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Abstract

Tsutsugamushi disease (TD) is an acute infectious disease caused by Orientia tsutsugamushi.

This study aimed to analyze the epidemiological features of TD, investigate chigger mites and

their hosts, and investigate the meteorological factors affecting TD incidence and the host of O.

tsutsugamushi in Xiamen city, China. Data on reported TD cases were collected from 2006 to

2018. Spearman’s correlation test were used for identifying the relationship between meteoro-

logical factors and TD incidence and whether meteorological factors affect the host of O. tsu-

tsugamushi. The incidence of reported TD increased gradually from 2006, reached a peak of

4.59 per 100,000 persons in 2014, and then decreased gradually. The TD incidence was sea-

sonal, with epidemic periods occurred mainly in summer and autumn. Patients aged 40–60

years had the highest proportion of cases, accounting for 44.44% of the total cases. Farmers

had the largest number of cases among all occupational groups. Rattus Norvegicus was the

most common host, accounting for the largest proportion of rats (73.00%), and the highest rat

density was observed in March and October every year. There were significant positive correla-

tions between the number of reported cases and average temperature, sunshine duration, and

rainfall as well as between rat density and average temperature. On phylogenetic analysis, 7

sequences of hosts and human TD cases obtained from health records demonstrated the high-

est similarities to the Kato, Karp, and Gilliam strains. No correlations were observed between

rat density, and sunshine duration and rainfall. The transmission of TD in Xiamen city, China,

was seasonal, and its incidence was affected by several meteorological factors including aver-

age temperature, sunshine duration, and rainfall. However, the host of O. tsutsugamushi was

only affected by average temperature.

Author summary

Tsutsugamushi disease (TD) is a natural focal disease caused by Orientia tsutsugamushi,
which is widespread in some areas. The incidence of TD is greatly influenced by
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meteorological factors. Therefore, it is essential to analyze the epidemiological features of

TD, investigate chigger mites and their hosts, and explore the relationship between meteo-

rological factors and TD incidence and whether meteorological factors affect the host of

O. tsutsugamushi in Xiamen city, China. The results showed significant positive correla-

tions between the number of reported cases and average temperature, sunshine duration,

and rainfall. A positive correlation between rat density and average temperature. No cor-

relations were observed between the rat density and sunshine duration and rainfall. We

believe our findings may provide scientific basis for studies or health strategies conducted

in areas that are meteorologically similar in characteristics with Xiamen city, China.

Introduction

Tsutsugamushi disease (TD), also known as scrub typhus, is an acute infectious disease caused

by Orientia tsutsugamushi (Rickettsia tsutsugamushi). It is a zoonotic disease, with rodents as

the main source of infection and chigger mite larvae as the vector. People infected with TD

may develop various systemic symptoms and reactions, including fever, cutaneous rash,

lymphadenopathy, and elevations of C-reactive protein (CRP) and liver enzymes [1].

Globally, TD is widely distributed in southern Asia in a triangular form, from northern

Japan and far eastern Russia in the north to northern Australia in the south and to Pakistan

and Afghanistan in the west along with the islands of the western Pacific and the Indian Ocean

[2]. More than half (55%) of the world’s population is in areas where TD is endemic, and

approximately 1 billion people are estimated to be at risk for the disease [3]. In Southeast Asia,

TD is a leading cause of treatable non-malarial febrile illness [4].

TD incidence was initially thought to be influenced by climate [5]. Currently, very little infor-

mation is available about the relationship between meteorological factors and the incidence of TD

and regarding the influence of meteorological factors on the host of O. tsutsugamushi, and the

conclusions reported in published literatures remain inconsistent. For instance, in Korea, an

increase in TD infection was strongly associated with the changes in meteorological conditions

[6]. A study conducted in Guangzhou, China also found the seasonality of scrub typhus, suggest-

ing that meteorological variables might affect the incidence of TD [7]. However, a study in Taiwan

found a non-significant association between rainfall and TD [8]. The El Niño Southern Oscillation

(ENSO) has been linked to the increased rodent populations, with higher rodent-borne diseases,

such as plague and hantavirus pulmonary syndrome (HPS) [9,10]. The same effects might apply

to the TD transmission. Therefore, there is an urgent need for investigating the relationship

between meteorological factors and the incidence of TD and the host of O. tsutsugamushi to help

with the development of an early warning system for TD.

In this study, we aimed to explore the relationship between meteorological factors and the inci-

dence of TD and host of O. tsutsugamushi. We also estimated the effects of diverse climate vari-

ables, including average temperature, sunshine duration and rainfall, on the incidence of TD from

2006–2018 as well as on the host of O. tsutsugamushi from 2008–2017 in Xiamen city, China.

Materials and methods

Ethics statement

This effort of disease control was part of the Xiamen Center for Disease Control and Preven-

tion’s routine procedure in Xiamen city, China. Therefore, institutional review and informed

consent were not required for this study. All the data analyzed were anonymized.
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Study area

Xiamen city is located on the southeast coast of China, near 118˚04’04" east longitude and 24˚

26’46" north latitude. It has a land area of 1,699.39 km2 and a sea area of more than 300 km2.

Xiamen city is comprised of Siming District, Huli District, Tong’an District, Jimei District,

Haicang District, and Xiang’an District, with over 4.01 million residents in 2019. The climate

of Xiamen city is characterized by a subtropical monsoon climate, which is mild and rainy,

with an annual average temperature of 21˚C, without severe cold in the winter and severe heat

in the summer. The annual average rainfall is about 1,200 mm, with the most rainfall happen-

ing from May to August every year (S1 Fig).

Data of reported cases

We collected the reported incidence of TD data in Xiamen city from 2006–2018 by referring

to the health records from the Xiamen Center for Disease Control and Prevention. We also

established a dataset of the reported TD cases from 2006–2018 which came from a passively

reported system. The data included gender, age, address, occupation, and the illness onset date

of each case, which was collected from the Disease Prevention and Control Information Sys-

tem of China.

