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1. Introduction

Treponema pallidum subsp. pallidum causes the global sexually transmitted disease syphilis. In
2020, WHO reported 7 million new syphilis cases globally. Progress towards WHO’s 2030 goal
to reduce syphilis by 90% is slow, with rising cases in some countries, particularly affecting
pregnant women. Untreated or inadequately treated maternal syphilis can lead to adverse
birth outcomes in 50-80% of cases [1]. In 2019, the United States recorded 129,813 syphilis
cases [2]. In 2021, the syphilis infection rate in the USA was 53.0 cases per 100,000 people [3].
From 2010 to 2015, syphilis cases in Canada increased from 5.0 to 9.3 per 100,000 people [4].
In 2019, 29 EU/EEA countries recorded 35,039 syphilis cases with a rate of 7.4 cases per
100,000. Men, particularly those aged 25 to 34, had rates nine times higher than women, reach-
ing 31 cases per 100,000 [5]. Syphilis rates among pregnant women vary regionally: 6.5% in
Southern Africa, 4.6% in East Africa, and 4.0% in West Africa [6]. In 2020, Iran had a 0.1%
syphilis prevalence, encompassing primary and secondary cases [7]. In 2019, syphilis diagnosis
rate in South China was 112 per 100,000 for older individuals and 48.1 per 100,000 for younger
individuals, indicating a significant age-related difference [8]. In global studies, the 14d/f sub-
type of T. pallidum is consistently found as the most common, observed in regions like the
North America [9, 10], South America [11, 12], South Africa [13], Europe [14], Asia [9, 15-
17]. In other studies, where macrolide resistance was identified, North America, (28.6%) [18],
(68%) [19], (53.2%) [20], (16%) [21], (72%) [10], (64.34%) [22], South America, (14.3%) [11],
(0%) [12], Australia, (84%) [23], Europe, (66.6%) [24], (100%) [25], (94.3%) [26], (93.1%) [27],
(66.7%) [28], South Africa(23%) [13], Asia, (97.5%) [15], (91.9%) [29], (100%) [30]. Limited
data in Pakistan hinders clarity on syphilis prevalence, particularly regarding molecular typing
of T. pallidum and drug resistance. A 2018 nationwide study found 0.72% of blood donors
tested positive for syphilis [31]. Syphilis is prevalent among blood donors in diverse areas of
Pakistan, as indicated by multiple studies, 3.1% [32], 1.55% [33], 2.1% [34], and 0.91% [35].
From June 2016 to May 2020, Peshawar blood donors had a 0.91% syphilis rate [36]. Khyber
Pakhtunkhwa had a 0.83% syphilis rate from June 2020-June 2021 [37].

In 1998, CDC researchers developed a molecular strain typing method to study pathogen
diversity and disease epidemiology, specifically targeting T. pallidum, the syphilis-causing
agent [38]. The CDC typing method and sequence analysis of tp0548 gene segment are widely
used for subtyping T. pallidum [9]. Over the last decade, molecular subtyping of T. pallidum
has emerged to enhance local monitoring and managing of syphilis epidemics [9, 38]. This
method improves syphilis comprehension, aids in identifying reinfection and relapse, and dis-
tinguishes between strains linked to particular symptoms [9]. Early syphilis chancres may self-
heal unnoticed. Identifying the syphilis pathogen, T. pallidum, is impractical in clinical set-
tings, such as dark field microscopy. Bacterial burden peaks in the secondary stage [39]. Col-
lecting samples from chancres is more challenging than obtaining blood samples. The process
relies on the accessibility of suitable health services for individuals with sexually transmitted
infections to ensure sample collection and diagnosis. Blood samples are preferred for PCR
diagnosis, resistance monitoring, and molecular subtyping of syphilis. While benzathine peni-
cillin G is the standard treatment, the primary concern with benzathine penicillin G treatment
is the availability issue and the sensitivity of some individuals to beta-lactam antibiotics, rather
than drug resistance but antibiotic resistance can cause treatment failures. Azithromycin and
doxycycline are alternative medications for patients allergic to penicillin or those who reject
injections [40]. Macrolide resistance is widespread in China, the US, Canada, Australia, and
Europe [10, 18-20, 23, 24, 27, 29], and it is connected to the 23S rRNA gene of T. pallidum’s
A2058G and A2059G mutations [41, 42]. In 2014 European guidelines, doxycycline was rec-
ommended as an alternative treatment for latent syphilis when penicillin was not possible [40].
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Research is required to examine G1058C mutations in spirochetes, particularly in Pakistani
regions such as Khyber Pakhtunkhwa, where data on tetracycline resistance is lacking.

