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Background: Here, we aimed to determine the population structure of Mycobacterium tuberculosis (MTB) genotypes in Fujian and
explore risk factors associated with infection with the Beijing genotype. We also explored the association between Beijing genotype
and drug resistance.

Methods: Representative MTB isolates obtained during provincial-level routine anti-tuberculosis drug resistance surveillance
conducted since 2013 in 11 Fujian counties were analyzed using McSpoligotyping. In vitro drug susceptibilities to anti-tuberculosis
drugs were determined using the standard Lowenstein—Jensen proportion method.

Results: Overall, 477 MTB isolates were included in the study, of which 245 isolates belonged to the Beijing genotype family and 232
possessed non-Beijing genotypes. Ultimately, a total of 204 spoligotypes were identified that included 58 spoligotype international
types (SITs) from the SITVITWEB database and 146 novel spoligotypes. As compared to patients <25 years of age (control group),
elderly patients (>65 years of age) were more likely to be infected with non-Beijing genotypes [aOR 18.69, 95% CI (5.80-60.26)],
with risk of infection with non-Beijing genotypes increasing with age [aOR 3.73, 95% CI (1.67-8.30) for patients 45-64 years of age].
Additionally, as compared to isolates with Beijing and other non-Beijing genotypes, significantly greater proportions of isolates with
novel spoligotypes exhibited PTO- and PAS-resistance. Moreover, a markedly higher proportion of isolates with novel spoligotypes
exhibited OFX-resistance as compared to isolates with other non-Beijing genotypes.

Conclusion: Our data demonstrated that the Beijing genotype is the predominant MTB sublineage in Fujian and that the prevalence
rate of infection with this MTB genotype decreases with advancing patient age. Notably, the prevalence rate of this genotype in Fujian
TB patients is relatively lower than in other regions of China. In addition, the emergence of novel spoligotypes of highly drug-resistant
MTB isolates highlights the urgent need for ongoing molecular genotyping surveillance in Fujian.

Keywords: Mycobacterium tuberculosis, genotype, spoligotype, drug resistant

Introduction

Tuberculosis (TB), an infection caused by Mycobacterium tuberculosis (MTB) complex, remains a major public health
concern worldwide."> An estimated 9.9 million new cases of TB and 1.51 million deaths from the disease were reported
globally in 2020." Despite great progress made in TB control over the past few decades, China still shoulders 8.5% of the
global TB burden and is host to the second largest annual number of TB cases globally, with nearly 30,000 deaths
reported annually.! A series of challenges have severely hindered efforts to reduce the TB burden in this country,
including a high disease burden in rural areas and high community TB transmission in regions where migrations of large
populations occur.® > Therefore, understanding the factors associated with TB spread within different populations is of

great importance for controlling MTB transmission in China.
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Genotyping of MTB isolates has markedly enhanced our understanding of TB epidemiology, with recently developed
powerful molecular tools making it possible to determine predominant genotypes circulating in local geographic areas.'
Currently, spacer oligonucleotide typing (spoligotyping), a fast and cost-effective genotyping technique, is used to
analyze genetic structures of MTB populations.*> Despite its limited discriminative power, this technique has been
used in numerous studies across China to successfully spoligotype MTB isolates, especially those with the Beijing
genotype.®® The notorious Beijing genotype, one of the most successful MTB variants, causes more than a quarter of all
TB epidemics occurring worldwide and an even greater proportion of epidemics occurring in East and Central Asia.
Importantly, this genotype has been shown to exhibit hypervirulence, as supported by experiments using animal models
that have shown that infections of animals with Beijing genotype MTB isolates are associated with especially high
mortality rates.®® Indeed, the successful expansion of the Beijing genotype may stem from its evolutionary acquisition of
unique properties that may have favored greater community transmission of this genotype relative to other genotypes,
thereby leading to its recent emergence as the predominant MTB population in China.'®!" In fact, results of a recent
nationwide study revealed that 62.2% of MTB isolates circulating in China possessed the Beijing genotype, with
prevalence rates of this genotype in northern China reported to be significantly higher than corresponding rates in
southern China as evidence supporting geographic diversity of prevalence rates of this genotype across China.'® This
disparity partly reflects more frequent and larger population migrations occurring in southern versus northern China,
especially those related to migrations involving cross-border population movements that have remodeled MTB popula-
tion dynamics in China.

Fujian, a province of 41.9 million residents that is located in southeastern China, has an extremely high TB
prevalence rate of 427.4 cases/100,000 people that may be due, in part, to the historical importance of Fujian as
a starting point of the Maritime Silk Road. This major international trade route was established by the end of
the second century BCE to connect trade routes across China with trade routes in East Asia, Southeast Asia, and
Africa.'? The continued use of this international trade within southeastern China has expectedly supported an ongoing-
sizeable population flow through this region that has likely hampered TB control efforts. Thus, the question has been
raised as to whether ongoing population flow has altered the population structure of circulating MTB in Fujian,
prompting this molecular epidemiological investigation. Moreover, we also aimed to explore risk factors associated
with infection with the Beijing genotype while also investigating the association between the Beijing genotype and drug

resistance.