Investigation of chigger mites and their hosts

From April to September every year between 2008 and 2018, host and vector surveys were con-

ducted in Jimei District, Haicang District, and Tong’an District. In each district, 20 households

were selected in the residential area, 5 cages (traps) were arranged indoors for each household

for 3 consecutive days each month. In the outdoor area, 50 cages were arranged for 3 consecu-

tive days each month in the mountain or farmland far away from the village houses. The

rodent density was calculated by dividing the number of rodents captured by the total number

of cages. All the captured rodents were recorded in detail in terms of their species, age, sex and

other host biological indicators. The ears of the dead rodents were then stored in a refrigerator

at 4˚C, and chigger mites were collected and identified morphologically.

As there were no data on the classification of the hosts before the year 2012, we only calcu-

lated the community structure and similarity of the hosts after 2012. Moreover, as there were

no available data for June, August, October, and December, 2018, we could not estimate the

relationship between rat density and meteorological factors in 2018.

Typing of O. tsutsugamushi
Genomic DNA samples were extracted from the liver tissues of host animals and human TD

cases using DNA extraction kits (Tiangen, Beijing, China), followed by nested polymerase

chain reaction (PCR) detection and agarose gel electrophoresis. Sequencing was conducted in

fragments of around 150bp, with the primers are shown in S1 Table.

The whole blood samples of TD patients and O. tsutsugamushi DNA (OtDNA) from the

liver of host animals were identified using nested PCR. Using OtDNA as a template and based

on the gene fragment design of the specific surface antigen Ot56KD protein, we sequenced

and analyzed the positive PCR fragments.

The phylogenetic analysis of O. tsutsugamushi genotypes was conducted based on the 7

sequences of hosts and human TD cases that were obtained in this study, along with 35 rele-

vant reference sequences from previous studies that were obtained from GenBank, which

included strains such as Karp, Kawasaki, Gilliam, Kato, and so on [11–13]. A total of 42 nucle-

otide sequences were aligned based on the translated amino acid sequences using ClustalW
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[14] implemented in MEGA v7 software [15]. Maximum Likelihood (ML) phylogenetic infer-

ence was conducted for the final alignment using RAxML v8.2.12 [16] on the CIPRES Science

Gateway [17], with the best-fit model of GTR+I+G estimated by using jModelTest v2.1.6 [18]

according to the Akaike information criterion. Statistical support of clades was obtained using

1000 bootstrap pseudo-replicates.

Data of meteorological factors

Meteorological data, including daily average temperature (in degrees centigrade), sunshine (in

hours of daylight) and rainfall (in millimeters) were obtained from January 2006 to December

2018 by referring to the documentation of the Xiamen Meteorological Bureau.

Statistical methods

According to our previous study [19,20], a new method including 6 indices (including richness

index N, Simpson diversity index D, Shannon diversity index H, Berger-Parker dominance

index d, Shannon evenness index E, and Morisita-Horn similarity index C) were used to

describe the occupational characteristics and host of TD.

The richness index N indicates the number of occupation classifications or host species

involved in TD cases in a certain region or year. The Simpson diversity index D and Shannon

diversity index H are obtained by calculating the proportions of various occupations or host

[21–23]. If D is closer to 1 or H is larger, the diversity will be greater. The calculation formulas

of D and H are as follows:

D ¼ 1 �
PN

n¼1
Pi2 ð1Þ

H ¼ �
PN

n¼1
Pi ln pi ð2Þ

The Berger-Parker dominance index d is the proportion of the dominant occupation of TD

in a certain area, and a larger d value indicates stronger dominant occupation or host. The cal-

culation formula is as follows:

d ¼ maxðpiÞ ð3Þ

Where, pi refers to the proportion of the ith classification of occupation or host.

The Shannon evenness index E is also called Shannon’s equitability, which can be calculated

using H and N [23]. The value of E close to 0.5 indicates better equitability. The calculation for-

mula of E is as follows:

E ¼
H
lnN

ð4Þ

The similarity between regions is represented by the Morisita-Horn index C. C is obtained

by calculating the types of occupations or host [23]. The value of C close to 1 indicates greater

similarity. The calculation formula is as follows:

C ¼
2
P

n1in2i

ðl1 þ l2ÞM1M2

; ð5Þ

li ¼

P
n2

ji

M2
j

ð6Þ
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Where, nji represents the number cases of ith occupation in the region j, or of ith host in the

year j. Mj is the total of the cases for all occupations in the region j, or the total of the host in

the year j.

Statistical analysis

Data were entered in Microsoft Excel 2013 (Microsoft Corp., USA). Data analysis was per-

formed using SPSS 13.0 software (IBM Corp., Armonk, NY, USA). Correlations analysis

between meteorological factors and reported incidence of TD cases and between meteorologi-

cal factors and rat density were calculated using Spearman’s correlation test.

Results

Epidemiological characteristics of TD

We collected the reported incidence data of TD in Xiamen city from 2006–2018 by referring to

the Health Records of Xiamen. From 2006 to 2018, TD incidence gradually increased since 2006,

peaked at 4.59 (per 100,000 persons) in 2014 and then gradually decreased, but the incidence

remained at a high level, with an overall initial trend of increasing and then decreasing (Fig 1).

The seasonal distribution of TD is shown in Fig 2. The results showed that the epidemic

periods of the TD were mainly in the summer and autumn of each year, accounting for 74.5%

(610/819) of the total number of cases from May to October, with a peak epidemic in July (an

average of 184 cases), accounting for 22.5% of the total number of cases.

