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To explore transmission patterns and genetic relationships
of Salmonella enterica serovar Paratyphi A in China, we
conducted a genome-wide single-nucleotide polymorphism
analysis on the strains in the 4 provinces in which incidence
was highest during 1998-2012. Markedly phylogeographic
clustering suggested regional virus circulation after intro-
duction from areas in southeastern China.

n Asia, incidence of paratyphoid fever remains high (7).
In the mid-1990s, the number of paratyphoid fever cases
in Asia caused by Salmonella enterica serovar Paratyphi A
started to increase (2—4). In 2000, an estimated 5.41 million
cases occurred; areas where incidence was highest (i.e.,
>100 cases/100,000 population per year) included south-
central and Southeast Asia (5). Since 1998, the incidence
of paratyphoid fever in Asia and the world has been highest
in China, ranging from 0.08 to 192.5 cases/100,000 popula-
tion annually (6); the provinces in which incidence is high-
est are Guangxi, Guizhou, Yunnan, and Zhejiang (7).
Information about the transmission routes and risk
factors for infection could be used to improve the control
strategies and measures for paratyphoid fever. Laboratory-
based pathogen molecular subtyping, particularly genome-
wide single-nucleotide polymorphism (SNP) analysis, can
markedly improve outbreak detection, source tracing, and
understanding of the epidemic modes. In this study, we
analyzed genome-wide SNP and epidemiologic data from
Salmonella Paratyphi A strains isolated from the China
provinces where incidence was highest over a long period
(1998-2012) and detected region-limited clone expansion
in the epidemic provinces.

The Study
In 1998, the incidence of typhoid/paratyphoid fever in
China was 4.82 cases/100,000 population (60,146 cases
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reported); this measure has since decreased annually to
0.88/100,000 (11,890 cases) in 2012 (China Information
System for Disease Control and Prevention, unpub. data).
Typhoid/paratyphoid fever cases in Guizhou, Yunnan,
Zhejiang, and Guangxi Provinces accounted for 45.8%
(in 1998) to 76.5% (in 2001) of all cases in China (online
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/23/5/15-1539-Techapp.pdf).

To analyze the genomic epidemiology of paratyphoid
fever in these provinces, we first selected 96 Salmonella
Paratyphi A strains circulating in 15 provinces in China
during 1998-2011 (online Technical Appendix Table 1).
Strains were isolated from hospitalized patients suspected
of having typhoid/paratyphoid fever and were maintained
in the strain bank of the Chinese Center for Disease Con-
trol and Prevention. We then conducted genome-wide
SNP genotyping by using the iPLEX Gold assay (Se-
quenom Inc., San Diego, CA, USA) with 2,343 SNPs
obtained from 7 genomes sequenced in a previous study
(8) and 17 genomes of Salmonella Paratyphi A strains se-
quenced in this study. We obtained 112 phylogenetically
informative SNPs (including 57 nonsynonymous SNPs)
(online Technical Appendix Table 2), which were further
analyzed in 335 Salmonella Paratyphi A strains (online
Technical Appendix Table 1) isolated from the provinces
where incidence was highest (i.e., Guangxi, Guizhou,
Yunnan, and Zhejiang) during 1998-2012 by using the
iPLEX Gold assay. The population history of Salmonel-
la Paratyphi A was estimated by using BEAST version
2.1.3 (http://beast.bio.ed.ac.uk/), and the maximum clade
credibility tree was summarized by using TreeAnnota-
tor and visualized by using FigTree version 1.4.2 (both
within BEAST). The consensus tree (Figure 1) showed
that all strains fell into 2 main clades: clade 1 consisted of
16 strains isolated from Yunnan, Guizhou, and Guangxi
Provinces during 1998-2007; clade 2 consisted of the
strains that were most common and widespread in these
4 provinces during 1998-2012. In clade 2, at least 3 sub-
clades were formed, which were markedly characterized
by geographic clustering according to province (Figure
1), suggesting intraprovince transmission of the different
clones. In addition, the earlier strains in the root of each
major subbranch were isolated mainly from Zhejiang, and
in the years before 2005, some strains from Guangxi were
also mixed in the Guizhou branch.

