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ABSTRACT Bats are natural reservoirs for many pathogenic viruses, and increasing
evidence supports the notion that bats can also harbor group A rotaviruses (RVAs),
important causative agents of diarrhea in children and young animals. Currently, 8
RVA strains possessing completely novel genotype constellations or genotypes possi-
bly originating from other mammals have been identified from African and Chinese
bats. However, all the data were mainly based on detection of RVA RNA, present
only during acute infections, which does not permit assessment of the true exposure
of a bat population to RVA. To systematically investigate the genetic diversity of RVAs,
547 bat anal swabs or gut samples along with 448 bat sera were collected from five
South Chinese provinces. Specific reverse transcription-PCR (RT-PCR) screening found
four RVA strains. Strain GLRL1 possessed a completely novel genotype constellation,
whereas the other three possessed a constellation consistent with the MSLH14-like
genotype, a newly characterized group of viruses widely prevalent in Chinese insec-
tivorous bats. Among the latter, strain LZHP2 provided strong evidence of cross-
species transmission of RVAs from bats to humans, whereas strains YSSK5 and
BSTM70 were likely reassortants between typical MSLH14-like RVAs and human
RVAs. RVA-specific antibodies were detected in 10.7% (48/448) of bat sera by an in-
direct immunofluorescence assay (lIFA). Bats in Guangxi and Yunnan had a higher
RVA-specific antibody prevalence than those from Fujian and Zhejiang provinces.
These observations provide evidence for cross-species transmission of MSLH14-like
bat RVAs to humans, highlighting the impact of bats as reservoirs of RVAs on public
health.

IMPORTANCE Bat viruses, such as severe acute respiratory syndrome (SARS), Middle
East respiratory syndrome (MERS), Ebola, Hendra, and Nipah viruses, are important
pathogens causing outbreaks of severe emerging infectious diseases. However, little
is known about bat viruses capable of causing gastroenteritis in humans, even
though 8 group A viruses (RVAs) have been identified from bats so far. In this study,
another 4 RVA strains were identified, with one providing strong evidence for zoo-
notic transmission from bats to humans. Serological investigation has also indicated
that RVA infection in bats is far more prevalent than expected based on the detec-
tion of viral RNA.
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roup A rotaviruses (RVAs) are causative agents of severe diarrheal illness in infants

and young children, reported to cause >200,000 deaths yearly of children younger
than 5 years old, especially in the developing world (1). RVA is a member of the genus
Rotavirus within the family Reoviridae. Inside the mature triple-layered particle, 11
segments of double-stranded RNA are encapsulated, with most of them encoding
single polypeptides except for segment 11, which encodes 2 proteins (2). Due to the
segmented nature of the RVA genome, reassortment is prone to occur when a cell is
infected with more than one strain (2). A well-established nomenclature system has
been developed with a sequence-based classification defining genotypes (G, P, |, R, C,
M, A, N, T, E, and H genotypes) for each of the 11 gene segments (encoding VP7, VP4,
VP6, VP1, VP2, VP3, NSP1, NSP2, NSP3, NSP4, and NSP5/6, respectively) based on a
cutoff value of nucleotide identity (3-6). So far, 32 G, 47 P, 241,18 R, 17 C, 17 M, 28 M,
18 N, 19T, 24 E, and 19 H genotypes have been approved worldwide by the Rotavirus
Classification Working Group (RCWG) (7). With the increasing amount of complete
genomic data becoming available for RVA, sequence characterization of animals’ RVA
strains has suggested that most species possess RVA strains with particularly conserved
genotype constellations (8, 9). Only RVA strains with 2 discrete genotype constellations
are responsible for the vast majority of worldwide human RVA infections over a long
period, which for the non-G, non-P genes were designated 11-R1-C1-M1-A1-N1-T1-
E1-H1 and 12-R2-C2-M2-A2-N2-T2-E2-H2, referred to as Wa-like and DS-1-like, respec-
tively (9). RVA strains from several other animal species show more or less conserved
genotype constellations, such as 12-R2-C2-M2-A3/A13-N2-T6-E2-H3 for cattle (10), 11/
I5-R1-M1-A1/A8-N1-T1/T7-E1-H1 for pigs (11), 12/16-R2-C2-M3-A10-N2-T3-E2-H7 for
horses (12), and 13-R3-C2-M3-A3/A9-N2-T3-E3-H3/H6 for cats and dogs (13).

