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ABSTRACT
Bats are the natural reservoirs of severe acute respiratory syndrome-coronavirus (SARS-CoV).
Six Alphacoronavirus and ¯ve Betacoronavirus have been detected in many bat species,
including SARS-related CoV and Middle East respiratory syndrome (MERS)-related CoV. In
Taiwan, SARS-related CoV, belonging to Betacoronavirus, has been detected in Rhinolophus
monoceros. Scotophilus bat CoV-512, belonging to Alphacoronavirus, has been detected in
Scotophilus kuhlii, Miniopterus fuliginosus, and Rhinolophus monoceros by using reverse
transcription polymerase chain reaction (RT-PCR). To understand the infection history of
CoV in these three insectivorous bat populations, CoV-speci¯c antibodies were surveyed by
using western blot (WB) analysis and indirect enzyme-linked immunosorbent assay (ELISA).
The carboxyl terminal fragment of nucleocapsid protein (N3) of SARS-CoV and Scotophilus
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bat CoV-512 were used as the antigen in the assays. Of the 52 serum samples obtained from
Scotophilus kuhlii, 29 samples (56%) were tested positive for Scotophilus bat CoV-512-speci¯c
antibodies through ELISA. Of the 63 serum samples obtained from Rhinolophus monoceros, 9
samples were tested positive for only SARS-CoV-speci¯c antibodies, 7 samples were tested
positive for only Scotophilus bat CoV-512-speci¯c antibodies, and 16 samples (25.4%) were
tested positive for both antibodies through WB analysis. Only 1 of 18 Miniopterus bat serum
samples tested positive for Scotophilus bat CoV-512-speci¯c antibodies through ELISA. Lac-
tating female bats had higher positive rates of CoV-speci¯c antibodies than non-lactating
female and male bats did. Our ¯ndings were crucial for understanding CoV infection history in
three insectivorous bat species and important for the control of bat-borne zoonosis diseases.

Keywords: Insectivorous bats; Enzyme-linked immunosorbent assay; Nucleocapsid proteins;
Coronavirus; Taiwan.