The aim of this research was to examine blood samples obtained from 272 blood donors in
Khyber Pakhtunkhwa, Pakistan, who were previously identified as reactive for syphilis during
our analysis conducted between June 2020 and June 2021 [37]. The goal was to investigate the
molecular epidemiology of syphilis and identify point mutations associated with resistance to
doxycycline and macrolides.

2. Materials and methods

This research, conducted on the samples we had previously analysed from June 2020 to June
2021 [37], involved a prospective, cross-sectional investigation at the Peshawar Regional Blood
Centre. The Institutional Ethics Committees of the Regional Blood Centre in Peshawar, Khy-
ber Pakhtunkhwa, Pakistan, and Kohat University of Science and Technology in Kohat, Paki-
stan, approved this study. This centre is responsible for collecting blood donations from
individuals in the Peshawar region and distributing prepared blood components to hospitals
throughout Peshawar, which serves a population of 4.7 million people. Additionally, due to its
proximity to the Afghan border, the centre also provides blood components to a substantial
number of Afghan refugees. Khyber Pakhtunkhwa (KP) is a province located in the north-
western part of Pakistan, comprising 37 districts with a total population of 40.8 million. Pesha-
war, as the provincial capital and a well-developed city with advanced healthcare services,
attracts residents from other districts who frequently seek superior healthcare. The blood
donors included in this study were from various regions within KP, with a significant repre-
sentation of Afghan ethnicities.

2.1. Clinical specimens

In this study, 5 mL of blood was extracted from each blood donor using plain tubes, specifically
red-top tubes. All blood samples were collected with the explicit, informed consent of the
donors. The serum from these red-top tubes was used to screen blood donors for syphilis
using the CMIA technique [43]. A total of 32,812 samples were subjected to this testing
method. The CMIA was employed to detect antibodies against T. pallidum in the serum of the
blood donors. Subsequently, all serum samples that tested reactive for T. pallidum using
CMIA underwent additional molecular analysis.

2.2. DNA extraction from CMIA reactive serum samples by spin protocol

According to the protocols recommended by the manufacturer within 24 hours of collection,
the QIAamp DNA Blood Mini Kit (QIAGEN) was used for the extraction of DNA from all
CMIA reactive samples for antibodies to T. pallidum. For the extraction of DNA, 200 pl of
serum was used. The extracted DNA was preserved in Buffer AE and stored in a freezer at
—20°C before further analysis [9].

2.3. Detection of T. pallidum DNA by PCR

Before subtyping and analysis for the discovery of markers specific for antibiotic resistance, all
T. pallidum-reactive samples identified by CMIA were submitted to PCR using primers specific
for the polA, tpp47, bmp, and tp0319 genes of T. pallidum. To avoid contamination, distinct
rooms were utilized for reagent preparation, DNA extraction, sample amplification, and subse-
quent PCR product analysis. In this study, the positive control included DNA derived from T.
pallidum SS14 and Nichols strains, provided by the US-CDC, while distilled water was utilised
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as the negative control. PCR experiments were carried out in a volume of 50 pL, with 5 pL of
DNA template obtained from the test subjects’ clinical materials or the controls [18]. A 2.0%
agarose gel was used to identify the amplicons of the PCR. The gels were operated at 100 V of
current for one hour with a 100-bp ladder. Following staining with ethidium bromide, bands
were visible on a UV transilluminator [44]. Samples that tested PCR-positive for any of the spec-
ified genes were considered to contain T. pallidum DNA, and these samples were subsequently
used to assess the molecular subtype of the DNA and its resistance to antibiotics. The primers
and their sequences used to identify T. pallidum DNA by PCR are listed in Table 1.

2.4. Molecular subtyping of T. pallidum

Molecular subtyping was conducted on all PCR-positive specimens, and the specific primers
used for this procedure are listed in Table 1. The molecular categorization of T. pallidum was
achieved by combining three different analyses, which included the arp gene, tpr EGJ genes,
and £p0548 gene [9, 19, 45].