In addition to infecting humans, RVAs are widely distributed among birds and young
mammals, such as cats, dogs, pigs, cows, horses, rats, turkeys, pheasants, and pigeons
(2). Mammals in the order Chiroptera, also known as bats and featuring the unique
ability of flying, are divided into more than 900 species, being the second largest
mammalian order (14). Bats are important virus reservoirs, and more than 200 viruses
have been identified in them, including many that are highly pathogenic to humans
(14, 15). With high-throughput next-generation sequencing technology, viral metag-
enomics has been successfully employed to uncover the bat virome, leading to
discovery of many novel viruses from these creatures in the last a few years, such as
coronaviruses, papillomaviruses, bunyaviruses, paramyxoviruses, hepatitis viruses, and
even influenza A viruses (16-24). Recently, RVAs have also been sporadically reported
to occur in bats from China and Africa (25-28). The first RVA strain, named RVA/Bat-
wt/KEN/KE4852/2007/G25P[6], was detected in fruit bats (Eidolon helvum) in Kenya,
which had the G25-P[6]-115-Rx-C8-Mx-Ax-N8-T11-E2-H10 genotype constellation based
on partial genomic sequences (25). Later, two bat RVAs were isolated and identified
from two Chinese insectivorous bat species in locations more than 400 km apart; these
were named RVA/Bat-tc/CHN/MSLH14/2012/G3P[3] and RVA/Bat-tc/CHN/MYAS33/
2013/G3P[10] and had the same G3-P[x]-18-R3-C3-M3-A9-N3-T3-E3-H6 genotype con-
stellation, with the exception of their P genotypes, P[3] for MSLH14 and P[10] for
MYAS33 (26, 27). Most recently, Yinda and colleagues identified 5 more RVA strains in
bats from southwest Cameroon by using high-throughput sequencing (28). Four of
them contained the genotype constellation Gx-P[x]-122-R15-C15-M14-A25-N15-T17-
E22-H17, whereas the last one possessed the G25-P[43]-115-R16-C8-M15-A26-N8-T11-
E23-H10 constellation, sharing six genotypes with that of Kenyan bat RVA strain KE4852
(28).

Although sequence information allows better understanding of the reassortment
and evolution of bat RVAs, the lack of serological data on the prevalence of bat RVAs
has prevented a full assessment of bat RVA infection status in bat populations. To
understand the genomic diversities and seroprevalences of RVAs in bats, we collected
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TABLE 1 Details of anal swabs and sera from bats and number of RVA-positive bat
samples detected by nested RT-PCR and IIFA?

P/T (%)
Province Site Bat species Year Diet PCR IIFA
Yunnan Xishuangbanna  Rousettus leschenaultii 2012 F ND 30/142 (21.1)
Guangxi Beihai Scotophilus kuhlii 2015 | 1/74 (1.4)  13/50 (26.0)
Xing'an Hipposideros larvatus 2015 | 0/9 (0.0) 0/9 (0.0)
Wuming H. larvatus 2015 | 0/8 (0.0) 0/15 (0.0)
Long'an H. larvatus 2015 | 0/17 (0.0) 0/17 (0.0)
Lingshan S. kuhlii 2015 | 0/15(0.0)  0/15 (0.0)
Miniopterus australis 2015 | 0/15 (0.0) 1/15 (6.7)
Luzhai Hipposideros pomona 2015 | 1/32 (3.1) ND
Baise Taphozous melanopogon 2015 | 1/95 (1.1)  ND
Subtotal 3/265 (1.1) 14/121 (11.6)
Guangdong Luoding R. leschenaultii 2005 F 1/38 (2.6) ND
Fujian Xiamen S. kuhlii 2015 | 0/19 (0.0)  2/19 (10.5)
Yanshi Rhinolophus sinicus 2016 | 0/48 (0.0) 0/17 (0.0)
Nanping R. sinicus 2016 | 0/1 (0.0) 0/1 (0.0)
Rhinolophus affinis 2016 | 0/62 (0.0) 1/60 (1.7)
Hipposideros armiger 2016 | 0/10 (0.0)  0/10 (0.0)
Shawu R. dffinis 2016 | 0/21 (0.0)  0/8 (0.0)
Myotis horsfieldii 2016 | 0/36 (0.0)  0/23 (0.0)
Subtotal 0/197 (0.0) 3/138 (2.7)
Zhejiang Daishan Rhinolophus ferrumequinum 2016 | 0/47 (0.0) 1/47 (2.1)
Total 4/547 (0.7) 48/448 (10.7)
aAbbreviations: P/T (%), number positive/number tested (percentage); F, frugivorous; |, insectivorous; ND, not
done.

bat fecal samples and tissues as well as sera in 5 provinces in South China. Serological
investigation showed that more than 10% of bats were RVA seropositive, indicating a
widely distributed exposure to RVAs. Viral detection and sequence analysis not only led
to the identification of 4 RVA strains from 3 insectivorous bats and 1 frugivorous bat but
also revealed cross-species transmission from bats to humans as well as reassortment
events between human and bat RVAs.

