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1 | INTRODUCTION

Co-infection of SARS-CoV-2 and influenza viruses has been reported worldwide in
humans. Wild birds are natural reservoir hosts for coronaviruses (CoVs) and avian
influenza viruses (AIVs). It is unknown whether co-infection with these two types of
viruses occurs in wild birds. In this study, the prevalence of co-infection with CoV and
AlV in wild birds in Shanghai, China during 2020-2021 was investigated by detecting
these viruses in cloacal, tracheal, and faecal samples. Results showed that the over-
all rate of samples positive for both CoV and AlV was 3.3% (82/2510; 95% confidence
interval [Cl]: 2.6%-4.0%), and that was mainly from Anseriformes. In CoV-positive sam-
ples, 38.9% (82/211; 95% Cl: 32.5%-45.6%) of them had both CoVs and AlVs, whereas
only 26.9% (82/305; 95% Cl: 22.2%-32.1%) of AlV-positive samples had both CoVs and
AlVs. These results suggest that CoV infection in wild birds renders them more sus-
ceptible to AlV infection. Phylogenetic analysis based on partial RNA-dependent RNA
polymerase (RdRp) gene sequences of CoVs revealed that gamma-CoVs mainly clus-
ter with duck CoVs and that delta-CoVs are more diversified and cluster with those of
various wild birds. Continual surveillance is necessity to monitor the transmission and

evolution of co-infection of these two types of viruses in their natural hosts.
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Wild birds are effective long-distance vectors for the spread of var-

ious zoonotic diseases. The H5SN8 influenza virus is a prime example of

The ongoing pandemic of coronavirus disease 2019 (COVID-19) has
posed a great challenge to human health globally with more than
571 million confirmed cases and 6.38 million deaths as of 28 July
2022 (WHO Coronavirus [COVID-19] Dashboard [https://covid19.
who.int/]). As coronaviruses (CoVs) are important pathogens of birds
and mammals, interspecies spill-over from wild to domestic animals
occurs frequently. It is speculated that the porcine delta-CoV is
originated in birds (Wille & Holmes, 2020).

Min Ma, Lei Ji and Le Ming contributed equally to this work.

intercontinental spread of avian influenza A virus (AlV) by migratory
birds (Lee et al., 2015). In addition to AlVs, wild birds are also natural
reservoir hosts for of gamma- and delta-CoVs (Wille & Holmes, 2020).
The infectious bronchitis virus (IBV) is a gamma-CoV and is frequently
found to co-infect with AlVs in chickens, causing significant financial
losses in poultry industry (Hassan et al., 2016). Humans co-infected
with SARS-CoV-2 and influenza A virus have recently been reported
(Rizzo et al., 2021; Wu et al., 2020). Such co-infection usually causes
more intense inflammatory responses with increased morbidity and
mortality rates (Cuadrado-Payan et al., 2020; Kong et al., 2021). Little is
known about the prevalence of CoV and AlV co-infections in wild birds

Transbound Emerg Dis. 2022;1-7.

wileyonlinelibrary.com/journal/tbed

© 2022 Wiley-VCH GmbH. | 1


https://orcid.org/0000-0002-7286-4727
https://orcid.org/0000-0002-4889-0933
mailto:gmhe@bio.ecnu.edu.cn
https://covid19.who.int/
https://covid19.who.int/
https://wileyonlinelibrary.com/journal/tbed

MAET AL.