2.4.1. Determining the number of 60-base pair repeats in the arp gene. A particular
primer was used in PCR to count the number of 60-bp repeats in the arp gene. The results of
the PCR were separated using agarose gel electrophoresis. The size of each PCR product was
determined using the Quantity One software (version 4.6.7; Biorad), which was compared to a
1-kb DNA ladder (Invitrogen), and the number of 60-bp repeats in the arp gene was deter-
mined by comparing the size of the amplified PCR product to the PCR product amplified
from the Nichols strain of T. pallidum, which carries 14 repeats [38].

2.4.2. Performing a restriction fragment length polymorphism (RFLP) analysis of the
tpr subfamily II (tpr EGJ) genes. To amplify the tpr genes, nested PCR was used. The previ-
ously mentioned amplification procedure in Section 2.3 and the two primer pairs were applied
[44]. The tpr EGJ genes were amplified using an outer primer pair. Internal primers were used
in the second round of PCR, using the first round’s amplicon as a template. The nested PCR
product was purified using a QIAquick PCR Purification Kit from Qiagen, digested with a
quick restriction endonuclease, and then electrophoresed on a 2.0% agarose gel to determine
the digestion pattern through comparison with previously published data [38].

2.4.3. Examining the variable regions in the tp0548 gene, as previously documented.
For the examination of the #p0548 gene’s variable region from positive samples, the previously
published primer set was utilized to amplify the variable region of the tp0548 gene. Using a
QIAquick PCR Purification Kit from Qiagen, PCR products were purified before being

Table 1. Primers employed in the molecular examination of T. pallidum.

Types of Analysis Target Gene Forward Primer Reverse Primer
Screening tp0319 F1: 5’ ~-GAAGGTGGTGACTTCGTCGT-3’ R1: 5" -CAAAACCCGCTTCAAAGAGA-3’
polA F2: 5’ -TGCGCGTGTGCGAATGGTGTGGTC-3" R2: 5" -CACAGTGCTCAAARACGCCTGCACG-3’
tpp47 F3: 5’ -TTGTGGTAGACACGGTGGGTAC-3" R3: 5" -TGATCGCTGACAAGCTTAGGCT-3’
bmp F4: 5’ ~-CAGGTAACGGATGCTGAAGT -3’ R4: 5-CGTGGCAGTAACCGCAGTCT-3"
Subtyping arp F5: 5’ -ATCTTTGCCGTCCCGTGTGC-3" R5: 5’ ~-CCGAGTGGGATGGCTGCTTC-3
tprEGJ F6: 5’ ~ACTGGCTCTGCCACACTTGA-3’ R6: 57 ~-CTACCAGGAGAGGGTGACGC-3"
F7: 5’ -CAGGTTTTGCCGTTAAGC-3" R7: 5’ -AATCAAGGGAGAATACCGTC-3’
tp0548 F8: 5’ ~-GGTCCCTATGATATCGTGTTCG-3" R8: 5/ ~-GTCATGGATCTGCGAGTGG-3"
Mutation 23S rRNA F9: 5’ ~-GTACCGCAAACCGACACAG-3" R9: 5/ ~-AGTCAAACCGCCCACCTAC-3’
16S rRNA F10: 5’ ~-GTGGATGAGGAAGGTCGAAA-3’ R10: 5/ -CAGAGTCCCCAACACCACTT-3"

F11: 5’ ~-TCAACTTGGGAACTGCACTG-3’
https://doi.org/10.1371/journal.pone.0305720.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0305720 June 21, 2024 4/16


https://doi.org/10.1371/journal.pone.0305720.t001
https://doi.org/10.1371/journal.pone.0305720

PLOS ONE

Molecular subtypes and resistance to antibiotics in Treponema pallidum

sequenced for genotyping. The reference sequences provided by Marra et al. were matched to
the sequence type of tp0548 [9].

2.5. Characterization of drug resistance genes in T. pallidum

2.5.1. Detection of the 23S rRNA A2058G and A2059G mutations. The point mutations
A2058G and A2059G within the 23S rRNA gene of T. pallidum were identified by analyzing
DNA extracted from PCR-positive samples. PCR, accompanied by purification using the QIA-
quick PCR purification kit provided by Qiagen and subsequent digestion using MbolI and Bsal
enzymes from New England Biolabs [41], was employed to identify mutations in rRNA genes
associated with antimicrobial resistance. The primer sequences are detailed in Table 1 [15].