RESULTS

Detection of RVA RNA in samples. In total, 547 samples were collected (including
509 bat anal swabs from Guangxi, Fujian, and Zhejiang and 38 bat guts from Guang-
dong) and subjected to seminested reverse transcription-PCR (RT-PCR) screening. Four
samples were positive for RVA (Table 1).These strains were detected from swabs of
Scotophilus kuhlii in Beihai (1 out of 74 [1.4%]; strain YSSK5), Hipposideros pomona in
Luzhai (1 out of 32 [3.1%]; strain LZHP2), and Taphozous melanopogon in Baise, Guangxi
(1 out of 95 [1.1%]; strain BSTM70). The fourth strain was identified from gut tissue from
a Rousettus leschenaultii in Luoding, Guangdong (1 out of 38 [2.6%]; strain GLRL1).

Full-genome sequencing and genotype constellations. The combination of the
contigs generated by viral metagenomics analysis and amplification using degenerate
primers allowed us to obtain the near complete genomes of the four above-mentioned
strains, except for the NSP1 gene of strain GLRL1. After genotyping using the RotaC
online tool (4), NSP1 of BSTM70, VP1 of YSSK5, and the 10 sequenced segments of
GLRL1 were proposed as new genotypes, which was further approved by the RCWG.
The remaining gene segments fell into previously established genotypes. The complete
genotype constellations of the 4 strains are shown in Fig. 1. The 3 strains identified from
insectivorous bats in Guangxi Province shared a largely conserved genetic backbone of
genotype constellations: G3-P[3]-18-R3-C3-M3-A9-N3-T3-E3-H6, which is the same as
that of strain MSLH14 isolated from a Rhinolophus hipposideros bat in 2012 in Dehong,
Yunnan (26), although there were several variations for each strain (Fig. 1). Comparison
of these genotype constellations with those of previously known bat RVAs revealed
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Strains VP7 VP4 VP6 VPl VP2 _VP3  NSP1 NSP2 NSP3 NSP4 NSP5
RVA/Bat-tc/CHN/MSLH14/2012/G3P[3] G3 PB] I8 R3 C3 M3 A9 N3 T3 E3  H6
RVA/Bat-tc/CHN/MY AS33/2013/G3P[10] G3  P[I0] I8 R3 €3 M3 A9 N3 T3 E3  H6
RVA/Bat-wt/CHN/BSTM70/2015/G3P[3] G3 PB] I8 R3 €3 M3 429 N3 T3 E3 H6
RVA/Bat-wt/CHN/YSSK5/2015/G3P[3] G3 P3] I8 R20 €2 MI 49 N3 T3 E3  H6
RVA/Bat-wi/CHN/LZHP2/2015/G3P[3] G3 PB] I3 R3 €3 M3 49 N3 T3 E3  H6
RVA/Human-wt/CHN/M2-102/2014/G3P[3] G3 PB] I3 R3 €3 M3 A9 N3 T3 E3  H6
RVA/Horse-wt/ARG/E3198/2008/G3P[3] G3 PB] B R3 €3 M3 A9 N3 T3 E3  H6
RVA/Bat-wt/CHN/GLRL1/2005/G33P[48] G33 PM48] I25 RI9 CI8 MI8 Ax NI9 T20 E25 H20
RVA/Bat-wt/CMR/BatLi08/2014/G3 1P[42] G31 P[42] I22 RIS CI5 M4 A25 NIS TI7 E2 HI7
RVA/Bat-wt/CMR/BatLi09/2014/G30P[42] PG50 pj421 12 RIS CIS M4 A5 NIS TI7 E2  HI7
RVA/Bat-wt/CMR/BatLy03/2014/G25P[43] G25

P[43] 115 R16 C8 M15  A26 N8 T11 E23 H10
RVA/Bat-wt/KEN/KE4852/07/2007/G25P[6] G25 115 Rx C8 Mx Ax N8 T11 H10

FIG 1 Genotype constellation comparisons of RVAs identified in this study and other known strains. Colors differentiate the individual genotypes, and the strains
identified in this study are in bold italics.

that 10 gene segments of RVA strain LZHP2 (except for VP6), 10 segments of BSTM70
(except for NSP1), and 8 segments of YSSK5 (except for VP1, VP2, and VP3) were shared
with the genotype constellation of MSLH14 and with MYAS33 (except for VP4) isolated
from an Aselliscus stoliczkanus bat in 2013 in Mengyuan, Yunnan (27). Notably, LZHP2
had the exact same genotype constellation as the human RVA strain M2-102, identified
in a diarrheal infant from Sanjiang County, Guangxi, in 2014 (29), and with E3198,
detected from feces of a 3-day-old diarrheic foal in 2008 in Argentina (30). However, the
fruit bat-originated strain GLRL1, identified in Guangdong Province, did not share a
single genotype with any other known RVA strain, representing a completely novel
genotype constellation (Fig. 1). None of the strains in this study shared any genotypes
with bat RVA strains detected from Cameroon and Kenya (Fig. 1).