INTRODUCTION

Numerous novel coronaviruses (CoVs) have been dis-

covered after the investigation of the natural reservoirs

of severe acute respiratory syndrome (SARS)-CoV

which has caused a total of 8096 cases worldwide.1 In the

subfamily Coronavirinae, 30 CoV species are divided

into 4 genera from Alpha- to Deltacoronavirus and 10

CoV species in the genera Alpha- and Betacoronavirus

are found in di®erent bat species.2 In the feces of 9 bat

species found in Taiwan, Scotophilus bat CoV-512,

Miniopterus CoV-1A, and SARS-related CoV were

detected through reverse transcription polymerase chain

reaction (RT-PCR), which targets RNA-dependent

RNA polymerase gene (RdRp) fragment.3 Molecular

detection and sequencing are the most common tools

used for discovering novel CoV species.4 However,

the surveillance of CoV by genomic assays has many

limitations that are caused by the degradation of

viral RNA, numerous PCR inhibitors in fecal samples,

and the insu±cient quantity and low quality of PCR

products for sequencing.4–6 Serological assays based on

speci¯c antigen fragments can di®erentiate antibodies

against di®erent CoV species and provide information

regarding the cumulative exposure history to a speci¯c

antigen.7,8

Coronaviruses have four major structural proteins,

namely spike (S), envelope (E), membrane (M), and

nucleocapsid (N) proteins. The immunogenicity of S and

N proteins is high; therefore, they are the most common

antigens used in serological assays. Assays based on the

N protein are more sensitive than those based on the S

protein because the N protein is the most abundant

protein during CoV infection and is relatively conserved

among di®erent CoVs compared to S protein.9 However,

S protein-based assays are more speci¯c than are N

protein-based assays because S proteins di®erent highly

in di®erent CoVs and induce neutralizing antibodies in

hosts.9 The N protein is favored for developing new

serological assays because of the ease of expression of the

N protein in a prokaryotic expression system such as

that of Escherichia coli.10 Furthermore, the N protein is

smaller in size than the S protein and does not require

glycosylation for protein production.10

Serological data for CoV-speci¯c antibodies in bats

are scant because of di±culties in collecting bat serum

samples, particularly from insectivorous bats with small

body sizes.5,8,11,12 It has been speculated thatAfrican bats

have been harbored SARS-related CoV since long before

the outbreaks of SARS-CoV in 2002.8 Antibodies reactive

with the SARS-CoV antigen were detected in 47 of 705

bat serum samples collected from 4 frugivorous and 3

insectivorous bat species in Africa between 1986 and 1999

by using a commercial SARS-CoV enzyme-linked im-

munosorbent assay (ELISA) kit, which was developed for

detecting antibodies speci¯c to SARS-CoV in human

serum.8 Antibodies to SARS-CoV were also detected in

frugivorous Rousettus bats and insectivorous Rhinolo-

phus bats in China by using a ELISA,Western blot (WB)

assay, or immuno°uorescent antibody (IFA) assay on

whole SARS-CoVparticles, recombinantN or S protein of

SARS-CoV, or SARS-CoV-infected cells.5,13 Antibodies

to another Betacoronavirus, Rousettus bat CoV HKU 9,

were detected in Rousettus bats in China and in 5 fru-

givorous and 2 insectivorous bat species in the Phi-

lippines.5,12 Generally, serological assays have higher

detection rate than RT-PCR, and ELISA is more sensi-

tive than WB assay.5,8,12 We attempted to detect anti-

bodies to the recombinant N protein fragments of

Scotophilus bat CoV-512 in the serum samples obtained

from Scotophilus kuhlii through WB assay in previous

study and the detection rate of speci¯c antibodies was

very low.14 This study has optimized the conditions for

WB assays and developed an N protein fragment-based

ELISA for detecting the speci¯c antibodies to Scotophilus
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bat CoV-512 and SARS-CoV in the serum samples

obtained from Scotophilus (S.) kuhlii, Miniopterus (M.)

fuliginosus, and Rhinolophus (R.) monoceros.

MATERIALS AND METHODS

Sample Collection and Processing

All bats captured in this study were released after

sampling. The procedures for capturing and sampling of

bats were approved by the Institutional Animal Care

and Use Committee (IACUC) at Chung Yuan Christian

University with the approval number 103008 and

103028. Field sampling permissions were obtained from

the Agriculture Bureau of Regional Governments.

Chestnut bats (S. kuhlii) were captured from the palm at

Beigang sugar processing factory trees by an extended

butter°y net (23�3400500N/120�1705100E) in September of

2014 and August of 2015. Eastern bent-winged bats

(M. fuliginosus) and Formosan lesser horseshoe bats

(R. monoceros) were captured by a harp trap from the

same irrigation culvert at Dongshan (23�1900400N/

120�2502700E) in October of 2014 and September of 2015.

Reproductive status of female bats was determined by the

swelling of nipples. The bats were considered lactating

when they have swollen breasts and the bats were con-

sidered non-lactating when their nipples were not ex-

posed. The bats with insu±cient ephiphyseal-diaphyseal

closure in the metacarparpal-phalangeal joints were con-

sidered younger than one-year-old and others were con-

sidered adults. Less than 5% of total blood volume (1/20

of body weight) of individual bat was taken from wing

veins nicked by 26–30G needles.15 The average body

weights of S. kuhlii,M. fuliginosus, andR.monoceroswere

20, 11, and 5 g, respectively. BothWBandELISAused the

serumproducedby the centrifugation at5000 rpm fromthe

clotted blood samples (CT15RE, Hitachi, Tokyo, Japan).