2.5.2. Detection of the 16S rRNA G1058C mutation. Three PCR primers were employed
to detect the G1058C point mutation within the 16S rRNA gene of T. pallidum. Table 1 pro-
vides details about these primers. After purification and sequencing, the obtained sequence
was compared to the standard 16S rDNA sequence of the T. pallidum Nichols strain using
DNA Star software [15].

2.6. Statistical analysis

For statistical analysis, we utilized SPSS Inc.’s Statistical Package for the Social Sciences, ver-
sion 24.0 (Chicago, IL). Associations between categorical variables were identified using either
the Fisher exact test or the chi-square test. Findings with a P-value below 0.05 were considered
statistically significant [15].

3. Results
3.1 Screening by CMIA

In our earlier investigation [37] a total of 32,812 blood donors underwent CMIA screening for
T. pallidum, of which 272 (0.83%) were reactive and 32,540 (99.17%) were non-reactive. In
this study, a total of 32,661 blood donors (99.54%) were men, whereas 151 (0.46%) were
women. In this study, 1885 donors (5.74%) gave blood voluntarily, while 30,927 (94.26%) gave
blood as a replacement.

3.2 Screening by PCR

PCR tests were conducted on samples obtained from 272 syphilis-reactive blood donors. Out
of these, 46 samples tested positive (16.91%, P = 0.432). Among these 46 PCR-positive samples,
the majority exhibited positivity for all four genes. The polA gene was detected in all 46 sam-
ples (100%, P<0.001), the tpp47 gene in 42 samples (91.30%, P<0.001), the bmp gene in 41
samples (89.13%, P<0.001), and the tp0319 gene in 34 samples (73.91%, P<0.001) (Table 2).

3.3 Analysis of molecular subtypes

These 46 PCR-positive samples were further subjected to molecular subtyping of T. pallidum,
and complete subtypes were identified in 27 samples (58.69%, P = 0.003). During molecular
subtyping, the number of 60-bp repeats detected in the arp gene was 6, 11, 12, 14, and 15;

Table 2. Different genes detected by PCR (n = 46).

Total Number of PCR Positive Samples

https://doi.org/10.1371/journal.pone.0305720.t002

PolA Gene Detected tpp47 Gene Detected bmp Gene Detected tp0319 Gene Detected
Count % P Value | Count % P Value | Count % P Value | Count % P Value

100 <0.001 42 91.30 <0.001 41 89.13 <0.001 34 73.91 <0.001
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variations in the sequences of tpr Subfamily II genes (tpr EGJ) manifested as b, e, and d, along
with diverse regions in the tp0548 gene denoted as a, g, and f (Table 3). In the process of
molecular subtyping, the arp gene exhibited 60-bp repeats with counts of 6, 11, 12, 14, and 15,
identified in 1, 2, 2, 20, and 2 samples, respectively (Table 4). In the course of molecular sub-
typing, variations in the sequences of tpr subfamily II genes (tpr EGJ]) designated as b, e, and d
were detected in 2, 2, and 23 samples, respectively (Table 4). During molecular subtyping, the
variable regions in the tp0548 gene (a, g, and f) were identified in 1, 5 and 21 samples, respec-
tively (Table 4). After combining the results of the number of 60 bp repeats in the arp gene,
sequence variations in tpr subfamily II genes (tpr EGJ), and variable regions in the tp0548
gene, nine different molecular subtypes were identified, including 14d/f, 14d/g, 15d/g, 12d/f,
14b/f, 12e/a, 11d/f, 14e/f, and 6d/f in 14 (51.85%), 3 (11.11%), 2 (7.40%), 1(3.70%), 2(7.40%), 1
(3.70%), 2(7.40%), 1(3.70%) and 1(3.70%) of PCR-positive samples, respectively. Subtype 14d/
f was the most prevalent (51.85%), while subtypes 12d/f, 12e/a, 14e/f, and 6d/f were less preva-
lent (3.70%) each (Table 5).