Sequence comparison and phylogenetic relationship. Representatives of all
genotypes available in public databases were aligned with the sequences obtained in
this study, and maximum likelihood trees of the 11 segments were generated. As
previously established for each tree, a mammalian and avian RVA subcluster could be
identified according to their hosts’ hierarchical classes (Fig. 2 to 4). Generally, Guang-
dong strain GLRL1 was highly divergent from all currently known RVAs for the 10
obtained segments (NSP1 not obtained by any means) (Fig. 2 to 5). Phylogenetic
analyses showed that all its segments except for VP7 and NSP4 were placed close to the
roots of the evolutionary trees (Fig. 2 to 4). Intriguingly, VP3 and VP1 of GLRL1, along
with VP1 of strain YSSK5, appeared more closely related to avian than to mammalian
RVA strains (Fig. 3A and C). Meanwhile, NSP5 of GLRL1 had a larger open reading frame
(ORF) than those of other known strains, due to an extra 70-nucleotide (nt) insert at the
3’ terminus.

Most segments of the remaining 3 Guangxi strains (BSTM70, YSSK5, and LZHP2), as
shown in Fig. 2 to 4, clustered closely with two Yunnan bat strains (MSLH14 and
MYAS33), the Guangxi human strain M2-102, and the horse strain E3198, found in
Argentina. The only exceptions were VP1, VP2, and VP3 of YSSK5 and NSP1 of BSTM70.
YSSK5 VP1 and BSTM70 NSP1 were differentiated as novel genotypes R20 and A29,
respectively, and showed distant relationships with currently known RVAs (Fig. 2A and
3A), whereas the VP2 and VP3 genes of YSSK5 showed a close relationship (up to 93%
nucleotide identities) with the typical human RVA genotypes C2 and M1, with DS-1 and
Wa as their prototype strains (Fig. 3B and C). LZHP2 is a very interesting strain, not only
because it has the same genotype constellation as the human strain M2-102 (Fig. 1) but
also due to the fact that its VP7, VP4, VP6, NSP3, and NSP4 genes shared nucleotide
identities as high as 95% to 98% to these genes of M2-102 (Fig. 5). Furthermore, its VP2
and NSP5 genes were 94% to 98% identical to the corresponding gene segments of bat
strain MYAS33, while its VP1 gene shared the highest identity (96%) to that of strain
11D034-1, which is an unusual RVA detected in a rabbit stool in South Korea in 2011,
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FIG 2 Phylogenetic analysis of VP7 (A) and VP4 (B) of RVAs identified in this study (circles), previously reported bat RVAs (triangles), and representatives of each
genotype, including human RVA strain M2-102 (diamond). All strains were classified into two major phylogenetic clades representing mammalian and avian
RVAs. The G/P genotype of each sequence is indicated at the last part of the strain name. LZHP2, M2-102, and E3198, sharing the same genotype constellation,

are in red.

with no other segment available in GenBank (Fig. 2 to 5). Although strain LZHP2 also
shares the same genotype constellation as Argentinean horse strain E3198, their degree
of genomic relationship was slightly lower than that between LZHP2 and M2-102 (Fig.
2 to 5).

Serological evidence for bat RVA infection. In total, 448 serum samples were
collected from 4 provinces, including 142 from R. leschenaultii in Yunnan in 2012, 121
from insectivorous bats in Guangxi in 2015, and 138 and 47 from insectivorous bats in
Fujian and Zhejiang in 2016 (Table 1). The indirect immunofluorescence assay (IIFA)
screening showed that 48 of 448 sera (10.7%) were antibody (Ab) positive for RVA strain
MSLH14; these were collected from 30 (21.1%) R. leschenaultii bats from Yunnan, 13
(26%) S. kuhlii bats from Beihai, 1 (6.7%) Miniopterus australis bat from Lingshan,
Guangxi, 2 (10.5%) S. kuhlii bats from Xiamen, 1 (1.7%) Rhinolophus affinis bat from
Nanping, Fujian, and 1 (2.1%) Rhinolophus ferrumequinum bat from Daishan, Zhejiang
(Table 1). These prevalences were shown to be overall significantly different by x? test
(x?2 = 30.3303; P < 0.0001). To compare the difference in seroprevalence between
provinces, the significance level cutoff was adjusted to 0.0083 by the Bonferroni
method with Fisher's exact test. Seroprevalence levels between bats in the western
provinces Yunnan and Guangxi were not different (P = 0.0466 and P > 0.0083,
respectively), whereas the rates in Yunnan and Guangxi were much higher than in the
eastern provinces Fujian and Zhejiang (P < 0.00883). To test differences in Ab titers, we
selected 22 positive sera from Yunnan, 11 from Guangxi (10 from Beihai and 1 from
Lingshan), 3 from Fujian (2 from Xiamen and 1 from Nanping), and 1 from Daishan,
Zhejiang, which had sufficient volumes to perform 2-fold endpoint dilution experi-
ments. Compared to the 1:3,200 titer of the positive control (mouse hyperimmune
serum against MSLH14), the titers observed in our study ranged between 1:200 and
1:1,600 (Fig. 6A and B), and only one sample from Beihai (sample code: YAS2) had a titer
of 1:1,600 (Fig. 6B).
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FIG 3 Phylogenetic analysis of the VP1 (A), VP2 (B), VP3 (C), and VP6 (D) genes of RVAs identified in this study (circles), previously reported bat RVAs (triangles),
and representatives of each genotype, including human RVA strain M2-102 (diamond). All strains were classified into two major phylogenetic clades
representing mammalian and avian RVA strains. The genotype of each sequence is indicated at the last part of the strain name. LZHP2, M2-102, and E3198,

sharing the same genotype constellation, are in red.