Fecal pellets produced by individual bats were collected

in RNAlaterr RNA stabilization solution (Qiagen, Ger-

mantown, MA, USA) for further RT-PCR analysis.3

Reverse Transcription Polymerase

Chain Reaction Analysis

The presence of CoV in the fecal samples was detected

by RT-PCR targeting RdRp gene fragment (440 bp)

according to previous studies.3 Brie°y, viral RNA was

extracted from each fecal sample by using QIAamp Viral

RNA Mini Kit (Qiagen) and reverse transcribed into

cDNA by using iScript Select DNA Synthesis kit

(Bio-Rad, Hercules, CA, USA). The semi-nested PCR

used primer RdRp-F and RdRp-R in the ¯rst PCR and

primer RdRp-F and RdRp-nest R in the second PCR to

amplify a 440-bp RdRp fragment. The expected PCR

products were con¯rmed by 1.5% agarose gel and

sequenced for the identi¯cations of Scotophilus bat CoV-

512 and SARS-related CoV according to the blast

analysis and sequence alignment results.

Recombinant Nucleocapsid Protein
Fragments

According to previous study, three N gene fragments of

Scotophilus bat CoV-512/CYCU-S1/TW/2013 (GenBank

number: KT346372) were cloned as pTri-Sco-N1, pTri-

Sco-N2, and pTri-Sco-N3.14 The N3 gene fragment

of SARS-related CoV (SARS-N3) was cloned from SARS-

CoV Tor2 strain (GenBank number: AY274119) as pTri-

SARS-N3. Gene fragment was ampli¯ed from pCMV-

SARS-CoV-TOR2-N by using primers SARS-N3F-

BamHI (50-TAGGATCCGGTGACACCATCTGGC-30)
and SARS-N3R-EcoRI (50-TAGAATTCGGAGCCTG

GGTGCTG T-30). N3 protein fragments were extracted

by BugBusterr protein reagent kit (Merck Millipore,

Darmstadt, Germany) and puri¯ed by Ni-NTAr His-

Bind puri¯cation kit (Millipore). Protein concentration

was quanti¯ed by OD595 nm with Bio-Rad protein

assay reagent (Bio-Rad, Hercules, CA, USA) based on

the standard curve established by bovine serum albumin

(BSA) from 0 to 1�g/�L. The quality of proteins was

con¯rmed by 20% SDS-PAGE stained with Coomassier

Brilliant Blue (CBB) R259 (Sigma-Aldrich, St. Louis,

MO, USA).

Western Blotting Analysis

To detect speci¯c antibodies to Scotophilus bat CoV-512

and SARS-CoV, we modi¯ed the procedures of WB

analysis in previous study.14 Brie°y, 1�g of puri¯ed N3

protein fragments with His-tag (Sco-N3 and SARS-N3)

were separated by 20% SDS-PAGE and transferred to

nitrocellulose membrane (Bio-Rad).

The membrane was cut into strips to incubate sepa-

rately with a 1:250 of Scotophilus and Rhinolophus bat

serum samples at 4�C for 16 h, modi¯ed from the reac-

tion condition of 37�C for 1 h. Antibody–antigen inter-

action was detected with a 1:20,000 of horseradish

peroxidase (HRP)-conjugated goat anti-bat IgG heavy

and light chain antibody (Bethyl, Montgomery, TX, USA)

at 4�C for 2h, modi¯ed from the reaction condition of

37�C for 1 h, and Immobilon Western Chemiluminescent

HRP substrate (Millipore). Anti-His monoclonal antibody

SARS and Bat CoV Antibodies 181
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(Sigma-Aldrich) was used as a positive control and PBS

without primary antibody was used as a negative control.