Men accounted for 52.01% (426/819) of all the cases, which was higher than the cases

involving women (Table 1), but the difference was not statistically significant (χ2 = 0.057,

P = 0.812). The results showed that the incidence trend of men and women was slightly

Fig 1. Number of reported cases and reported incidence in Xiamen city, China, 2006–2018.

https://doi.org/10.1371/journal.pntd.0008772.g001
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different. As for men, since 2006, the incidence gradually increased, and a small peak appeared

in 2008. The incidence reached a peak of 4.26 (per 100,000 persons) in 2014, after which the

incidence gradually declined. As for women, the incidence of TD increased gradually since

2006, peaked at 3.56 (per 100,000 persons) in 2013, and then declined gradually. The incidence

of TD in men and women both showed an overall initial trend of increasing and then decreas-

ing (Fig 3). In our study, the age of the reported cases were 1–87 years old, among which the

age group of 40–60 years accounted for the highest proportion, with 45.42% (372/819) of the

total number of cases. The age group > 80 years accounted for the lowest proportion, with

1.34% (11/819) of the total number of cases (Table 1 & Fig 4). In terms of occupational catego-

ries, farmers accounted for the highest proportion of cases, at 21.00% (172/819), followed by

housework and unemployment, with a proportion of 20.02% (164/819) (Table 1).

Our results also showed that since 2012, the incidence of TD increased gradually in all the

districts and reached a peak in 2014. The incidence in south Xiamen was higher than that in

north, with Haicang District having the highest incidence, at 4.75 per 100,000 persons from

2012 to 2018, and Xiang’an District had the lowest incidence, at 1.36 per 100,000 persons from

2006 to 2018 (Fig 5).

The median duration from the illness onset date to the diagnosed date (DID) in all cases

was 7 days (inter–quartile range [IQR]: 3–11 days) (Fig 6). The DID was shorter than 10 days

in 70.09% of cases, shorter than 5 days in 37.73% of cases, and shorter than 2 days in 19.90% of

cases (Table 1).

Host monitoring

The monitoring results showed that the main hosts were rats (Rattus norvegicus and Rattus fla-
vipectus), with R. norvegicus accounting for the largest proportion of rats (73.00%, 887/1215).

Apodemus agrarius and Rattus rattoides were not detected (S2 Table). Additionally, the rat

density was highest in March and October every year (Fig 7).

Results of genome typing of O. tsutsugamushi
From 2014 to 2015, a total of 100 whole blood samples from suspected patients from clinics

and hospitals in Xiamen city, were analyzed. Among them, 24 patients were positive with O.

Fig 2. Month distribution of TD cases, Xiamen city, China, 2006–2018.

https://doi.org/10.1371/journal.pntd.0008772.g002
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tsutsugamushi, with a positive rate of 24.00% (24/100). About 168 mouse livers were analyzed,

and 53 were positive with O. tsutsugamushi, with a positive rate of 31.55% (53/168). Of the 77

positive samples, 66 were Karp positive, accounting for 85.71% (66/77), 10 were Gilliam posi-

tive, accounting for 12.99% (10/77) and 1 was Kato positive, accounting for 1.30% (1/77).

Among the 24 positive human samples, with O. tsutsugamushi genotypes, 14 were Karp posi-

tive, accounting for 25.33% (14/24), 9 were Gilliam positive, accounting for 37.50% (9/24) and

1 was Kato positive, accounting for 4.17% (9/24). Among the 53 positive genotypes from

mouse livers, 52 were Karp positive, accounting for 97.11% (52/53) and 1 was Gilliam positive,

accounting for 1.89% (1/53).

The phylogenetic tree of O. tsutsugamushi isolated from selected host and human TD cases

was shown in Fig 8. The phylogenetic analysis showed that out of the seven sequences of hosts

and human TD cases obtained in current study from Xiamen, one sequence (KM492919.1)

Table 1. Epidemiological characteristics of 819 reported TD cases, Xiamen city, China, 2006–2018.

Variables Number of cases Percentage (%)

Sex 819 100.00

Male 426 52.01

Female 393 47.99

Age (years) 819 100.00

<10 31 3.79

11~20 30 3.66

21~30 120 14.65

31~40 99 12.09

41~50 178 21.73

51~60 194 23.69

61~70 112 13.68

71~80 44 5.37

81~90 11 1.34

DID (days) 819 100.00

0~2 163 19.90

3~5 146 17.83

6~10 265 32.36

>10 245 29.91

Occupation 819 100.00

Unknowing 92 11.23

Catering industry 6 0.73

Cadre staff 13 1.59

Worker 81 9.89

Housework and unemployment 164 20.02

Teacher 6 0.73

Retired 28 3.42

Migrant worker 29 3.54

Farmer 172 21.00

Others 130 15.87

Diaspora children 16 1.95

Business services 34 4.15

Student 40 4.88

Childcare 7 0.85

Fishing (boat) people 1 0.12

https://doi.org/10.1371/journal.pntd.0008772.t001
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demonstrated the highest similarity to Kato strain with high support. While four sequences

(KJ188181.1, KJ188179.1, KM492920.1and GU446591.1) were clustered in Karp strain, and two

remaining sequences (KU215599.1 and KJ188197.1) were most closely related to Gilliam strain.

Fig 3. Gender distribution of TD cases, Xiamen city, China, 2006–2018. A, Men distribution of TD cases; B, Women distribution of TD cases.

https://doi.org/10.1371/journal.pntd.0008772.g003
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The relationship between meteorological factors and the reported

incidence of TD

The results showed that the peak of the number of cases was basically consistent with the peak

of average temperature, sunshine duration, and rainfall. The average temperature and sun-

shine duration were the highest in July. The average temperature reached 28˚C and the sun-

shine duration reached 8 h/day in July. Rainfall was mainly prevalent during summer and

autumn, with the highest rainfall reaching 7.18 mm in June. The correlation analysis results

showed that there were significant positive correlations between the TD cases and meteorolog-

ical factors, such as temperature, sunshine duration, and rainfall, with a Spearman’s correla-

tion coefficient (r) of 0.620, 0.405, and 0.211, respectively (all P< 0.05). Most of the TD cases

were associated with higher temperature, more sunshine hours, and more rainfall (Fig 9).