Antigenic characterization of VP6 of GLRL1. RVAs with different G, P, and |
genotypes can antigenically cross-react between each other (2). According to the
topology of the VP7 phylogenetic trees, GLRL1 clustered among the mammalian RVA
strains, whereas VP4 and VP6 were placed rather distinctly from most known mamma-
lian and avian RVAs. Using Western blot (WB) analyses, anti-His antibody detected the
GLRL1 VP6 fusion protein (~46 kDa), indicating correct expression and effective transfer
of the proteins to the membrane (Fig. 6C). Furthermore, mouse hyperimmune sera
against MSLH14 reacted efficiently with VP6 of GLRL1, indicating significant cross-

reactivity (Fig. 6C).

DISCUSSION

Increasing interest in bat RVAs has emerged recently. Based on viral RNA detection,
3 of 39 (7.7%) fecal swabs of E. helvum from Kenya and 5 of 24 pools containing 87 bat
fecal samples in Cameroon were positive for RVA (25, 28). In China, 1.1% to 6.3% of fecal
swabs or gut tissues of bats sampled in Yunnan, Guangxi, and Guangdong were
positive for RVA RNA (26, 27), while samples collected from Fujian and Zhejiang were
negative (Table 1). In this study, we conducted an investigation into the serology of RVA
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FIG 5 Nucleotide identity comparison of each segment of four bat strains in this study between each other and with two other Chinese
bat strains (A), as well as with the human M2-102 and horse E3198 strains (B). The identities between strains are color coded according

to the scale provided. Black cells indicate that no sequence was available (NA) for comparison.

infections in bats using an IIFA, with MSLH14 as an antigenic target. Forty-eight out of
448 (10.7%) sera tested positive, which was significantly higher than the results of RNA
detection in our study (total rate, 0.7% [Table 1]). As a diagnostic tool, therefore, it
appears that RNA detection significantly underestimates the true prevalence of RVA in
the bat population. Furthermore, all RNA-tested samples were from apparently health
adult bats, which supposedly have robust immune competence and can clear viruses
efficiently following infection (14). Unfortunately, no neonates were involved in this
study, and therefore, we could not assess the outcomes and prevalence of RVA
infection in young bats.

To further understand the difference in RVA seroprevalence in the investigated
provinces, the serology data were compared; the IIFA results showed that RVA infec-
tions in bats vary in prevalence depending on the province. Infections appear to be
more prevalent in Guangxi (11.6%) and Yunnan (21.1%) than in more eastern provinces
(2.7% in Fujian and 2.1% in Zhejiang) (Table 1). However, a more reliable assessment of
RVA infections in Yunnan bats will require further investigation over a wider geograph-
ical area as well as in a broader range of bat species, since only one species of bat was
involved per site in this study.

The present study identified another four novel RVAs in Chinese bats, which
significantly improved our understanding of the genetic diversity of RVAs in Chinese
bat populations as well as their relationship with human and other animal RVAs.
Currently only five RVA strains have been identified in insectivorous bats in China:
MSLH14 and MYAS33 in Yunnan and BSTM70, YSSK5, and LZHP2 in Guangxi (26, 27).
Despite the fact that all these 5 strains were identified from locations at least 300 km
apart (Fig. 7), they shared a similar genotype constellation, G3-P[3]-18-R3-C3-M3-A9-N3-

Journal of Virology

FIG 4 Phylogenetic analysis of the NSP1 (A), NSP2 (B), NSP3 (C), NSP4 (D), and NSP5 (E) genes of RVAs identified in this study (circles), previously reported bat
RVAs (triangles), and representatives of each genotype, including human RVA strain M2-102 (diamond). All strains were classified into two major phylogenetic
clades representing mammalian and avian RVA strains. The genotype of each sequence is indicated at the last part of the strain name. LZHP2, M2-102, and

E3198, sharing the same genotype constellation, are in red.
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FIG 6 (A) Endpoint titers of strain MSHL14-specific Abs in bat sera tested by IIFA. Sample codes are shown on the x axis. PC, positive control; NC, negative
control; R.l., Rousettus lechenaultii; S.k., Scotophilus kuhlii; M.a., Miniopterus australis; R.a., Rhinolophus affinis; Rf., Rhinolophus ferrumequinum; XS, Xishuangbanna;
BH, Beihai; LS, Lingshan; XM, Xiamen; NP, Nanping; DS, Daishan; YN, Yunnan; GX, Guangxi; FJ, Fujian. (B) A serum sample from Beihai, Guangxi (sample code
YSA2), was applied in five different dilutions (range, 1:100 to 1:1,600) for the IIFA analyses. (C) Western blotting analyses of cross-reactivity of MSHL14-specific
mouse hyperimmune sera against recombinant GLRL1 VP6. These lanes were taken from different gels. Marker, 46 kDa; His, anti-His tag monoclonal antibody;
NC, negative serum control.