Materials and Methods

Patients and Bacterial Isolates

Provincial-level anti-tuberculosis drug resistance surveillance has been routinely conducted since 2013 in 11 counties that
were randomly selected from the total of 89 counties within Fujian Province. All patients with smear-positive MTB test
results who provided written informed consent forms were enrolled in the study. Using well-designed questionnaires, we
collected patient information based on multiple demographic and clinical variables for use in conducting comparative
analyses of patients infected with Beijing versus non-Beijing MTB genotypes, including demographic characteristics
(gender, age, ethnicity, occupation, marital status, education level, and residence area) and clinical characteristics
(concurrent conditions such as diabetes and previous TB episodes). Additionally, each patient was required to provide
three sputum specimens (spot, night, and morning) for use in bacterial species identification and spoligotyping. Sputum
smears were examined microscopically, and mycobacterial cultures of two good quality sputum specimens per patient
were generated by county-level laboratories according to national guidelines. Briefly, each sputum sample was deconta-
minated via addition of an equal volume of 4% NaOH followed by a 15-min incubation at room temperature; then,
0.1 mL of the treated specimen was inoculated into acidic Lowenstein—Jensen (L-J) solid medium. Growth of myco-
bacteria on the L-J medium surface was recorded weekly for a total of 8 weeks. Thereafter, positive cultures were
transported to the Fujian Provincial TB Reference Laboratory for bacterial species identification and drug susceptibility
testing (DST). Patient treatment outcomes were obtained from records deposited in the clinical electronic database of TB
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cases in China. Favorable outcomes included treatment cure and treatment completion, and unfavorable outcomes
included treatment failure, death during treatment, and loss to follow—up.13

Drug Susceptibility Testing and Species ldentification

The standard L-J proportion method for susceptibility testing of MTB isolates was performed by following previously described
procedures based on anti-TB drug concentrations as follows: isoniazid (INH) at 0.2 pg/mL, rifampicin (RIF) at 40 pg/mL,
ethambutol (EMB) at 2 ug/mL, streptomycin (SM) at 4 ug/mL, ofloxacin (OFX) at 4 pug/mL, kanamycin (KM) at 30 pg/mL,
capreomycin (CPM) at 40 pug/mL, protionamide (PTO) at 40 pg/mL, and para-aminosalicylic acid (PAS) at 1 pg/mL.'"% L-J
medium was purchased commercially from BASO Biotech (Zhuhai, China). Briefly, 10-fold dilutions of a 1.0 McFarland
standard isolate suspension were prepared (10" to 10™* dilutions) in sterile normal saline; then, 10> and 10™* dilutions were
inoculated into medium within L-J slants with and without anti-TB drugs, respectively. Thereafter, slants were incubated at 37°C
for 8 weeks until MTB colonies were visible on drug-free medium. An isolate was defined as resistant to a specific drug when 1%
greater growth on drug-containing medium was observed as compared to growth of the isolate on drug-free medium (the control).
Additionally, species identification was performed via growth tests conducted on L-J media containing 500pug/mL para-
nitrobenzoic acid (PNB) or 5Sug/mL thiophene-2-carboxylic acid hydrazide (TCH). The reference strain H37Rv (ATCC
27294) was used for quality control for each experiment.

Genotyping

Crude genomic DNA extracts generated from fresh bacterial colonies of the 477 isolates were prepared using previously
reported methods, and then the extracts were used as DNA templates for molecular analysis.'* McSpoligotyping (Zeesan
Biotech, Xiamen, China), a novel multicolor melting curve-based typing assay, was conducted to determine spoligotypes
of MTB isolates."” Briefly, a pair of primers, DRa and DRb, was designed to amplify the 43 unique genomic spacer
regions between direct repeat-containing regions within the MTB genome. Meanwhile, probes with unique melting
temperatures and fluorophore labels were designed to detect the 43 unique spacers. The probes were divided into three
groups; then, each group of probes was added to three separate reactions to detect the presence or absence of each of the
43 unique spacer sequences. Each 25-uL reaction mixture contained 5 pL. of sample DNA, 19.75 uL of PCR mixture, and
0.25 puL of DNA polymerase. PCR was initiated using a denaturation step of 95°C for 10 min followed by 50 cycles of
95°C for 10s, 57°C for 15s, and 76°C for 10s. After amplification, melting curve analysis was performed using the
following steps: an initial denaturation step at 95°C for 3 min, a hybridization step of 1 min at 35°C, and a continuous
fluorescence signal collection step for FAM, HEX, ROX, and CY5 channels as the temperature was increased from 35°C
to 90°C at a rate of 0.04°C/s. The results were automatically interpreted using MeltPro Manager (Zeesan Biotech) then
the results were automatically exported as 43-digit binary codes for each sample based on the presence or absence of
each of the 43 spacer sequences. Binary typing results were compared with SITVIT database spoligotypes to assign
spoligotype international types (SITs) to isolates.'®

Statistical Analysis

Demographic and clinical characteristics of patients infected with Beijing and non-Beijing strains were compared via
Chi-square test. Multivariate logistic regression was used to determine whether statistically significant covariates
identified via univariate analysis were independently associated with Beijing genotype status. The extent of each
association was described as an odds ratio (OR) and 95% confidence interval (95% CI). Chi-square or Fisher’s exact
tests were used (as appropriate) to compare drug resistance rates stratified by spoligotype. A P value of <0.05 was
considered statistically significant. All calculations were performed using SPSS 20.0 (IBM Corp., Armonk, NY).