3
es}V 3 fv,_’

é Disea

elly

2_|_ Wl LEY Izonsboundury and Emg

(senunuo))
(0)e
(4%
(0)9
(oM
(T)9
(M
(0)e
(91
()9
(9%
(9
(4%

(2)9
(oT)4

(0)¢
(Lo

(T)9
(e

(TT)
(cont
(‘oN)
snuag
NOD

Amv umoudun
(T)OTH (T)ZN9H

() umouun (T)8NSH
(T)ZN6H (2)TNSH

() umouxun (Z)8NSH

(T) umounun (T)ZN6H
(T)ZNEH (#)8NSH
)T
)

(€) umouxun (T)TNSH
(T)ZN (T)ZN6H (€)8NSH

(€) umounun (T)ZNOTH
(T)8N (T)8NSH (9)TNSH

(ST) umouxun (T)8NSH
(2)INGH (2)ZN6H

(#T) umowyun

(T)OTH (T)SN9H
(T)ZN6H (T)SNZTH
(C)IN(€)ZN (E)TNSH
(E)INTH (£)SH (€2)8NSH

(92) umouun

(T)BN9H (T)ZN9H
(T)ZNEH (T)ZNSH
(2)IN(2)ZN (2)8N

(2)SH (¥)TNSH (8T)8NSH

(€¥7)qumourjun

(T)OTH (2)ZNSH

(€)ZN (€)ZN6H (€)ZN9H
(E)ZNYH (€)7H ()SH
(Z)IN (L)8NSH (TZ)TNSH

(‘oN) sedAigns Al

0

(€T/2°TTY-€Y)
a1

0
(y2/z8'S2-€2)
€8
(LE/TLLT-S'T)
'S
(¥6/2'SCT-0°T)
L€
(€£/ST'ST-0°€)
89

(¢z1/6T:0°€C-2°0T)
96T

(69T/ST T ¥1-5°G)
6'8

(06€/62:5°01-2°S)

L

(ou adwes
|ejoy/sajdwes Al pue
+/\0D 4O "ON ‘1D %S56)
uo1323jul-00 AV pue
0D JO % dduUd|eAd.d

(CT/T 8Yr-LP)
19T

€T/ TTYr-€9)
¥'ST
(€T/¥:9£S-LTT)
80¢
(¥2/9:6¥¥7-0CT)
0'sC
(LE/LTYE-56)
681
(#5/S6'6T-0%)
€6
(€£/21:9°92-1°6)
9T

(ZTT/LT€0E-L'ST)
12e

(691/¥T'€0C-L6)
44"

(06€/€L:6'2C-T'ST)

£'8T

(ou ajdwes |ej01
/s9|dwes L A0D JO "ON ‘|D
%SG6) % @2uajeAsad A0D

(¢T/5:1'89-€6T)
LTV
(€T/6'€°£L8-V'TP)
69
(ET/7'9'£S-LTT)
8'0¢

we/L T 6v-611)
6T

(£€/6 T°OV-¥'€T)
€T

(PS/TT 6 HE-TET)
zee
(€£/0T:9'86-5'8T)
vz

(221/6ST°LS-00F)
a4

(691/09 :0°€¥-£'82)
§'Ge

(06€/00T :T°0£-9'12)
9'6¢

(ou ajdwes |ej03
/sajdwes LAV JO 'ON ‘D
%G6) % 22uajeraud Al

[4%

€T

€1

144

LE

S

€L

(44"

691

06€

sa|dwes
JO°ON

DIDINDLIZDE X1y

DIDI|DJ DIAIDIA

bulia) bAYIAY

b1ndop sbuy

pJ1adalls souy

pIpadAd sbuy

adojauad spuy

pyouAyiojioaod
sbuy

soyouAyiApid
sbuy/

022210 sbuy

dweu d13u3Idg

uLiepuelp|

|ea] pajedje

pJeyood
uowwo)

leauld
uJay3oN

llempes
BEIEVNIIS
UJaYIoN

uoaSIM
uelseany

’Pna
pajliq-jods

pIejleN

|ea] uowwo)

aweu
uowwo)

sawiIo41Iasuy

19pI0

120Z-02Z0 Ul IYSUBYS Ul SPJIQ PIM W04 4304 40 ‘AJY ‘A0D 404 9A111S0d S9|dUIES JO JaqUINU pUe SISO Al PUEACD T 319V.L



S WILEY- S

5

é Diseases;

gin

y and EmeR

Tronsboundcxr

MAET AL.