T3-E3-H6, referred to as “MSLH14-like” (Fig. 1), suggesting that MSLH14-like RVAs are
true bat viruses widely distributed in insectivorous bat populations in this region.
One of the most striking findings in this study is that strain LZHP2, identified from
an insectivorous bat sampled in a cave very close to a village, had exactly the same
genotype constellations as the unique human strain M2-102, sharing very high nucle-
otide identities for most of their genome segments (Fig. 5). M2-102 was previously
identified as the pathogen causing diarrhea in a 3-year-old boy in 2014 in Sanjiang,
Guangxi, which is only 120 km away from the location (Luzhai) where LZHP2 was
detected (Fig. 7) (29). Because strain M2-102 was highly divergent from all known
human RVA strains, our data strongly suggest that this strain was the result of a
cross-species transmission of an MSLH14-like bat RVA to the child. Our previous study
also showed that MSLH14 was highly lethal to suckling mice, suggesting pathogenic
properties in heterologous animal species (26). This finding has added bats to a long list
of animal species for which it has been shown that their RVA strains are able to infect
humans (Fig. 8) (31). Also very interesting is that the same genotype constellation was
found in the Argentinean horse strain E3198, which, at that time, was shown to be
distantly related to feline and canine RVA strains (30). However, our data suggest that
the unusual equine RVA strain E3198 might also be the result of a cross-species
transmission of an MSLH14-like bat RVA strain to a horse (Fig. 8). As strain E3198 was
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FIG 7 Map showing the locations of bats collected in this study (circles), previously reported bat RVAs (triangles), and human RVA strain M2-102 (diamond).
Red circles indicate that the bats were positive by serological investigation, while the yellow ones indicate positivity for RVA RNA. Abbreviations for provinces:
YN, Yunnan; GX, Guangxi; GD, Guangdong; FJ, Fujian; ZJ, Zhejiang.

detected from a foal, without any history of travel, this would suggest that MSLH14-like
bat RVA strains should also be present in South American bat populations. Regrettably,
no complete genomes of South American bat RVA strains have been described to date.
Our analyses also surprisingly showed that the VP1 gene of strain LZHP2 shared 96%
identity with the corresponding gene of South Korean rabbit RVA strain 11D034-1, in
comparison to only 90% or lower for other known RVAs (Fig. 3A). This might represent
yet another example of a cross-species transmission event from an MSLH14-like bat RVA
to a rabbit, although the rest of the Korean rabbit RVA genome should be determined to
shed further light on this speculation (Fig. 8).

Bat RVA strains BSTM70 also possessed the MSLH14-like genotype constellation,
with the only exception of a novel A29 genotype for NSP1, further expanding the
genetic diversity for bat RVA strains in China (Fig. 1). Strain YSSK5 was identified from
a palm-roosted bat in Beihai coast. It also contained 8 gene segments belonging to the
MSLH14-like genotype constellations (Fig. 1). Its VP1 gene was shown to contain yet
another novel genotype: R20. However, the observation that the VP2 and VP3 gene
segments of YSSK5 were closely related to cogent genes of the typical human geno-
types C2 and M1, respectively, was striking. Human strains possessing genotypes C2
and M1 are usually referred to as DS-1-like and Wa-like RVAs, respectively, and have
been successful in sustaining infection of humans worldwide for as long as scientists
have studied human RVAs (9). These genotypes have also been found in Chinese
children (32, 33), suggesting the occurrence of one or more reassortment events
between human and bat RVAs, which must have been preceded by additional inter-
species transmission events in the past (Fig. 8). This finding adds further evidence for
the role bats might play as a reservoir for pathogenic human RVA strains (Fig. 8).