On the basis of the trees, we further determined
from/to transmission of Salmonella Paratyphi A by using
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Circos (9) (Figure 1). The same SNP genotypes of Sal-
monella Paratyphi A strains were preferentially transmit-
ted within a single province from year to year, whereas
the strains from Zhejiang were frequently transmitted to
Guizhou and Guangxi, particularly during 1998-2002.
The transmission between Guangxi and Guizhou was
markedly more frequent before 2004 and decreased after
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2005. After 2005, we found no transmission from Yunnan
to other provinces.

We also extracted information for 112 SNPs from
127 genomes of the worldwide Salmonella Paratyphi A
isolates in GenBank (/0) and constructed a phylogenet-
ic tree by combining these data with data from the 335
strains from China obtained in this study (Figure 2). The

==

"1987 1997

2002 2007

Figure 1. Phylogenetic tree of Salmonella enterica serovar Paratyphi A strains isolated from China, 1998-2012. The branches are
colored according to inferred location. Inset: potential transmission of Salmonella Paratyphi A strains isolated from 4 provinces (Zhejiang
Guangxi, Guizhou, and Yunnan). The flow bars indicate the source of transmission; 1 end of the bar directly touches the province of
origin, and the other end of the bar exhibits a small gap before the province of destination.
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international strains fell into 2 clades, and the strains from
Southeast and southern Asia were positioned much clos-
er to the root of the strains from China, suggesting that
the potential source of Salmonella Paratyphi A in China
might be India or Indonesia.

Conclusions

The genome-wide SNP phylogeny provided more accu-
rate insights into the variation of Salmonella Paratyphi
A strains in China. In Guizhou, Guangxi, and Yunnan
Provinces, which are geographically adjacent, Salmo-
nella Paratyphi A has existed for many years. Although
we had speculated that the organism might show a mix-
ture of genetic patterns, the phylogenetic tree showed
that epidemic strains from different provinces gradually
accumulated their own mutations to evolve and form ob-
vious geographic branches. In earlier years of the study
period (1998-2002), the epidemic strains from Guangxi
and Guizhou Provinces might have originated from early
epidemic strains from Zhejiang Province. The level of
economic development in Zhejiang Province is high,
whereas in Guangxi, Guizhou, and Yunnan Provinces
it is lower; the rural population from these 3 provinces
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migrates frequently to work in the economically de-
veloped southeastern coastal areas in China, including
Zhejiang (/1), Jiangsu, and Guangdong Provinces. Ac-
cording to the fifth national census conducted in 2000
(http://www.stats.gov.cn/tjsj/pcsj/rkpc/Srp/index.htm)
and the sixth conducted in 2010 (http://www.stats.gov.
cn/tjsj/pesj/rkpe/6rp/indexch.htm), the migration data
within the 4 provinces showed this population move-
ment trend (online Technical Appendix Table 3). At ir-
regular intervals, migrant workers, mainly those who are
young and middle-aged, return to their hometown for
family reunions.

In the mid-1990s, paratyphoid fever became an emerg-
ing problem in Zhejiang Province; during 1997-2005, in-
cidence was 8.61 cases/100,000 population (/2). In those
years, managing ex situ healthcare and medical treatments
in China was problematic. When migrant workers got ill,
they seldom sought medical treatment at the hospital in the
city in which they worked; rather, they bought medicine at
a chemist’s shop or returned to their hometown for treat-
ment (Zhang Q. The study on the health seeking behavior
of migrant workers [master’s thesis]. China: Shaanxi Nor-
mal University; 2012).

835



DISPATCHES

Because of lack of medical treatment in hospitals,
migrant workers who become infected with Salmonella
Paratyphi A easily become chronic carriers. Therefore,
Salmonella Paratyphi A might be transmitted to Guangxi,
Guizhou, and Yunnan Provinces via a migrating infected
population, including patients and carriers. In addition,
these 3 provinces are mainly mountainous, and the popula-
tion flow among these provinces is limited by their lower
economic development and inaccessibility. Therefore, the
transmission pattern in these regions could be closely as-
sociated with the southeastern coastal areas, where the
level of economic development is higher, and transmission
among these 3 provinces could be absent. Moreover, in
these paratyphoid-epidemic provinces, most of the overall
population lives in rural agricultural areas. Given the com-
bination of poor water and food hygiene with a hot and hu-
mid climate, the epidemic clones of Sa/monella Paratyphi
A could persist for a long time after being introduced into
these areas.