Enzyme-Linked Immunosorbent Assay

for Scotophilus Bat CoV 512-Speci¯c

Antibodies

To detect the presence of IgG antibodies to Scotophilus

bat CoV-512 in serum samples from S. kuhlii and M.

fuliginosus, the N3 protein fragment-based ELISA was

developed and optimized. Serum sample S24 and S67

from the S. kuhlii bat individuals showing negative RT-

PCR and WB results were used as negative control

serum. Serum sample S73 from the S. kuhlii bat indi-

vidual showing positive RT-PCR and WB result was

used as positive control serum. One serum sample H10

from Hipposideros armiger terasensis bat individual

showing negative RT-PCR and WB result was also used

as negative control serum. The conditions producing

bigger di®erences of OD450nm values between negative

control samples and positive control samples were cho-

sen. Two concentrations of antigen (1�g/well and

2.5�g/well), two concentrations of BSA blocking solu-

tion (1% and 3%), three dilutions of primary antibody

(1:50, 1:100, 1:250), and two dilutions of secondary an-

tibody (1:5000 and 1:10,000) were tested. The optimi-

zation results are presented in the supplement Fig. S1

and the optimized concentration of N3 protein fragment

for coating was 1�g/well, the concentration of BSA

blocking solution was 1%, the dilution of primary anti-

body was 1:100, and the dilution of secondary antibody

was 1:5000. The procedures of ELISA began with the

coating of 1�g/well of puri¯ed His-tagged N3 protein

fragment of Scotophilus bat CoV-512 (Sco-N3) on

MaxiSorp Nunc-immuno 96-microwell plates (Roskilde,

Denmark). Next, the plates were blocked with PBS with

1% BSA at room temperature for 1 h, washed with PBS

with 0.05% Tween 20 for three times, and incubated

with bat serum samples (primary antibody) diluted in

1:100 at room temperature for 1 h. After three times of

washing, HRP-conjugated goat anti-bat IgG heavy and

light chain antibody (Bethyl) diluted in 1:5000 was used

as secondary antibody at room temperature for 1 h. An-

tibody and antigen interaction was detected by adding

teteramethylbenzidine (TMB, BD, San Jose, CA, USA)

for 15min. The reaction was stopped by adding 2N H2SO4

and OD450nm was measured by Synergy HT Multi-Mode

Microplate Reader (Bio-Tek). Based on the results of WB

and ELISA from 31 S. kuhlii sera, the cut-o® value for

negative and positive responses by ELISA was calculated

by receiver operating characteristic (ROC) curve.16

Antibody-positive response of Miniopterus fuliginosus

sera were determined as outlier by Smirnov–Grubbs

rejection test.16 The area under the curve (AUC) was

calculated to determine the distinguishing ability of

ELISA for the detection of Sco-N3 speci¯c antibody in

S. kuhlii sera (R project, 1 is perfect, > 0:9 is out-

standing, > 0:8 is excellent, > 0:7 is acceptable).

Agreement between di®erent assays was analyzed by

logistic regression and Cohen's kappa statistical analysis

(R project, 0.81–1 is complete agreement, 0.61–0.8 is

high level, 0.41–0.6 is middle level, 0.21–0.4 is low level,

0–0.2 is minimum level).

Statistical Analysis

Seroprevalence data was compared by using Fisher's exact

test for categorical variables, including gender, maturation

status, and reproductive status.16 p values of < 0:05

were regarded as statistically signi¯cance.

RESULTS

Scotophilus Bat CoV-512-Speci¯c
Antibodies in S. kuhlii

Only 18 out of 26 serum samples collected in 2014 and 13

out of 26 serum samples collected in 2015 from S. kuhlii

had enough volume for both WB and ELISA. According

to the results of Sco-N3-based WB and Sco-N3-based

ELISA on the same 31 serum samples, the cut-o® value

of Sco-N3-based ELISA determined by ROC was

OD450nm 0.878. Amongst a total of 52 serum samples

from S. kuhlii, 29 samples (56%) were positive through

Sco-N3-based ELISA (Fig. 1(A)). The median OD450 nm

value was 1.18 for positive samples and 0.63 for negative

samples. The distinguishing ability of ELISA for the de-

tection of Sco-N3 speci¯c antibody in S. kuhlii sera was

acceptable (0.7717) by AUC (Fig. 1(B)). There were 8

samples tested positive and 12 negative through bothWB

and ELISA. Amongst 23 serum samples tested negative

through Sco-N3-based WB analysis, 11 serum samples

showed positive through Sco-N3-based ELISA. The range

of OD450nm values are listed in Table 1. The results of

WB and ELISA had slight correlation (k ¼ 0:36) and

ELISA had higher sensitivity thanWB. There are 21 bats

having both serum samples for Sco-N3-based ELISA and

fecal samples for RT-PCR targeting RdRp partial gene.

