in the tp0897 (tprK) Gene (Deposited in
GenBank and Reported in supplementary table 4 of Pinto et al. [2016]) Using as Query the 75 Complete Treponema pallidum Genome Sequences
Analyzed in This Study.

Variable Region Unique Sequences Matches

V1 31 tp0126d, tp0126c, tp0129, tp0130
V2 54 tp0126c, tp0128, tp0129, tp0130
V3 63 tp0126c, IR-tp0127-tp0128, tp0128, tp0129, IR-tp0129-tp0130, IR-tp0130-tp0131
V4 29 tp0126a, IR-tp0126d-tp0126c, IR-tp0129-tp0130,
V5 80 tp0126a, IR-tp0126d-tp0126c, tp0126c, IR-tp0128d-tp0129, tp0129, IR-tp0129-

tp0130, tp0130
V6 155 tp0126a, IR-tp0126d-tp0126c, IR-tp0127-tp0128, tp0128, tp0129, IR-tp0129-

tp0130
V7 102 tp0126d, tp0126c, tp0127, tp0129, tp0130, IR-tp0136-tp0138
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(tp0136, tp0326, tp0462, tp0488, tp0515, and tp0548),
whereas tp0639 and tp0969 had the lowest x values among
the genes in this group and were not involved in recom-
bination. The distribution of x values along the T. pallidum
genome is shown in figure 3 (detailed results of x values
per gene are available in supplementary table 11,
Supplementary Material online).

In addition to the computation of dN/dS, we also checked
for the action of natural selection on T. pallidum genes using
Hyphy. We analyzed the 12 recombinant genes, the 14 non-
recombinant genes but with x values >1 and the 23 nonre-
combinant genes without signal of natural selection but with a
large number of SNPs. Of these 49 genes, five genes could not

be tested due to the presence of indels in their sequences. The
BUSTED test implemented in Hyphy provided evidence for
positive selection for 18 genes, comprising nine recombinant
and nine nonrecombinant genes (P< 0.05) (table 4 and sup-
plementary table 11, Supplementary Material online). Among
the nonrecombinant genes, one was found to display evidence
of positive selection (supplementary table 9, Supplementary
Material online), and eight had a high number of SNPs (sup-
plementary table 10, Supplementary Material online). The two
genes (tp0639 and tp0969) with x> 2 (supplementary table 9,
Supplementary Material online) were not detected by Hyphy
to be under positive selection. Hyphy detected no genes as
evolving under relaxed selection using the RELAX test.

FIG. 1. Maximum likelihood tree obtained from the NIC-based data set without the 12 recombinant genes detected using PIM and the tp0897 gene
(resulting alignment length 1,117,857 bp). The different subspecies corresponding to yaws (TPE), bejel (TEN), and the Nichols and SS14 clades of
syphilis (TPA) are indicated in the figure. Nodes with bootstrap support values larger than 70% are indicated by red circles. Representative
sequences used in the analysis of recombination by Gubbins and ClonalFrameML are labeled in red color.
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Discussion
In this study, we have examined a large set of nearly com-
plete T. pallidum genomes to comprehensively evaluate re-
combination and selection in a pathogen displaying high
clonality. We have followed a rigorous approach by analyz-
ing the results using three different genome references for
mapping, thus avoiding problems arising in differential var-
iant calls (Valiente-Mullor et al. 2021) and three different
methods for the detection of recombination: PIM developed
in our group, Gubbins (Croucher et al. 2015), and
ClonalFrameML (Didelot and Wilson 2015). Using PIM, we
were able to identify 12 recombinant genes comprising 19
recombinant regions within them and involving at least 21
different recombination events. The estimates for the detec-
tion of recombination by Gubbins and ClonalFrameML
were considerably larger. These differences are most likely
because Gubbins evaluates the density of SNPs while con-
currently constructing a phylogeny based on the putative
point mutations outside of these regions. ClonalFrameML
uses ML inference to simultaneously detect recombination
and account for it in phylogenetic reconstruction. In con-
trast, PIM requires loci to fulfill three selection criteria to be
classified as recombinant. First, the gene is required to have
phylogenetic signal, which necessitates not only polymor-
phisms but specifically those that allow for phylogenetic
resolution. Secondly, with PIM, we check for phylogenetic
congruence of the individual gene tree topologies with a
reference genome tree. Finally, the last requirement is the
presence of a minimum number of homoplasic SNPs in the
putative recombination events. In this particular case, we
found that most genes detected as involved in recombinant
events by Gubbins or ClonalFrameML failed the second
condition, that is, the reciprocal incongruence between
the topologies of the gene and the reference trees when
tested with the corresponding multiple alignments. As a
result, PIM is more conservative in the identification of