Results
Distribution of Spoligotypes Across Geographic Regions

A collection of 477 representative MTB isolates was analyzed using spoligotyping in this study. Among these clinical
isolates, 245 isolates possessed genotypes belonging to the Beijing genotype family and 232 isolates possessed non-
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Table | Spoligotyping Analyses of MTB Isolates from Fujian, China

Spoligotypes sSIT* Lineage® No.(%)

0000000000000000000000000000000000aNEEEEEEE | Beijing 214(44.86)
00000000000000000000000000000000008000NNEEE 1162 Beijing 1(0.21)
0000000000000000000000000000000000NEEERC000 1311 Beijing 2(0.42)
0000000000000000000000000000000000NERCCNEEE 1364 Beijing 1(0.21)
0000000000000000000000000000000000CaANEEEEECE 1674 Beijing 1(0.21)
0000000000000000000000000000000000ANEEECEEE 190 Beijing 9(1.89)
0000000000000000000000000000000000MR0000000 2101 Beijing 2(0.42)
0000000000000000000000000000000000aNEEER000 2316 Beijing 1(0.21)
000000000000000000000000000000000000CAaaEEE 250 Beijing 5(1.05)
000000000000000000000000000000000 (11 ]] 255 Beijing 2(0.42)
0000000000000000000000000000000000aNCENEEEE 265 Beijing 3(0.63)
0000000000000000000000000000000000RCEEEEEED 3216 Beijing 1(0.21)
0000000000000000000000000000000000CANEEEEEE 796 Beijing 1(0.21)
0000000000000000000000000000000000aNEEEECEE 941 Beijing 1(0.21)
ENOEEEEEEEEEEECEEENOONEEEEENO000NONEEEEEEEE 1490 EAI2-Manila 2(0.42)
[ [njuilal Tal TTTTTTTT 19 EAI2-Manila 7(1.47)

[ sl W[ TTTTTTTT] 413 EAIS 1(0.21)
0000000000000000000000000000000R0000ANaEEEE 467 H 3(0.63)
RO0000000R0000NEEEEEE 742 H 9(1.89)

000000000MO00ONEEEEEE 946 H 1(0.21)

[TTTTTTTL I ]]]] [nfululalalal falaiaial TTTT]T] 47 HI 1(0.21)
[ L] Iul [nlululsl T 1a] 111} 168 H3 1(0.21)

(1] Iul Infulalal TTTTTT] 1812 H3 1(0.21)

[ 1] u] T [T 1] sl [ainfaial TTTTTT] 2885 H3 1(0.21)
[ TTTTTT I T ] ] (ufuiuiuia] T]1] sl falajaisl TTTTTT] 3163 H3 1(0.21)
[TTTTIIT LI LTI T T T ] el fainiaial TTTT]T] 36 H3 1(0.21)
[LTTTTIII LI LTI T T [l sl fainiaial TTTTTT] 457 H3 1(0.21)
[TTTTIIT LI LTI T T ] al faniaml TTTT]T] 50 H3 5(1.05)
ENEEEEEEEEEEEEEEEEEEEEOEEEEEENORO00ONEEEEEE 741 H3 1(0.21)
EEEEEEEEEEEEEOROOOONEEEEEE 75 H3 1(0.21)

[T1 111 [ululslslslalsls] laisiasl TTTTT]] 791 H3 1(0.21)

[ Il TTTTTT IO T T T ] sl aiaiaial TTTTTT] 887 H3 3(0.63)
000000000000000000000000 [u[ ] Tulalalal 2042 LAM3 1(0.21)
[miufuls] T T sl [T} 1077 T 1(0.21)

LTI LI LTI T T T ] alalaial [T ul]]] 73 T 1(0.21)
ENEEEC NSNS EEEEEEOOOONEEEE N 1122 Tl 1(0.21)
ENEEEEEEEEEEEECEENEEEEEEEEEEEEEEOOOONEEEEEE 118 Tl 1(0.21)
EOEEEEEEEEEEEECENNEEEEEEEEEEEEERCOOONNENEE 1318 Tl 1(0.21)
sl TTTTTII IO LTI I I ] aluiaml TTTTTT] 191 Tl 1(0.21)
mEE goomm [ ] [n]afu]s] 2128 Tl 1(0.21)
ENEEEEEEEEEROO0000000000000CEEEER000CENEEEEE 2540 Tl 1(0.21)
[ Il 1] m[ml; 334 Tl 1(0.21)
EEEEE i{miulul | | Jululals] 51 Tl 1(0.21)
ENEEENENEEEEEEEEEEEEEE [ 53 TI 12(2.52)
ENEENOCEEEEEEEEENENEEE fm[ml; 713 Tl 1(0.21)
[l TTTTTTITTTITITITTT fm[mls 798 Tl 1(0.21)
[LTTTITIT LI el DT DT TI T ] (afalalal TTTTLT 913 Tl 2(0.42)
[ [u] (1] 1] [afuufa] [T IalT1] 1302 T2 1(0.21)
EEEEEE (1] 1] [ufulufa] T Ial]1] 52 T2 5(1.05)
| u[u] ] ] 783 T2 1(0.21)
L=l T 1] 3139 T3 2(0.42)
[ ] EREEROO0000CEEEE 3444 T3 1(0.21)
(LTI LTI LTI I T ] fafafalal TTTTTT] 40 T4 3(0.63)
[ ] [ TT]T]]] [ fafalalal TTTTTT] 44 T5 1(0.21)

(Continued)
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Table | (Continued).

