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Abstract

China once suffered greatly from schistosomiasis japonica, a major zoonotic disease.

Nearly 70 years of multidisciplinary efforts have achieved great progress in disease control,

with infections in both humans and bovines significantly reduced to very low levels. How-

ever, reaching for the target of complete interruption of transmission at the country level by

2030 still faces great challenges, with areas of ongoing endemicity and/or re-emergence

within previously ‘eliminated’ regions. The objectives of this study were, by using meta-ana-

lytical methods, to estimate the overall prevalence of Schistosoma japonicum infections in

abundant commensal rodent species in mainland China after the introduction of praziquan-

tel for schistosomiasis treatment in humans and bovines in 1980s. In doing so we thereby

aimed to further assess the role of wild rodents as potential reservoirs in ongoing schisto-

some transmission. Published studies on infection prevalence of S. japonicum in wild

rodents in mainland China since 1980 were searched across five electronic bibliographic

databases and lists of article references. Eligible studies were selected based on inclusion

and exclusion criteria. Risks of within and across study biases, and the variations in preva-

lence estimates attributable to heterogeneities were assessed. The pooled infection preva-

lence and its 95% confidence intervals (CIs) were calculated with the Freeman-Tukey

double arcsine transformation. We identified a total of 37 relevant articles involving 61 field

studies which contained eligible data on 8,795 wild rodents across mainland China. The

overall pooled infection prevalence was 3.86% (95% CI: 2.16–5.93%). No significant

change in the overall pooled prevalence was observed between 1980–2003 (n = 23 studies)

and 2004-current (n = 38 studies). However, whilst the estimated prevalence decreased

over time in the marshland and lake regions, there was an apparent increase in prevalence

within hilly and mountainous regions. Among seven provinces, a significant prevalence

reduction was only seen in Jiangsu where most endemic settings are classified as the

marshland and lakes. These estimates changed over season, ranging from 0.58% in spring
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to 22.39% in winter, in association with increases in rodent density. This study systemati-

cally analyzed S. japonicum infections in wild rodents from the published literature over the

last forty years after the introduction of praziquantel for schistosomiasis treatment in

humans and bovines in 1980s. Although numbers of schistosomiasis cases in humans and

bovines have been greatly reduced, no such comparable overall change of infection preva-

lence in rodents was detected. Furthermore, there appeared to be an increase in S. japoni-

cum prevalence in rodents over time within hilly and mountainous regions. Rodents have

been projected to become the dominant wildlife in human-driven environments and the main

reservoir of zoonotic diseases in general within tropical zones. Our findings thus suggest

that it is now necessary to include monitoring and evaluation of potential schistosome infec-

tion within rodents, particularly in hilly and mountainous regions, if we are ever to reach the

new 2030 elimination goals and to maximize the impact of future public, and indeed One

Health, interventions across, regional, national and international scales.

Author summary

Consistent with the revised WHO Global Goals, China has set the target of complete inter-

ruption of transmission (elimination) of zoonotic Schistosoma japonicum by 2030 at the

entire country level. Much remains to be known, however, regarding the complex multi-

host disease dynamics of schistosomiasis. Multi-disciplinary disease control programs

within China, including mass treatment with praziquantel for over 40 years, have success-

fully targeted human and bovine definitive hosts, significantly reducing infection preva-

lence to extremely low levels. However, S. japonicum has at least 40 species of potential

definitive host reservoirs. Most notably, and perhaps most challenging in terms of targeted

control, high prevalence of S. japonicum has been detected in rodent wildlife within recent

years, particularly in hilly and mountainous regions of China. Molecular/phylogenetic

studies have revealed matched S. japonicum genotypes indicative of shared transmission

between rodents and humans. Similarly, mathematical models, incorporating parasitolog-

ical and molecular data, have indicated that rodents may be sufficient to maintain ongoing

transmission of schistosomiasis within some Chinese regions, most notably that of hilly

and mountainous habitats. In order to help elucidate further the potential association

between prevalence of S. japonicum in humans with rodent wildlife across China, and to

assess whether this balance may be changing following the introduction of mass drug

administration with praziquantel to humans (and bovines) in the 1980s, we performed a

meta-analyses aimed to estimate the overall prevalence of S. japonicum infections in com-

mensal species rodents in China over this period. Published studies on S. japonicum infec-

tions in wild rodents in China since 1980 were searched for across five electronic

bibliographic databases, together with lists of cited articles. We identified a total of 37 rele-

vant articles involving 61 studies with eligible data on 8795 rodents. The pooled preva-

lence level was 3.86% (95% CI: 2.16–5.93%). No significant change in overall pooled

prevalence levels within rodents was observed between 1980–2003 and 2004-current,

despite the integrated control strategies performed across China within the latter period.

However, whilst the prevalence estimates did decrease within marshland and lake regions

since 2004, in the hilly and mountainous regions, in contrast, there was a significant

increase in the rodent infection prevalence. The estimate increased from the smallest

0.58% in spring to the highest 22.39% in winter. It also increased with the density of
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rodents. Therefore, we suggest that future systematic monitoring of schistosome infection

levels within potential wildlife reservoirs, particularly within hilly and mountainous

regions within China and/or areas aiming for verification of interruption of transmission,

should be incorporated in order to reliably evaluate impact, risk and ultimately help

ensure the sustainability of elimination interventions across, regional, national and inter-

national scales.

Introduction

Schistosomiasis is the second most important parasitic disease after malaria, in terms of socio-

economic impact, and is endemic in 78 tropical and subtropical countries. It is estimated that

over 220 million people are currently infected with schistosomes, with more than 70 million

new infections and thousands of deaths occurring annually [1]. The majority of human infec-

tions and morbidity are caused by three main schistosome species: Schistosoma mansoni, S.

haematobium, and S. japonicum [2], among which S. japonicum is the only human blood fluke

that is endemic in China [3]. China once profoundly suffered from schistosomiasis, termed

‘the God of Plague’ [4]. At the beginning of the national schistosomiasis control programme in

the 1950’s, approximately 100 million Chinese people (of a total population of approximately

600 million) were at risk of schistosome infection, and an estimated 11.612 million people

were infected [5]. Nearly 70 years of integrated multi-disciplinary control efforts, including

mass drug administration (MDA) of praziquantel (PZQ) to both humans and bovine hosts

since the 1980s [6], has achieved tremendous progress in reducing prevalence and intensity

levels of human and bovine schistosomiasis [7]. Recent (2017) surveillance data reported prev-

alences down to 0.002% in humans and 0 in bovines [8]. As a consequence, China, consistent

with the revised WHO Global Goals, has set the target of complete interruption of transmis-

sion (elimination) of zoonotic S. japonicum by 2030 at the entire country level [9].

However, schistosomiasis japonica still remains a public health concern in China [3, 10]. By

the end of 2017, a total of 82 out of 450 counties (cities or districts) had not achieved the level

of interruption [8], and some previously ‘eliminated’ areas have observed recrudescence of the

disease [11]. Many of these persistent and/or re-emerging regions are distributed across seven

provinces including Hunan, Hubei, Jiangxi, Anhui and Jiangsu, which are located in the mid-

dle and lower reaches of the Yangtze River, as well as the two mountainous provinces of Yun-

nan and Sichuan. In 2017 a total area of 622 454.49 hm2 was surveyed and S. japonicum
intermediate host snails, Oncomelania hupensis, were found across an area of 172 501.56 hm2,

out of which newly detected snail areas covered up to 208.54 hm2 [8] (as well as suitable habi-

tats for the alarming recent rapid expansion of Biomphalaria straminea, the intermediate host

for S. mansoni in the southern China [12]). Under such conditions of extensive snail habitats,

any re-seeding of S. japonicum from either imported or sympatric definitive hosts, of any spe-

cies, are likely to results in new and/or maintained transmission. Indeed, one of the greatest

challenges for interruption of transmission is that schistosomiasis japonica is a multi-host zoo-

notic disease, with at least 40 known species of mammalian definitive hosts [13]. Of these, both

humans and bovines were traditionally accepted to be primarily responsible for the ongoing

transmission of schistosomiasis across China [14, 15]. However, there is a growing body of evi-

dence suggesting there are currently high levels of S. japonicum infections in small rodents in

some areas, particularly hilly/mountainous regions [16–18]. Rodents have a wide distribution

and high reproduction potential, with efforts for their control proving notoriously challenging

worldwide. The commensal and sympatric nature of rodents places them in close human (and
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domestic livestock) contact, and the widespread distribution of rodent faeces around ditches

and snail habitats provide ideal locations for miracidal hatching and subsequent ongoing

transmission. Of key importance is molecular phylogenetic work (including following hatch-

ing of viable miracidia) demonstrating it is the same S. japonicum shared genotypes circulating

through rodents, humans and bovines in China [19–22] (as has also recently been demon-

strated between humans and rodents in Africa [23]). Finally, mathematical models, based

upon epidemiological, parasitological and molecular data, have revealed that whilst Ro levels

within humans are now sufficiently low within China that interruption of transmission could

be achieved if schistosomiasis japonicum were an exclusively human disease, rodents appear

to be maintaining transmission in certain hilly/mountainous regions, whilst bovines appear

responsible in lowland/marshy regions [17].

Therefore, in this study we performed a meta-analysis of the infection prevalence of S. japo-
nicum in rodents in China reported after the introduction of praziquantel for treatment in

1980s and following additional major changes in integrated national control programme activ-

ities. Our objective was to elucidate whether estimates in the prevalence of S. japonicum in

wild rodents mirrored the ongoing downward trend of S. japonicum infection prevalence in

humans and livestock. By doing so we aimed to determine any change in the role of rodents as

reservoir or spill-over hosts, or even possible key hosts (see e.g. [24] for definitions), and thus

help evaluate the current potential for China reaching complete interruption of schistosomia-

sis transmission by 2030 [9, 25].