recombination events and regions than Gubbins and
ClonalFrame.

Few studies have focused on the identification of recom-
bination in T. pallidum subspecies in detail because of the
monomorphic nature of the organism, and because no mech-
anisms for recombination have been identified to date.
Nonetheless, these studies have reported examples of recom-
bination in T. pallidum and hypothesized that these events
may have played a significant role in the evolution of this
species (Gray et al. 2006; Harper et al. 2008; P�etro�sov�a et al.
2012; �Cejkov�a et al. 2013; Staudov�a et al. 2014; Arora et al.
2016; Tong et al. 2017; Marks et al. 2018; Posp�ı�silov�a et al.
2018; Schuenemann et al. 2018; Strouhal et al. 2018; Beale
et al. 2019; Grillov�a et al. 2019; Beale and Lukehart 2020;
Majander et al. 2020). Although the methods used to detect
recombination are different from our workflow, most of the
results previously reported were confirmed by our findings.
For instance, recombination in tp0136, tp0326, tp0462, tp0488,
tp0548, and tp0865, has also been detected in other studies
(Gray et al. 2006; Harper et al. 2008; P�etro�sov�a et al. 2012;
�Cejkov�a et al. 2013; Staudov�a et al. 2014; Arora et al. 2016;
Mikalov�a et al. 2017, 2020; Tong et al. 2017; Kumar, Caimano,
et al. 2018; Marks et al. 2018; Posp�ı�silov�a et al. 2018;
Schuenemann et al. 2018; Strouhal et al. 2018; Grillov�a et al.
2019; Majander et al. 2020) but we have identified additional
genes (tp0164, tp0179, tp0515, tp0558, tp0967, and tp0968)
not previously reported as recombinant, probably as a result
of the systematic analysis of 75 genomes. On the contrary, loci
tp0117/tp0131, tp0119, tp0317, tp0621, tp0856, and tp0858,
and the spacers of rRNA operons, which were detected in
previous studies (Brinkman et al. 2008; Kumar, Caimano, et al.
2018; Marks et al. 2018; Strouhal et al. 2018; Grillov�a et al.
2019) were not detected as recombinant in our analyses be-
cause of the large number of missing positions resulting from
mapping of short reads with stringent conditions applied to
paralogous/duplicated genes.

Remarkably, we observed only one recombination event
(tp0136_2) between TPA strains, from one strain of the
Nichols clade (Seattle 81-4) to the SS14 clade (SW6). All the
other recombination events detected correspond to intersub-
species transfers (TPE/TEN to TPA). Currently, it is not pos-
sible to discern whether this pattern is due to the difficulties
in detecting intrasubspecific transfers, in light of the low levels
of genetic variation in this species, or to the result of mech-
anisms that favor the transfer and incorporation of foreign
material from a different subspecies. This might be the case
for those genes in which only the recombinant regions have
evolved under positive selection, such as tp0179, and tp0326
and tp0968, but not all the recombinant regions do so.