10 out of 21 bats had fecal samples tested positive

through RT-PCR and 5 out of these 10 bats had serum

samples tested positive through ELISA. Out of 11 bats

having fecal samples tested negative through RT-PCR,

182 Y.-N. Chen et al.

T
ai

w
an

 V
et

 J
 2

01
8.

44
:1

79
-1

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
09

/2
1/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



6 of them had serum samples tested positive through

ELISA. Among seven Scotophilus bats younger than

1-year-old were tested, two had both viral RNA and

antibodies, one had viral RNA but no antibodies, two had

antibodies but no viral RNA, and two had no viral RNA

nor antibodies. No correlation was found between the

results of ELISA and RT-PCR (k ¼ �0:045). Amongst 8

samples tested positive through both WB and ELISA, 6

samples came from females (6/17, 35%) and 2 samples

came from males (2/14, 14%). The seroprevalence

determined by ELISA was also higher in female S. kuhlii

(19/30, 63%) than that in male S. kuhlii (10/22, 45%).

The lactating adult females (4/6, 67%) had higher

detection rate of antibodies through ELISA than non-

lactating adult females (2/6, 33%). Adult bats (22/39,

56%) and young bats less than one-year-old (7/13, 54%)

had similar seroprevalence determined by ELISA.

Molecular and serological results for S. kuhlii are listed in

Table S2.

Scotophilus Bat CoV-512-Speci¯c and

SARS-CoV-Speci¯c Antibodies in
R. monoceros sera

Antibodies speci¯c to Scotophilus bat CoV-512 and

SARS-CoV were detected by WB analysis in the sera of

R. monoceros. Representative WB pictures are shown in

Fig. S2. Amongst 62 serum samples, 16 samples showed

positive for both Sco-N3 and SARS-N3, 9 samples

were positive for Sco-N3, 7 samples were positive for

SARS-N3, and 30 samples were negative for both Sco-

N3 and SARS-N3 (Table 2). From 30 bats having both

serum samples for WB and fecal samples for RT-PCR, 2

bats had feces tested positive for CoV and both of them

had antibodies to only SARS-N3. Amongst 28 bats had

feces tested negative for CoV, 5 bats had antibodies to

both Sco-N3 and SARS-N3, 2 bats had antibodies to

Table 1. Antibody Responses to the N3 Fragment of

Scotophilus Bat CoV-512 (Sco-N3) through ELISA

and Western Blotting (WB) in 31 Serum Samples

Collected from S. kuhlii.

Sco-N3 ELISA

(Cut-O® Value OD450nm 0.878)

Positive

Number

(OD Range)

Negative

Number

(OD Range)

Sco-N3 WB Positive 8 (0.881–1.888) 0 8

Negative 11 (0.893–1.575) 12 (0.479–0.876) 23

19 12 31

(A) (B)

Fig. 1 Antibody response to the N3 fragments of Scotophilus bat coronavirus-512 (Sco-N3) through ELISA in S. kuhlii.

(A) Distribution of antibody responses dotted by each circle representing the average OD450nm readings of duplicate wells for

one individual sample. The bold lines in the middle of boxes are medians. The upper and lower borders of boxes are upper quartiles

and lower quartiles, respectively. The cut-o® point was determined by the results of Western blotting (WB) and ELISA on the

same 31 serum samples. There are 29 positive samples with the median of 1.18 and 23 negative samples with the median of 0.63.

(B) The AUC shows acceptable ability of Sco-N3-based ELISA to distinguish positive or negative antibody response.