In summary, we identified the evolution and trans-
mission mode of paratyphoid fever in the China provinc-
es where incidence is highest. Populations migrating to
southeastern China probably mediated the transmission of
Salmonella Paratyphi A. Considering the obvious region-
al clone expansion in these provinces, the local natural,
social, and economic conditions need to be investigated
for their potential roles in the spread of paratyphoid fever
and for the development of intervention strategies.
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Regional Transmission of Salmonella
Paratyphi A, China, 1998-2012

Technical Appendix

Technical Appendix Table 1. Salmonella enterica serovar Paratyphi A strains used in this study

Validation group:

Location 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 Total
Beijing - - - - - - 1 - - - - - - 1
Fujian - - - - - - 2 - - - - 2
Guangdong - - 2 1 1 - - - - - - - - 4
Guangxi - 2 1 1 1 1 2 1 1 2 - 1 - 13
Guizhou 1 - 3 2 3 3 3 3 3 1 - - - 24
Henan - - - - - - - - - 2 - - - 2
Jiangsu - - 2 - - 1 3 3 - - - - - 9
Shandong - - - - - - - 2 2 - - - - 4
Shanghai - - - - - - - - - - - 1 1 2
Sichuan - - - - - - - - - - 1 - - 1
Tianjin - - - - - - - - 1 - - - - 1
Xinjiang - - - - - - - - 1 - - - - 1
Yunnan - - - - - 2 2 3 3 2 3 18
Zhejiang 3 2 3 3 3 - - - - - - - - 14
Total 4 4 11 7 8 5 9 11 12 8 4 4 4 96
Test group:

Year Guangxi (GX) Guizhou (GZ2) Yunnan (YN) Zhejiang (ZJ) Total
1998 - 2 - 4 6

1999 10 - - 6 16
2000 11 12 - 5 28
2001 15 4 - 6 25
2002 13 6 - 5 24
2003 10 8 - - 18
2004 16 13 - - 29
2005 9 17 8 - 34
2006 4 13 11 - 28
2007 4 5 13 - 22
2008 4 13 14 - 31
2009 2 9 8 - 19
2010 7 2 11 1 21
2011 3 1 7 5 16
2012 4 - 9 5 18
Total 112 105 81 37 335
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Technical Appendix Table 2. Information on the SNPs used in the phylogenomic analysis

Pos in Pos in REF_AA/

SNP ID Ref position Gene SNP CDS code Query_AA SNP type
snp_20186 5057 intergenic AIG NA NA NA NA
snp_11428 25206 SPA0022 TIC 102 3 TIT S
snp_11443 62331 SPA0054 TIC 1043 2 R/H N
snp_10005 73338 SPA0064 AIG 478 1 AIT N
snp_10009 79240 SPA0068 AlC 2443 1 K/IQ N
snp_10049 192044 SPA0163 TIC 165 3 SIS S
snp_10096 314728 SPA0277 TIC 3 3 M/ N
snp_20014 338428 intergenic AIT NA NA NA NA
snp_10107 376983 SPA0335 TIC 3191 2 P/L N
snp_10133 449853 SPA0384 AIG 183 3 TIT S
snp_10141 471351 SPA0398 TIG 147 3 GIG S
snp_10152 502046 SPA0433 TIG 541 1 T/P N
snp_20025 531247 intergenic AIG NA NA NA NA
snp_10172 549292 SPA0476 T/IC 1632 3 GIG S
snp_10174 552382 SPA0480 CIG 96 3 P/P S
snp_10196 605878 SPA0533 AIG 50 2 T N
snp_10199 611838 SPA0539 AIG 405 3 GIG S
snp_10222 669168 SPA0592 T/IC 248 2 SIF N
snp_10245 739407 SPA0657 T/IC 413 2 R/H N
snp_10253 749350 SPA0665 TIC 519 3 P/P S
snp_10321 921694 SPA0824 TIC 131 2 G/D N
snp_10325 931238 SPA0835 AIG 759 3 VIV S
snp_20045 960188 intergenic T/IC NA NA NA NA
snp_20052 1063040 intergenic T/IC NA NA NA NA
snp_1091182 1091182 SPA1020 AIG 379 1 Y N
snp_10432 1205933 SPA1135 TIG 218 2 L/R N
snp_1216643 1216643 SPA1149 CIT 142 1 GIS N
snp_30038 1259693 intergenic AIT NA NA NA NA
snp_10481 1339722 SPA1269 AIC 216 3 R/R S
snp_10500 1391688 SPA1310 T/IC 1741 1 HIY N
snp_1449976 1449976 SPA1369 AIG 43 1 K/E N
snp_10526 1457942 SPA1377 TIC 835 1 Y/H N
snp_10541 1492951 SPA1411 AIG 137 2 W/* N
snp_10565 1536934 SPA1463 AIG 626 2 R/K N
snp_10569 1553735 SPA1479 CIG 888 3 AIA S
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Pos in Pos in REF_AA/