For the two tpr genes that could be analyzed, a donor for
the variable regions could not be identified. None of the 19
recombinant regions (table 1) was identified as donor for the
variable regions in the tp0897 gene (table 2). Variation in this
gene accrues much more rapidly than in any other portion of
the T. pallidum genome (Centurion-Lara et al. 2004; Pinto
et al. 2016). Hence, it is likely that gene conversion, the mech-
anism generating variation in tp0897 is not the mechanism
involved in the recombination events in the rest of the

FIG. 2. Euler diagram showing a summary of the number of recom-
binant genes detected by PIM, Gubbins, and ClonalFrameML. About
ten of the 12 genes detected using PIM were also detected by
ClonalFrameML and Gubbins, and one additional gene was detected
simultaneously by each of these methods and PIM. Gubbins and
ClonalFrameML detected 46 and 33 additional recombinant genes,
respectively.
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genome. In this regard, it is relevant to remark that all but one
recombination event corresponds to intersubspecies trans-
fers, likely occurring much earlier than the continuously gen-
erated variability in tp0897. We have also identified a putative
recombination event in tp1031 involving a donor sequence of
unknown origin, but very likely from the Treponema genus, as
revealed by the identity in the constant positions (109/128) in
the recombinant region (supplementary fig. 14,
Supplementary Material online). The contribution of other
donors to the genetic variation within and between TPA
lineages remains to be explored.

Intersubspecies transfers are particularly striking given that
TPE and TEN are, to date, geographically restricted to specific
regions. Furthermore, no evidence for coinfection has been
found in humans so far. One possibility is that recombination
occurred in a host other than the human species, for example,
in nonhuman primates. However, the observation of at least
one recombination event within the TPA clades Nichols and
SS14 suggests that coinfection in humans is possible. These
two clades are estimated to have shared their most recent
common ancestor in the 18th century (Arora et al. 2016), and
all strains so far identified were found in humans.
Interestingly, in a recent investigation of medieval skeletons,
Majander et al. (2020) revealed the existence of a previously
unknown T. pallidum lineage present in Europe probably
until medieval times or even later. The historical geographical
distribution of T. pallidum subspecies is not known but we
cannot discard their possible coexistence, thus providing eco-
logical and temporal opportunities for coinfection and re-
combination in human hosts.

The absence of recent recombination events in T. pallidum
has important implications for the design and use of MLST
schemes in these subspecies. If there is only marginal or no
recombination, then it is possible to use the genes involved in
recombination events in an MLST scheme because most
alleles will result from new mutations. The genes tp0136
and tp0548, detected as recombinant in this work, are in-
cluded in the recently proposed schemes for TPA (Grillov�a

et al. 2018; Posp�ı�silov�a et al. 2018) and TPE (Godornes et al.
2017). The former scheme also includes genes tp0462 and
tp0865, whereas tp0326 is incorporated in the scheme for
TPE. Clearly, more research on the ecology and natural history
of current and past T. pallidum strains is necessary to answer
these questions.

We have observed a close relationship between recombi-
nation and selection. All the recombinant genes identified
here display strong signals of either positive or purifying se-
lection. Of the seven genes with evidence of positive selection,
six had x values above 2. Only two of the 14 positively se-
lected, nonrecombinant genes in the rest of the genome had
also x larger than 2, although Hyphy did not identify them to
evolve under positive selection. Notably, a strong purifying
selection is apparently acting on the recombinant portion of
tp0558 (table 3), similar to the nonrecombinant portion of
tp0164 and many other genes in the T. pallidum genome.