3.4 Regional analysis of molecular subtypes

When these different molecular subtypes were analyzed based on their occurrence in different
districts of Khyber Pakhtunkhwa, molecular subtype 14d/f was identified in districts Charsada,
Mardan, Bannu, Khyber, Swat, Kohat, and Peshawar in 1, 2, 1, 1, 2, 1, and 6 blood donors,
respectively. Molecular subtype 14d/g was identified in districts Kohat and Peshawar in 1 and
2 blood donors, respectively. Molecular subtype 15d/g was identified in districts Mardan and
Peshawar in one blood donor each. Molecular subtype 12d/f was identified only in 1 blood
donor from district Swat. Molecular subtype 14b/f was identified in districts Kohat and Pesha-
war in one blood donor each. Molecular sub-type 12e/a was identified only in 1 blood donor
from district Swabi. Molecular subtype 11d/f was identified in districts Swabi and Peshawar in
one blood donor each. Molecular sub-type 14e/f was identified only in 1 blood donor from dis-
trict Peshawar. Molecular subtype 6d/f was identified only in 1 blood donor from district Dir
Lower (Table 6).

3.5 Analysis of point mutations linked to antibiotic resistance

These 46 samples, initially positive for PCR, underwent additional testing to detect A2058G
and A2059G point mutations in 23S rRNA, along with G1058C point mutations in 16S rRNA.
Among the samples, a significant presence of the A2058G point mutation in 16S rRNA was
observed in 36 cases (78%, P<0.001), indicating resistance to macrolides. However, neither
the A2059G mutations in 16S rRNA associated with macrolide resistance nor the G1058C
mutations in 16S rRNA linked to doxycycline resistance were detected in any sample

(Table 7).

Table 3. Analysis of genes targeted for molecular subtyping of T. pallidum (n = 27).

S.NO. Type of Analysis Results
1. Number of 60p Repeats in arp Gene 6,11,12,14,15
2. Sequence Variations in tpr Subfamily II Genes (tpr EGJ) b,e,d
3. Variable Regions in tp0548 Gene a,g,f

https://doi.org/10.1371/journal.pone.0305720.t003
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Table 4. Sample-wise analysis of genes for molecular subtypes of T. pallidum (n = 27).

Number of 60bp Repeats in arp Gene

Number of Repeats 6 11 12 14 15
Number of Samples 1 2 2 20 2
Sequence Variations in fpr Subfamily IT Genes (tpr EGJ)

Types of Variations b e d

Number of Samples 2 2 23
Variable Regions in tp0548 Gene

Types of Variations a g f

Number of Samples 1 5 21

https://doi.org/10.1371/journal.pone.0305720.t1004

3.6 Geographical dispersion of A2058G point mutations in 23S rRNA
associated with macrolide resistance

In the study, the instances of individuals exhibiting the A2058G point mutation in the 23S
rRNA, which is linked to resistance against macrolide antibiotics, showed variability among
various regions. Specifically, the distribution of these cases was observed as follows: Charsada:
1, Mardan: 5, Bannu: 3, Dir Lower: 1, Khyber: 1, Swabi: 2, Swat: 3, Kohat: 6, and Peshawar: 14
(Table 8).

3.7 Distribution of point mutations in molecular subtypes

In the present study, the distribution of macrolide resistance among different molecular sub-
types, including 14d/f: 14 (36.88%), 14d/g: 3 (8.33%), 15d/g: 2 (5.55%), 12d/f: 1 (2.77%), 14b/f:
2 (5.55%), 12¢e/a: 1 (2.77%), 11d/f: 2 (5.55%), 14e/f: 1 (2.77%), 6d/f: 1 (2.77%), and unknown
subtypes: 9 (25.00%), had varying cases of macrolide resistance (Table 9).

4. Discussion

Syphilis is a transmissible infection [46]. The prevalence of syphilis has increased in Pakistan
and globally; it is a widespread sexually transmitted disease (STD) both in underdeveloped and
advanced nations [47-49]. To our knowledge, this is the first study in Pakistan conducted on
the molecular subtyping and antibiotics resistance of T. pallidum. To our knowledge, globally,
this is the first study on blood donors in which serum has been used exclusively on a large
scale, regional molecular subtyping and detection of antimicrobial resistance were carried out
to provide enhanced surveillance of syphilis. This is an effective way to assess circulating T.
pallidum in blood donors because blood donors are healthy individuals and chancres are

Table 5. Complete molecular subtypes of T. pallidum in blood donors of Khyber Pakhtunkhwa (n = 27).

S.NO. Molecular Subtype Number of Positive Samples Percentage
1. 14d/f 14 51.85%
2. 14d/g 3 11.11%

3. 15d/g 2 7.40%
4. 12d/f 1 3.70%
5. 14b/f 2 7.40%
6. 12¢/a 1 3.70%
7. 11d/f 2 7.40%
8. 14e/f 1 3.70%
9. 6d/f 1 3.70%

https://doi.org/10.1371/journal.pone.0305720.t005
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Table 6. Regional distribution of different molecular subtypes of T. pallidum in blood donors of Khyber Pakhtunkhwa (n = 27).