Methods

Search strategy and selection criteria

We searched five electronic bibliographic databases for relevant publications after 1980. 1980

was chosen as baseline as this was the date that praziquantel distribution to humans and ani-

mals commenced within China [6]. Furthermore, during the Cultural Revolution of 1966–

1976, very few scientific papers, if any, were available on this topic. Likewise, of the few papers

published during 1950’s and/or between 1976–1980, insufficient information was provided on

prevalence levels and thus were excluded here. In 2004, the central government of China classi-

fied schistosomiasis as one of the highest priorities in infectious diseases control [26] and a

revised medium- and long-term control plan was then developed [27]. For this reason, we fur-

ther sub-divided part of our analyses into 1980–2003 and then 2004-current. Chinese data-

bases such as CNKI, VIP and Wan fang were retrieved by using “xuexichong and/or

xuexichongbing and yeshu” as Chinese keywords. “Schistosoma japonicum and/or schistoso-

miasis japonica and rodents and china” were used as the key words to search PubMed and

Web of Science. We also searched relevant reference lists and relevant journals by hand. Our

analyses were accorded with the preferred reporting items for systematic reviews and meta-

analyses (PRISMA) guidelines [28] for a systematic review of prevalence (S1 PRISMA

Checklist).

Literature selection criteria: (1) provided full texts; (2) were not republished or with dupli-

cated data; (3) performed in endemic areas within China; (4) provided geographical location,

at least specific to provinces; (5) belonged to field investigations; (6) reported the time per-

formed; (7) reported numbers of investigated and infected rodents, or could be calculated by

formula; (8) with sample size of more than ten. Studies were excluded if they did not fulfill any

of these criteria.

Two reviewers HZ and QY collected the data separately, including selection criteria, data

extraction and statistical methods. Where data were inconsistent, a third examiner CQ would

look for the cause and resolve the problem.
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Data extraction

From each eligible study, the following data were extracted: the first author, year of publica-

tion, year of study, location, seasons, rodent density (the number captured/the number of the

rodent traps) and species, eco-epidemiological endemic setting, and numbers of the infected

and dissected rodents.

Data analysis

All extracted data were entered and transferred into the Meta package in R3.5.2 for statistical

analysis. The pooled infection prevalence and its 95% confidence intervals (CIs) of S. japoni-
cum in rodents were calculated with the Freeman-Tukey double arcsine transformation [29,

30]. Pooled prevalence (and CIs) is obtained via aggregation of the results of multiple studies.

This aggregation is therefore not just the simple sum of the data obtained from all the studies,

but a procedure that ‘weights’ the results of each study according to its precision. The precision

of each study is estimated on the width of the dispersion (i.e. variance), and then the weight of

each study is given by the inverse of the variance. Thus, if a study has a wide variance it will

have a small weight in determining the final result of the analysis (the pooled prevalence of the

meta-analysis), while a study with a small variance will have a greater weight [31]. The double

arcsine transformation used here addresses both the problem of confidence limits when calcu-

lated possibly outside the 0..1 range and that of variance instability caused by any prevalence of

close to 0 or 1 [29]. Heterogeneity was quantified using the inverse variance statistic (I2 index)

and tested for significance by the Cochran Q test, in which case p-values were statistically sig-

nificant at p�0.05. An I2 index was interpreted as low, moderate or high heterogeneity if it had

a value of� 25%,� 50%, or> 75%, respectively [32, 33]. When there was evidence of hetero-

geneity (I2 > 50%), infection prevalence were pooled by using a random-effects model; other-

wise, prevalence was pooled by using a fixed-effects model [34].

A forest plot was generated to visualize prevalence data among included studies. We per-

formed subgroup analyses based on study period (i.e. before and after 2004, since the year of

2004 an integrated control strategy has been performed [35]), location, season, endemic set-

ting, or rodent density (and rodent species, if possible). To evaluate any potential publication

bias, a funnel graph was generated for each estimate, and then was statistically evaluated with

the Egger test [36] with Stata SE15.1. A two-tailed p value< 0.05 was considered statistically

significant.

Results

Literature search

Search results are shown in Fig 1. We retrieved a total of 1,238 records. After removing dupli-

cates and preliminary screening, we comprehensively reviewed 95 articles. After excluding a

further 58 unqualified reports including 12 reviews, 7 repeated data, 4 no study time, 3 no field

survey, 5 no infection data, 1 no study location, 22 not in endemic regions and 4 sample size of

less than ten, a total of 37 articles (34 in Chinese and 3 in English) [16, 37–72] were included.

As one article may report one or more studies, this meta-analysis then included 61 studies cov-

ering seven provinces.

Study characteristics

Among the included 61 studies, 23 studies were conducted during 1980 to 2003 and 38 during

2004 to 2018. A total of 17 studies were performed in Anhui province, 13 in Hubei, 8 in

Jiangsu, 11 in Yunnan, 7 in Hunan, 3 in Sichuan and 2 in Jiangxi. A total of 8795 wild rodents
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were investigated and 260 were identified with S. japonicum infection. The infection preva-

lence in rodents among studies ranged from 0 to 64.15% (Table 1).

Pooling and heterogeneity analysis

Fig 2 shows the forest plot of infection prevalence levels in wild rodents. There was high het-

erogeneity among all studies and among studies within most subgroups (Table 2). By using a

random-effects model, the overall pooled infection prevalence was 3.86% (95% CI: 2.16–

5.93%). Fig 3 and Table 2 show the estimates grouped by potential influential factors. No

Fig 1. Flow chart of study search and selection strategy. The flow diagram shows the numbers of titles and studies

reviewed in preparation of this meta-analysis of S. japonicum infection prevalence in rodents across China.

https://doi.org/10.1371/journal.pntd.0008652.g001
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Table 1. Characteristics of the eligible studies.

Author and year of

publication�
Year of study

performed

Province Eco-epidemiological

settings

Name of the

pilot area

Season Density of

rodents

Detection

technique

No. of

examined

No. of

infected (%)

Lu 2019[37] 2018 Jiangxi HM - - - Dissection 172 5(2.91)

Xu 2019[38] 2015–2018 Sichuan HM - Autumn - Dissection 59 0(0.00)

Zhang 2019[39] 2018 Yunnan HM Qiandian - - Dissection and

FE

320 0(0.00)

2018 Yunnan HM Wenbi - - Dissection and

FE

126 0(0.00)

2011 Yunnan HM Qiandian - - Dissection and

FE

210 2(0.95)

2011 Yunnan HM Wenbi - - Dissection and

FE

165 0(0.00)

Kong 2018[40] 2013 Hubei LM - Spring 7.72% Unclear 67 0(0.00)

2013 Hubei LM - Autumn 5.22% Unclear 46 0(0.00)

Lu 2018 [41] 2017 Jiangxi HM Village 3 Summer 6.56% Dissection and

MHT

16 0(0.00)

Wang 2018[42] 2017 Hubei LM - - 3.84% Dissection 66 0(0.00)

Li 2018[43] 2015–2016 Hubei LM - Autumn - Dissection 49 2(4.08)

Van Dorssen 2017

[44]

2014 Hunan LM - - - Dissection and

FE

83 0(0.00)

Shao 2016[45] 2010–2011 Yunnan HM - - 10.87% Dissection and

FE

261 1(0.38)

Zuo 2016[46] 2016 Jiangsu LM - Winter 1.94% Dissection 62 0(0.00)

Zhang 2014[47] 2013 Hubei LM - Spring 9.08% Dissection 67 2(2.99)

Luo 2014[48] 2012 Hubei LM - Spring 10.59% Dissection 34 0(0.0)

Liu 2013[16] 2011 Anhui HM Sankouzhen Autumn 9.86% Dissection and

FE

14 0(0.0)

2011 Anhui HM Ducun Autumn 20.42% Dissection and

FE

49 6(12.24)

Guo 2013[49] 2011 Hunan LM Summer - Dissection 51 7(13.72)

2011 Hunan LM - Summer - Dissection 51 2(3.92)

2011 Hunan LM Summer - Dissection 39 5(12.82)

2011 Hunan LM Summer - Dissection 19 2(10.53)

Shao 2011[50] 2010 Yunnan HM - - 13.55% Dissection and

FE

157 0(0.00)

He 2011[51] 2010 Hubei LM - - 7.11% Dissection 124 0(0.00)

Xia 2011[52] 2008–2009 Anhui HM - - - Dissection and

FE

25 4(16.00)

2008–2009 Anhui HM - - - Dissection and

FE

23 3(13.04)

2008–2009 Anhui HM - - - Dissection and

FE

54 0(0.00)

Zhang 2010[53] 2004–2009 Jiangsu LM - - 1.28% Dissection 61 1(1.64)

Lu 2010[54] 2007 Anhui HM Longquan - - Dissection and

FE

12 4(33.33)

2007 Anhui HM Longshang - - Dissection and

FE

22 3(13.63)

2007 Anhui HM Yuantou - - Dissection and

FE

17 2(11.76)

Ding 2008[55] 2007 Hubei LM - - - Dissection 62 12(19.35)

2007 Hubei LM Taohua - - Dissection 59 7(11.86)

2007 Hubei LM - - - Dissection 52 6(11.54)

(Continued)
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obvious change was found between two periods, 1980 to 2003 (3.90%, 95% CI: 1.27–7.58%)

and 2004 to 2018 (3.73%, 95% CI: 1.81–6.14%). Further divided by eco-epidemiology settings,

as seen in Table 3, the estimate since 2004 had non-significantly decreased in marshlands and

lakes but significantly (p<0.0001) increased in the hilly and mountainous regions. At the level

of provinces, a significant (p = 0.04) and rapid reduction in the estimates, from 21.43% during