The genes for which we found evidence of recombination
as well as selection are functionally important. Most of these
genes encode proteins that reside at the host–pathogen in-
terface (table 1 and supplementary tables 9 and 10,
Supplementary Material online). This result is congruent
with the results obtained in previous studies (Arora et al.
2016; Kumar, Caimano, et al. 2018; Mad�er�ankov�a et al.
2019) in that the variation present in these genes maintained
by the selective forces that act on them contributes signifi-
cantly to the evolution of T. pallidum. Although lack of a
culture system for T. pallidum has prevented experimental
confirmation of most inferred protein functions for this spe-
cies, these genes have been suggested as potentially involved
in virulence, with an important role in the defense of the
pathogen against the host and the evasion of the immune
system (Kumar, Caimano, et al. 2018). These findings suggest
that human hosts’ selective pressures drive the diversity of
TPA integral outer membrane proteins (OMP). The genes
coding for OMPs of T. pallidum detected under positive se-
lection are pivotal in ensuring and maintaining pathogen fit-
ness and pathogenicity for humans and have important

Table 3. Recombinant Genes with Their Synonymous and Nonsynonymous Sites and Changes and Estimates of x¼dN/dS for the Recombinant
and Nonrecombinant Regions of Each Gene.

Nonrecombinant Regions Recombinant Regions x

Gene Size
(nt)

Syn
Sites

Syn
Changes

Nonsyn
Sites

Nonsyn
Changes

Size
(nt)

Syn
Sites

Syn
Changes

Nonsyn
Sites

Nonsyn
Changes

Nonreco-
mbinant
Regions

Recombi-
nant

Regions

tp0136 1,286 432 18 801 84 202 64 6 128 25 2.52 2.08
tp0164 687 238 0 446 0 114 40 2 72 2 NC 0.56
tp0179 1,495 547 1 947 1 389 137 2 245 7 0.58 1.96
tp0326 1,632 567 2 1,060 3 930 331 3 580 29 0.80 5.51
tp0462 345 119 2 219 8 834 271 2 545 41 2.17 10.19
tp0488 1,898 719 0 1,169 18 640 206 2 406 39 NC 9.89
tp0515 1,076 386 1 688 0 1,900 647 0 1,239 17 0.00 NC
tp0548 652 211 7 423 27 653 204 5 420 40 1.92 3.89
tp0558 488 170 3 316 1 421 152 4 266 0 0.18 0.00
tp0865 652 211 3 430 10 788 277 14 497 17 1.64 0.68
tp0967 508 173 0 330 1 1,046 371 6 666 9 NC 0.84
tp0968 419 152 1 264 1 1,204 421 5 775 17 0.58 1.85

Note.—NC, noncomputable.
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implications for the selection of vaccine candidates and the
design of a broadly protective syphilis vaccine (supplementary
material, note 1, Supplementary Material online).

Our study shows the critical role that recombination and
selection play in generating diversity in those genes most
critical in the host–pathogen interactions. These processes
are known to play a key role in the emergence and adaptive
evolution of many pathogens. Recent analyses of complete
genome sequences of monomorphic bacteria have also
revealed that these processes have been important in the
initial stages of speciation, usually along with adaptation to
a new niche, as it is the case of Mycobacterium tuberculosis
(Chiner-Oms et al. 2019), or Vibrio cholerae (Shapiro et al.
2017). These are examples of the clonal expansion model
from a panmictic pool (Shapiro 2016), in which adaptation
to a new niche, resulting in a successful spread, might be
mediated by the introduction of variation through recombi-
nation followed by the action of natural selection which
contributes to the maintenance of the changes and the fix-
ation of the carrier alleles in recombinant genes. Our results
indicate that this might have been also the case in the early
evolution of TPA and its more recent epidemic spread.

Our results point to a significant role of recombination and
selection in the evolution and emergence of the syphilis agent
as a human pathogen. However, several questions remain to
be answered, including, which molecular processes are

responsible for recombination, what is the relevance of intra-
species recombination, and, if this is an important phenom-
enon driving the evolution of this pathogen, how to improve
the current methods available for its detection. Additional
questions concern the frequency of coinfections, where
they occur, and which subspecies/lineages are usually in-
volved. The constantly increasing availability of complete ge-
nome sequences along with advances in the in vitro culturing
and genetic manipulation (Romeis et al. 2021) of T. pallidum
will likely help in shedding light on all these pivotal questions.