The relationship between meteorological factors and the rat density

As shown in Fig 10, the rat density was basically consistent with the peak of the average tem-

perature. The correlation analysis results showed that there was a significant positive correla-

tion between rat density and average temperature (Spearman’s r = 0.201, P< 0.05), indicating

that the higher temperature was associated with rat density. There were no significant correla-

tion between rat density and rainfall and sunshine duration.

Diversity and similarity analysis

The results of the occupational characteristics of TD for each case in each district showed that

Siming District had the highest N, D, H, and E index. Xiang’an District had the lowest N, D, H,

Fig 4. Age distribution of TD cases, Xiamen city, China, 2006–2018.

https://doi.org/10.1371/journal.pntd.0008772.g004
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and E index but had the highest d index. Haicang District had the lowest d index (Table 2).

Siming District and Huli District, which are the only 2 bordering islands, had the highest simi-

larity of TD occupational classification. Xiang’an District and Haicang District had low simi-

larity, but the bordering districts Xiang’an District, Jimei District, and Tong’an District

showed the lowest similarities (Table 3).

The index N, D, H, and d of the hosts were similar from 2012 to 2017. The year 2018 had

different values for the 4 indices, which might be owing to the missing data in June, August,

October, and December. However, the years 2014, 2016, and 2017 had much higher values of

E index (Table 4). A high similarity value of the host characteristics was observed between any

2 years (Table 5).

Discussion

TD is one of the most seriously neglected infectious diseases in some countries, including

Japan, Taiwan, the Philippines, Indonesia, and Sri Lanka [24,25]. To our knowledge, this is the

first study in Xiamen city that used TD cases and meteorological monitoring data for

Fig 5. Geographical distribution of TD cases, Xiamen city, China, 2006–2018.

https://doi.org/10.1371/journal.pntd.0008772.g005
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providing useful information on the prevention of TD. This study provides evidence that

could help with the prevention and control of TD in Xiamen city, Fujian province, China. The

results showed that TD epidemics occurred in the summer and autumn during the year.

Therefore, comprehensive public health interventions, including public health education (pro-

motion of good hygiene practices, correct and effective individual protection), deratization

and surveillance, should be implemented in Xiamen, especially in areas outside Xiamen Island.

We also found that about half of the cases were diagnosed in 7 days from the onset of their ill-

ness. This also meant that about 50% of the cases were diagnosed after 7 days from the onset of

illness, with only about 19.90% of the cases were diagnosed within 2 days. Therefore, the ability

of the surveillance system for diagnosing the disease should be improved for an early treat-

ment. The results also showed that the reported TD incidence in Xiamen city gradually

Fig 6. Distribution of duration from illness onset date to diagnosed date of 819 TD cases, Xiamen city, China,

2006–2018.

https://doi.org/10.1371/journal.pntd.0008772.g006

Fig 7. Month distribution of rat density, Xiamen city, China, 2008–2017.

https://doi.org/10.1371/journal.pntd.0008772.g007
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Fig 8. Phylogenetic analysis of O. tsutsugamushi isolated from host and human TD cases (noted as red color), Xiamen city, China.

https://doi.org/10.1371/journal.pntd.0008772.g008
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Fig 9. The relationship between meteorological factors and the reported incidence of TD cases, Xiamen city, China, 2006–2018. A, the

relationship between monthly average temperature and the reported incidence of TD cases; B, the relationship between rainfall and the reported

incidence of TD cases; C, the relationship between monthly average daily sunshine duration and the reported incidence of TD cases.

https://doi.org/10.1371/journal.pntd.0008772.g009
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Fig 10. The relationship between meteorological factors and the rat density, Xiamen city, China, 2008–2017. A, the relationship between monthly

average temperature and the rat density; B, the relationship between rainfall and the rat density; C, the relationship between monthly average daily

sunshine duration and rat density.

https://doi.org/10.1371/journal.pntd.0008772.g010
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increased since 2006, reached its peak in 2014, and then gradually decreased afterward; the

gradual increase may be related to the improved surveillance and diagnosis strategies for TD,

and the decrease may be related to the corresponding effective preventive measures. We also

observed that the incidence of TD presented an obvious seasonal pattern. The epidemic peri-

ods were mainly concentrated in the summer and autumn, with the peak in July. This may be

due to the high rainfall in summer and autumn, which makes it easier for chigger mites and

rodents to breed.

A study in Taiwan showed that the incidence of scrub typhus was higher in secondary vege-

tation and intact forests, where chiggers and small mammal hosts are more abundant [26].

During the study period 2006–2018, we found that TD was prominent in farmers, which is

consistent with the findings of other study in Asia [27]. The reason might be because the farm-

ers are working in the farmland and hence are more likely to be exposed to the infected chigger

mites. Epidemiological studies also found that the number of patients in the age group of 40–

60 years was the highest, which could be explained by the fact that people in this age group are

more likely to be engaged in agricultural activities and hence had a larger probability of TD

infection. Spatial analysis showed that the incidence in areas outside Xiamen island with wider

rural coverage, such as Haicang District and Tong’an District were higher than those Siming

District or Huli District of Xiamen island. The result is similar to the patterns of geographic

distribution in Southeast Asia [8,28,29]. This spatial variation in incidence may be reflected by

regional differences in the level of disease diagnosis, reporting and treatment within and out-

side Xiamen island.

