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Abstract

Background: The Junggar Basin plague focus was the most recently identified natural plague focus in China.
Through extensive field investigations, great gerbils (Rhombomys opimus) have been confirmed as the main host in
this focus, and the community structure of their parasitic fleas is associated with the intensity of plague epizootics.
The aim of this study is to provide an indicator that can be surveyed to evaluate the risk of plague epizootics.

Methods: Between 2005 and 2016, rodents and fleas were collected in the Junggar Basin plague focus. The para-
sitic fleas on great gerbils were harvested, and anti-F1 antibody in the serum or heart infusion of great gerbils was
detected through indirect hemagglutination assay. Yersinia pestis (Y. pestis) was isolated from the liver and spleen of
great gerbils and their parasitic fleas using Luria-Bertani plates. Receiver-operating characteristic (ROC) curve was
used to evaluate the predictive value of flea index.

Results: Between 2005 and 2016, 98 investigations were performed, and 6778 great gerbils and 68,498 fleas were
collected. Twenty-seven rodents were positive for Y. pestis isolation with a positivity rate of 0.4%; 674 rodents were
positive for anti-F1 antibody with a positivity rate of 9.9%. Among these 98 investigations, plague epizootics were
confirmed in 13 instances by Y. pestis-positive rodents and in 59 instances by anti-F1 antibody-positive rodents.

We observed a higher flea index among rodents with confirmed plague epizootic compared to the negative ones
(P=0.001, 0.002), with an AUC value of 0.659 (95% CI: 0.524-0.835, P=0.038) for Y. pestis-positive rodents and an AUC
value of 0.718 (95% CI: 0.687-0.784, P<0.001) for anti-F1 antibody-positive rodents.

Conclusions: Significantly higher flea index was associated with confirmed plague epizootic cases among great
gerbils and could be used to predict plague epizootics in this focus.
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Background

Plague, caused by infection of Yersinia pestis, is a re-
emerging zoonotic disease characterized by its ability to
persist in certain natural systems, i.e. plague foci [1, 2].
In plague foci, the pathogen, hosts and vectors inter-
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vectorial capacity among different flea species and differ-
ent degrees of susceptibility among hosts.

So far, 15 natural plague foci have been identified in
China, covering > 1.4 million km? of land [3, 4]. Among
them, the Junggar Basin plague focus was most recently
identified in 2005 [5]. Between 2005 and 2016, exten-
sive field investigations were performed to understand
the distribution, fauna and population structure of host
animals and their parasitic fleas as well as the dynamic
of plague epizootics of this focus. The results showed
that 84.4% of Y. pestis strains isolated in this focus were
from great gerbils (Rhombomys opimus) and their para-
sitic fleas. Great gerbils, widely distributed in clay or
sandy desert areas throughout Central Asia, have been
confirmed as the main host in this focus [6, 7], and the
community structure of their parasitic fleas is associated
with the intensity of plague epizootics [8]. As an infection
source for humans in this focus, great gerbils infected by
Y. pestis can transmit plague to humans through direct
contact or their fleas. Therefore, zoonotic plague sur-
veillance is critical for preventing the spread of animal
plague to humans.

Studies demonstrate that the abundance of the fleas
on hosts is an important indicator for plague control in
many plague foci [9-13]. Moreover, the index of specific
fleas can be applied in the prediction of plague activity
among hut-dwelling rats [14]. However, the association
of the flea index with plague epizootics among great ger-
bils in the Junggar Basin plague focus and its predictive
value have still not been analyzed. The zoonotic plague
surveillance in this focus between 2005 and 2016, col-
lecting data on etiological and serological testing of
rodents, etiological testing of parasitic fleas on rodents,
flea indexes, etc., provided us the opportunity to evaluate
the potential of the flea index on great gerbils for predict-
ing plague epizootics among great gerbils. The aim of this
analysis is to provide an indicator that can be surveyed to
evaluate the risk of plague epizootics.

Methods

Animals

Between 2005 and 2016, the zoonotic plague surveil-
lance aiming for rodents was performed in 15 counties of
the Junggar Basin plague focus during the plague season
(April, May, September and October) according to the
methods described by Dennis et al. [15]. These 15 coun-
ties were Manasi, Karamay, Hefeng, Alashankou, Wusu,
Jinghe, Shawan, Mulei, Qitai, Jimsar, Fukang, Midong,
Buerjin, Changji and Hutubi. Traps for great gerbils were
set from 10 a.m. to 18 p.m. and inspected every half hour.
Trapped rodents were immediately put in white cloth
bags after collecting cardiac blood to prevent flea dis-
sociation from their bodies. Traps for nocturnal rodents
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were set from late afternoon (20 p.m.) to the next morn-
ing (8 a.m.) to prevent flea dissociation from their bod-
ies. Traps were set for at least 2 consecutive days in each
observation.

Fleas

Fleas were collected from captured rodents after they
were anaesthetized using diethyl ether and placed in a
white basin. Fleas were then removed by brushing cap-
tured rodents with a tooth brush and collected into small
vials with ophthalmic forceps. Fleas were identified by
flea morphologists using light microscopy. The flea index
was calculated by dividing the number of fleas collected
from great gerbils by the total number of great gerbils, i.e.
number of fleas per individual rodents [15].