Materials and Methods

Read Processing and Data Set Generation
We compiled a set of 75 T. pallidum genomes (67 TPA, seven
TPE, and one TEN) from previous studies and public data-
bases. The genomes were selected in order to obtain the best
possible representation of the four groups identified in phy-
logenetic trees at the date (March 2017) when the analyses
were started. Short read sequencing data were retrieved for 64
strains from three previous studies (Arora et al. 2016, Pinto
et al. 2016, Sun et al. 2016). Complete genome sequences for
the remaining 11 strains were downloaded from GenBank
(supplementary table 12, Supplementary Material online).

To reconstruct the individual genomes from the raw short
read data, we applied EAGER (Peltzer et al. 2016), a pipeline

FIG. 3. Distribution of x values along the Treponema pallidum genome (detailed results of x value per gene are in supplementary table 11,
Supplementary Material online). Genes with x> 2 are indicated. This parameter cannot be estimated for tp0515 because it does not present
synonymous substitutions. Genes marked with asterisk were detected as recombinant by PIM.
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including read preprocessing, mapping, deduplication, indel
realignment, and variant identification. This pipeline has been
applied in previous studies of TPA (Arora et al. 2016;
Majander et al. 2020). The individual steps are briefly de-
scribed next. After adapter clipping, merging, and quality
trimming, the resulting reads for each sample were mapped
to the Nichols genome (NC_021490.2) using the BWA-MEM
algorithm (Li 2014) with default parameters. PCR duplicates
were removed with DeDUP (Peltzer et al. 2016). Coverage
breadth of the reference genome and coverage depth were
calculated using QualiMap (version 2.17) (Okonechnikov
et al. 2016). Indel realignments were performed using
GATK (version 3.6) (McKenna et al. 2010). SNVs (Single
Nucleotide Variants) for the resulting mappings were called
using GATK UnifiedHaplotyper. Sequenced samples were re-
quired to cover at least 80% of the Nichols genome by at least
three reads to be included in further analyses (Arora et al.
2016). We applied MUSIAL (https://github.com/Integrative-
Transcriptomics/MUSIAL) to obtain a multiple genome align-
ment (MSA) from the resulting VCF files.

To test the effects of the choice of reference genome, the
EAGER-based procedure described above was also applied
employing two other reference genomes, the dominant
TPA strain in current infections, SS14 (NC_010741.1), and a
well-studied TPE strain, CDC-2 (NC_016848.1). In total, this
yielded three different data sets, each comprising a total of 75
genomes, and each with a different reference genome
(Nichols, SS14, or CDC-2). These are referred to as the NIC-
mapped, SS14-mapped, and CDC-2-mapped data sets,

respectively. In the following, gene positions and annotations,
unless otherwise stated, refer to the Nichols strain. A coverage
threshold of 3 and a minimum homozygous SNP allele fre-
quency of 0.9 were required to assign a variant against the
nucleotide in each reference genome.

In the following, an overview of the methods used for the
analyses of recombination and selection events in T. pallidum
genomes is given (see also fig. 4 for a summary of the steps).

Recombination Detection: PIM
To infer the presence of recombination in the complete
genomes of T. pallidum, we have used PIM, which was devel-
oped in our group (S�anchez-Bus�o et al. 2014; Arora et al. 2016;
Beamud et al. 2019). Putative recombination events are iden-
tified on a “per gene” basis with further verification of events
spanning more than one gene as well as a detailed analysis of
the intragenic portions actually involved in those events. This
method was applied to each of the three data sets: the NIC-
mapped data set, SS14-mapped data set, and the CDC2-
mapped data set.