The results of this study showed that the incidence of the TD epidemic periods were in the

summer and autumn in Xiamen city. However, the results were inconsistent with studies in

other areas or countries. For example, the seasonal distribution in Korea showed that the inci-

dence of TD in autumn was higher than that in Japan, while the incidence of outbreak in other

seasons were much higher in Japan [30]. Even in China, there are significant seasonal differ-

ences between northern and southern parts of the country. A study in Shandong province [31]

found that the period from September to November is the peak season for TD in northern

Shandong. The seasonal distribution varies from region to region indicating that the meteoro-

logical factors may directly affect the spread of the disease. Therefore, exploring the relation-

ship between the meteorological factors and disease onset will help in the prediction of the

epidemic trend of TD disease and preparation for disease control and prevention.

Temperature can affect the occurrence of TD by inhibiting or promoting the activity of

chigger mites. The results of the current study suggested that the peak of the number of cases

was consistent with the peak of the average temperature, with a significant positive correlation

between the cases and temperature, which is similar to the results of Kasuya et al [32]. In Xia-

men, the main host animals were R. norvegicus and R. flavipectus, and the main vector was Lep-
totrombidium deliense. Leptotrombidium deliense was more active in summer, and as we have

Table 2. The constitution of TD by occupational classification in each district, Xiamen city, China, 2006–2018.

District N Diversity index d E
D H

Siming 13 0.877 1.632 0.224 0.636

Huli 13 0.874 1.039 0.219 0.405

Jimei 13 0.869 1.305 0.202 0.509

Xiang’an 9 0.734 0.740 0.441 0.289

Tong’an 12 0.877 1.309 0.186 0.527

Haicang 12 0.877 1.407 0.161 0.566

https://doi.org/10.1371/journal.pntd.0008772.t002
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previously reported, the peak of TD incidence in Xiamen was in July. Thus, temperature may

affect human susceptibility to TD by affecting the frequency of mites activity. The positive cor-

relation between the temperature and TD means that global warming may increase the inci-

dence of TD or prolong the epidemic periods of TD, which is a public health concern.

However, some reports, such as those in India [33] and Korea [32], showed a negative relation-

ship between the temperature and incidence of scrub typhus. Therefore, our findings may only

apply to the areas with the similar climate of Xiamen city, and further research is needed for

understanding the effect of temperature on the TD incidence.

We also found that the peak of the number of TD cases was basically consistent with the

peak of rainfall. This could be explained by the fact that chigger mites are more likely to grow

and attach to rodents in humid environments, further affecting the onset of TD. A study in

Chile revealed that chigger mites survive and reproduce well at a relative humidity of above

50% but their activity reduce when the relative humidity is below 50% [34]. Around the end of

2014, there was a dissociation in the general consistent trend between rainfall and reported

cases, with the number of cases remaining high even with a drop in the rainfall level, which

may be because the reported cases peaked in 2014 but the rainfall level fluctuated with the sea-

son every year. We found that the number of cases were positively correlated with the sunshine

duration, which may be owing to the fact that the longer duration of sunshine is associated

with longer time for outdoor activities, which contact with the vegetation environment, and

hence, people are more likely to be exposed to infected mites, leading to the increase of scrub

typhus infection [8].

Rodents are an important intermediate host for the transmission of O. tsutsugamushi.
Moreover, owing to different rodent species, the infection intensity and feeding success rate of

chigger mites vary greatly [35,36]. During the 6 years of monitoring from 2012 to 2018, we

found that the main hosts were R. norvegicus and R. flavipectuss, among which R. norvegicus

Table 3. The similarity of TD according to occupational classification in all districts, Xiamen city, China, 2006–2018.

District Siming Huli Jimei Tong’an Xiang’an Haicang

Siming 1

Huli 0.944 1

Jimei 0.899 0.924 1

Tong’an 0.909 0.927 0.851 1

Xiang’an 0.822 0.789 0.694 0.756 1

Haicang 0.918 0.930 0.976 0.857 0.696 1

https://doi.org/10.1371/journal.pntd.0008772.t003

Table 4. The constitution of hosts in each year, Xiamen city, China, 2012–2018.

Year N Diversity index d E
D H

2012 4 0.387 0.683 0.755 0.492

2013 3 0.383 0.620 0.749 0.564

2014 2 0.389 0.577 0.736 0.833

2015 3 0.382 0.565 0.746 0.514

2016 2 0.388 0.576 0.737 0.831

2017 2 0.389 0.577 0.736 0.833

2018� 3 0.540 0.690 0.567 0.628

�Note: there is no data in June, August, October, and December, 2018

https://doi.org/10.1371/journal.pntd.0008772.t004
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accounted for the largest proportion. Therefore, special attention should be paid to R. norvegi-
cus and R. flavipectus when rodent control is considered as a feasible strategy for reducing the

TD burden. The results of the correlation analysis showed that the rodent density positively

correlated with the average temperature, indicating that the average temperature could directly

or indirectly favor rodents’ survival and reproduction, thereby, increasing rodent density. In

addition, Spearman’s correlation coefficient between the reported cases and average tempera-

ture is the largest, which indicates that higher temperature is associated with higher rodent

density, increased chigger mites, and increased incidence of TD. The specific mechanism,

however, needs to be further explored. Furthermore, the phylogenetic analysis showed that

there were 3 strains of O. tsutsugamushi in Xiamen; therefore, the surveillance should be

strengthened, and further analysis should be conducted for finding any differences in the epi-

demic characteristics, so that appropriate prevention and control measures could be

implemented.

There are still some limitations in our study. First, data on the cases were collected from a

passively reported system, so other cases might not have been monitored or recorded. Second,

this study is an ecological study. When we studied the effects of meteorological factors on TD

incidence and rodent density, other confounding factors could not be excluded, which may

cause confounding bias. In addition, we did not include monitoring data on chigger mites.