17¢

(€)e
(Lo

(T)9
(oM
()@
(oM
()9
(oM
(T)9
(04
()9
(oM
(0)9
(M
(0)9
(en
(T)9
(4%
(€)@
(014

(‘oN)
snuasg
N°D

S0€

Ahv umounun
(T)TTH (T)TN9H
(T)ZNEH (2)8NEH

(T)8NSH

(1) umousyun

(9) umousiun
(‘oN) sedAigns A1V

(0152/28:0%-97)
€

(#06/9 ¥’ T-€°0)
L0

0

(ou adwes
|ejoy/ss|dwes LAY pue
+/\0D 30 'ON ‘ID %56)
uoI393)ul-0d A|Y pue
0D JO % 2dusjenald

(0TST/11C:9°6-1'L)
'8

(¥06/0€ *L¥-€C)

€e
(9T/1:€'82-T'T)
€9
(L/TT$9-T'8)
9'8C
(£/€:0°'SL-8'ST)
6TV
(CT/T¥'5e-G'T)
€8
(¥T/2:007-0%)
R
(SE/T:SHT-50)
6T
(€S/€¥'ST-6T)
LS
(06/€:€6-TT)
ee
(¢12/€T%-50)
i

(ou ajdwes |ej01
/s9|dwes , A0D JO ‘ON {|D
%G6) % 22uajeAaad AOD

(0152/S0€ ‘S €T-6'0T)
(A4}

(#06/21 ‘€2-8°0)
e

0

(£/1°€15-9C)
€Vl

0

(€5/1:001-€0)
6T

0

(12/9°09-€T)

8¢

(ou ajdwes |ej03
/sajdwes LAV JO 'ON ‘D
%G6) % 2dudjeAsud Al

0TS¢

706

91

4

4]

SE

€5

06

[4%4

sa|dwes
JO°ON

pa1Ipganbup.y
pijadoidans

XD102132AU
XDI02132AN

p132483

saiduajul
blIbUAIY
pojuoddp| bsowr]
snupjo} bsuLl|
pojuoddp| bsowr]
uydjp stipljpD

$1135041NU3}

sHplpD

aweu dy1u3Ig

‘umoujun si adAiqns ay3 1nq ‘OA1isod AV 4
'S9D9k) WO.J Pa3d9||0d sa|dwes,

anoq
ajInL pay

UoIaH Y3IN

1218393317
auojsuin]

Appny
Jadidpueg

paj|iq-peoig

Hueyspay
uowwio)

1MpoD
pajie}-leg

ulung

Jou)| 1eal

aweu
uowwo)

(panunuo?)

lesoL

e/

sawioiquinjo)

S2WII04IIU0DID)

sawJojlpeleyd)

19pI0

T314avl



-[ronsboundury and Emergin
b

é Dis

4
*LWILEY
Avian influenza

[ Avian influenza/Coronavirus
[ Coronavirus

(L1

250
—o=— Coronavirus
--2=- Avian influenza/Coronavirus
—o— Avian influenza
200
2 150 4
§e]
k3]
Q
£
o
S 100 //\
50 4 A
< \ g
(V=

Sept Oct Nov Dec Apr Aug Sept Oct
2020 2021

and the impact of such co-infections on wild bird populations. Shanghai
islocated at the Yangtze River Estuary and is an important stopover site
for migratory birds along the East Asian-Australasian Flyway. To inves-
tigate the role of wild birds in zoonoses, we determined the prevalence
of conducted CoV and AlV infections in wild birds in Shanghai during
2020-2021.