SARS and Bat CoV Antibodies 183
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only Sco-N3, and 4 bats had antibodies to only

SARS-N3. There was a little correlation between the

results of RT-PCR and WB analysis (k ¼ 0:152). The

detection rates of antibodies to Sco-N3 (21/48, 44%) or

to SARS-N3 (19/48, 40%) in females were higher than

those (4/28, 29%; 4/28, 29%) in males. A total of 10 of

22 lactating females had antibodies to both Sco-N3 and

SARS-N3, 3 lactating females had antibodies to Sco-N3,

and 3 had antibodies to SARS-N3. A total of 2 of 13 non-

lactating females had antibodies to Sco-N3 and one

had antibodies to SARS-CoV. Lactating females had

signi¯cantly higher detection rates of antibodies to

Sco-N3 (p ¼ 0:004) and SARS-N3 (p ¼ 0:016) than

those of non-lactating females (Table 3). Molecular

and serological results for R. monoceros are listed in

Table S3.

Scotophilus Bat CoV 512-Speci¯c

Antibodies in M. fuliginosus

Antibodies to Sco-N3 were detected through ELISA in

the serum samples collected from M. fuliginosus. One

sample was determined as positive for Sco-N3 by using

Smirnov–Grubbs rejection test on the OD450nm values

of 18 serum samples. The fecal samples from all bats

were tested negative through RT-PCR (Fig. 2).

DISCUSSION

The current study has provided valuable information

about the antibody responses speci¯c to SARS-related

CoV and Scotophilus bat CoV-512 in the bat population

of Taiwan. Previous study detected both SARS-related

and Scotophilus bat CoV-512 in R. monoceros from

di®erent individuals.3 It is di±cult to determine whether

there were co-infections of SARS-related CoV and Sco-

tophilus bat CoV-512 in the same bat individuals

because the presence of co-infections would be masked

by the biased ampli¯cation of the dominant virus species

Table 2. Antibody Responses to the N3 Fragment

of Scotophilus Bat CoV-512 (Sco-N3) or Severe

Acute Respiratory Syndrome-Coronavirus (SARS-

N3) through ELISA and Western Blotting (WB) in

62 Serum Samples Collected from R. monoceros.

Sco-N3 WB

Positive Negative

SARS-N3 WB Positive 16 7 23

Negative 9 30 39

25 37 62

Table 3. Antibody Responses to the N3 Fragment of Severe Acute Respiratory Syndrome-Coronavirus (SARS-N3)

or Scotophilus Bat CoV-512 (Sco-N3) in R. monoceros of Di®erent Gender and Reproductive Status.

Anti-SARS-N3 pos./all (prevalence)b p Valuea Anti-Sco-N3 pos./all (prevalence)‡ p Value†

Male 4/14 (29%) 4/14 (29%)

Female 19/48 (40%) 0.367 21/48 (44%) 0.541

Lactating 13/22 (59%) 13/22 (59%)

Non-lactating 1/13 (8%) 0.004* 2/13 (15%) 0.016*

Notes: aSeroprevalence data was compared by using Fisher's exact test for gender and reproductive status (R core team, 2013).

p values of < 0:05 were regarded as statistically signi¯cance. *p < 0:05 is statistically signi¯cant.
bThe seroprevalence was calculated by the percentile ratio of antibody-positive samples to total samples tested.