1980 to 2003 to 0.51% during 2004 to 2018, was seen in Jiangsu. Other provinces saw a signifi-

cant (in Hubei, p = 0.03) or non-significant increase (in Hunan, Anhui and Yunnan with

p = 0.17, 0.10 and 0.39, respectively). In terms of season or rodent density, the pooled infection

prevalence of S. japonicum was low in spring (0.58%), increased throughout summer and

Table 1. (Continued)

Author and year of

publication�
Year of study

performed

Province Eco-epidemiological

settings

Name of the

pilot area

Season Density of

rodents

Detection

technique

No. of

examined

No. of

infected (%)

2007 Hubei LM - - - Dissection 43 5(11.63)

Wang 2007[56] 2006 Anhui HM - - - Dissection and

FE

43 12(27.91)

Lu 2007[57] 2006 Anhui HM Longquan Winter 12.76% Dissection and

FE

18 6(33.33)

2006 Anhui HM Longshang Winter 15.49% Dissection and

FE

22 5(22.73)

Gu 2001[58] 1996–1998 Sichuan HM - - - Dissection 72 0(0.00)

Yang 2000 [59] 1995 Jiangsu LM Xiaba - - Dissection 23 0(0.00)

YangX 1999[60] 1997 Yunnan HM - Summer - Dissection and

FE

973 3(0.31)

YangW 1999[61] 1997–1998 Yunnan HM - Summer 10.17% Dissection and

FE

1866 3(0.18)

Xu 1999[62] 1996–1997 Jiangsu LM - Winter - Dissection 69 43(62.32)

1997–1998 Jiangsu LM - Winter - Dissection 53 34(64.15)

1997–1998 Jiangsu LM - Winter - Dissection 67 36(53.73)

Wang 1997[63] 1992–1995 Anhui LM - - - Dissection 120 10(8.33)

Lu 1997[64] 1993 Anhui LM - - - Dissection 28 3(10.71)

1994 Anhui LM - - - Dissection 11 1(9.09)

1995 Anhui LM - - - Dissection 31 0(0.00)

Li 1996[65] 1993 Hubei LM - - - Dissection 101 0(0.00)

Zhou 1996[66] 1993 Hunan LM - - - Unclear 230 0(0.00)

1992 Hunan LM - - 14.26% Unclear 405 16(3.95)

Yang 1995[67] 1992 Jiangsu LM Xinmin Winter - Dissection 62 0(0.00)

1993 Jiangsu LM Xinmin Winter - Dissection 30 0(0.00)

Xu 1995[68] 1987–1989 Sichuan HM - - 12.30% Dissection 115 1(0.87)

Wang 1995[69] 1993 Anhui LM Guanghui - - Dissection 50 6(12.00)

Qiu 1995[70] 1990–1992 Yunnan HM Ziyou - - Dissection 431 0(0.00)

1990–1992 Yunnan HM Banju - - Dissection 590 0(0.00)

1990–1992 Yunnan HM Hedong - - Dissection 43 0(0.00)

Su 1994[71] 1989–1990 Hubei LM - - - Dissection and

FE

21 0(0.00)

Shen 1986[72] 1981–1983 Anhui HM - - - Dissection 584 0(0.00)

Note

�The included articles were listed in the order of publication year.

Abbreviations: HM, Hilly and mountainous regions; LM, Lake and marshland regions. FE, the fecal examination Kato-katz for eggs. MHT, the miracidial hatching

technique.

https://doi.org/10.1371/journal.pntd.0008652.t001
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autumn (1.80–3.16%), and peaked in winter (22.39%). The estimate significantly (p = 0.04)

increased with the density of rodents. See Table 2 & Fig 3.

Fig 2. Forest plot and pooled estimates of S. japonicum infection prevalence in rodents across China. The diamond

delimits the 95% confidence interval (95% CI) of a random effects model. The included studies were ordered by year of

publication.

https://doi.org/10.1371/journal.pntd.0008652.g002
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A total of 13 retrieved papers with 17 studies (S1 Table) provided information on rodent

species. Among 19 rodent species investigated infections with S. japonicum were found in

seven species. The Rattus norvegicus and Rattus flavipectus were the most common species

investigated. The top five pooled prevalence ranged from 10.68% in Rattus rattus to 0.87% in

Table 2. Pooled prevalence of S. japonicum infections in wild rodents across China or by subgroups with meta-analysis. Pooled prevalence was obtained via aggrega-

tion of the results of multiple studies by weighting the results of each study according to its variance.

No. of

publications

No. of

studies

No. of rodents

examined

No. of rodents

infected

Pooled

prevalence

(95% CI)%

Heterogeneity Egger’s test Subgroup

difference

Q-χ2 Q/

df

Q-P I2 (95% CI)

%

t t/df P

Q-χ2 P

Overall 37 61 8795 260 3.86(2.16, 5.93) 876.80 60 <0.01 93.2(91.9,

94.2)

5.2499 59 <0.01

Study period

1980–

2003

15 23 5975 156 3.90(1.27, 7.58) 603.09 22 <0.01 96.4(95.4,

97.1)

2.7679 21 0.01 0.00 0.96

2004–

2018

22 38 2820 104 3.73(1.81, 6.14) 247.5 37 <0.01 85.1(80.4,

88.6)

5.5900 36 <0.01

Eco-epidemiological settings

LM 20 33 2336 200 5.78(2.25,

10.52)

492.42 32 <0.01 93.5(91.8,

94.8)

1.2308 31 0.23 9.63 0.01

HM 17 28 6459 60 1.13(0.27, 2.36) 189.48 27 <0.01 85.8(80.5,

89.6)

5.3433 26 <0.01

Province

Jiangsu 5 8 427 114 13.94(0.21,

40.08)

267.66 7 <0.01 97.4(96.2,

98.2)

-0.8807 6 0.41 61.80 <0.01

Anhui 9 17 1123 65 9.85(3.60,

18.21)

166.39 16 <0.01 90.4(86.2,

93.3)

5.1455 15 0.01

Hunan 3 7 878 32 3.83(0.54, 9.19) 43.68 6 <0.01 86.3(73.8,

92.8)

1.0829 5 0.33

Hubei 9 13 791 34 2.60(0.31, 6.35) 67.55 12 <0.01 82.2(70.8,

89.2)

1.1860 11 0.26

Jiangxi 2 2 188 5 1.62(0.05, 4.51) 0.19 1 0.66 0.0 /- - -

Sichuan 3 3 246 1 0.22(0.00, 1.58) 0.64 2 0.72 0.0(0.0,

67.7)

-2.5366 1 0.24

Yunnan 6 11 5142 9 0.02(0.00, 0.13) 7.94 10 0.64 0.0(0.0,

49.9)

0.5579 9 0.59

Season

Winter 4 8 383 124 22.39(3.28,

50.58)

229.52 7 <0.01 96.9(95.2,

97.9)

-0.3044 6 0.77 6.82 0.08

Autumn 4 5 217 8 1.80(0.00,7.40) 12.84 4 0.01 68.9(20.0,

87.9)

-0.0365 3 0.97

Summer 4 7 2971 22 3.16(0.41, 7.55) 56.96 6 <0.01 89.5(80.8,

94.2)

4.1840 5 0.01

Spring 3 3 168 2 0.58(0.00, 3.19) 2.51 2 0.28 20.4(0.0,

91.7)

-0.2851 1 0.82

Density of rodents

�10% 8 9 2929 38 2.74(0.40, 6.49) 91.14 8 <0.01 91.2(85.6,

94.7)

2.746 7 0.03 4.40 0.04

<10% 8 9 523 3 0.03(0.00, 0.70) 5.68 8 0.68 0.0(0.0,

50.4)

0.9114 7 0.39

Abbreviations: HM, Hilly and mountainous regions; LM, Lake and marshland regions. CI: Confidence interval; I2: Inverse variance index; Q-P: Cochran’s P-value.

https://doi.org/10.1371/journal.pntd.0008652.t002
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Apodemus sylvaticus. No infections have been reported from three species (i.e. Apodemus
chevrier, Microtus fortis and Rattus nitidus), whose pooled sample size each were over 100. See

Table 4.

Publication bias and sensitivity tests

Both the funnel plots (Fig 4) and the Egger linear regression test (Fig 5) indicated a potential

publication bias in prevalence data (coefficient = 3.69, 95% CI: 2.29–5.10, t = 5.26, p< 0.001).

The sensitivity tests showed that all single-study-omitted estimates were within the 95% CI of

the respective overall infection prevalence (S1 Fig). This suggested that the pooled estimate

was not substantially influenced by any single study, and hence validated the rationality and

reliability of our analyses.

Discussion

We present here the first meta-analysis of S. japonicum infection in wild rodents within China,

incorporating data obtained from across five databases, 37 relevant articles involving 61 field

studies with eligible data from 8,795 rodents. The overall mean infection prevalence of S. japo-
nicum in rodents was found to be 3.86%, with no significant change between the two periods

Fig 3. Forest plot of S. japonicum infection prevalence in rodents pooled by subgroups. The diamond delimits the 95% confidence interval

(95% CI) of a random effects model. The forest was ordered in values of pooled schistosome prevalence.

https://doi.org/10.1371/journal.pntd.0008652.g003
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of 1980 to 2003 and 2004 to 2018, i.e. before and after the integral control strategy was imple-

mented [35], at 3.90% and 3.73% respectively. Such an observed lack of apparent reduction in

overall pooled S. japonicum infection prevalence amongst rodent species between the two time

Table 3. Pooled prevalence of infections in rodents sub-grouped by regions and study period. Pooled prevalence was obtained via aggregation of the results of multiple

studies by weighting the results of each study according to its variance. For example, the pooled prevalence of HM in 1980–2003 was 0.00026% (written as 0.00).