Laboratory detection

The anti-F1 antibody in the serum or heart infusion of
great gerbils was detected through indirect hemagglu-
tination assay (IHA), and Y. pestis was isolated from the
liver and spleen of great gerbils using Luria-Bertani (LB)
plates at 28 °C [6]. Plague epizootics were confirmed by
anti-F1 antibody- or Y. pestis-positive rodents. The con-
specific fleas on the conspecific rodents captured in
the same observation were divided into different pools
(about 30 each pool). The fleas were then ground with
normal saline, and the suspension was used for Y. pestis
isolation [5].

Statistical analysis

Statistical analysis was conducted with SPSS version 17.0
(SPSS Inc., USA), and significance was set at two-sided
P<0.05. The distribution of the flea index of great gerbils
was evaluated using Kolmogorov-Smirnov test, and the
flea index was described using mean = standard devia-
tion and compared using Student’s ¢ test. Receiver-oper-
ating characteristic (ROC) curve was used to evaluate the
predictive value of the flea index for plague epizootics. In
the ROC analysis, the status variable was set as whether
plague epizootics were confirmed in these 15 counties
according to the results of each investigation, and the
corresponding flea index was set as the test variable. Area
under curve (AUC) was compared using Z test. Sensitiv-
ity, specificity and accuracy were calculated.

Results

Surveillance data

Between 2005 and 2016, a total of 98 investigations were
performed in the 15 counties of the Junggar Basin plague
focus. Fourteen species of 11,760 rodents were captured,
mainly including Rhombomys opimus (great gerbils),
Meriones meridianus (M. meridianus), M. erythrourus,
M. tamariscinus, Dipus sagitta etc., and 19 species of
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72,883 parasitic fleas were collected, mainly including
Xenopsylla minax (X. minax), X. skrjabini, X. hirtipes, X.
conformis, Echidnophaga oschanini, etc. Among them,
great gerbils accounted for 57.6% (6778/11760), and
their parasitic fleas accounted for 94.0% (68498/72883).
Twenty-seven great gerbils were positive for Y. pestis
isolation with a positivity rate of 0.4%. All the 68,498
parasitic fleas were divided into 2186 pools for Y. pestis
isolation, and 12 pools were positive for Y. pestis isola-
tion with a positivity rate of 0.5%; 674 great gerbils were
positive for anti-F1 antibody with a positivity rate of
9.9%. The rate of Y. pestis-positive great gerbils was much
lower than that of anti-F1 antibody-positive great gerbils
(0.4% vs. 9.9%, x>=629.724, P<0.001). Among these 98
investigations, the occurrence of plague epizootics was
confirmed in 13 cases by the presence of Y. pestis-positive
great gerbils and in 59 cases by the presence of anti-F1
antibody-positive great gerbils.

Flea index of great gerbils in positive and negative
observations

In this study, positive observations (plague epizootics)
were characterized by the occurrence of Y. pestis-positive
rodents or anti-F1 antibody-positive rodents and nega-
tive observations (situations); Y. pestis-negative and anti-
F1 antibody-negative rodents were detected. The flea
index of all 6778 great gerbils was 10.11. Student’s ¢-test
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observations confirmed by Y. pestis-positive rodents (13
cases) was higher than that in negative observations,
and the flea index of great gerbils in positive observa-
tions confirmed by anti-F1 antibody-positive rodents (59
cases) was also higher than that in negative observations
(Fig. 1).

Predictive value of the flea index for plague epizootics

The ROC curve (Fig. 2A) showed that the AUC of the
flea index was 0.659 (SE: 0.077, 95% CI: 0.524-0.835,
P=0.038) when it was used to predict plague epizootics
confirmed by presence of Y. pestis-positive great gerbils.
Its best cutoff was 11.84, and the prediction results are
shown in Table 1A. The sensitivity, specificity and accu-
racy were 69.2%, 56.5% and 58.2%, respectively.

The ROC curve (Fig. 2B) showed that the AUC of the
flea index was 0.718 (SE: 0.057, 95% CI. 0.687-0.784,
P<0.001) when it was used to predict plague epizoot-
ics confirmed by presence of anti-F1 antibody-positive
great gerbils. Its best cutoff was 10.59, and the prediction
results are also shown in Table 1B. The sensitivity, speci-
ficity and accuracy were 79.7%, 64.1% and 73.5%, respec-
tively. The AUC of the flea index for the prediction of
plague epizootics confirmed by presence of anti-F1 anti-
body-positive rodents was not statistically different from
that for the prediction of plague epizootics confirmed
by presence of Y. pestis-positive rodents (Z=0.616,

showed that the flea index of great gerbils in positive P=0.546).
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Fig.2 A ROC curve of the flea index for predicting plague epizootics confirmed by Y. pestis-positive great gerbils; B ROC curve of the flea index for
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Table 1 Prediction results of the flea index for plague epizootics
confirmed by Y. pestis-positive great gerbils A and anti-F1
antibody-positive great gerbils (B)