SNP ID Ref position Gene SNP CDS code Query_AA SNP type
snp_10582 1588672 SPA1512 AIG 1143 3 M/l N
snp_10590 1603642 SPA1528 AIT 256 1 TIS N
snp_10592 1604267 SPA1529 TIC 595 1 AIT N
snp_10594 1611049 SPA1537 TIC 539 2 G/E N
snp_10598 1618194 SPA1543 TIC 224 2 VIA N
snp_1629910 1629910 SPA1554 G/A 760 1 E/K N
snp_10604 1640768 SPA1562 AIG 152 2 G/D N
snp_10617 1678441 SPA1617 AIG 451 1 VIM N
snp_10622 1683532 SPA1622 CIG 1312 1 P/A N
snp_10632 1714301 SPA1649 TIG 614 2 D/A N
snp_10637 1722697 SPA1658 AIG 183 3 R/R S
snp_10638 1730215 SPA1666 TIC 2900 2 VIA N
snp_10658 1787157 SPA1727 AIG 393 3 L/L S
snp_20082 1861324 intergenic TIG NA NA NA NA
snp_10696 1924452 SPA1848 AIG 274 1 GIS N
snp_1937988 1937988 intergenic CIT NA NA NA NA
snp_20089 2075885 intergenic TIC NA NA NA NA
snp_10770 2168007 SPA2083 AIG 934 1 S/P N
snp_10787 2211029 SPA2125 T/IC 210 3 P/P S
snp_2258461 2258461 intergenic AlIG NA NA NA NA
snp_30062 2258462 intergenic CIG NA NA NA NA
snp_10845 2357099 SPA2264 CIG 147 3 TIT S
snp_20107 2381065 intergenic T/IC NA NA NA NA
snp_10858 2385763 SPA2289 TIC 405 3 G/G S
snp_10876 2424067 SPA2328 AIG 403 1 MV N
snp_10878 2432112 SPA2335 TIC 93 3 AIA S
snp_10879 2433680 SPA2337 AIG 697 1 G/S N
snp_10892 2467778 SPA2366 T/IC 1944 3 L/L S
snp_20116 2574236 intergenic AlIG NA NA NA NA
snp_2764376 2764376 SPA2658 G/A 226 1 AIT N
snp_20128 2833595 intergenic TIC NA NA NA NA
snp_11004 2840447 SPA2740 AIG 836 2 VIA N
snp_30075 2895450 intergenic TIC NA NA NA NA
snp_11034 2907408 SPA2807 TIC 225 3 L/L S
snp_11037 2914086 SPA2813 CIG 943 1 G/R N
snp_2980615 2980615 intergenic AIG NA NA NA NA
snp_11073 3017733 SPA2908 CIG 624 3 TIT S
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Pos in Pos in REF_AA/