Spoligotypes SIT* Lineage® No. (%)
[ 1] 1] 000000000000000000 1353 Unknown 1(0.21)
EEEEEEEEOO0000000000000000000000000000aeEEE 32 Unknown 2(0.42)
ENNNENEEEEEEEEEEEEEEEEEEO000000000000000000 46 Unknown 1(0.21)
ENEEEEEEEEEEEEEEECEEEEEEEEEEEEEROOOONENEEEE 19 XI1 1(0.21)
0000000000000000000000000000000000NEERO000 New Beijing 1(0.21)
[T T T el [T (el TTT]]]lu/malal{al TTTTTT]T] New EAI2-Manila 1(0.21)
New H3 1(0.21)
New H3 1(0.21)
ENEEEEEEEEENCENEEEEEEERO00000000R0000NEEEEEE New H3 1(0.21)
ENEEEEEEEEEO0000000000000000000M0000ANEEEEE New H3 1(0.21)
EOEEOEEEEEEEEEEEEEEEEEEEEEEEEEEEOOOONEEEEEE New TI 1(0.21)
EOEEOEEEEEEEEEEEEEEEEEEEEEEEEEEEOOOONEEEEEE New TI 1(0.21)
ENEEEEEE [ 1] [ ] New Tl 1(0.21)
EOEECEEE [ 1] [ ] New Tl 1(0.21)
EEEOEEEEN (111 ] [ 1] New Manu2 1(0.21)
00000000mM000000000000000. New Undefined 1(0.21)
[l falal [T I T mmial [T ul]]]]]|ululalalalal [ IulTTT1]] New Undefined 1(0.21)
EOEEOEEEEEEEEEEEEEEEEEENO000000R0000NEEEEEE New Undefined 1(0.21)
EEEEEEEEEEEEEEEEEEEOEEENO00000R0000CEEEEEE New Undefined 1(0.21)
EOEEEEEEEEEEEECENENEENEEEEENOEERCO00NERCEEN New Undefined 1(0.21)
Ommm 0ooooomm New Undefined 1(0.21)
(TTT]TT]]] [alafala] T New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
EOEEOEEECEESEEEEEEEEEEENENEEEEEROO0ONEEEEEE New Undefined 1(0.21)
[l Tl TTLTTIITTTI I [ul]] wuulsla=ssl IITTTIII]]] New Undefined 1(0.21)
[ [a] [ [u] Ommm [u] [alm(uial [ ] [a] ] New Undefined 1(0.21)
[ITTTTTLITI LTI ]]] [ufuululalala] [alalalsl TTTTTT] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
ENEEEEENCEEN New Undefined 1(0.21)
[Tl Tl T ] | alalalaial TTTTTT] New Undefined 1(0.21)
[ Iu[ ] Ta] 0000000000000000000 New Undefined 1(0.21)
ERO00N00000R00000000000000000000000aNEEEEEEE New Undefined 1(0.21)
[WITTTTIT LTIl Pl ] al alalaial TTTTTT] New Undefined 1(0.21)
EOEEOEEE [ 1] New Undefined 1(0.21)
[ [n[ululal T 1] [ 1] New Undefined 1(0.21)
EOEECEEE [Tl T 111 [alalalalal [ 1] [a(uiuisl]]] [ 1] New Undefined 1(0.21)
[ Iu[ ] [u[ala] ] (e[ T[] [siafal {11 [ululssssl]] [ 1] New Undefined 1(0.21)
EOEEOEEEEEEOONEEEEEEEEERO000000000008E [ 1] New Undefined 1(0.21)
EENEEEEEEEEEEENCNENEEENO000000N0000EEEEEE New Undefined 1(0.21)
[l T lalal TTTTTTTITILT] ] [ul ] [ululululalals] falalalal TTTTTT] New Undefined 1(0.21)
[l T 0al TTT 1T UL D DD D] ful fulul 1] ] Inlalalalainl TTTTTT ] New Undefined 1(0.21)
EOEO00ONEEEEEEEEEEEEEO000000000000ERCONEEEE New Undefined 1(0.21)
EOEECEEE ENEEEEERORRO00000000000EE New Undefined 1(0.21)
ENEEEEEE ERO000000000CEEERCERROO00NE New Undefined 1(0.21)
EOEEOEEEE ENEEEEEEEOERO000000N0000NEEEEEE New Undefined 1(0.21)
ENEEOEENOO00000000000000000000000000000aaEEE New Undefined 1(0.21)
il Tlalal TTTTTTTITI L] ] (uimiufal TTT] ] alalaial TTTTTT] New Undefined 1(0.21)
LT 1] Il TTTTTL LT L] (mimimwl JTT ] 1]  Infnlninl TTTDLT New Undefined 1(0.21)
DO000mO00000000000000000000000000000NEEEEEEEE New Undefined 1(0.21)
(Continued)
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Table | (Continued).