Phylogenetic Signal Test
The initial step consisted of an assessment of the phylogenetic
information in each of the protein-coding genes annotated in
the reference genome (978 for the NIC-mapped data set, 975
for the SS14-mapped data set, and 1,067 for the CDC2-
mapped data set), using the likelihood mapping test in IQ-
TREE 1.5.0 (Nguyen et al. 2015). Prior to the test, individual
sequences in each of these protein-coding genes were
assigned to four groups, corresponding to the three different
subspecies of T. pallidum, with TPA sequences further divided
into Nichols and SS14 clades (TPE, TEN, TPA-NIC, or TPA-
SS14) (Arora et al. 2016). For the test, we obtained 10,000
random quartets comprising one sequence from each group.
For each of these draws, the likelihoods of the three possible
unrooted trees for the four groups described above were
compared. The genes that showed some phylogenetic signal,
evaluated as likelihoods falling outside the central region in
the LM triangle (Strimmer and von Haeseler 1997), were
retained for the ensuing analyses. The tp0897 gene, also
known as tprK, was not included in the next recombination
analyses because its hypervariable regions undergo intrastrain
gene conversion and have been studied in detail elsewhere
(Pinto et al. 2016) but was examined in detail in additional
analyses explained below.

Phylogenetic Congruence Tests
A topology test was conducted as the second step of the PIM.
For this, we constructed ML trees with IQ-TREE for each of
the genes showing some phylogenetic signal in the likelihood
mapping analysis. We also obtained the ML tree of the whole
genome alignment of the 75 genomes, which we used as the
reference genome-wide data tree. We used the GTRþG4þI
as the evolutionary model in all the phylogenetic reconstruc-
tions. Next, we carried out topology tests for each gene, again
with IQ-TREE, using two different methods: Shimodaira–
Hasegawa (SH, Shimodaira and Hasegawa 1999) and

Table 4. Genes Tested with Hyphy for Positive Selection (Busted
Test) with Their Corresponding P Values.

Gene P Value Gene P Value

tp0110 1.00 tp0618 1.00
tp0133 0.00 tp0620 0.00
*tp0136 0.00 *tp0639 0.97
tp0164 0.98 tp0640 1.00
tp0179 1.00 tp0687 0.79
tp0304 0.71 tp0691 1.00
tp0313 0.00 tp0705 0.24
*tp0326 0.00 tp0729 0.09
tp0346 0.57 tp0733 0.06
tp0369 0.95 tp0746 0.27
tp0433 0.00 tp0856 0.01
*tp0462 0.00 tp0858 0.02
tp0464 1.00 tp0859 0.03
tp0483 0.00 tp0861 1.00
tp0484 0.98 tp0865 0.00
*tp0488 0.00 tp0896 0.45
*tp0515 0.01 tp0898 1.00
*tp0548 0.00 tp0966 0.16
tp0558 1.00 tp0967 0.00
tp0564 0.97 tp0968 0.00
tp0577 1.00 *tp0969 0.82
tp0617 0.50 tp1031 0.00

NOTE.—Genes with a significant P value are underlined and those with dN/dS>2 are
marked with an asterisk.
Red, recombinant genes with positive selection (table 1); green, nonrecombinant
genes with x> 1 evaluated by codeml þ SNPeff (supplementary table 9,
Supplementary Material online); light blue, nonrecombinant genes with excess of
SNPs (supplementary table 10, Supplementary Material online).
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Expected Likelihood Weights (ELW, Strimmer and Rambaut
2002) tests. Each topology test involves two comparisons.
First, we compared the likelihood of each individual gene
tree and the reference genome-wide data tree using the cor-
responding gene alignment. Secondly, we compared the same
likelihoods using the complete genome alignment. A recip-
rocal incongruence is called when both tests reject the topol-
ogy not derived from the corresponding alignment
(individual gene in the first comparison, the complete ge-
nome in the second). This procedure was performed for
the three data sets. Genes for which the two tests rejected
the reference tree topology with the gene alignment adopting
a conservative approach (P< 0.2, weight value close to 0, for
SH and ELW tests, respectively) and the complete genome
alignment rejected the topology of the tree built using the
gene alignment (reciprocal incongruence, P< 0.2 and weight
value close to 0) in at least one of them were selected and
examined more closely in the next step.