Fig. 2 Antibody response to the N3 fragments of

Scotophilus bat coronavirus-512 (Sco-N3) through ELISA in

M. fuliginosus. Distribution of antibody responses dotted by

each circle representing the average OD450nm readings of

duplicate wells for one individual sample. One sample was

determined as positive against Sco-N3 by Smirnov–Grubbs

rejection test on the OD values of 18 serum samples. The bold

line in the middle of box is median (OD450nm 0.049). The

upper and lower borders of box are upper quartiles and lower

quartiles, respectively.
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by PCR. By using multiple sets of virus species-speci¯c

primers, the co-infections of bat CoV 1B and HKU8

were observed and di®erent genotypes of bat CoV

HKU9 were found in the same Rousettus bat indivi-

duals.5,17 This study was the ¯rst to analyze the coex-

istence of antibodies speci¯c to di®erent CoV species in

the same bat individuals. Both antibodies to SARS-

related CoV and Scotophilus bat CoV-512 found in 16 of

62 R. monoceros indicated that the same bat individuals

can be infected with two di®erent CoV species from two

di®erent CoV genera even though the data did not

provide information about co-infection or sequential

infection of two CoVs. Many serosurveillance data on

human populations showed the coexistence of antibodies

to HCoV 229E, NL63, HKU1, and OC43 in the same

individuals.18–20 The exposures to di®erent CoV species

in human individuals are very common but there are few

studies on antibody responses to di®erent CoV species in

animal, especially in bats.

When N-protein-based immunoassays were used,

cross-reactivity leading to false positive results was

always the challenges despite the advantages of easy

production for recombinant N proteins.21 Cross-

reactivity to N proteins happened not only within sub-

groups of the same genus but also between di®erent

genera.21,22 To rectify the problem of cross-reactivity, we

constructed three fragments of N proteins as N1, N2, and

N3 fragments according to Stockman's design.23 From 31

serum samples collected from S. kuhlii, 11 samples reac-

ted positive to only the N2 fragment, 3 samples reacted

positive to only the N3 fragment, 4 samples reacted

positive to both the N2 and N3 fragments, and 1 sample

reacted positive to all three N fragments of Scotophilus

bat CoV-512 (Table S1). Similar design was used to de-

tect the antibodies to three N fragments of HCoV-OC43

in 46 serum samples: 16 samples were positive to the N2

and N3 fragments, 11 samples were positive to only the

N2 fragment, and 11 samples were positive to all three

fragments.24 Stockman's group excluded one serum

sample from positive antibody response to SARS-CoV

because the serum sample only showed positive signals to

the N2 fragment but not the N1 and N3 fragments of

SARS-CoV.24 The N3 fragment of CoV was chosen for

the antigen of serological tests in this study due to loca-

tion of antigenic epitopes in the central N2 and carboxyl

N3 fragment24–26 and the N2 fragment was excluded

due to the presence of a highly conserved motif

(FYYLGTGP) found in all known CoVs.27

M. fuliginosus and R. monoceros roost in the same

irrigation culvert and usually rest side by side in a mixed

group. Both bat species had speci¯c antibodies to Sco-

tophilus bat CoV-512 but R. monoceros (25/62, 40%)

had higher detection rate than M. fuliginosus (1/18,

6%). While viral RNA and antibodies speci¯c to Scoto-

philus bat CoV-512 were detected in both bat species,

viral RNA and antibodies speci¯c to SARS-related CoV

can only be detected in R. monoceros. Some bat CoVs

can only be detected in speci¯c bat species in the same

roosting site shared by many di®erent bat species.

Miniopterus bat CoV 1A and 1B can only be detected in

Miniopterus magnate and Miniopterus pusillus, respec-

tively, and Miniopterus bat CoV 1A, HKU-7, and

HKU-8 were detected inMiniopterus schreibersii but not

Rhinolophus and Hipposideros bats.2,17 It suggested that

interspecies transmission of bat CoVs required many

factors other than co-inhabitant of di®erent bat species.