2 | MATERIALS AND METHODS

From March 2020 to December 2021, a total of 2510 samples, includ-
ing 1646 cloacal and tracheal swabs and 904 faeces, were collected
from Chongming Dongtan (31°91’ N, 121°96’ E) and Nanhui Dongtan
(30°90" N, 121°98’ E) wetlands and Jiuduansha Natural Reservation
Zone (31°36’ N, 121°74' E), Shanghai, China. Wild birds were captured
with mist nets and the bird species were identified morphologically by
expert ornithologists. Swabs samples were collected with the help and
permission of the Shanghai Forestry Station and Management Office
(2018[125]), and birds were released immediately after sampling.
Viral RNA was extracted from the samples with a Magmax-
96 Express instrument (Applied Biosystems) using the MagMAX™
Pathogen RNA/DNA Kit (Applied Biosystems, USA). The extracted
RNA was stored in a —80°C freezer until used. For CoVs, viral RNA was
reverse transcribed to cDNA using random hexamers. The cDNA was
then subjected to a pancoronavirus nested PCR (nPCR) to amplify a
portion of the RNA-dependent RNA polymerase (RdRp) gene of CoVs
as described previously (Chu et al., 2011). Primers used for the first
round nPCR were forward primer 5'-GGK TGG GAY TAY CCK AAR
TG-3’ and reverse primer 5’-TGY TGT SWR CAR AAY TCR TG-3’, and
those for the second round nPCR were forward primer 5’-GGT TGG
GAC TAT CCT AAG TGT GA-3’ and reverse primer 5'-CCA TCA TCA

ea esf} e
s £2
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FIGURE 1 Number of samples positive for
CoV, AlV, or both and their prevalence (%) in
~1.0 wild birds in Shanghai, China, in 2020-2021.

Only the months in which samples positive for
the viruses are shown.
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GAT AGA ATC ATC AT-3'. For AlVs, viral RNA was detected using quan-
titative real-time reverse transcription PCR with primers specific for
the matrix gene on a 7500 Real-Time PCR instrument (Applied Biosys-
tems, USA) according to the method of the World Health Organization
(WHO, 2002). AlV subtypes were determined by PCR using primers
specific for haemagglutinin (HA) and neuraminidase (NA) genes (Huang
et al,, 2013; Tsukamoto et al., 2008). All final PCR products of AlVs
and CoVs were sequenced and subject to BLASTN homology analysis
using sequence data in the GenBank (https://www.ncbi.nlm.nih.gov/).
The maximume-likelihood phylogenetic tree of CoVs was constructed
using the Kimura 2-parameter model in the software package Mega
version 6.0(http://www.megasoftwarenet/) with 1000 bootstrap repli-
cates. All experiments were conducted under biosafety level 2 (BSL-2)
conditions.

The prevalence of CoVs and AlVs infections in wild birds was deter-
mined by calculating the ratio of the number of samples tested positive
for CoV, AlV, or both to total sample number and the binomial 95% con-
fidence interval (Cl). Correspondence analysis for the determination of
the relationships among CoVs and AlVs and their hosts was performed
with VassarStats, which is available from http://www.vassarstats.net/.
All other statistical analyses were carried out with the SPSS software
(version 23.0, SPSS Inc., Chicago, IL, USA). For all analyses, p < .05
was considered significant. Graphs were produced using the software
Origin (Pro), version 2022 (OriginLab Corporation, Northampton, MA,
USA).

3 | RESULTS AND DISCUSSION

Of the wild bird samples, 8.4% (211/2510; 95% Cl: 7.4%-9.6%) were
positive for CoVs, including 175 (82.9%) gamma-CoVs and 36 (17.1%)


https://www.ncbi.nlm.nih.gov/
http://www.megasoftwarenet/
http://www.vassarstats.net/

MAET AL.

JQ065045.1_Sparmow_coronavirus_HKU17_strain_HKU17-6124
NC_016992.1_Sparrow_coronavirus_HKU17

97

[ransboundary and Emeriné Dis
", o

@D

/Sh i/CM21400/2021

100

k1l

KX361345.1_Porcine_deltacoronavirus_isolate_P24_15_NT1_1215/PDCoV/2015/Thailand
KX834351.1_Porcine_deltacoronavirus_strain_PDCoV/Swine/Vietnam/HaNoi6/2015
—— MG764094.1_Avian_coronavirus_isolate_CoV-9825-2016/12/30-WS/VIC