Thus, data on chigger mites distribution in Xiamen should be included in future studies.

Finally, genome typing was only performed between 2014 and 2015, and the genome of O. tsu-
tsugamushi could be different or might have changed in other years.

In conclusion, this study showed that meteorological factors were associated with the inci-

dence of TD and the host of O. tsutsugamushi in Xiamen city, China. The incidence of TD was

seasonal, and the epidemic period was mainly from May to October. The highest rat density

was observed in March and October every year. Moreover, average temperature, duration of

sunshine, and rainfall were positively associated with TD incidence. Average temperature was

also positively associated with rat density. These findings reveal that the activity of the host of

O. tsutsugamushi was only be affected by temperature. However, TD incidence was not only

affected by temperature but also by the duration of sunshine and rainfall.

Supporting information

S1 Fig. Administrative divisions, Xiamen city, Fujian Province, China.

(TIF)

S1 Table. The PCR detection sequence and primers for O. tsutsugamushi.
(XLSX)

Table 5. The similarity of host in each year, Xiamen city, China, 2012–2018.

Year 2012 2013 2014 2015 2016 2017 2018

2012 1.000

2013 0.999 1.000

2014 0.995 0.998 1.000

2015 0.997 1.000 0.998 1.000

2016 0.996 0.999 0.999 1.000 1.000

2017 0.995 0.999 0.999 1.000 1.000 1.000

2018� 0.941 0.951 0.968 0.954 0.959 0.959 1.000

�Note: there is no data in June, August, October, and December, 2018

https://doi.org/10.1371/journal.pntd.0008772.t005
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S2 Table. Number of various kinds of rat, Xiamen city, China, 2012–2018.

(XLSX)

Acknowledgments

We thank the staff members at the hospitals, local health departments, and county–level CDCs

for their valuable assistance in coordinating data collection.

Author Contributions

Conceptualization: Tianmu Chen.

Data curation: Zhinan Guo, Min Chen, Fanghua Chen.

Formal analysis: Li Luo, Zhinan Guo, Zhao Lei, Qingqing Hu, Min Chen, Fanghua Chen,

Zeyu Zhao, Jia Rui, Xingchun Liu, Yuanzhao Zhu, Yao Wang, Meng Yang.

Investigation: Zhinan Guo, Min Chen, Fanghua Chen.

Methodology: Li Luo, Zhinan Guo, Zhao Lei, Tianmu Chen.

Project administration: Tianmu Chen.

Resources: Zhinan Guo, Min Chen, Fanghua Chen, Tianmu Chen.

Software: Li Luo, Zhao Lei, Zeyu Zhao, Jia Rui, Xingchun Liu, Yuanzhao Zhu, Yao Wang,

Meng Yang.

Supervision: Tianmu Chen.

Validation: Tianmu Chen.

Visualization: Li Luo, Zhao Lei, Zeyu Zhao, Jia Rui, Xingchun Liu, Yuanzhao Zhu, Yao

Wang, Meng Yang, Tianmu Chen.

Writing – original draft: Li Luo, Zhinan Guo, Zhao Lei, Qingqing Hu, Tianmu Chen.

Writing – review & editing: Li Luo, Zhinan Guo, Zhao Lei, Qingqing Hu, Tianmu Chen.

References
1. Boorugu H, Chrispal A, Gopinath KG, Chandy S, Prakash JJ, Abraham AM, et al. Central nervous sys-

tem involvement in scrub typhus. Tropical Doctor. 197; 44:36–37. https://doi.org/10.1177/

0049475513512646 PMID: 24226290

2. Inoue K, Kabeya H, Fujita H, Makino T, Asano M, Inoue S, et al. Serological survey of five zoonoses,

scrub typhus, Japanese spotted fever, tularemia, Lyme disease, and Q fever, in feral raccoons (Procyon

lotor) in Japan. Vector Borne and Zoonotic Diseases (Larchmont, NY). 2011; 11: 15–19.

3. Watt G, Parola P. Scrub typhus and tropical rickettsioses. Current Opinion in Infectious Diseases. 2003;

16:429–436. https://doi.org/10.1097/00001432-200310000-00009 PMID: 14501995

4. Acestor N, Cooksey R, Newton PN, Ménard D, Guerin PJ, Nakagawa J, et al. Mapping the aetiology of

non-malarial febrile illness in Southeast Asia through a systematic review—terra incognita impairing

treatment policies. PloS One. 2012; 7:e44269. https://doi.org/10.1371/journal.pone.0044269 PMID:

22970193

5. Olson JG. Forecasting the onset of a scrub typhus epidemic in the Pescadores Islands of Taiwan using

daily maximum temperatures. Tropical and Geographical Medicine.1979; 31:519–524. PMID: 542987

6. Kim SH, Jang JY. [Correlations between climate change-related infectious diseases and meteorological

factors in Korea]. Journal of Preventive Medicine and Public Health = Yebang Uihakhoe chi. 2010;

43:436–444. https://doi.org/10.3961/jpmph.2010.43.5.436 PMID: 20959714

7. Li T, Yang Z, Dong Z, Wang M. Meteorological factors and risk of scrub typhus in Guangzhou, southern

China, 2006–2012. BMC Infect Dis. 2014; 14:139. https://doi.org/10.1186/1471-2334-14-139 PMID:

24620733

PLOS NEGLECTED TROPICAL DISEASES Meteorological factors and tsutsugamushi disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008772 October 15, 2020 18 / 20