As the only RVA strain from Chinese fruit bats known to date, GLRL1 possessed a
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NSP1:A29 VP1:R20 VP2:C2 VP3:Ml
Host: Bats or other Host: Bats or other Human DS-1-like RVAs  Human Wa-like RVAs

FIG 8 Interspecies transmission and reassortment of MSLH14-like bat RVAs between bats and humans or other animals.
Currently, 5 bat strains can be referred to as MSLH14-like, with MSLH14 as the prototype. The members of MSLH14-like bat
RVAs can reassort between each other and cross-species transmit to humans (M2-102), rabbits (11D034-1), and horses
(E3198) or reassort with human DS-1-like and Wa-like RVA strains. The NSP1 gene of BSTM70 and the VP1 gene of YSSK5
might suggest additional reassortments with other RVAs with unknown hosts. Genotypes within the virus diagrams are
differentiated by color.

genotype constellation distinct from that of any known RVA and was therefore as-
signed as the prototype species for multiple novel genotypes (Fig. 1). Regrettably, we
were unable to obtain the NSP1 gene segment of this strain. Eight (VP7, VP4, VP2, VP6,
and NSP2 to -5) of the obtained 10 segments of GLRL1 were more closely related to the
cluster of mammalian RVA strains (Fig. 2 to 4), and the VP4, VP2, VP6, NSP2, NSP3, and
NSP5 genes were located at the root of the mammalian RVA cluster (Fig. 2 to 4), a
feature which was also observed for the VP7, VP1, VP3, NSP1, and NSP4 gene segments
of the Cameroonian bat RVA strains BatLyO3 and BatLi10 (28) (Fig. 2 to 4). This
observation suggests that some of the bat RVA strains might have diverged from other
mammalian RVAs a very long time ago. Of note is that the VP1 segments of GLRL1 and
YSSK5 and VP3 of GLRL1 were phylogenetically more closely related to avian RVAs than
to mammalian RVA strains (Fig. 3A and C), suggesting a complicated evolutionary
history of bat RVAs in China and the rest of the world. However, due to the vast amount
of known bat species and the very limited number of locations and species investi-
gated, the currently observed diversity represents without a doubt only the tip of the
iceberg. Despite the genetic difference of strain GLRL1 from known RVA strains, WB
analysis showed cross-reactivity of MSLH14-specific Ab against VP6 of GLRL1, suggest-
ing that GLRL1 is a true member of the rotavirus species A, since serological cross-
reactivity using either polyclonal sera or monoclonal antibodies against VP6 is an
established criterion for rotavirus species demarcation (34) (Fig. 6C).

RVA infections of children in China and the rest of the world pose a huge health and
financial burden on their families and the communities (35, 36). Surveillance of RVA
diarrhea in China showed that RVA was the dominant pathogen causing diarrhea in
young children, accounting for nearly 50% of the cases, with the G3 genotype being
most commonly identified (37). Other studies in China found that RVAs were prevalent
in animals such as pigs, rabbits, and rodents (38-41) and animal-associated RVAs in
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humans (32, 42). Evidence for interspecies transmission and for genetic reassortment
between human and animal rotaviruses was illustrated in recent years, and in particular,
some animal species (cows, pigs, cats, and dogs) appear to contribute frequently to the
antigenic/genetic diversity found in human RVAs (6, 13, 32, 42-46), presumably be-
cause of the close interactions between animals and their physical proximity. The
present study highlights the role of bats as reservoirs of RVAs and their bat-to-human
cross-species transmission as well as interspecies reassortment (Fig. 8). Continuous
epidemiological surveillance is critical for understanding the short- and long-term
effects as well as control and prevention of the spread of bat RVAs to humans.

MATERIALS AND METHODS

Ethics statement. The procedures for sampling of bats in this study were reviewed and approved by
the Administrative Committee on Animal Welfare of the Institute of Military Veterinary, Academy of
Military Medical Sciences, China (Laboratory Animal Care and Use Committee Authorization, permit
number JSY-DW-2015-01). All live bats were maintained and handled according to the principles and
guidelines for laboratory animal medicine (2006) of the Ministry of Science and Technology, China.

Sample collection and preparation. Adult bats were live-captured with nets near or in human-
inhabited communities between 2005 and 2016 in 5 provinces of South China (Fig. 7). All bats were
apparently healthy at capture. About 100 ul of blood from every bat was sampled by wing vein puncture,
and serum was collected after blood clotting. Anal specimens were collected using sterile swabs and
immediately transferred to viral transport medium (VTM; Earle’s balanced salt solution, 0.2% sodium
bicarbonate, 0.5% bovine serum albumin, 18 pg/liter of amikacin, 200 wg/liter of vancomycin, 160 U/liter
of nystatin) and stored in liquid nitrogen prior to transport to the laboratory, where they were stored at
—80°C. All captured bats were released after sample collection, with the exception of 38 bats from
Guangdong in 2005, which were euthanized humanely, with their guts (along with the contents) and
lungs collected and transported to the laboratory as described above. Bat sample details are listed in
Table 1.