S.NO. District

14d/f
1. Charsada 1
2. Mardan 2
3. Bannu 1
4. Dir Lower --
5. Khyber 1
6. Swabi --
7. Swat 2
8. Kohat 1
9. Peshawar 6

https://doi.org/10.1371/journal.pone.0305720.t006

Number of Molecular subtypes of T. pallidum in blood donors

14d/g 15d/g 12d/f 14b/f 12e/a 11d/f 14e/f 6d/f
. 1 - - - - - -
- - - R 1 1 - R
- - 1 R R - - R
1 - - 1 - - - -
2 1 -- 1 - 1 1 --

usually invisible; they might be overlooked, ignored, or possibly not present. Chancres samples
are difficult to collect. This approach also provides an effective insight into the status of antimi-
crobial resistance in T. pallidum locally. Currently, it is possible but challenging to cultivate T.
pallidum in vitro using a tissue culture system, and to understand this pathogen; modern
molecular biology techniques provide a valuable platform.

The reactive cases of syphilis (T. pallidum) in the present study were 272 (0.83%). The find-
ings in our study were higher when compared with the results of different studies conducted
in some developed countries, including the USA (0.16%) [50], Italy (0.031%) [51], Israel
(0.047%) [52], and Saudi Arabia (0.044%) [53]. When comparing our results with studies from
various African countries, the prevalence of syphilis in blood donors was much higher than
the results of the present study, for example, in Burkina Faso (1.5%) [54], Nigeria (3.1%) [55],
and Angola (20.0%) [56]. Our results were slightly higher when compared with a study con-
ducted by the Safe Blood Transfusion Programme of Pakistan, in which the prevalence of
syphilis in Pakistani blood donors was 0.72% [31].

When comparing our study with earlier studies from different cities in Pakistan, the preva-
lence rates were Karachi (0.91%) [35], Karachi (2.1%) [34], Islamabad (1.55%) [33], Peshawar
(0.43%) [57], Lahore (0.5%) [58], and Lahore (2.25%) [59]. Our result was higher (0.83%) com-
pared to an earlier study in Peshawar, where the prevalence was 0.43%. This difference may be
attributed to the time gap between these two studies; our study was conducted in 2020-2021,
while the other study was conducted in 2008-2011.

To enhance the percentage of positive samples found when screening blood specimens by
PCR, we amplified four separate target genes (polA, tpp47, bmp, and tp0319) by PCR in this
work [18, 60]. However, our positive detection rate was lower than that recorded by other
researchers. Despite the drawbacks of using blood samples, such as the presence of PCR-inhib-
itory substances and a low bacterial load, this approach for molecular epidemiological study is
valuable. It can significantly increase the number of potential participants in subtyping evalua-
tions, including those with asymptomatic, persistent infections.

Table 7. Analysis of point mutations in 23S r RNA and 16S r RNA of T. pallidum (n = 46).

S.NO Type of Gene Type of Mutation Number of Samples
1. 23S rRNA A2058G 36 (78%) P = <0.001
2. 23S rRNA A2059G 0 (0%)

3. 16S rRNA G1058C 0 (0%)

https://doi.org/10.1371/journal.pone.0305720.t007
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Table 8. Geographical dispersion of A2058G point mutations in 23S rRNA associated with macrolide resistance

(n=36).
S.NO. District Number of cases having A2058G point mutation in 23S rRNA
1. Charsada 1
2. Mardan 5
3. Bannu 3
4. Dir Lower 1
5. Khyber 1
6. Swabi 2
7. Swat 3
8. Kohat 6
9. Peshawar 14