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008772.s003
https://doi.org/10.1177/0049475513512646
https://doi.org/10.1177/0049475513512646
http://www.ncbi.nlm.nih.gov/pubmed/24226290
https://doi.org/10.1097/00001432-200310000-00009
http://www.ncbi.nlm.nih.gov/pubmed/14501995
https://doi.org/10.1371/journal.pone.0044269
http://www.ncbi.nlm.nih.gov/pubmed/22970193
http://www.ncbi.nlm.nih.gov/pubmed/542987
https://doi.org/10.3961/jpmph.2010.43.5.436
http://www.ncbi.nlm.nih.gov/pubmed/20959714
https://doi.org/10.1186/1471-2334-14-139
http://www.ncbi.nlm.nih.gov/pubmed/24620733
https://doi.org/10.1371/journal.pntd.0008772


8. Kuo CC, Huang JL, Ko CY, Lee PF, Wang HC. Spatial analysis of scrub typhus infection and its associ-

ation with environmental and socioeconomic factors in Taiwan. Acta tropica. 2011; 120:52–58. https://

doi.org/10.1016/j.actatropica.2011.05.018 PMID: 21703220

9. Engelthaler DM, Mosley DG, Cheek JE, Levy CE, Komatsu KK, Ettestad P, et al. Climatic and environ-

mental patterns associated with hantavirus pulmonary syndrome, Four Corners region, United States.

Emerging Infectious Diseases. 199; 5:87–94. https://doi.org/10.3201/eid0501.990110 PMID: 10081675

10. Hjelle B, Glass GE. Outbreak of hantavirus infection in the Four Corners region of the United States in

the wake of the 1997–1998 El Nino-southern oscillation. The Journal of Infectious Diseases. 2000;

181:1569–1573. https://doi.org/10.1086/315467 PMID: 10823755

11. Park JW, Kim SH, Park DW, Jung SH, Park HJ, Seo MH, et al. Molecular epidemiology of an Orientia

tsutsugamushi gene encoding a 56-kDa type-specific antigen in chiggers, small mammals, and patients

from the southwest region of Korea. The American Journal of Tropical Medicine and Hygiene. 2018;

98:616–624. https://doi.org/10.4269/ajtmh.17-0070 PMID: 29313468

12. Le Viet N, Laroche M, Pham HLY, Viet NL, Mediannikov O, Raoult D, et al. Use of eschar swabbing for

the molecular diagnosis and genotyping of Orientia tsutsugamushi causing scrub typhus in Quang Nam

province, Vietnam. PLoS Neglected Tropical Diseases. 2017; 11:e0005397. https://doi.org/10.1371/

journal.pntd.0005397 PMID: 28241043

13. Kim G, Ha N-Y, Min C-K, Kim H-I, Yen NTH, Lee K-H, et al. Diversification of Orientia tsutsugamushi

genotypes by intragenic recombination and their potential expansion in endemic areas. PLoS Neglected

Tropical Diseases. 2017; 11:e0005408. https://doi.org/10.1371/journal.pntd.0005408 PMID: 28248956

14. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of progressive multiple

sequence alignment through sequence weighting, position-specific gap penalties and weight matrix

choice. Nucleic Acids Research. 1994; 22:4673–4680. https://doi.org/10.1093/nar/22.22.4673 PMID:

7984417

15. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evolutionary genetics analysis

across computing platforms. Molecular Biology and Evolution. 2018; 35:1547–1549. https://doi.org/10.

1093/molbev/msy096 PMID: 29722887

16. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.

Bioinformatics. 2014; 30:1312–1313. https://doi.org/10.1093/bioinformatics/btu033 PMID: 24451623

17. Miller MA, Pfeiffer W, Schwartz T. Creating the CIPRES Science Gateway for inference of large phylo-

genetic trees In; 2010. IEEE. pp. 1–8.

18. Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel

computing. Nature Methods. 2012; 9:772.

19. Yang D, Liu R, Ye L, Hu Q, Rui J, et al. Hand, foot, and mouth disease in Changsha City, China, 2009–

2017: a new method to analyse the epidemiological characteristics of the disease. Infectious Diseases.

2020:1–6.

20. Chen T, Zhang S, Zhou S-S, Wang X, Luo C, et al. Receptivity to malaria in the China–Myanmar border

in Yingjiang County, Yunnan Province, China. Malaria Journal. 2017; 16:478. https://doi.org/10.1186/

s12936-017-2126-z PMID: 29162093

21. Dash S, Hazra RK. Mosquito diversity in the Chilika lake area, Orissa, India. Trop Biomed. 2011; 28:1–

6. PMID: 21602762

22. Conde M, Pareja PX, Orjuela LI, Ahumada ML, Duran S, et al. Larval habitat characteristics of the main

malaria vectors in the most endemic regions of Colombia: potential implications for larval control. Malar

J. 2015; 14:476. https://doi.org/10.1186/s12936-015-1002-y PMID: 26620401

23. Bond JG, Casas-Martinez M, Quiroz-Martinez H, Novelo-Gutierrez R, Marina CF, et al. Diversity of

mosquitoes and the aquatic insects associated with their oviposition sites along the Pacific coast of

Mexico. Parasit Vectors. 2014; 7:41. https://doi.org/10.1186/1756-3305-7-41 PMID: 24450800

24. Paris DH, Shelite TR, Day NP, Walker DH. Unresolved problems related to scrub typhus: a seriously

neglected life-threatening disease. The American Journal ofTtropical Medicine and Hygiene. 2013;

89:301–307.

25. Chikeka I, Dumler JS. Neglected bacterial zoonoses. Clinical microbiology and infection: the official

publication of the European Society of Clinical Microbiology and Infectious Diseases. 2015; 21:404–

415.

26. Tsai PJ, Yeh HC. Scrub typhus islands in the Taiwan area and the association between scrub typhus

disease and forest land use and farmer population density: geographically weighted regression. BMC

Infectious Diseases. 2013; 13:191. https://doi.org/10.1186/1471-2334-13-191 PMID: 23627966

27. Lee HW, Cho PY, Moon SU, Na BK, Kang YJ, Sohn Y, et al. Current situation of scrub typhus in South

Korea from 2001–2013. Parasites & Vectors. 2015; 8:238.