Period No. of

studies

No. rodents

examined

Pooled

prevalence (%)

95% CI (%) Q tau^2 I^2(%) Subgroup

difference

Q-χ2 P

Eco-epidemiology setting

LM 1980–2003 15 1301 8.85 (1.64, 19.99) 393.36 0.0858 96.4 1.56 0.21

2004–2018 18 1035 3.56 (1.17, 6.90) 86.86 0.0179 80.4

HM 1980–2003 8 4674 0.00 (0.00, 0.07) 6.51 0.0000 0.00 26.03 <0.01

2004–2018 20 1785 3.93 (1.27, 7.61) 148.22 0.0200 87.2

Province

Jiangsu 1980–2003 6 304 21.43 (1.00, 55.35) 188.84 0.1842 97.4 4.30 0.04

2004–2018 2 123 0.51 (0.00, 3.13) 1.03 <0.0001 2.2

Hubei 1980–2003 2 122 0.00 (0.00, 1.03) 0.24 0.0000 0.00 4.98 0.03

2004–2018 11 669 3.41 (0.53, 8.01) 60.11 0.0207 83.40

Hunan 1980–2003 2 635 1.26 (0.00, 7.81) 17.00 0.0136 94.10 1.83 0.18

2004–2018 5 243 6.17 (0.58, 16.65) 20.33 0.0218 80.3

Anhui 1980–2003 6 824 4.24 (0.00, 14.03) 58.35 0.0341 91.40 2.65 0.10

2004–2018 11 299 13.82 (6.21, 23.42) 40.00 0.0278 75.00

Yunnan 1980–2003 5 3903 0.01 (0.00, 0.11) 3.08 0.0000 0.00 0.73 0.39

2004–2018 6 1239 0.10 (0.00, 0.46) 4.12 0.0000 0.00

Jiangxi 1980–2003 0 - - - - -

2004–2018 2 188 1.62 (0.05, 4.51) 0.91 0.0000 0.00

Sichuan 1980–2003 2 187 0.38 (0.00, 2.13) 0.51 0.0000 0.00 0.13 0.72

2004–2018 1 59 0.00 (0.00, 2.89) 0.00 - -

Abbreviations: HM, Hilly and mountainous regions; LM, Lake and marshland regions.

https://doi.org/10.1371/journal.pntd.0008652.t003

Table 4. Pooled prevalence of S. japonicum infections in rodents by species with meta-analysis. Pooled prevalence was obtained via aggregation of the results of multi-

ple studies by weighting the results of each study according to its variance.

Species� No. of

studies

No. of

rodents examined

No. of

rodents infected

Pooled prevalence (%) 95% CI (%) Q tau^2 I^2(%)

Overall 17 3970 185 0.80 (0.00, 3.21) 628.85 0.0401 90.8

Rattus rattus 5 78 12 10.68 (2.46, 22.47) 4.83 0.0038 17.4

Rattus losea 1 41 4 9.76 (2.20, 21.07) 0 - -

Rattus norvegicus 14 1226 150 5.95 (0, 17.91) 410.35 0.0968 96.8

Rattus flavipectus 10 1380 13 1.58 (0, 7.89) 43.73 0.0217 79.4

Apodemus sylvaticus 1 115 1 0.87 (0, 3.70) 0 - -

Rattus sladeni 3 302 2 0.43 (0, 1.77) 1.45 0 0.0

Apodemus agrarius 5 196 3 0.39 (0, 3.37) 6.76 0.0045 40.8

Microtus fortis 7 198 0 0 (0, 0.10) 1.18 0 0.0

Apodemus chevrier 3 143 0 0 (0, 1.34) 0.07 0 0.0

Rattus nitidus 1 237 0 0 (0, 0.72) 0 - -

� Rodent species with pooled sample size of less than 20 are not listed, including Eothenomys miletus, Microtus montanus, Micromys minutus, Mus musculus, Mus
pahari, Mus caroli. Rattus yunnanensis, Rattus koraten and Suncus murinus.

https://doi.org/10.1371/journal.pntd.0008652.t004
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periods contrasts starkly with the significant reduction in infections reported in humans and

livestock over these time periods [5, 7]. The estimates did, however, significantly vary in rela-

tion to region or season, as well with rodent density or species. Estimates from lake and marsh-

land regions showed a non-significant decline following the increased control pressures

imposed post 2004, whereas infection prevalence levels in rodents significantly increased

within the hilly and mountainous regions. This is consistent with the most recent

Fig 4. Funnel plots of the Freeman-Tukey double arcsine transformed prevalence of S. japonicum infection in

rodents. The vertical lines and diagonal dashed lines represent the overall estimated effect size and its 95% confidence

limits, respectively. Each dot represents a different study.

https://doi.org/10.1371/journal.pntd.0008652.g004

Fig 5. Egger’s publication bias plot of the included studies of the effect of S. japonicum infection prevalence in rodents. The size of

circles indicates the sample size of an individual study.

https://doi.org/10.1371/journal.pntd.0008652.g005

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 13 / 21

https://doi.org/10.1371/journal.pntd.0008652.g004
https://doi.org/10.1371/journal.pntd.0008652.g005
https://doi.org/10.1371/journal.pntd.0008652


epidemiological and chronobiological data, combined with mathematical models, all identify-

ing rodents as current key hosts responsible for maintaining S. japonicum transmission within

hilly/mountainous regions, whilst bovines as key hosts only within lake and marshland regions

[17, 22].

Some possible explanations for this contrasting trajectory by habitat type may be proposed.

As specified above, in 2004, the central government of China classified schistosomiasis as one

of the highest priorities in infectious diseases control [26] and then developed the medium-

and long-term control plan [27]. As most infections in humans were observed at the time to be

occurring within lake and marshland regions, and bovines had been shown to contribute a

large part to the local transmission in such areas [14, 15], an integrated control strategy which

emphasized mechanization of agriculture, fencing of bovines, access to clean water and ade-

quate sanitation, health education, focal snail control, along with chemotherapy of both

humans and bovines was successfully implemented in four pilot areas during 2004 to 2008

[35]. Since then the new strategy has been widely applied, and it has proved highly effective

particularly in the lake and marshland areas of China, as reflected by the rapid reduction in

number of infection in humans, bovines and snail intermediate hosts reported [73]. However,

in certain mountainous/hilly areas where, conversely, wild animal key host reservoirs for S.

japonicum exist, such strategies were less logistically feasible, consistent with the lowered rela-

tive effectiveness [16, 17, 74].

Here we observed that the pooled prevalence of S. japonicum identified in rodents also var-

ied greatly among provinces in the middle and lower reaches of the Yangtze River, with a sig-

nificant reduction in Jiangsu after 2004 but an increase in other three provinces (i.e. Hubei,

Hunan and Anhui). Even in Hubei in 2016, although no infections in humans or bovines, nor

indeed amongst snail intermediate hosts, were found across the whole region, infected rodents

were still identified [43]. The uneven development in economy and the existence of compli-

cated environments might be the main explanations. Jiangsu province was one of the most

heavily endemic regions of schistosomiasis with the majority belonging to the lake and marsh-

land regions. Since 1980s the social and economic reformation has resulted in strong economic

growth for the province. This may have accelerated its work in schistosomiasis control as the

implication of the new integrated strategy, for example mechanization of farming is resource

intensive. Compared to Jiangsu, all other endemic provinces were less developed and the

implication of the strategy might be jeopardized or even hampered. It must be acknowledged,

however, that the numbers of studies performed varied among provinces and/or periods, with,

for example, during 1980 to 2003 only eight and two studies were performed in the hilly and

mountainous regions and in Hubei province respectively. Where fewer studies were per-

formed, one could reasonably propose that this may largely reflect the local professional aware-

ness (or lack of) regarding schistosomiasis transmission and control in these regions and

habitats. Indeed, besides the long-neglected awareness of the rodents’ role in transmission, the

endemic status in the hilly and mountainous regions was generally considered to be less seri-

ous than in the lake and marshland regions, particularly since, for example in 2003, the ratio of

snail-infested area in the former to the latter was 1 to 21.6 [5]. However, we do also acknowl-

edge that small study numbers could possibly result in a potential bias in our inferred low esti-

mates here and that further research here is certainly warranted.

The prevalence estimate amongst rodents overall also changed over seasons of a year,

increasing from spring (0.58%), throughout summer and autumn (1.80–3.16%), and to winter

(22.39%). The upward trend mirrors the scenario that most infections occur during the sea-

sons when temperatures are more suitable for schistosome cercariae to be released into water

[75, 76]. Cumulative infections of schistosomes in rodents over time, if they continually fre-

quent in infested areas, could be reasonably assumed.
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It has been reported that different species of rodents show a wide range in susceptibility to

S. japonicum, from fully permissive to non-permissive for schistosome infection [77, 78],

although Microtus fortis are the only mammals in which it has been experimentally confirmed

to be non-permissive to schistosome infection [79, 80]. In our meta-analyses the pooled preva-

lence varied among rodent species, with the highest estimate at 10.68% in Rattus rattus and

zero infections in M. fortis. Rattus norvegicus and Rattus flavipectus were most often investi-

gated. They showed prevalence of 5.95% and 1.58% respectively, both being higher than the

proposed threshold of 1% for schistosome interruption [81], although Rattus norvegicus was

once believed to be less susceptible [77].