Spoligotypes SIT* Lineage® No.(%)
[Tl TTTTITTTT LT ful 0oooo New Undefined 1(0.21)
EOEEOEEEEEEEEEEEEEEEEON0000000000000NEEEEEE New Undefined 1(0.21)
0000000000000R000000N0000000000000aEECEEEEE New Undefined 1(0.21)
U iniuiu] TP TTT Il TTTTT T ] mimimiminl ] ] ] New Undefined 1(0.21)
EEEEEEEEEEROO0000000N0000000NEERO000REE New Undefined 1(0.21)
O000OROOERCEERCOORCEEONER000000000NEEEE New Undefined 1(0.21)
ENEEEEEEENCEEEEEEEEEEEEEEEEEEEEROOO0NRCENEE New Undefined 1(0.21)
[[u[alalal New Undefined 1(0.21)
il TTTTTITT] [ (al [ [wuusfsfal TTTT]] Ialal TTTTTTLTT] New Undefined 1(0.21)
[l Tal [T [ mmial{T ] ul]]]] ] ] alalalaial TTTT1]] New Undefined 1(0.21)
[l TIal TTTTTT LDl Dl P ] ] ] Inlniniainl TTTTTT] New Undefined 1(0.21)
[l TIal TTTTTT LDt Dl P ] ] ] [nlniniainl T 111 [uf] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
EOE000ONEEEEEEEEENEERD00000000000000CeeeEEE New Undefined 1(0.21)
[l Ial TTTTTTLTTT L] (mimfl 7] ] ] Inlalalalalal TTTTTLLT] New Undefined 1(0.21)
[Inial Ia] T 1 Taialal TUTTTDDT DIl P T ] ] [nlniniainl 1 fuf [uf | New Undefined 1(0.21)
[l Ial TTTTTTTTITT I i TT T ] alalalaial [T 11 uf] New Undefined 1(0.21)
ERRC00000000000R000CNEEEEEE New Undefined 1(0.21)
(1] ] ]ul]] [ 111 [ululalalal |1 sl fa] | New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
EOEEOEEEEEEECEEEEEEENCNEEENEENOO0000NEEEEEE New Undefined 1(0.21)
[l Ta[ TTTTTT] [ ] Doooo om New Undefined 1(0.21)
EOEECEEEEEEEEENEEEEEEOENO0000000000CEEEEEEE New Undefined 1(0.21)
NN NN EEEROOOONER0000 New Undefined 1(0.21)
ENEEOEEEEEEEEEROO00ONENEEEE New Undefined 1(0.21)
[ 1111 1] |uulalalalals] aial TTTTTLT]] New Undefined 1(0.21)
EEEEECOONEEEEEEEEEEECEE [ 1] ]Il [aiafaial TTTT 1] New Undefined 1(0.21)
[ Ial T T (1] [ 1 [ Iul [ufalui=l TTTTT]] New Undefined 1(0.21)
mOmE [ qul 1] EREROO000EEOONEE New Undefined 1(0.21)
mOmE (= TTTTT] ] [afalafaial TTTTTT] New Undefined 1(0.21)
EOEEOEEEEEEE 0ooo New Undefined 1(0.21)
ER0O0N00000R00000000000000000000800NNEEEEEEE New Undefined 1(0.21)
E0ONOENO000000000000000000000000000000aaeEE New Undefined 1(0.21)
E000R00000R00000000000000000000000SSEEEEEEE New Undefined 1(0.21)
[ =l 11 )0000000000000000000000CAEEECEEE New Undefined 1(0.21)
mOmE EEEEEEEEEEERCOOONERCEEE New Undefined 1(0.21)
EEEONCO0000R00000000000000000000M00R00ONNEEE New Undefined 1(0.21)
[ 1 [u] oo miuful ] Ju] New Undefined 1(0.21)
ER00N00000R00000000000000000000000aNEEEEEEE New Undefined 1(0.21)
mOON mfwl T 111 ] fululalalalal TTTTTTTT] New Undefined 1(0.21)
[ alal [ 11 (mmsaa=lTTTTT]T]] New Undefined 1(0.21)
miuiuiu] ] ul ] 1 1] Islalaial | 1 Tuiul ] ] New Undefined 1(0.21)
ENOONO0000R0000000000000000000000CANEEEEEEE New Undefined 1(0.21)
E000RO0000R0000000000000000000000CANEEEEEEE New Undefined 1(0.21)
EN00NO00000R00000000000000000000000NEEEEEEEE New Undefined 1(0.21)
E000N00000R00000000000000000000000aNEEEEEEE New Undefined 1(0.21)
mOON mfwl T 111 ] fululalalalal TTTTTTTT] New Undefined 1(0.21)
[ Ial T T (TTTTTT 1] |ul [aimiuisl [ 1 |ulslT] New Undefined 1(0.21)
I ENEEENEEEEERCOOONERCONE New Undefined 1(0.21)

(Continued)
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Table | (Continued).