PLOS NEGLECTED TROPICAL DISEASES Meteorological factors and tsutsugamushi disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008772 October 15, 2020 19 / 20

https://doi.org/10.1016/j.actatropica.2011.05.018
https://doi.org/10.1016/j.actatropica.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21703220
https://doi.org/10.3201/eid0501.990110
http://www.ncbi.nlm.nih.gov/pubmed/10081675
https://doi.org/10.1086/315467
http://www.ncbi.nlm.nih.gov/pubmed/10823755
https://doi.org/10.4269/ajtmh.17-0070
http://www.ncbi.nlm.nih.gov/pubmed/29313468
https://doi.org/10.1371/journal.pntd.0005397
https://doi.org/10.1371/journal.pntd.0005397
http://www.ncbi.nlm.nih.gov/pubmed/28241043
https://doi.org/10.1371/journal.pntd.0005408
http://www.ncbi.nlm.nih.gov/pubmed/28248956
https://doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
https://doi.org/10.1186/s12936-017-2126-z
https://doi.org/10.1186/s12936-017-2126-z
http://www.ncbi.nlm.nih.gov/pubmed/29162093
http://www.ncbi.nlm.nih.gov/pubmed/21602762
https://doi.org/10.1186/s12936-015-1002-y
http://www.ncbi.nlm.nih.gov/pubmed/26620401
https://doi.org/10.1186/1756-3305-7-41
http://www.ncbi.nlm.nih.gov/pubmed/24450800
https://doi.org/10.1186/1471-2334-13-191
http://www.ncbi.nlm.nih.gov/pubmed/23627966
https://doi.org/10.1371/journal.pntd.0008772


28. Lee YS, Wang PH, Tseng SJ, Ko CF, Teng HJ. Epidemiology of scrub typhus in eastern Taiwan, 2000–

2004. Japanese Journal of Infectious Diseases. 2006; 59:235–238. PMID: 16936341

29. Hashimoto S, Kawado M, Murakami Y, Izumida M, Ohta A, Tada Y, et al. Epidemics of vector-borne dis-

eases observed in infectious disease surveillance in Japan, 2000–2005. Journal of epidemiology Null.

2007:S48–55.

30. Bang HA, Lee MJ, Lee WC. Comparative research on epidemiological aspects of tsutsugamushi dis-

ease (scrub typhus) between Korea and Japan. Japanese Journal of Infectious Diseases. 2008;

61:148–150. PMID: 18362409

31. Zhang M, Zhao ZT, Wang XJ, Li Z, Ding L, Ding SJ. Scrub typhus: surveillance, clinical profile and diag-

nostic issues in Shandong, China. The American Journal of Tropical Medicine and Hygiene. 2012;

87:1099–1104. https://doi.org/10.4269/ajtmh.2012.12-0306 PMID: 23091193

32. Kasuya S. [Studies on tsutsugamushi disease in Gifu prefecture. 6. Correlation between number of

patients and meteorological elements]. Kansenshogaku zasshi The Journal of the Japanese Associa-

tion for Infectious Diseases. 199; 69:1110–1117. https://doi.org/10.11150/kansenshogakuzasshi1970.

69.1110 PMID: 7499913

33. Stephen S, Sangeetha B, Ambroise S, Sarangapani K, Gunasekaran D, Hanifah M, et al. Outbreak of

scrub typhus in Puducherry & Tamil Nadu during cooler months. The Indian Journal of Medical

Research. 2015; 142:591–597. https://doi.org/10.4103/0971-5916.171289 PMID: 26658595

34. Nsoesie EO, Mekaru SR, Ramakrishnan N, Marathe MV, Brownstein JS. Modeling to predict cases of

hantavirus pulmonary syndrome in Chile. PLoS Neglected Tropical Diseases. 2014; 8:e2779. https://

doi.org/10.1371/journal.pntd.0002779 PMID: 24763320

35. Kuo CC, Wang HC, Huang CL. Variation within and among host species in engorgement of larval trom-

biculid mites. Parasitology. 2011; 138:344–353. https://doi.org/10.1017/S003118201000140X PMID:

20946695

36. Kuo CC, Huang CL, Wang HC. Identification of potential hosts and vectors of scrub typhus and tick-

borne spotted fever group rickettsiae in eastern Taiwan. Medical and Veterinary Entomology. 2011;

25:169–177. https://doi.org/10.1111/j.1365-2915.2010.00941.x PMID: 21223345

PLOS NEGLECTED TROPICAL DISEASES Meteorological factors and tsutsugamushi disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008772 October 15, 2020 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/16936341
http://www.ncbi.nlm.nih.gov/pubmed/18362409
https://doi.org/10.4269/ajtmh.2012.12-0306
http://www.ncbi.nlm.nih.gov/pubmed/23091193
https://doi.org/10.11150/kansenshogakuzasshi1970.69.1110
https://doi.org/10.11150/kansenshogakuzasshi1970.69.1110
http://www.ncbi.nlm.nih.gov/pubmed/7499913
https://doi.org/10.4103/0971-5916.171289
http://www.ncbi.nlm.nih.gov/pubmed/26658595
https://doi.org/10.1371/journal.pntd.0002779
https://doi.org/10.1371/journal.pntd.0002779
http://www.ncbi.nlm.nih.gov/pubmed/24763320
https://doi.org/10.1017/S003118201000140X
http://www.ncbi.nlm.nih.gov/pubmed/20946695
https://doi.org/10.1111/j.1365-2915.2010.00941.x
http://www.ncbi.nlm.nih.gov/pubmed/21223345
https://doi.org/10.1371/journal.pntd.0008772