In addition to infection prevalence within rodents, it is also critical to stress the, often very

high, infection intensities reported within such rodents and that there is convincing evidence

that those eggs shed are viable and hence contributing to ongoing transmission. For example,

Mao reported that the mean infection intensity was 62.06 miracidia per gram of rodent (Rattus
norvegicus) faeces [82]. Moreover, Lu and colleagues studying infected rodents from hilly vil-

lages during 2006–2007 reported mean infection intensities (hatched miracidia plus eggs per

gram of faeces) in these regions of up to 231 [54]. Furthermore, evidence of the viability of

these parasites shed by rodents and their involvement within ongoing transmission across a

broader multi-host spectrum has been provided by molecular studies typing these hatched

miracidia and revealing often large proportions of schistosome genotypes shared between

rodents and those obtained from miracdia hatched from humans, as well as other potential

key definitive hosts such as dogs [74]. Similar findings have also recently reported for S. man-
soni in West Africa, in which viable S. mansoni miracidia were collected from rodent stool and

matched schistosome genotypes were found between humans and rodents indicative of shared

ongoing transmission within certain regions or habitats [23].

Small wild rodents have often been neglected in relation to schistosomiasis control globally.

The estimated high prevalence and intensities levels, even in previously believed to be ‘less sus-

ceptible’ species, their increases in parallel with rodent densities, and the shared genotypes

between host species, all suggest that infected rodents could be of significant importance in

maintaining transmission of the parasite in some areas within China where rodent density is

considerably high. Indeed, the potential role of rodents in the continued maintenance for

other human schistosome species is also gathering credence globally–from, for example, the

insular Guadeloupean focus rodents known to maintain local transmission for S. mansoni [83]

to their role as reservoir hosts and/or biotic hubs for ongoing transmission of both S. mansoni
and also potentially S. haematobium group hybrids in both Africa [23, 84] and even Europe

[85].

We do, of course, fully acknowledge the potential inherent limitations within our study.

First, there is the potential publication bias in our research. We identified very few publications

from either Jiangxi or Sichuan, although these were two of the most serious endemic provinces

[5]. However, as the assessment framework of schistosome transmission in an area only cur-

rently reports instances amongst humans, domestic livestock and/or snail intermediate hosts

[86], with investigations of S. japonicum infections in rodents not being obligatory, this inevi-

tably leads to no or few studies in some areas, and likewise a potential publication bias pre

2004. This could be the case in 1980–2003 in the hilly and mountainous regions and in Hubei

province, each with low pooled prevalence estimated. Another important issue is that few

papers reported information on infection intensity in rodents, and hence it was not possible to

calculate relative indices between species within our meta-analyses [87]. Finally, a problem

inherent in many meta-analysis studies in general, sample size varied greatly from study to

study. Nevertheless, in terms of our data here, this appeared primarily due to the existence of

rodent density differences between areas, seasons and hence studies–and as we performed
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subgroup analyses based on the density of rodents and found a positive correlation between

both, we remain confident in the power of our analyses on the estimates of infections in wild

rodents across China.

Conclusions

This study systematically analyzed the available literature on S. japonicum infections in rodents

over the last forty years after the introduction of praziquantel for schistosomiasis treatment in

humans and livestock. Although infections in both humans and bovines have been on a down-

ward trend [7, 8], in line with the new targets for elimination of schistosomiasis within China

[9], in stark contrast, our meta-analyses indicate that no such concurrent decline has been

observed amongst rodent infections. Moreover, whilst estimates varied by area, season and

rodent density, there was a significant upward trend towards an increased prevalence over

time of S. japonicum amongst rodents in hilly regions. This is compatible with recent epidemi-

ological and mathematical models which indicated that rodents may be sufficient to maintain

ongoing transmission within certain hilly/mountainous regions at least [17]. Furthermore, in

terms of monitoring and evaluation of ongoing disease control and elimination programmes,

particularly where regions and/or countries may require official WHO verification of interrup-

tion of transmission, such studies to date have already identified areas where no infections in

humans and livestock were reported, but infections in rodents were still identified (e.g. [43]).

Thus, we stress here the imperative need for future systematic research in this area, and if sub-

sequently confirmed necessary, that formalized monitoring (ideally involving both parasito-

logical and molecular tools) amongst rodent wildlife populations be implemented at the final

stages of any ‘elimination’ evaluation. Rodents, among mammals, are the most abundant and

include the greatest number of zoonotic hosts (approximately 10.7% of species, carrying 85

unique zoonotic diseases) [88]. Accordingly, rodents have been projected to become the domi-

nant wildlife in human-driven environments and the main reservoir of zoonotic diseases in

tropical zones [89]. The extent to which rodents contribute to the zoonotic transmission of

schistosomiasis remains an essential question to be further developed by ecological and epide-

miological approaches, genetics and genomics, together with mathematical modelling com-

bined. As current efforts aim towards interruption of schistosomiasis transmission, the

potential implications of alternative hosts such as rodents in the disease dynamics should not

be ignored. Any rebounds of schistosomiasis may threaten to undermine future public health,

and indeed One Health, interventions across, regional, national and international scales.

Supporting information

S1 Checklist. PRISMA checklist.

(DOCX)

S1 Table. S. japonicum infections in different species of rodents from 13 articles.

(DOCX)

S1 Fig. The sensitivity analysis of S. japonicum infection prevalence in rodents for all stud-

ies.

(TIF)

Author Contributions

Conceptualization: Hui-Ying Zou, Da-Bing Lu.

Data curation: Hui-Ying Zou, Qiu-Fu Yu.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 16 / 21

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008652.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008652.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008652.s003
https://doi.org/10.1371/journal.pntd.0008652


Formal analysis: Hui-Ying Zou, Qiu-Fu Yu.

Funding acquisition: Joanne P. Webster, Da-Bing Lu.

Methodology: Hui-Ying Zou, Qiu-Fu Yu, Chen Qiu.

Project administration: Da-Bing Lu.

Resources: Hui-Ying Zou, Chen Qiu.

Software: Hui-Ying Zou, Chen Qiu.

Supervision: Joanne P. Webster, Da-Bing Lu.

Validation: Qiu-Fu Yu, Chen Qiu, Joanne P. Webster, Da-Bing Lu.

Writing – original draft: Hui-Ying Zou.

Writing – review & editing: Joanne P. Webster, Da-Bing Lu.

References
1. GBD Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national inci-

dence, prevalence, and years lived with disability for 328 diseases and injuries for 195 countries, 1990–

2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. 2017; 390

(10100):1211–59. https://doi.org/10.1016/S0140-6736(17)32154-2 PMID: 28919117; PubMed Central

PMCID: PMC5605509.

2. Ross AG, Cripps AW. Enteropathogens and chronic illness in returning travelers. The New England

journal of medicine. 2013; 369(8):784. Epub 2013/08/24. https://doi.org/10.1056/NEJMc1308293

PMID: 23964949.

3. Song LG, Wu XY, Sacko M, Wu ZD. History of schistosomiasis epidemiology, current status, and chal-

lenges in China: on the road to schistosomiasis elimination. Parasitol Res. 2016; 115(11):4071–81.

Epub 2016/09/30. https://doi.org/10.1007/s00436-016-5253-5 PMID: 27679451.

4. Chen J, Xu J, Bergquist R, Li SZ, Zhou XN. "Farewell to the God of Plague": The Importance of Political

Commitment Towards the Elimination of Schistosomiasis. Tropical medicine and infectious disease.

2018; 3(4). https://doi.org/10.3390/tropicalmed3040108 PMID: 30282897; PubMed Central PMCID:

PMC6306784.

5. Zhou XN, Wang LY, Chen MG, Wu XH, Jiang QW, Chen XY, et al. The public health significance and

control of schistosomiasis in China—then and now. Acta tropica. 2005; 96(2–3):97–105. https://doi.org/

10.1016/j.actatropica.2005.07.005 PMID: 16125655.

6. Chen MG. Use of praziquantel for clinical treatment and morbidity control of schistosomiasis japonica in

China: a review of 30 years’ experience. Acta tropica. 2005; 96(2–3):168–76. https://doi.org/10.1016/j.

actatropica.2005.07.011 PMID: 16125657.

7. Zhang LJ, Dai SM, Xue JB, Li YL, Lv S, Xu J, et al. The epidemiological status of schistosomiasis in P.

R. China after the World Bank Loan Project, 2002–2017. Acta tropica. 2019; 195:135–41. https://doi.

org/10.1016/j.actatropica.2019.04.030 PMID: 31047863.

8. Zhang LJ, Xu ZM, Dai SM, Dang H, Lv S, Xu J, et al. Endemic status of schistosomiasis in People’s

Republic of China in 2017. Chin J Schisto Control. 2018; 30(5):481–8.

9. Lei ZL, Zhou XN. Eradication of schistosomiasis: a new target and a new task for the National Schisto-

somiasis Control Porgramme in the People’s Republic of China. Chin J Schisto Control. 2015; 27(1):1–

4. Epub 2015/06/23. PMID: 26094404.

10. Zhou XN, Bergquist R, Leonardo L, Yang GJ, Yang K, Sudomo M, et al. Schistosomiasis japonica con-

trol and research needs. Advances in parasitology. 2010; 72:145–78. Epub 2010/07/14. https://doi.org/

10.1016/S0065-308X(10)72006-6 PMID: 20624531.

11. Liang S, Yang C, Zhong B, Qiu D. Re-emerging schistosomiasis in hilly and mountainous areas of Sich-

uan, China. Bulletin of the World Health Organization. 2006; 84(2):139–44. https://doi.org/10.2471/blt.