Spoligotypes SIT* Lineage® No. (%)
0000000000000000000000000000800000NEEEEEEE0 New Undefined 1(0.21)
| [u[a] Ta] ] [ulu] [[u[ala] la] New Undefined 1(0.21)
[l TTTTTIT Il [ (uwl T]]]]] ulmalal sl TTTTTTLT] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
[l TIs[ [T T 1] [aialalalsiss=sslTT]]]]s[ ] saa: TTTTT]] New Undefined 1(0.21)
[ 1 Ju] ] ul ] 1] [ulal O00OMOmEO000000 New Undefined 1(0.21)
[Tl TTTTTTTTIT ] ] [wiuuufafal TT]] ] slalalalal TTTTTT] New Undefined 1(0.21)
[l fal TTTTTTTTI I (mil T]]]]] ululalalalal TTTTTTLT] New Undefined 1(0.21)
0000000000MO0000N00000N00000000000NEEEEEEEE New Undefined 1(0.21)
[l Talal TTT 1T T Dimal DD Dl P ] ] ] ] Infnlnlal TTTTTDLT] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
[TTTT T mml [T ] 1] [ufufuial ]]]lallalalalal TTTTTT] New Undefined 1(0.21)
EEEEEEEEEEEEEEEEEEEECEEEEEEEEROO000000NEEE New Undefined 1(0.21)
sl TTTTTLIT LD T T ] T ] ] ] Ial lnlalainiaiaial T 11} New Undefined 1(0.21)
[l Tl TTTTTT I T I I [ afalaial TTTTTT] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
LT 1T Il TTTITTL DT ] (mmimiwl JTT ] 1] Infnlninl TTTTTT New Undefined 1(0.21)
EROONO0000R0000000000000000000000CANEEEEEEE New Undefined 1(0.21)
EROONO0000R0000000000000000000000CANEEEEEEE New Undefined 1(0.21)
ERO00N00000R00000000000000000000000aNEEEEEEE New Undefined 1(0.21)
EOEEOEEEEEEEEECO00000000000000000000008CEEE New Undefined 1(0.21)
ER00N00000R000000000000000000000008 [ 11 1] New Undefined 1(0.21)
EROON00000R000000000000000000000008 [ 1] New Undefined 1(0.21)
EROON00000R000000000000000000000008 [ 1] New Undefined 1(0.21)
E000N00000R000000000000000000000008 [ 1] New Undefined 1(0.21)
EROON00000R0000000000000000000000CANEEEEEEE New Undefined 1(0.21)
[ Iu[ ] la] (1] ] [ul 0oooog New Undefined 1(0.21)
[Tl TTTTT IO T T ] fal falalaial TTTTLT] New Undefined 1(0.21)
[Tl TTTTT LTI T T ]  alalaial [T ul1]] New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)
New Undefined 1(0.21)

Notes: *Represent spoligo international type from SITVIT2 database. ®Spoligotypes lineage assigned in SITVIT2 database. “Number of
isolates shared with the same spoligotype binary.

Beijing genotypes. Isolates with non-Beijing family genotypes included 28 isolates from the T1 family, 10 from the
EAI2-Manila family, 13 from the H family, 21 from the H3 family, and 160 with other non-Beijing genotypes (Table 1).
We further analyzed the distribution of Beijing genotypes in different districts of Fujian Province. As shown in Figure 1,
the highest Beijing genotype prevalence rate was noted in Quanzhou city (32.65%, 80/245), while the lowest rate was
noted in Sanming city (2.45%, 6/245); however, due to small sample sizes, statistical analysis revealed no significant
differences in Beijing genotype prevalence rates across different regions of Fujian (P=0.09).
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Figure | Distribution of Beijing genotype strains in ten prefectures of Fujian Province.

Alignments of spoligotypes of MTB isolates to earlier published spoligo patterns revealed that a total of 204 unique
spoligotypes were detected in this study. Among these spoligotypes, 58 of the matched spoligotype international types
(SITs) within the SITVITWEB database while the other 146 isolates possessed novel spoligotypes. In addition,
spoligotypes of 338 isolates were classified into 9 clusters containing 2 or more isolates per cluster, while 139 of
these isolates possessed unique spoligotypes. The most prevalent spoligotype, SIT1, an SIT associated with the Beijing
genotype family, accounted for 44.86% (214/477) of all isolates tested, followed by SIT53 (12/477, 2.52%), SIT742 (9/
477, 1.89%), SIT190 (9/477, 1.89%), and SIT19 (7/477, 1.47%) (Table 1).

Risk Factors Associated with Non-Beijing Genotype Isolates

A detailed list of characteristics of patients infected with Beijing and non-Beijing genotypes stratified by patient
demographic and clinical characteristics is presented in Table 2. Overall, the proportion of male patients infected with
Beijing genotype isolates was comparable to that of female patients [adjusted odds ratio (aOR) 1.34, 95% confidence
interval (CI) (0.85-2.10)]. Similarly, Beijing genotype distributions did not significantly differ according to patient
ethnicity, occupation, or education level. However, based on an age of <25 years as the age range used to describe young
patients, it was noted that elderly patients (>65 years of age) were more likely to be infected with non-Beijing genotype
isolates than young patients [OR 18.69, 95% CI (5.80—60.26)]. Furthermore, patient risk of infection with non-Beijing
genotype MTB increased with advancing age [OR 3.73, 95% CI (1.67-8.30) for patients 45—64 years of age].
Interestingly, results of multivariate regression analysis demonstrated that risk of infection with non-Beijing genotype
MTB was lower for diabetic patients than for patients without diabetes [aOR 2.85, 95% CI (1.38-5.86)]. Meanwhile,
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Table 2 Characteristics of MTB Strains of Beijing Family Compared with Non-Beijing Family

Characteristics Familes P value Crude OR Adjusted OR
Beijing (%) Non-Beijing (%) OR(95% CI) OR(95% Cl)

Gender

Male 189(77.14) 173(74.57) Ref. Ref.