https://doi.org/10.1371/journal.pone.0305720.t008

Only 46 out of the 272 CMIA-reactive samples used in this study (16.91%) had positive PCR
results. In other investigations, plasma exhibited a DNA extraction efficiency of 13.0% (range:
0.5-81.2), whereas whole blood had a 25.0% extraction efficiency (range: 13.5-41.6) [61]. In
other studies, the positivity ratio of T. pallidum DNA varied in different sample types: blood
samples had a ratio of 36.8% [62], plasma had 49% [44], serum had 36% [44], earlobe blood had
92.0% [63], serum had 66.9% [63], whole blood had 64.2% [63], blood had 72.7% [64], plasma
had 18% [65], serum had 14.7% [65], whole blood had 24% [65], whole blood had 20.1% [15],
whole blood had 40.3% [25], whole blood had 22.2% [27], whole blood had 42% [28], whole
blood had 31.7% [66], plasma had 41.45% [66], and blood had 6.6% [67]. The lowest DNA
extraction efficiency was observed in whole blood, serum, and plasma, with no discernible dif-
ference among them [61]. In three investigations, blood samples from patients with secondary
syphilis yielded more DNA compared to blood from patients with primary or latent syphilis
(55.8% vs. 34.1% vs. 33.6%), when the samples were subdivided by clinical stage [30, 68, 69].

In comparison to PCR, the study discovered poor levels of specificity for serological testing.
The rationale is that only the specific subspecies causing venereal syphilis are detectable in our
PCR-based diagnosis. Overall, our findings demonstrated the effectiveness of PCR in detecting
T. pallidum subsp. pallidum, in contrast to the inability of various serological tests to distin-
guish between venereal syphilis and other treponematoses [70, 71]. The use of a more precise
technique, such as PCR, in the detection of venereal syphilis, might aid in lowering the number
of infections acquired through a blood transfusion due to the high prevalence of transfusion-

Table 9. Macrolide resistance in subtypes of T. pallidum (n = 36).

S.NO. Molecular Subtype Number of Macrolide Resistant Cases Percentage
1. 14d/f 14 36.88
2. 14d/g 3 8.33
3. 15d/g 2 5.55
4. 12d/f 1 2.77
5. 14b/f 2 5.55
6. 12e/a 1 2.77
7. 11d/f 2 5.55
8. 14e/f 1 2.77
9. 6d/f 1 2.77
10. Unknown Subtypes 9 25.00

https://doi.org/10.1371/journal.pone.0305720.t009
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transmitted infectious diseases. In addition, we found that false positives from these serological
tests could result in inaccurate prevalence estimates.

Due to the difficulty of interpreting the results, the diagnosis is frequently challenging (false
negatives). In Khyber Pakhtunkhwa, Pakistan, the majority of blood recipients are infants or
pregnant women; hence, incorrect findings and interpretations brought on by a test’s flaw
would not only harm the patient but might also result in problems or the development of con-
genital syphilis. Despite the drawbacks of using blood samples for molecular epidemiological
research, such as the presence of PCR-inhibitory substances and low bacterial load, this
approach can significantly increase the pool of potential participants in subtyping evaluations,
including those with asymptomatic, persistent infection. For the subtyping of T. pallidum
DNA from serum, we used the Enhanced Centres for Disease Control and Prevention (ECDC)
typing method.

In the present study, nine distinct molecular subtypes of T. pallidum were found in total,
including 14d/f, 14d/g, 15d/g, 12d/f, 14b/f, 12e/a, 11d/f, 14e/f, and 6d/fin 14 (51.85%), 3
(11.11%), 2 (7.40%), 1(3.70%), 2(7.40%), 1(3.70%), 2(7.40%), 1(3.70%) and 1(3.70%) of PCR-
positive samples, respectively. The other studies that discovered comparable subgroups to
those in our analysis include Denmark (14 d/g, 14d/f, and 14 b/f) [72], United Kingdom (14d/
g and 14 d/f) [24], Argentina (14 d/f, 14d/g, and 11 d/f) [11], China (14d/f, 14e/f, 12d/f, 6d/f,
11d/f, 14b/f, 12e/a, and 14d/g) [15], Belgium (14 e/f, and 14d/g) [25], China (14d/f) [16], Italy
(14d/g) [73], Denmark (14 b/f, 14 d/f, and 14d/g) [72], Peru (14d/f, 14 d/g, and 15d/g) [12],
China (14d/f) [17], USA (14d/f, 14 d/g, and 15d/g) [10], China (14e/f, 12d/f, 6d/f, and 11d/f)
[74], China (14d/f) [66], Taiwan (14 b/f and 14e/f) [75], France (14d/f and 14d/g) [14], USA,
China, Ireland, and Madagascar (14d/f, 14 d/g, 15d/g, and 12d/f) [9], and Australia (14d/f,14d/
g and 14e/f) [76].