Detection rates of CoV-speci¯c antibodies in the

serum samples and CoV RNA in the fecal samples of the

same bat individuals were di®erent because the targets

and meanings of serological assays are di®erent to mo-

lecular assays. Serological assays can provide the infor-

mation whether animals have experience of infection

while molecular assays provide the information of viral

infection. There were only 3 fecal samples tested positive

for CoV RdRp gene through RT-PCR but 7 and 11

serum samples tested positive for Scotophilus bat CoV-

512 and SARS-CoV, respectively, from the same 30

R. monoceros. The studies in the Philippines and China

showed the same conclusion. Antibodies reacted to the

N protein of Bat CoV Philippines/Diliman 1525G2/

2008 were found in 66.5% (119/179) of bat serum sam-

ples but CoV RdRp gene was detected in only 29.6%

(53/179) of bats.12 In Guangdong province of China, the

detection rate of antibodies to Rousettus Bat CoV

HKU9 was 43% (75/175) through Western blot (WB)

and 64% (224/350) through ELISA, but the detection

rate of viral RNA gene fragment was only 12% (42/

350).5 The antibody titers were signi¯cantly lower in the

bats tested negative than those in the bats tested posi-

tive by RT-PCR.5 The higher detection rate of CoV-

speci¯c antibodies may suggest that the CoV had

circulated in the bat population for a period of time.

Persistent infections of CoV have been observed in cell

culture system, experimental infection system, and wild

population.28–31 Capture-mark-recapture data from

longitudinal samples of individual bats will provide more

information about the transmission dynamics of Scoto-

philus bat CoV 512 or SARS-like CoV in the populations

of S. kuhlii and R. monoceros.

The detection rates of antibodies were similar to

those of CoV RNA in the same 21 S. kuhlii individuals.

That 6 out of 21 Scotophilus bats had only CoV RNA

but no CoV-speci¯c antibodies indicated the bats

had early stage of viral infection and had not produced
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su±cient antibody level for detection yet. That 5 out of

21 Scotophilus bats had only CoV-speci¯c antibodies but

no CoV RNA suggested the bats were exposed to CoV

previously but had no current viral infection. For the

bats younger than one year, the level of maternal anti-

bodies and the introduction of new virus into the naïve
population can determine whether we can detect CoV

RNA and CoV-speci¯c antibodies. Studies on the

Henipavirus maternal antibodies in African fruit bats

showed that the bats are susceptible to henipavirus

infections once the titers of maternal antibodies

waned.32 Unlike the results of Lau's study,5 the ELISA

titers of CoV-speci¯c antibodies were similar in the

Scotophilus bats tested negative than those in the Sco-

tophilus bats tested positive by RT-PCR (Table S2).

More age-speci¯c serological surveys are required to

understand the role of maternal antibodies in the in-

fection of Scotophilus bat CoV-512 and the production

of antibodies.

The lactating female S. kuhlii and R. monoceros had

higher detection rates of antibodies to Scotophilus bat

CoV-512 and SARS-CoV than those of the non-

lactating female bats in this study. The studies on the

Henipavirus infection in African fruit bats showed that

females in pregnancy or lactation are more likely to have

higher antibody titers than non-pregnant lactation in

order to provide adequate maternal antibodies to the

young bat.33,34 Increased horizontal virus transmissions

associated with pregnancy and lactation period were

observed from the Henipavirus infection in African fruit

bats,33 the CoV infection in the Myotis myotis popula-

tion of Germany,35 and the CoV ampli¯cation in ma-

ternity colonies.36 The e®ects of lactation on the

seroprevalence of CoV-speci¯c antibodies were more

signi¯cant in the population of R. monoceros than S.

kuhlii because female Rhinolophus bats tend to roost

together with their o®spring in breeding season and

female Scotophilus bats tend to roost together with not

only their o®spring but also male adult Scotophilus bats.

There were no signi¯cant di®erences among the detec-

tion rates of CoV-speci¯c antibodies and CoV RNA from

adult and young Scotophilus bats.

This study provided valuable information about the

antibody responses to Scotophilus bat CoV-512 in three

insectivorous bat species and showed the coexistence of

antibodies speci¯c to Scotophilus bat CoV-512 and

SARS-CoV in the same bat individuals. The data would

assist the government to establish the strategy to con-

trol the bat-associated zoonosis diseases. Further longi-

tudinal serological studies can provide more details on

viral dynamics within di®erent bat populations.
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