100 JX548304.1_Shorebird_coronavirus_isolate_85
4100‘.[ @ D i t_Knot/Sh L

8L MG764156.1_Avian_coronavirus_isolate_CoV-9698-2016/11/28-BP/SA

M21315/2021
Deltacoronavirus

@D /Sh

® et
—gmaawsj:1-357_Avian_eoronavws_isolate_J05901Anas_dypea1aIO91127
100 JQO65048.1_Wigeon_coronavirus_HKU20_strain_HKU20-9243
100/ NC_016995.1_Wigeon_coronavirus_HKU20
i /CM21778/2021
9L JN788874.1_Avian_coronavirus_isolate_K581/Ardea_cinerea/091223
100| @ Deltacoronavirus/Night_Heron/Shanghai/CM201262/2020
NC_016994.1_Night-heron_coronavirus_HKU19

I: KF793826.1_Bottlenose_dolphin_coronavirus_HKU22_isolate_CF090331
100L. NC_010646.1_Beluga_Whale_coronavirus_SW1
l. GammaCoV/Mallard/Shanghai/CM211086/2021

MK617357.1_Avian_coronavirus_isolate_GammaCoV/AvCoV/Bean_goose/Poland/MW436/2009
MG763935.1:14166-14551_Infectious_bronchitis_virus_strain_IBV/Chicken/Haryana/53/2013

rthem_Sh ISh 121856/2021

Gammacoronavirus

MK617389.1_Avian_(
MK617427.1_Avian_

isolate_(

>0V/AVCoV/C _teal/Poland/Mor77/2/2012

96

981 MK617443.1_Avian_

_isolate_
@ GammaCoV/Common_Teal/Shanghai/JDS20456/2020
NC_048214.1_Duck_coronavirus_isolate_DK/GD/27/2014
8| @ GammaCoV/enviroment/Shanghai/CM21812/2021

_isolate_(

~oV/AvCoV/Mallard_duck/Poland/MW54/2010

~oV/AvCoV/Mallard_duck/Poland/P076/1/2015

|: AY345986.1_SARS_coronavirus_CUHK-AG01

MT159778.1_SARS-CoV-2human/NGA/NG01/2020

4|:Nc_00184&1_Murine_hepan'tis_virus_stmin_MHV-A59_C12
100 MW089343.1_PHEV/18DIA90177-14/swine/ltaly/2018

Betacoronavirus

FIGURE 2

NC_019843.3_Middle_East_respiratory_synd
AB907634.1_Feline_coronavirus_Tokyo/cat/130627

_|7 AY864196.1_Bat_coronavirus_strain_61
MT890956.1_Porcine_epidemic_diarrhea_virus_strain_A/swine/Shandong/POS337/2015

—Ij KMO055631.1_Human_coronavirus_NL63_isolate_2093A_2010
MT797675.1_Human_coronavirus_229E_isolate_HK16-41

Phylogenetic tree based on partial RARp (295 bp) gene sequences of coronaviruses from wild birds. The viral sequences obtained in

ne-related_¢ _isolate_HCoV-EMC/2012

Alphacoronavirus

this study are indicated with black dots. The maximum likelihood tree was constructed using the Kimura 2-parameter model in MEGA software
version 6 (http://www.megasoftwarenet/). Bootstrap values were calculated with 1000 replicates, and those bootstrap values less than 80% are

not shown.