In this study, blood donors from the majority of the districts, including Peshawar, Kohat,
Swat, Khyber, Bannu, Mardan, and Charsada, were found to have subtype 14d/f, which was
the most common (in 7 districts out of 9). Our results are comparable to those of other studies
where the 14d/f subtype was identified as the most common, such as studies conducted in the
United States and China [9], Buenos Aires, Argentina [11], Hunan, China [15], China [16],
Lima, Peru [12], Shanghai, China [17], Seattle, Washington [10], and Paris, France [14].

Due to their effectiveness, relative affordability, and ease of oral administration, macrolides
and doxycycline antibiotics have been frequently used to treat syphilis in non-pregnant indi-
viduals who are penicillin-allergic [77]. Earlier research revealed regional differences in macro-
lides resistance to T. pallidum, demonstrating a high incidence of resistance in several wealthy
nations. The use of single-dose azithromycin became increasingly popular for treating syphilis
when syphilis rates in the USA started to rise in 2000. For partner-delivered treatment of sex-
ual encounters, this regimen proved especially effective. However, failures of azithromycin
therapy were discovered in San Francisco in 2002 [78].

In the ongoing study, no mutations were detected in the rRNA gene associated with doxy-
cycline resistance. However, 78.26% of the samples exhibited a mutation in the rRNA gene
that imparts resistance to macrolides. Similarly, the other studies where resistance to macro-
lides was identified include the UK (66.6%) [24], Canada (28.6%) [18], Argentina (14.3%) [11],
China (97.5%) [15], Belgium (100%) [25], Italy (94.3%) [73], Peru (0%) [12], USA (68%) [19],
USA (53.2%) [20], Ireland (93.1%) [27], Australia (84%) [23], China (91.9%) [29], Czech
Republic (66.7%) [28], Canada (16%) [21], USA (72%) [10], China (100%) [30], and the USA
(64.34%) [22].

In the current study, the major cities of Khyber Pakhtunkhwa, Pakistan, including Pesha-
war, Kohat, and Mardan, were found to have the highest number of macrolide-resistant cases:
14, 6, and 5, respectively. In the current study, Peshawar, the largest city in Khyber
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Pakhtunkhwa, Pakistan, with a population comprised of individuals from all over KP, Afghan-
istan, and other areas of Pakistan, had the greatest number of macrolide-resistant cases. People
from Afghanistan travel frequently to other nations as well as back to their own. Similarly, as
previously mentioned, there appear to be geographical variations in the prevalence of macro-
lide-resistant T. pallidum strains, with the largest prevalence occurring in major towns with
active tourist industries (Sydney, Shanghai, Dublin, London, San Francisco, and Seattle) [79].
In Pakistan, no such type of study had been conducted before. Studies on the frequency of
macrolide-resistant T. pallidum in Asia are scarce [30, 45]. Even though the disease is more
common and antibiotics are more frequently used in medical procedures here (and occasion-
ally misused) [80].

In the present study, resistance to macrolides was detected in different molecular subtypes,
including 14d/f, 14d/g, 15d/g, 12d/f, 14b/f, 12e/a, 11d/f, 14e/f, and 6d/f. Similar to other stud-
ies, the mutations responsible for resistance to macrolides were observed in China in Subtypes
14e/f, 12d/f, 6d/f, and 11d/f [74]; in the UK, 14d/f and 14d/g [24]; in Australia, 14b/f, 14d/f,
and 14d/g [76]; in Ttaly, 14d/g [73]; and in the US, 14d/f and 14d/g [10].

5. Conclusion

We demonstrated that subtype 14d/f was the most prevalent among circulating T. pallidum
strains in blood donors in Khyber Pakhtunkhwa, Pakistan, during the study period. Addition-
ally, we demonstrated that the A2058G mutation, linked to macrolide resistance, was present
in all these strains. However, the G1058C mutation, associated with decreased susceptibility to
doxycycline, was undetected. Consequently, macrolide medications should not be used to
treat syphilis in Khyber Pakhtunkhwa, Pakistan. On the other hand, further research is needed
to determine whether doxycycline, a secondary antibiotic suggested by European guidelines
for syphilis treatment [40], is susceptible to resistance. To adapt treatment strategies quickly to
changes in the molecular epidemiology of the illness, we recommend monitoring the molecu-
lar subtypes and antibiotic resistance of successive T. pallidum DNA samples from syphilis
patients across Pakistan.
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