Polyphyletic SNP Distribution
The selected genes that showed reciprocal incongruence were
further analyzed with MEGAX (Kumar, Stecher, et al. 2018) in
order to evaluate and define putative recombination events.
To retain a gene as recombinant, we required it to contain at
least three neighboring homoplasic SNPs, that is, SNPs shared
among the different groups (TPE, TEN, TPA-NIC, or TPA-
SS14) yielding a polyphyletic distribution. Recombinant
regions were delimited by the homoplasic SNPs detected in
the gene alignment. Hence, the distance between the flanking
SNPs represents the minimum size of the recombination
event, but it might extend further into the nonvariable posi-
tions upstream or downstream of the homoplasic SNPs given
that the exact size of the recombining fragment cannot be

estimated. The putative donor and recipient clade/strain of
each recombination event were inferred applying a parsi-
mony criterion to the distribution of alternative states of
the homoplasic SNPs.

Among the genes selected in the topology tests were
some pertaining to the tpr family, which comprises groups
of paralogous genes. Due to the repetitive nature of the DNA
sequences of these genes, and the challenges of the mapping
stage, a large proportion of sites had missing data. When
possible we examined these genes manually. In addition, to
test for intrastrain recombination in the seven variable
regions of the tp0897 (tprK) gene (Centurion-Lara et al.
2004), we generated a BLAST database with the 75 complete
T. pallidum genomes described above and used the set of
unique variable motifs found in the variable regions as query
for BlastN searches.

Recombination Detection with Alternative Tools
We used Gubbins 2.2.0-1 (Croucher et al. 2015) and
ClonalFrameML 1.1 (Didelot and Wilson 2015), two widely
used programs for the detection of recombination based on
genome-wide data, as alternative tools to the PIM method.
To reduce the computational load of these programs, they
were run for a subset of the NIC-mapped data set selected to
obtain a balanced representation of the four groups identified
in the phylogenetic trees (TPE, TEN, TPA-NIC, TPA-SS14). To
obtain this representative subset, we first concatenated the
putative recombinant loci detected by PIM and generated a
multiple sequence alignment. For each of the 27 unique hap-
lotypes, the most complete genome was selected as repre-
sentative. eulerAPE v.3.0 (Micallef and Rodgers 2014) was
used to represent common and different genes found to be
recombinant using the three different methods.

FIG. 4. Analysis workflow for the study of recombination and selection in Treponema pallidum genomes for the NIC-mapped data set. The same
pipeline was applied to the SS14-mapped and CDC2-mapped data sets.
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Selection Analyses
Selection analyses were conducted only with the NIC-
mapped data set. For each putative recombinant gene se-
lected in our analyses, we extracted the SNPs, determined
whether they were synonymous or nonsynonymous, and
computed the nonsynonymous-to-synonymous substitution
ratio x ¼ dN/dS. This ratio was conducted for the entire
gene, as well as for the recombinant and nonrecombinant
regions separately. In addition, we also estimated x for all
nonrecombinant genes. A ratio above 1 is indicative of pos-
itive selection, whereas a ratio below 1 points to purifying
selection. Additionally, for the nonrecombinant genes, we
used Codeml in the PAML 4.9 package (Yang 2007) to esti-
mate the total number of synonymous and nonsynonymous
sites per region/gene, as well as SNPeff (Cingolani et al. 2012)
to evaluate the number of synonymous and nonsynonymous
changes in each gene. Additional analyses to detect positive
selection were performed with BUSTED (Murrell et al. 2015), a
gene-based method, and RELAX (Wertheim et al. 2015), a
codon-based method, both of which are implemented in
HyPhy (Hypothesis Testing Using Phylogenies) (Pond et al.
2005).

Details on the programs, commands, and options used in
the analyses described above are publicly available at DOI:
10.5281/zenodo.5528940.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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