05.025031 PMID: 16501732.

12. Yang Y, Huang SY, Pei FQ, Chen Y, Jiang QW, Deng ZH, et al. Spatial distribution and habitat suitabil-

ity of Biomphalaria straminea, intermediate host of Schistosoma mansoni, in Guangdong, China. Infect

Dis Poverty. 2018; 7(1):109. https://doi.org/10.1186/s40249-018-0492-6 PMID: 30392469.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 17 / 21

https://doi.org/10.1016/S0140-6736%2817%2932154-2
http://www.ncbi.nlm.nih.gov/pubmed/28919117
https://doi.org/10.1056/NEJMc1308293
http://www.ncbi.nlm.nih.gov/pubmed/23964949
https://doi.org/10.1007/s00436-016-5253-5
http://www.ncbi.nlm.nih.gov/pubmed/27679451
https://doi.org/10.3390/tropicalmed3040108
http://www.ncbi.nlm.nih.gov/pubmed/30282897
https://doi.org/10.1016/j.actatropica.2005.07.005
https://doi.org/10.1016/j.actatropica.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16125655
https://doi.org/10.1016/j.actatropica.2005.07.011
https://doi.org/10.1016/j.actatropica.2005.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16125657
https://doi.org/10.1016/j.actatropica.2019.04.030
https://doi.org/10.1016/j.actatropica.2019.04.030
http://www.ncbi.nlm.nih.gov/pubmed/31047863
http://www.ncbi.nlm.nih.gov/pubmed/26094404
https://doi.org/10.1016/S0065-308X%2810%2972006-6
https://doi.org/10.1016/S0065-308X%2810%2972006-6
http://www.ncbi.nlm.nih.gov/pubmed/20624531
https://doi.org/10.2471/blt.05.025031
https://doi.org/10.2471/blt.05.025031
http://www.ncbi.nlm.nih.gov/pubmed/16501732
https://doi.org/10.1186/s40249-018-0492-6
http://www.ncbi.nlm.nih.gov/pubmed/30392469
https://doi.org/10.1371/journal.pntd.0008652


13. He YX, Salafsky B, Ramaswamy K. Host-parasite relationships of Schistosoma japonicum in mamma-

lian hosts. Trends in parasitology. 2001; 17(7):320–4. https://doi.org/10.1016/s1471-4922(01)01904-3

PMID: 11423374.

14. Gray DJ, Williams GM, Li Y, Chen H, Forsyth SJ, Li RS, et al. A cluster-randomised intervention trial

against Schistosoma japonicum in the Peoples’ Republic of China: bovine and human transmission.

PLoS One. 2009; 4(6):e5900. https://doi.org/10.1371/journal.pone.0005900 PMID: 19521532.

15. Wang TP, Vang Johansen M, Zhang SQ, Wang FF, Wu WD, Zhang GH, et al. Transmission of Schisto-

soma japonicum by humans and domestic animals in the Yangtze River valley, Anhui province, China.

Acta tropica. 2005; 96(2–3):198–204. https://doi.org/10.1016/j.actatropica.2005.07.017 PMID:

16188215.

16. Liu XP, Wang TP, Wang QZ, Yin XM. Infection status of sources of schistosomiasis japonica in marsh-

land and hilly regions. Journal of Pathogen Biology 2013; 8(05):445–7, 10.

17. Rudge JW, Webster JP, Lu DB, Wang TP, Fang GR, Basanez MG. Identifying host species driving

transmission of schistosomiasis japonica, a multihost parasite system, in China. Proc Natl Acad Sci U S

A. 2013; 110(28):11457–62. https://doi.org/10.1073/pnas.1221509110 PMID: 23798418; PubMed Cen-

tral PMCID: PMC3710859.

18. Wang TP, Shrivastava J, Johansen MV, Zhang SQ, Wang FF, Webster JP. Does multiple hosts mean

multiple parasites? Population genetic structure of Schistosoma japonicum between definitive host spe-

cies. Int J Parasitol. 2006; 36(12):1317–25. https://doi.org/10.1016/j.ijpara.2006.06.011 PMID:

16876170.

19. Rudge JW, Lu DB, Fang GR, Wang TP, Basanez MG, Webster JP. Parasite genetic differentiation by

habitat type and host species: molecular epidemiology of Schistosoma japonicum in hilly and marshland

areas of Anhui Province, China. Molecular ecology. 2009; 18(10):2134–47. https://doi.org/10.1111/j.

1365-294X.2009.04181.x PMID: 19389178.

20. Fernandez TJ Jr., Tarafder MR, Balolong E Jr., Joseph L, Willingham Iii AL, Belisle P, et al. Prevalence

of schistosoma japonicum infection among animals in fifty villages of samar province, the Philippines.

Vector Borne Zoonotic Dis. 2007; 7(2):147–56. https://doi.org/10.1089/vbz.2006.0565 PMID:

17627431.

21. Rudge JW, Carabin H, Balolong E, Tallo V, Shrivastava J, Lu DB, et al. Population genetics of Schisto-

soma japonicum within the Philippines suggest high levels of transmission between humans and dogs.

PLoS Neglected Tropical Diseases. 2008; 2(11):e340. https://doi.org/10.1371/journal.pntd.0000340

PMID: 19030225.

22. Lu DB, Wang TP, Rudge JW, Donnelly CA, Fang GR, Webster JP. Evolution in a multi-host parasite:

Chronobiological circadian rhythm and population genetics of Schistosoma japonicum cercariae indi-

cates contrasting definitive host reservoirs by habitat. Int J Parasitol. 2009; 39(14):1581–8. https://doi.

org/10.1016/j.ijpara.2009.06.003 PMID: 19577571.

23. Catalano S, Leger E, Fall CB, Borlase A, Diop SD, Berger D, et al. Multihost Transmission of Schisto-

soma mansoni in Senegal, 2015–2018. Emerging infectious diseases. 2020; 26(6):1234–42. https://doi.

org/10.3201/eid2606.200107 PMID: 32441625.

24. Webster JP, Borlase AM, Rudge JW. Who acquires infection from whom and how?—disentangling

multi-host and multi-mode transmission dynamics in the ‘elimination’ era Philosophical Transactions of

the Royal Society London Series B (Biological Sciences) 2017; 372(1719):20160091. https://doi.org/10.

1098/rstb.2016.0091 PMID: 28289259

25. Zhou XN. Implementation of precision control to achieve the goal of schistosomiasis elimination in

China. Chin J Schisto Control. 2016; 28(1):1–4. Epub 2016/07/01. PMID: 27356396.

26. Wang L, Utzinger J, Zhou XN. Schistosomiasis control: experiences and lessons from China. Lancet.

2008; 372(9652):1793–5. https://doi.org/10.1016/S0140-6736(08)61358-6 PMID: 18930529.

27. Wang LD, Chen HG, Guo JG, Zeng XJ, Hong XL, Xiong JJ, et al. A strategy to control transmission of

Schistosoma japonicum in China. The New England journal of medicine. 2009; 360(2):121–8. https://

doi.org/10.1056/NEJMoa0800135 PMID: 19129526.

28. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-

analyses: the PRISMA statement. PLoS Med. 2009; 6(7):e1000097. https://doi.org/10.1371/journal.

pmed.1000097 PMID: 19621072.

29. Barendregt JJ, Doi SA, Lee YY, Norman RE, Vos T. Meta-analysis of prevalence. Journal of epidemiol-

ogy and community health. 2013; 67(11):974–8. https://doi.org/10.1136/jech-2013-203104 PMID:

23963506.

30. Freeman MF, Tukey JW. Transformations related to the angular and the square root. Ann Math Statist.

1950; 21(4):607–11. https://doi.org/10.1214/aoms/1177729756

31. Leandro G. Meta-analysis in Medical Research—The handbook for the understanding and practice of

meta-analysis: Blackwell Publishing Ltd; 2005.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 18 / 21

https://doi.org/10.1016/s1471-4922%2801%2901904-3
http://www.ncbi.nlm.nih.gov/pubmed/11423374
https://doi.org/10.1371/journal.pone.0005900
http://www.ncbi.nlm.nih.gov/pubmed/19521532
https://doi.org/10.1016/j.actatropica.2005.07.017
http://www.ncbi.nlm.nih.gov/pubmed/16188215
https://doi.org/10.1073/pnas.1221509110
http://www.ncbi.nlm.nih.gov/pubmed/23798418
https://doi.org/10.1016/j.ijpara.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16876170
https://doi.org/10.1111/j.1365-294X.2009.04181.x
https://doi.org/10.1111/j.1365-294X.2009.04181.x
http://www.ncbi.nlm.nih.gov/pubmed/19389178
https://doi.org/10.1089/vbz.2006.0565
http://www.ncbi.nlm.nih.gov/pubmed/17627431
https://doi.org/10.1371/journal.pntd.0000340
http://www.ncbi.nlm.nih.gov/pubmed/19030225
https://doi.org/10.1016/j.ijpara.2009.06.003
https://doi.org/10.1016/j.ijpara.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19577571
https://doi.org/10.3201/eid2606.200107
https://doi.org/10.3201/eid2606.200107
http://www.ncbi.nlm.nih.gov/pubmed/32441625
https://doi.org/10.1098/rstb.2016.0091
https://doi.org/10.1098/rstb.2016.0091
http://www.ncbi.nlm.nih.gov/pubmed/28289259
http://www.ncbi.nlm.nih.gov/pubmed/27356396
https://doi.org/10.1016/S0140-6736%2808%2961358-6
http://www.ncbi.nlm.nih.gov/pubmed/18930529
https://doi.org/10.1056/NEJMoa0800135
https://doi.org/10.1056/NEJMoa0800135
http://www.ncbi.nlm.nih.gov/pubmed/19129526
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pmed.1000097
http://www.ncbi.nlm.nih.gov/pubmed/19621072
https://doi.org/10.1136/jech-2013-203104
http://www.ncbi.nlm.nih.gov/pubmed/23963506
https://doi.org/10.1214/aoms/1177729756
https://doi.org/10.1371/journal.pntd.0008652


32. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Statistics in medicine. 2002;

21(11):1539–58. https://doi.org/10.1002/sim.1186 PMID: 12111919.