Female 56(22.86) 59(25.43) 0.51 1.15(0.76, 1.75) 1.34 (0.85, 2.10)
Age groups, years

0-24 26(10.61) 13(5.60) Ref. Ref. Ref.

25-44 84(34.29) 60(25.86) 0.35 1.43(0.68, 3.01) 1.83(0.85, 3.95)

45-64 99(40.41) 101(43.54) 0.05 2.04(0.99, 4.20) 3.73(1.67, 8.30)

265 36(14.69) 58(25.00) 0.003 3.22(1.47,7.06) | 18.69(5.80, 60.26)
Ethnicity

Han 239(97.55) 228(98.28) Ref. Ref.

Other 6(2.45) 4(1.72) 0.58 0.70(0.20, 2.51) 0.67(0.17, 2.61)
Farmer

No 69(28.16) 76(32.76) Ref. Ref.

Yes 176(71.84) 156(67.24) 0.28 1.24(0.84, 1.84) 1.99 (1.25, 3.17)
Education

llliterate 44(17.96) 48(20.69) Ref. Ref.

Literate 201(82.04) 184(79.31) 0.45 0.84(0.53, 1.32) 0.46 (0.21, 1.03)
Diabetes

No 206(84.08) 202(87.07) Ref. Ref.

Yes 39(15.92) 30(12.93) 0.35 1.28(0.76, 2.13) 2.85 (1.38, 5.86)
Coastal area

No 56(22.86) 64(27.59) Ref. Ref.

Yes 189(77.14) 168(72.41) 0.23 0.78(0.51, 1.18) 1.33 (0.86, 2.06)
History

New cases 216(88.16) 211(90.95) Ref. Ref.

Retreatment 29(11.84) 21(9.05) 0.32 0.74(0.41, 1.34) 0.61 (0.33, 1.15)
Outcome

Unsuccess 64(26.12) 54(23.28) Ref. Ref.

Success 181(73.88) 178(76.72) 0.47 1.17(0.77, 1.77) 0.87 (0.54, 1.41)

patients with farm-based occupations were at greater risk of being infected with Beijing genotype MTB than were
patients with non-farm-based occupations [aOR 1.99, 95% CI (1.25-3.17)]. By contrast, no significant differences in
education level, residence, treatment history, or clinical outcomes were observed between patients infected with Beijing
versus non-Beijing genotype isolates (P>0.05).

Correlations Between Spoligotypes and Drug Resistance Profiles

We further analyzed differences in drug susceptibility profiles between Beijing and non-Beijing genotype isolates. As
listed in Table 3, overall rates of drug resistance to INH, RIF, EMB, and SM were 9.64% (46/477), 5.66% (27/477),
2.94% (14/477), and 7.13% (34/477), respectively. Comparisons of drug susceptibility profiles between Beijing versus
non-Beijing groups revealed respective rates of drug resistance to OFX (1.22% vs 6.03%), CPM (0% vs 3.02%), PTO
(0.82% vs.3.45%), and PAS (0.41% vs 3.02%), thus indicating drug resistance rates of Beijing family genotype isolates
were dramatically lower than corresponding resistance rates of non-Beijing genotype isolates (P<0.05).

In view of the high diversity of MTB isolates circulating in Fujian, we next investigated whether the predominance of
non-Beijing genotypes within the group of drug-resistant MTB isolates was associated with the emergence of novel
spoligotypes. As illustrated in Figure 2, the group of isolates with novel spoligotypes exhibited significantly greater PTO
and PAS resistance rates as compared to corresponding rates associated with the Beijing genotype family group of
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Table 3 Comparison of Drug Resistant Rates Between Beijing and Non-Beijing Family

Resistance to Total Family Ve P value
N (%) Beijing Non-Beijing
(%, N=245) (%, N=232)

INH

Susceptible 431(90.36) 225(91.84) 206(88.79)

Resistant 46(9.64) 20(8.16) 26(11.21) 1.27 0.26
RFP

Susceptible 450(94.34) 235(95.92) 215(92.67)

Resistant 27(5.66) 10(4.08) 17(7.33) 235 0.13
EMB

Susceptible 463(97.06) 239(97.55) 224(96.55)

Resistant 14(2.94) 6(2.45) 8(3.45) 0.42 0.52
SM

Susceptible 443(92.87) 227(92.65) 216(93.10)

Resistant 34(7.13) 18(7.35) 16(6.90) 0.04 0.85
KM

Susceptible 470(98.53) 244(99.59) 226(97.41)

Resistant 7(1.47) 1(0.41) 6(2.59) 391 0.05
OFX

Susceptible 460(96.44) 242(98.78) 218(93.97)

Resistant 17(3.56) 3(1.22) 14(6.03) 8.02 0
CPM

Susceptible 470(98.53) 245(100) 225(96.98)

Resistant 7(1.47) 0(0) 7(3.02) 7.5 0.0l
PTO

Susceptible 467(97.90) 243(99.18) 224(96.55)

Resistant 10(2.1) 2(0.82) 8(3.45) 4.02 0.04
PAS

Susceptible 469(98.32) 244(99.59) 225(96.98)

Resistant 8(1.68) 1(0.41) 7(3.02) 4.92 0.03
MDR

No 457(95.81) 238(97.14) 219(94.40)

Yes 20(4.19) 7(2.86) 13(5.60) 2.24 0.13

Abbreviations: INH, isoniazid; RIF, rifampicin; EMB, ethambutol; SM, streptomycin; KM, kanamycin; OFX, ofloxacin; CPM, capreomycin;
PTO, protionamide; PAS, para-aminosalicylic acid; MDR, multidrug resistance; N, numbers of the strains.

isolates and the group of isolates with other non-Beijing family genotypes. In addition, a markedly higher OFX resistance
rate was observed for the group of isolates with other non-Beijing genotypes. Meanwhile, CPM resistance rates for the
group of isolates with novel spoligotypes and the group of isolates with other non-Beijing genotypes were comparable,
with both rates significantly greater than the CPM resistance rate of the group of isolates with the Beijing genotype.