SNP ID Ref position Gene SNP CDS code Query_AA SNP type
snp_11080 3033975 SPA2923 TIC 329 2 R/H N
snp_3082867 3082867 SPA2977 CIT 1392 3 G/G S
snp_3096125 3096125 SPA2995 CIT 88 1 E/K N
snp_11111 3102029 SPA3001 AIG 661 1 F/L N
snp_11160 3213511 SPA3107 AIG 261 3 GIG S
snp_20152 3224028 intergenic TIC NA NA NA NA
snp_11170 3237484 SPA3126 AIG 553 1 V/I N
snp_11205 3306330 SPA3198 AIG 4346 2 R/IK N
snp_11214 3332785 SPA3225 TIC 291 3 IIM N
snp_3340381 3340381 SPA3234 AIT 565 1 WI/R N
snp_11232 3370111 SPA3258 AIG 1317 3 QlQ S
snp_11240 3390915 SPA3282 TIC 409 1 Vi N
snp_11245 3396706 SPA3294 TIG 381 3 N/K N
snp_20167 3421953 intergenic AIG NA NA NA NA
snp_3422038 3422038 SPA3332 G/A 4 1 VIM N
snp_11276 3476592 SPA3377 T/IC 477 3 GIG S
snp_11278 3480749 SPA3379 T/IC 1284 3 L/L S
snp_11285 3498273 SPA3389 AIG 384 3 H/H S
snp_20175 3556738 intergenic TIC NA NA NA NA
snp_11317 3580287 SPA3467 AIG 486 3 TIT S
snp_11325 3590982 SPA3473 TIC 967 1 AIT N
snp_20179 3609824 intergenic AIG NA NA NA NA
snp_3630574 3630574 SPA3507 CIT 138 3 L/L S
snp_11353 3667705 SPA3541 T/IC 51 3 D/ID S
snp_3873979 3873979 SPA3727 G/A 695 2 P/L N
snp_11504 3910995 SPA3763 TIC 660 3 AIA S
snp_11509 3924050 SPA3779 TIG 155 2 P/H N
snp_3927385 3927385 SPA3781 TIC 151 1 Y/H N
snp_11571 4079673 SPA3936 TIG 460 1 Q/K N
snp_11599 4148576 SPA3994 AIG 93 3 N/N S
snp_11631 4228720 SPA4071 T/IC 2091 3 P/P S
snp_11634 4233398 SPA4073 AIG 622 1 VIM N
snp_4259353 4259353 SPA4085 GIT 1284 3 L/L S
snp_11688 4376109 SPA4202 AT 119 2 E/N N
snp_11690 4377739 SPA4204 TIG 611 2 I's N
snp_20221 4395001 intergenic AIG NA NA NA NA
snp_11725 4476471 SPA4306 TIC 2392 1 L/F N
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Pos in Pos in REF_AA/
SNP ID Ref position Gene SNP CDS code Query_AA SNP type
snp_20227 4482274 intergenic AlC NA NA NA NA
snp_4491551 4491551 SPA4315 CIT 415 1 GIS
snp_11775 4570173 SPA4395 TIC 350 2 P/L

Technical Appendix Table 3. The migration trend within the four provinces with the highest incidence of S. Paratyphi A infection

from 1998 to 2012 (Data from National Bureau of Statistics of the People’s Republic of China).

2000 (The Fifth National Census)

2010 (The Sixth National Census)

Place of Population Place of Birth Population Place of Birth
Residence size Zhejiang Guangxi Guizhou Yunnan size Zhejiang Guangxi Guizhou  Yunnan
Zhejiang 4,487,898 - 5332 28,882 6617 5,400,348 - 16,607 152,452 43,106
Guangxi 4,157,001 2834 - 6239 2524 4,362,551 3574 - 6011 2794
Guizhou 3,399,918 2767 4373 - 6907 3,332,265 7237 3960 - 6549
Yunnan 4,069,260 6271 3286 22,491 - 4,467,537 4763 3302 19,064 -
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Technical Appendix Figure. Incidence of typhoid/paratyphoid fever in Guangxi, Guizhou, Yunnan, and

Zhejiang and proportion of cases in these four provinces against that of the whole nation. The vertical bar

plot indicates the numbers of cases of enteric fever in the four provinces with the highest incidence from
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1998 to 2012. The bars are colored according to the inferred location, as shown in the legend on the right.

The curve shows the proportion of cases in all four provinces against that of the whole nation.
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