33. Leta S, Alemayehu G, Seyoum Z, Bezie M. Prevalence of bovine trypanosomosis in Ethiopia: a meta-

analysis. Parasit Vectors. 2016; 9:139. Epub 2016/03/12. https://doi.org/10.1186/s13071-016-1404-x

PMID: 26965590; PubMed Central PMCID: PMC4785740.

34. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. Bmj.

2003; 327(7414):557–60. https://doi.org/10.1136/bmj.327.7414.557 PMID: 12958120; PubMed Central

PMCID: PMC192859.

35. Wang LD, Guo JG, Wu XH, Chen HG, Wang TP, Zhu SP, et al. China’s new strategy to block Schisto-

soma japonicum transmission: experiences and impact beyond schistosomiasis. Trop Med Int Health.

2009; 14(12):1475–83. https://doi.org/10.1111/j.1365-3156.2009.02403.x PMID: 19793080.

36. Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test.

Bmj. 1997; 315(7109):629–34. https://doi.org/10.1136/bmj.315.7109.629 PMID: 9310563

37. Lu SB, Chen NG, Liu YM, Zhou LY, Wang YS, Hu F, et al. Survey of Schistosoma japonicum infections

in wild animals in hilly transmission-controlled areas of Jiangxi province. Chin J Schisto Control. 2019;

31:463–7.

38. Xu L, Xu J, Wan JJ, Chen L, Li RZ, Wang NN, et al. Construction and application of the surveillance sys-

tem for schistosomiasis transmission risk in Sichuan province. Chin J Schisto Control. 2019; 31:251–7.

39. Zhang Y, Du CH, Shao ZT, Wu MS, Feng XG, Xiong MT, et al. Effectiveness of infectious source control

after transmission control of schistosomiasis in Eryuan county of Yunnan Province. Chin J Schisto Con-

trol. 2019; 31:275–9.

40. Kong SB, Huang YD, Tan XD, Xie YF, Zhang YP. Surveillance and risk assessment system of schisto-

somiasis epidemic focus in Hankou marshland of Wuhan city. Chin J Schisto Control. 2018; 30(4):415–

9. Epub 2018/10/24. https://doi.org/10.16250/j.32.1374.2017212 PMID: 30350505.

41. Lu C, Zhou LY, Xing XY, Lin DD, Chen T, Chen R, et al. Analysis of transmission risk factors of schisto-

somiasis in a hilly demonstration plot of transmission interruption. Chin J Parasitol Parasit Dis. 2018; 36

(04):333–9.

42. Wang H, Xiong YL, Zhang JJ, Li Y, Zuo YT, Xu MX. Assessment of schistosomiasis transmission risk

after flood damage in Wuhan city. Chin J Schisto Control. 2018; 30(4):410–4. Epub 2018/10/24. https://

doi.org/10.16250/j.32.1374.2018046 PMID: 30350504.

43. Li KJ, Cai SX, Tang L, Wan L, Shan XW, Li B. Research on epidemic factors after schistosomiasis

transmission being under control in Hubei province. J of Pub Health and Prev Med. 2018; 29(03):117–

20.

44. Van Dorssen CF, Gordon CA, Li Y, Williams GM, Wang Y, Luo Z, et al. Rodents, goats and dogs—their

potential roles in the transmission of schistosomiasis in China. Parasitology. 2017; 144(12):1633–42.

https://doi.org/10.1017/S0031182017000907 PMID: 28637527.

45. Shao ZT, Feng XG, Dong Y, Xiong MT, Shi XW. Investigation on the infection of schistosomiasis in

small mammals after achieving control standards in Eryuan county, Yunnan province. Chin J Vector

Biol & Control. 2016; 27(05):474–7. https://doi.org/10.1088/0031-9155/50/15/N02 PMID: 16030375

46. Zuo YP, Zhu DJ, Du GL, Tang K, Ma YC, Zhang ZQ, et al. Surveillance and risk assessment system of

schistosomiasis in Jiangsu Province—Risk of schistosomiasis transmission in the area along the Yang-

tze River in Yangzhou city. Chin J Schisto Control. 2016; 28(4):353–7. Epub 2016/08/02. https://doi.

org/10.16250/j.32.1374.2016160 PMID: 29376272.

47. Zhang J, Zheng ZW, Tan XD, Pi WL, Liu YZ. Investigation of epidemiological factors on schistosomiasis

in Jiangan section of the Yangtze River. J Trop Med. 2014; 14(09):1213–6.

48. Luo HT, Wang H, Xu MX, Zhou SM. Investigation on the infection of Schistosoma japonicum in Wuhan

section of the Yangtze River. J Med Pest Control. 2014; 30(01):106–7.

49. Guo Y, Jiang M, Gu L, Qiao Y, Li W. Prevalence of Schistosoma japonicum in wild rodents in five islands

of the West Dongting lake, China. The Journal of parasitology. 2013; 99(4):706–7. Epub 2012/12/25.

https://doi.org/10.1645/12-35.1 PMID: 23259921.

50. Shao ZT, Feng XG, Dong Y, Xiong MT. Investigation on the infectious source of schistosomiasis japon-

ica in Eryuan county, Yunnan province. J Trop Dis Parasitol. 2011; 9(03):138–42, 60.

51. He LC, Wang JS, Rong XB, He ZW, Liao CJ, Huang WJ, et al. Survey of causes of infected Oncomela-

nia snails and infectious sources of schistosomiasis in marshland and lake region of Jingzhou city. Chin

J Schisto Control. 2011; 23(4):381–5. Epub 2011/12/15. PMID: 22164847.

52. Xia MY, Tang GX, Wang JM, Wang XH. Investigation on the infection sources of schistosomiasis japon-

ica in Jingxian county, Anhui province. J Trop Dis Parasitol. 2011; 9(02):95–6, 100.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 19 / 21

https://doi.org/10.1002/sim.1186
http://www.ncbi.nlm.nih.gov/pubmed/12111919
https://doi.org/10.1186/s13071-016-1404-x
http://www.ncbi.nlm.nih.gov/pubmed/26965590
https://doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
https://doi.org/10.1111/j.1365-3156.2009.02403.x
http://www.ncbi.nlm.nih.gov/pubmed/19793080
https://doi.org/10.1136/bmj.315.7109.629
http://www.ncbi.nlm.nih.gov/pubmed/9310563
https://doi.org/10.16250/j.32.1374.2017212
http://www.ncbi.nlm.nih.gov/pubmed/30350505
https://doi.org/10.16250/j.32.1374.2018046
https://doi.org/10.16250/j.32.1374.2018046
http://www.ncbi.nlm.nih.gov/pubmed/30350504
https://doi.org/10.1017/S0031182017000907
http://www.ncbi.nlm.nih.gov/pubmed/28637527
https://doi.org/10.1088/0031-9155/50/15/N02
http://www.ncbi.nlm.nih.gov/pubmed/16030375
https://doi.org/10.16250/j.32.1374.2016160
https://doi.org/10.16250/j.32.1374.2016160
http://www.ncbi.nlm.nih.gov/pubmed/29376272
https://doi.org/10.1645/12-35.1
http://www.ncbi.nlm.nih.gov/pubmed/23259921
http://www.ncbi.nlm.nih.gov/pubmed/22164847
https://doi.org/10.1371/journal.pntd.0008652


53. Zhang QD, Wu RF, Xiao M, Li CL, su JG. A survey of field mouse density and the rate of schistosome

infection in sentinel mice in marshlands of the Yangzhong city. Journal of Pathogen Biology. 2010; 5

(06):481–2.

54. Lu DB, Wang TP, Rudge JW, Donnelly CA, Fang GR, Webster JP. Contrasting reservoirs for Schisto-

soma japonicum between marshland and hilly regions in Anhui, China-a two-year longitudinal parasito-

logical survey. Parasitology. 2010; 137(1):99–110. https://doi.org/10.1017/S003118200999103X

PMID: 19723358

55. Ding XJ, Zhao HM, Zhao SY. Investigation on the natural infection of wild rodents with Schistosoma

japonicum in Jingzhou city, Hubei province. Progress in Veterinary Medicine. 2008;(05):14–7.

56. Wang GQ, Bao EF, Zeng FS, Chen ZX, Dong CD. Analysis of schistosomiasis epidemic situation in Shi-

tai county. Chinese Journal of Veterinary Parasitology. 2007;(04):54–5.

57. Lu DB, Wang TP, Rudge J, Sun AY, Fang GR, Webster J. Investigation on the infection sources of

schistosomiasis japonicum in Shitai county, Anhui province. J Trop Dis Parasitol. 2007;(01):11–3.

58. Gu YG, Xia LF, Li ZW, Zhao MF, Yang HY, Luo QY, et al. Study on schistosomiasis control strategy in

Ertan reservoir. Chin J Parasitol Parasit Dis. 2001; 19(4):225–8. Epub 2003/02/08. PMID: 12571971.

59. Yang HM, Xu GY, Qiu L, Hu HB, Xie CY. Five-year prevention and control of schistosomiasis and the

trend of infection prevalence in the pilot project of Xiaba in Nanjing. Journal of Practical Parasitic Dis-

eases. 2000;(01):34–5.

60. Yang GR, Xiong MT, Wu X, Fan CZ, Wu HS, Tao KH. Investigation on rodents infected with Schisto-

soma japonicum in Pingba district of Eryuan county. Chin J Schisto Control. 1999;(06):364–5.

61. Yang GR, Wu X, Xiong MT, Fan CZ, Tao KH. Role of rodents in transmitting schistosomiasis in the Pla-

teau Plains. Chin J Vector Bio & Control. 1999;(06):449–53.

62. Xu GY, Tian JC, Chen GM, Yang HM, Qiu L. Study on the plague source of Schistosoma japonicum

ditch in Nanjing city. Journal of Practical Parasitic Diseases. 1999;(01):6–8.