Prediction criterion Plague epizootic  Total

Yes No
A Flea index > 12.63 (positive) 9 37 46
Flea index < 12.63 (negative) 4 48 52
Total 13 85 98
B Flea index > 10.59 (positive) 47 14 61
Flea index < 10.59 (negative) 12 25 37
Total 59 39 98

Discussion

Many studies have already explored the feasibility of the
flea index as an evaluation tool for epizootics and human
plague [14, 16-22], but it remains controversial. Eisen
et al. [14] monitored the Xenopsylla flea index in hut-
dwelling rats in sentinel villages in the West Nile region
of Uganda and evaluated its predictive value for plague
occurrence. Their results showed that the Xenopsylla flea
index increased preceding the start of the annual plague
season and tended to be greater in the years when plague
activity was reported than in the years when plague activ-
ity was not. Xenopsylla flea index>1 yielded a sensitiv-
ity of 46.7% and positive predictive value (PPV) of 22.6%
for the prediction of plague activity. When the flea index

decreased to 0.50 or 0.75, the sensitivity increased to 60.0%
and 53.3%, respectively, and the PPV decreased to 12.5%
and 17.4%, respectively. Laudisoit et al. [21] demonstrated
that Pulex irritans was the predominant flea species in
houses of Lushoto District, Tanzania, and its density was
associated with the logarithmically transformed plague
incidence and plague frequency. However, Brinkerhoff
et al. [22] investigated whether increased flea abundance
predisposed blacked-tailed prairie dogs to infection by Y.
pestis by tracking flea occurrence for 3 years at prairie dog
colony sites before, during and after a local plague epizo-
otic. Their results showed that there were no significant
differences in preepidemic flea prevalence and abundance
between plague-negative and -positive colonies. Moreo-
ver, there were no significant differences in flea prevalence
and abundance between before and after plague at either
plague-negative or -positive sites. Therefore, they con-
cluded that flea abundance could not be used to predict
plague epizootics among black-tailed prairie dogs in Boul-
der County, Colorado, USA.

The ROC analysis can detect the predictive power
of the flea index at arbitrary thresholds for plague epi-
zootics and derive the best cutoff. Moreover, the pre-
dictive values can be compared using AUCs by Z test.
Therefore, we used the ROC analysis instead of other
statistical methods. Our results demonstrated that the
flea index of great gerbils in the positive observations
in which plague epizootic was confirmed was higher
than that in the negative observations where plague
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epizootics were not. The flea index yielded an AUC of
0.659 for the prediction of plague epizootic confirmed
by presence of Y. pestis-positive great gerbils and an
AUC of 0.718 for the prediction of plague epizootic
confirmed by presence of anti-F1 antibody-positive
great gerbils. The AUC of the flea index for the pre-
diction of plague epizootics confirmed by presence of
anti-F1 antibody-positive rodents was slightly elevated
compared with that for the prediction of plague epi-
zootics confirmed by presence of Y. pestis-positive
rodents, but the difference was not statistically sig-
nificant. The reason may be that positive anti-F1 anti-
body represents a previous epizootic and isolation of
Y. pestis represents an on-going epizootic. The flea
index yielded a sensitivity of 79.7% and specificity of
64.1% for the prediction of plague epizootic confirmed
by presence of anti-F1 antibody-positive rodents and
yielded a sensitivity of 69.2% and specificity of 56.5%
for the prediction of plague epizootic confirmed by
presence of Y. pestis-positive rodents.

The community structure of parasitic fleas on great
gerbils was complicated, demonstrating an average rich-
ness of 1.66 and an average diversity of 1.5556 [8]. The flea
index of great gerbils was much higher than that of other
hosts, for example small mammals in the West Nile region
of Uganda and black-tailed prairie dogs [14, 22]. In addi-
tion, the carrier rate of Y. pestis in the predominant flea
species of great gerbils was high, and 12 strains of Y. pestis
were isolated during the same period (2005-2016). These
may partly explain the relatively high predictive value of
the flea index for plague epizootics among great gerbils in
the Junggar Basin plague focus. Isolation of Y. pestis is a
key indicator to determine the prevalence of plague epizo-
otics. However, the detection rate of Y. pestis is affected by
many factors such as workload, experimental conditions
and operation skills, which is confirmed by our results. In
this study, the rate of Y. pestis-positive great gerbils was
much lower than that of anti-F1 antibody-positive great
gerbils (0.4% vs. 9.9%, y’=629.724, P<0.001). Moreover,
the 13 cases confirming the occurrence of plague epizo-
otics by the presence of Y. pestis-positive rodents were
included in the 59 cases confirmed by the presence of anti-
F1 antibody-positive rodents. Therefore, positive anti-F1
antibody was also used as the criterion for the occurrence
of plague epizootics in this study.

Conclusions

More than a decade of data collected from the Junggar
Basin plague focus supported that significantly higher
flea index was associated with confirmed plague epi-
zootics cases among great gerbils. Our results demon-
strated that the flea index was an accurate parameter
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that could be used to predict plague epizootics in this
focus.
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