Discussion

The Beijing genotype is one of the most prevalent MTB sublineages associated with clinical TB cases worldwide,
especially in East Asia and Russia.® The successful emergence of this genotype is associated with hypervirulence, escape
from Bacillus Calmette—Guérin vaccination protection and multidrug resistance.® Indeed, results of a previously reported
study conducted in China demonstrated that Beijing genotype isolates comprised the most successful clade detected in
that country. In fact, isolates belonging to this clade accounted for 62.2% of the clinical MTB isolates,'® although highly
diverse Beijing genotype infection rates across regions were observed. In the present study, the Beijing genotype
remained the predominant MTB sublineage in Fujian, although the prevalence rate of this genotype in that province
was lower than the corresponding rate reported in almost all other regions of China, with the exception of Guangdong
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(50%)."” These results may partly reflect different MTB genotype-related adaptations to unique host genotypes and prior
infection histories associated with populations residing in this geographic area of China.'®'® Indeed, the correspondingly
high spoligotype diversity associated with clinical MTB isolates in Fujian may be linked to extremely large non-resident
and cross-border migrant populations living there that tend to engage in frequent migrations that may drive MTB
evolution. Mechanistically, such population movements support ongoing frequent clonal MTB expansions that may help
these pathogens overcome unique immunological barriers related to specific host populations found in Fujian.*°

Intriguingly, a previous study by Anh et al demonstrated that the Beijing genotype was strongly associated with younger
age in Vietnam.?' Similar results were obtained in a large study of populations in western European countries that revealed
a significant correlation between infection with Beijing genotype MTB and young age in patients with pulmonary TB.**
However, contradictory results were reported in Thailand, where no association between Beijing genotype and young age
was found.?® In the present study, we observed that the prevalence rate of Beijing genotype MTB infection decreased with
advancing age. We suggest two possible reasons for the predominance of Beijing genotype MTB infections in the young
population of Fujian. The first explanation is based on the results of a molecular epidemiological study suggesting that the
Beijing MTB genotype diverged from a recent common ancestor.*** This newly emerging genotype may more readily infect
young individuals without prior MTB exposure than older individuals with prior exposures to previously circulating non-
Beijing genotypes. The second explanation is based on accumulated evidence that suggests that the Beijing genotype has
achieved successful global dominance by eluding BCG vaccination-based protection.® Although China has implemented
BCG vaccination of newborns since the 1980s, the predominance of the Beijing genotype in young individuals may be partly
explained by ineffective BCG vaccine protection against this virulent genotype that has allowed this genotype to outcompete
other genotypes in younger hosts.

Another important feature of the Beijing genotype, as revealed in previous studies, is its strong association with drug
resistance and multidrug resistance,’ although this correlation was not found in Fujian isolates studied here. As compared
to Beijing genotype isolates in Fujian, non-Beijing genotype isolates were associated with significantly higher drug
resistance rates, with additional detailed analysis revealing markedly increased drug resistance rates that were mainly
associated with isolates with novel spoligotypes. In view of the fact that the Beijing genotype has effectively adapted to
the immunological characteristics of host populations in East Asia, emerging MTB genotypes with novel spoligotypes

may outcompete aboriginal genotypes by acquiring drug resistance. Although the exact molecular mechanisms
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underlying the emergence in Fujian of highly drug-resistant MTB isolates with novel spoligotypes remain unclear, our
results highlight the urgent need for ongoing molecular genotyping surveillance in that region.

We acknowledge several obvious limitations of the present study. First, spoligotyping rather than whole genome
sequencing was used herein to differentiate MTB isolates, even though the lower resolving power of spoligotyping may
have hampered identification of novel clades circulating in Fujian. Second, although in Fujian we found that MTB
isolates with novel spoligotypes as a group exhibited significantly higher drug resistance rates than groups of Beijing
genotype isolates and other non-Beijing genotype isolates, mutations related to observed drug resistance results were not
analyzed, given that spoligotyping cannot effectively identify such mutations. Despite these limitations, we consider the
automatic spoligotyping assay to be an efficient and practical method for use in monitoring MTB population dynamics of
circulating strains in resource-limited settings.

In summary, although our data demonstrate that the Beijing genotype is the predominant MTB sublineage in Fujian,
the proportion of clinical isolates with the Beijing genotype is relatively lower than that observed in other regions of
China. Moreover, the Beijing MTB genotype infection rate decreases with advancing host age. In addition, the
emergence of highly drug-resistant MTB isolates with novel spoligotypes highlights the urgent need for ongoing
molecular genotyping-based surveillance in Fujian.
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