63. Wang TP, Ge JH, Wu WD, Zhang SQ, Lu DB. Source of infection of schistosomiasis and its role in

transmission in islands of Anhui province. Chinese Journal of Parasitic Disease Control. 1997;

(03):138–41.

64. Lu GY, Sun MX, Wu FP, Wang SM, Jiang SL. Study on the effect of selective chemotherapy and health

education on schistosomiasis control in Jiangtan area. Chin J Schisto Control. 1997;(02):89–92.

65. Li XQ, Xi SQ, Wang ZY, Xu MX, Zhan ZW. Investigation on Schistosoma japonicum infection in sentinel

site-river flats in suburbs of China. Chin J Schisto Control. 1996;(04):242.

66. Zhou PS, Ke CL, Lin LH, Huang JL. Study on integrated control measures and effects of schistosomia-

sis in a farm in Hunan province. Literatue and Information on Preventine Medicine. 1996;(01):1–2.

67. Yang HM, Xu GY, Hu HB, Yang PC, Huang LG. Observation on epidemic trend and trend of schistoso-

miasis in Nanjing. Chin J Schisto Control. 1995;(06):357–8.

68. Xu FS, Gu XG, Zhao WX, Li YX, Yin HZ. Role of different sources of infection in transmission of schisto-

somiasis in mountainous areas. Journal of Practical Parasitic Diseases. 1995;(03):129.

69. Wang Z, Zhao ZX, Cheng LC, Xiang GX, Yu F, Wang CX. Analysis on epidemic situation of schistoso-

miasis in Guanghui village of Tongling county. Prevention and treatment of parasitic diseases. 1995;

(03):181–2, 92.

70. Qiu ZL, Zhou KD, Bi SZ, Yang WS, Duan Z. Investigation of epidemic situation and observation on the

effect of consolidation measures in pilot areas of basically eliminating schistosomiasis. Chin J Schisto

Control. 1995;(01):32–4.

71. Su ZW, Hu CQ, Fu Y, Chen W, Huang XB. The role of different hosts in the transmission of schistosomi-

asis japonicum in lake areas. Chinese Journal of Parasitology and Parasitic Diseases. 1994;(01):54–7.

72. Shen ZR, Dou XH, Xiao KH, Cui XM, Zhang HY. Study on surveillance methods of schistosomiasis

since elimination in hilly areas of Hanshan county. Anhui Medical Journal. 1986;(01):31–3.

73. Li SZ, Zheng H, Abe EM, Yang K, Bergquist R, Qian YJ, et al. Reduction patterns of acute schistosomia-

sis in the People’s Republic of China. PLoS Negl Trop Dis. 2014; 8(5):e2849. https://doi.org/10.1371/

journal.pntd.0002849 PMID: 24810958; PubMed Central PMCID: PMC4014431.

74. Lu DB, Rudge JW, Wang TP, Donnelly CA, Fang GR, Webster JP. Transmission of Schistosoma japo-

nicum in marshland and hilly regions of China: parasite population genetic and sibship structure. PLoS

Negl Trop Dis. 2010; 4(8):e781. https://doi.org/10.1371/journal.pntd.0000781 PMID: 20689829.

75. Yang GJ, Utzinger J, Sun LP, Hong QB, Vounatsou P, Tanner M, et al. Effect of temperature on the

development of Schistosoma japonicum within Oncomelania hupensis, and hibernation of O. hupensis.

Parasitology Research. 2007; 100(4):695–700. https://doi.org/10.1007/s00436-006-0315-8 PMID:

17031698.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 20 / 21

https://doi.org/10.1017/S003118200999103X
http://www.ncbi.nlm.nih.gov/pubmed/19723358
http://www.ncbi.nlm.nih.gov/pubmed/12571971
https://doi.org/10.1371/journal.pntd.0002849
https://doi.org/10.1371/journal.pntd.0002849
http://www.ncbi.nlm.nih.gov/pubmed/24810958
https://doi.org/10.1371/journal.pntd.0000781
http://www.ncbi.nlm.nih.gov/pubmed/20689829
https://doi.org/10.1007/s00436-006-0315-8
http://www.ncbi.nlm.nih.gov/pubmed/17031698
https://doi.org/10.1371/journal.pntd.0008652


76. Sun LP, Liang YS, Wu HH, Tian ZX, Dai JR, Yang K, et al. A Google Earth-based surveillance system

for schistosomiasis japonica implemented in the lower reaches of the Yangtze River, China. Parasit

Vectors. 2011; 4:223. https://doi.org/10.1186/1756-3305-4-223 PMID: 22117601.

77. Liu JS, Rong SM, Chen PJ. Observation on the several species of murinae infected with Schistosoma

japonicum under laboratary conditions. Chin J Schisto Control. 1992; 4:350–1.

78. Jiang W, Hong Y, Peng J, Fu Z, Feng X, Liu J, et al. Study on differences in the pathology, T cell subsets

and gene expression in susceptible and non-susceptible hosts infected with Schistosoma japonicum.

PLoS One. 2010; 5(10):e13494. https://doi.org/10.1371/journal.pone.0013494 PMID: 20976156;

PubMed Central PMCID: PMC2956682.

79. Wu K. Schistosomiasis japonica among domestic and wild animals in China. Chin Vet J. 1957; 3:98–

100.

80. Peng J, Gobert GN, Hong Y, Jiang W, Han H, McManus DP, et al. Apoptosis governs the elimination of

Schistosoma japonicum from the non-permissive host Microtus fortis. PLoS One. 2011; 6(6):e21109.

https://doi.org/10.1371/journal.pone.0021109 PMID: 21731652; PubMed Central PMCID:

PMC3120819.

81. Toor J, Truscott JE, Werkman M, Turner HC, Phillips AE, King CH, et al. Determining post-treatment

surveillance criteria for predicting the elimination of Schistosoma mansoni transmission. Parasit Vec-

tors. 2019; 12(1):437. https://doi.org/10.1186/s13071-019-3611-8 PMID: 31522690; PubMed Central

PMCID: PMC6745786.

82. Mao SB. Schistosome biology and control of schistosomiasis. Beijing: Publishing House of People’s

Health; 1990.

83. Theron A, Pointier JP, Morand S, Imbert-Establet D, Borel G. Long-term dynamics of natural popula-

tions of Schistosoma mansoni among Rattus rattus in patchy environment. Parasitology. 1992; 104 (Pt

2):291–8. https://doi.org/10.1017/s0031182000061734 PMID: 1594292.

84. Catalano S, Sene M, Diouf ND, Fall CB, Borlase A, Leger E, et al. Rodents as natural hosts of zoonotic

Schistosoma species and hybrids: an epidemiological and evolutionary perspective from West Africa.

The Journal of infectious diseases. 2018; 218(3):429–33. https://doi.org/10.1093/infdis/jiy029 PMID:

29365139.

85. Oleaga A, Rey O, Polack B, Grech-Angelini S, Quilichini Y, Perez-Sanchez R, et al. Epidemiological

surveillance of schistosomiasis outbreak in Corsica (France): Are animal reservoir hosts implicated in

local transmission? PLoS Negl Trop Dis. 2019; 13(6):e0007543. https://doi.org/10.1371/journal.pntd.

0007543 PMID: 31233502; PubMed Central PMCID: PMC6611637.

86. Xu J, Li SZ, Chen JX, Wen LY, Zhou XN. Playing the guiding roles of national criteria and precisely elim-

inating schistosomiasis in P. R. China. Chin J Schisto Control. 2017; 29(1):1–4.

87. Vercruysse J, Shaw DJ, De Bont J. Index of potential contamination for schistosomiasis. Trends in para-

sitology. 2001; 17(6):256–61. https://doi.org/10.1016/s1471-4922(01)01937-7 PMID: 11378014.

88. Han BA, Kramer AM, Drake JM. Global patterns of zoonotic disease in mammals. Trends in parasitol-

ogy. 2016; 32(7):565–77. https://doi.org/10.1016/j.pt.2016.04.007 PMID: 27316904.

89. Han BA, Schmidt JP, Bowden SE, Drake JM. Rodent reservoirs of future zoonotic diseases. Proc Natl

Acad Sci U S A. 2015; 112(22):7039–44. https://doi.org/10.1073/pnas.1501598112 PMID: 26038558;

PubMed Central PMCID: PMC4460448.

PLOS NEGLECTED TROPICAL DISEASES Schistosoma japonicum infections in wild rodents in China

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008652 September 2, 2020 21 / 21

https://doi.org/10.1186/1756-3305-4-223
http://www.ncbi.nlm.nih.gov/pubmed/22117601
https://doi.org/10.1371/journal.pone.0013494
http://www.ncbi.nlm.nih.gov/pubmed/20976156
https://doi.org/10.1371/journal.pone.0021109
http://www.ncbi.nlm.nih.gov/pubmed/21731652
https://doi.org/10.1186/s13071-019-3611-8
http://www.ncbi.nlm.nih.gov/pubmed/31522690
https://doi.org/10.1017/s0031182000061734
http://www.ncbi.nlm.nih.gov/pubmed/1594292
https://doi.org/10.1093/infdis/jiy029
http://www.ncbi.nlm.nih.gov/pubmed/29365139
https://doi.org/10.1371/journal.pntd.0007543
https://doi.org/10.1371/journal.pntd.0007543
http://www.ncbi.nlm.nih.gov/pubmed/31233502
https://doi.org/10.1016/s1471-4922%2801%2901937-7
http://www.ncbi.nlm.nih.gov/pubmed/11378014
https://doi.org/10.1016/j.pt.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27316904
https://doi.org/10.1073/pnas.1501598112
http://www.ncbi.nlm.nih.gov/pubmed/26038558
https://doi.org/10.1371/journal.pntd.0008652