RVA RNA screening. Anal specimens as well as gut contents of bats from each location were pooled
and subjected to viral metagenomic analysis as per our published method (22). Seminested RT-PCR
primers targeting the entire NSP5 segment were designed based on all known genotypes of NSP5.
First-round PCR was carried out with a mixture of forward primer 5'-AAAGCRCTACMGTGATGTC-3" and
reverse primer 5'-GGTCACAAAMGGRAGTGG-3'; seminested PCR was carried out with a mixture of
forward primer 5'-CTGGAAAATCTRTTRGTAGG-3" and the same reverse primer as used in the first-round
PCR. Total RNA of each anal swab and gut was extracted automatically using the RNeasy minikit (Qiagen)
in a QlAcube (Qiagen). Reverse transcription was performed with the 1stcDNA synthesis kit (TaKaRa)
according to the manufacturer’s protocol. The cDNA was amplified using PCR master mix (Tiangen) with
the following PCR programs: 30 cycles (outer PCR) or 35 cycles (inner PCR) of denaturation at 94°C for
30 s, annealing at 54°C for 30 s, and extension at 72°C for 40 s, with double-distilled water (ddH,0) as
a negative control. Positive PCR amplicons were ligated into pMD18T vectors (TaKaRa) and used to
transfect competent Escherichia coli DH5« cells (Tiangen). Five clones of each amplicon were randomly
picked for sequencing by the Sanger method on an ABI 3730 sequencer (ComateBio).

Full-genome sequencing. To obtain the full genomes of the identified RVA-positive samples, the
RVA contigs generated by viral metagenomic sequencing were further confirmed by Sanger sequencing.
The previously developed degenerate PCR primer pairs used to amplify MSLH14 and MYAS33 were
slightly modified to target the near full lengths of all 11 segments in this study (26, 27). Viral cDNA was
prepared as described above directly from positive samples and amplified using the Fast HiFidelity PCR
kit (Tiangen). The amplicons were sequenced after blunt ligation into the pZeroBack vector (Tiangen).
Overlapping amplicons were assembled with SeqMan v.7.0 into full genomic sequences.

Nucleotide sequence and maximum likelihood phylogenetic analysis. To identify the genotypes
of different segments of these viruses, all segments were genotyped using the online tool RotaC or after
consultation with the RCWG (4, 5, 7). Representatives of each genotype of 11 segments were retrieved
from GenBank and aligned with sequences in this study using ClustalW v.2.0, and nucleotide identities
were calculated using MegAlign. The best-fit nucleotide substitution models were determined using
Model Generator. For VP1, VP2, VP3, and NSP1, the HKY+ I"+ | model was selected. For VP4, VP6, NSP2,
and NSP3, the GTR+ I model was selected, whereasVP7, NSP4, and NSP5 were analyzed using the HKY+
T', the HKY, and the GTR+ I'+ | models, respectively. Phylogenetic reconstructions were performed using
MEGA v.6 and the maximum likelihood method with 1,000 bootstrap replicates (47).

Serological analyses. To detect bat antibodies (Abs) against RVA, an indirect immunofluorescence
assay (lIFA) was performed according to a previous protocol, with slight modifications (26). Briefly,
Marc-145 cells (embryonic rhesus monkey kidney cells) were infected with 200 50% tissue culture
infective doses (TCIDs,) of RVA strain MSLH14 and washed three times with sterile phosphate-buffered
saline (PBS) after 18 h. Following fixation with cold acetone, cells were incubated with bat serum at a
1:100 dilution at 37°C for 1 h, followed by three washes with PBS-Tween (PBST). Fluorescein isothiocya-
nate (FITC)-labeled proteins A and G (Abcam) equally mixed at a 1:1,000 dilution were used to detect the
primary antibodies. Positive and negative mouse sera against MSLH14 were used as controls. Analysis
was performed with an immunofluorescence microscope (Zeiss). The Ab titers of the bat sera with a
sufficient volume were determined by endpoint titrations using serial 2-fold dilutions (1:100 to 1:3,200).
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To determine antigenic cross-reactivity of the novel bat RVA strain GLRLT with other RVAs, its VP6

entire open reading frame (subgroup antigen) was amplified using HiFidelity polymerase (Tiangen) and
ligated into pET-28a with a His tag at its C terminus. The fusion protein was expressed in E. coli BL21 cells,
preliminarily purified using high-affinity nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen), and subse-
quently subjected to Western blot (WB) analysis using mouse hyperimmune serum against strain MSLH14
(26). A total of 10 ng of protein was boiled in 2X loading buffer (Tiangen) for 10 min, separated by 12%
SDS-PAGE, and transferred onto a nitrocellulose membrane (Millipore). The blocked membrane was then
incubated with mouse antibodies against MLSH14 and His at a 1:1,000 dilution, followed by IRDye 800CW
goat anti-mouse secondary antibody (1:5,000). The washed membrane was then scanned in an Odyssey
infrared imaging system (LI-COR Bioscience) at 700-nm and 800-nm wavelengths to detect target
proteins.

Statistical analyses. A x? test was used to generally analyze the seroprevalence results from IIFA.

Fisher's exact test was employed to compare differences between provinces, with significance level
adjusted by the Bonferroni method. The serum titers were not normally distributed, so the differences
between them were compared using a Wilcoxon rank sum test. All data processes were conducted using
Statistical Analysis System v.9.2 (SAS).

accession numbers KX814921 to KX814963.
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