delta-CoVs (Table 1). The gamma-CoVs were more frequently identi-
fied than delta-CoVs in these sampled wild birds; the difference might
be attributed to the bias for the CoVs infection in different species
of wild birds (Wille & Holmes, 2020). The overall prevalence of AlVs
in these wild bird samples was 12.2% (305/2510; 95% Cl: 10.9%-
13.5%). Nine HA subtypes (H1, H3-H6, H9-H12) and four NA subtypes
(N1, N2, N5, and N8) were identified with 13 different combinations
(Table 1). 3.3% (82/2510; 95% Cl: 2.6%-4.0%) of total samples were
co-infected with CoVs and AlVs, and the rates of co-infection in swab
and feacal samples are significantly different (p <.001),4.7% (76/1606;
95% Cl: 3.8%-5.9%) for swab and 0.7% (6/904; 95% Cl: 0.3%-1.4%)
for faecal samples. In CoV-positive samples, 38.9% (82/211; 95% ClI:
32.5%-45.6%) of all samples, 42.0% (76/181; 95% Cl: 35.0%-49.3%) of
swab samples, and 20% (6/30; 95% Cl: 9.5%-37.3%) of faecal samples
had AlVs. In AlV-positive samples, only 26.9% (82/305; 95% Cl: 22.2%-
32.1%) of all samples, 25.9% (76/293; 95% Cl: 21.3%-31.3%) of swab

samples, and 50% (6/12; 95% Cl: 25.4%-74.6%) of faecal samples had
CoVs. These results suggest that CoV infections may predispose wild
birds to AlV infections.

The highest prevalence of CoVs was found in October 2020 (38.8%;
95% Cl: 26.4%-52.8%) and November 2021 (18.6%; 95% Cl: 15.6%-
22.0%), and the highest prevalence of AlVs was subsequently found
in November and December 2020 (Figure 1). The CoVs infection is
positively correlated with the co-infection (p = .002), while there was
no correlation between AlVs and co-infection. It has been shown that
co-infection with infectious bronchitis virus (IBV), a gamma-CoV, may
reduce the stability of HA of HIN2 AlIV in diseased flocks (AboElkhair
et al., 2021) or induce a severe inflammatory response in chickens
(Kong et al., 2021). Whether CoV infections play a major role in AIV
epidemic in wild birds remains to be investigated, and the molecular
mechanisms of co-infection with CoVs and AlVs should also deserve

more attention.


http://www.megasoftwarenet/

-[ronsboundury and Emergin
b

é Dise

‘L WILEY

Among the 211 CoVs in this study, 205 partial RdRp sequences
were obtained, including those of 170 gamma-CoVs and 35 delta-
CoVs. The sequences of five delta-CoVs and three gamma-CoVs were
selected based on their isolation time, host, and location as represen-
tative sequences to construct a phylogenetic tree by comparing the
sequences of RdRp with those in the GenBank database (Figure 2).
Results showed that gamma-CoVs were mainly clustered with duck
CoVs and may have the same ancestor as other CoVs. The five
delta-CoVs were found to belong to four different subclades with
one belonging to the sparrow and porcine CoVs clade. As the RdRp
sequence determined in this study only represents only about 1% of
the CoVs genome, the relationships shown in the phylogenetic tree
should be confirmed using the whole genome, and the possibility of
CoV transmission to mammals should be closely monitored.

The swab samples were collected from 59 species of wild birds in
nine avian genetic orders. Except for very low sample sizes (<7 indi-
viduals in a species), samples positive for both CoVs and AlVs were
only found in those of Anseriformes, and the highest detection rate
was from spot-billed duck (Anas poecilorhyncha) (Table 1). As spot-
billed ducks are the most abundant migratory ducks in Shanghai, they
should be closely monitored for causing CoV and or AlV epidemics
in the future. Our previous surveillance has shown that Anseriformes
are more readily infected with AlVs than members of other orders
(Tang et al., 2020), which may account for the higher CoV and AlV co-
infection rates in Anseriformes determined in this study. As delta-CoVs
were mainly found in Ciconiiformes and Columbiformes, which are the
dominant resident bird species in Shanghai, the potential risk of their
spill-over to domestic poultry and other mammals should be closely
monitored.

In summary, the present study demonstrated that CoV and AlV co-
infection is highly prevalent in wild birds. As they are long-distance
vector for spreading various viruses, the risk of CoV and AlV spill-over
to domestic poultry and other mammals is high. Long-term continual
surveillance of such co-infections in wild birds is required to better
understand the ecology and epidemiology of these viruses.
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