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Emergence	at	the	animal-human	interface	

Dominated	by	RNA	viruses	
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MERS epidemiology 
10 March 2017 (WHO) 

1917 confirmed cases 684 deaths (CFR ≈40%) 
 

27 countries 
Saudi Arabia >1480 cases (>550 deaths)  
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Situation in Saudi Arabia 
Since the beginning of 2015, Saudi Arabia has reported 428 cases (Figures 4 and 5) and 264 (62%) of these cases 

have been reported from Riyadh.  

Since the risk assessment of 27 August 2015, Saudi Arabia reported 90 additional cases from Riyadh (67), Madinah 

(7), Najran (4), Alkharj (3), Jeddah (3), Namas (2), Qweiyah (2), Aloyoon (1) and Dawadmy (1).  

Twenty-four (27%) of the 90 new cases were healthcare workers from Riyadh (19), Jeddah (1) and Madinah (4). 

There were equal number of healthcare workers in both gender groups. The median age for the healthcare 

workers was 31 years ranging from 24 to 77 years.  

Thirty of the 66 non healthcare worker cases reported contact to a previously confirmed case either in the hospital 

or in the community, while for other 36 cases, the route of transmission is either not known or under review. 

Seven cases had a history of frequent contact with camels and consumption of their raw milk. This current 

distribution of cases by source of infection reflects the situation reported by the health authorities in Saudi Arabia 

where the majority of the cases were identified as primary cases followed by healthcare-acquired infection and 

infections in healthcare workers. (Figure 6) 

Figure 4. Distribution of MERS cases by reporting city, Saudi Arabia, 1 January – 13 October 2015 
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Genetic Analysis of a Novel Coronavirus
The PCR fragments of the pan-coronavirus PCR3 
were sequenced. This sequence corresponded with 
a conserved region of open reading frame 1b of the 
replicase gene of a coronavirus. Reference coro-

navirus genome sequences were downloaded 
from GenBank and aligned with the amplified 
fragment of the newly discovered virus, hereafter 
called HCoV-EMC (for Erasmus Medical Center). A 
maximum-likelihood tree was constructed to infer 
the phylogenetic relationships (Fig. 2B). This phy-
logenetic tree showed that HCoV-EMC belonged 
to lineage C of the genus betacoronavirus, along 
with the bat coronaviruses HKU4 and HKU5. The 
betacoronavirus genus contains three additional 
lineages; A, B, and D.1 HCoV-HKU1 and HCoV-
OC43 belong to lineage A, whereas SARS-CoV 
belongs to lineage B. Lineage D does not contain 
any human pathogens and is represented in the 
tree by Rousettus bat coronavirus HKU9. Thus, 
HCoV-EMC is distinct from previously known 
human coronaviruses. HCoV-NL63 and HCoV-
229E are even more distinct from HCoV-EMC, 
since these two human pathogens belong to a 
different genus, alphacoronavirus (Fig. 2B).

To further characterize the virus, approximately 
90% of the virus genome sequence was obtained 
on sequence analysis with the use of the 454 plat-
form. Subsequently, specific primers were de-
signed to amplify overlapping PCR fragments of 
approximately 800 bp each for conventional Sanger 
sequencing. The nearly full-length sequence was 
obtained (GenBank accession number, JX869059), 

B Phylogenetic Tree

A Cytopathic Effects

SARS-CoV

HCoV-EMC
BatCoV-HKU5

BatCoV-HKU4

BatCoV-HKU9

H
Co

V-
H

VU
1

M
HV

BCoV

H
Co

V-
O

C4
3

BW
-C

oV

IBV

FI
PV

H
CoV-229E

BatCoV-H
KU

2

BatCoV-HKU8

BatCoV-1A

Ba
tC

oV
-5

12

PE
D

V

H
C

oV-N
L63

α

β

γ

LLC-MK2 LLC-MK2 HCoV-EMC

Vero Vero HCoV-EMC

Figure 2. Cytopathic Effects and a Phylogenetic Tree of 
the Novel Coronavirus.

Panel A shows cytopathic effects in LLC-MK2 and Vero 
cell cultures after inoculation with the novel corona-
virus HCoV-EMC. Panel B shows the genetic relation-
ship between HCoV-EMC and other coronaviruses in 
a maximum-likelihood phylogenetic tree. The tree is 
based on a 408-nucleotide fragment of the open read-
ing frame 1b. The following viruses and accession 
numbers were used: feline infectious peritonitis virus 
(FCoV; NC007025), HCoV-229E (NC002645), porcine 
epidemic diarrhea virus (PEDV; NC003436), HCoV-NL63 
(DQ445911), BatCoV-1A (NC010437), BatCoV-HKU8 
(NC010438), BatCoV-HKU2 (NC009988), BatCoV-512 
(DQ648858), bovine coronavirus (BCoV; NC003045), 
HCoV-OC43 (AY585228), HCoV-HKU1 (AY884001), 
 murine hepatitis virus (MHV; NC006852), BatCoV-HKU5 
(EF065509), BatCoV-HKU9 (EF065513), SARS-CoV 
(AY345988), BatCoV-HKU4 (EF065505), avian infec-
tious bronchitis virus (IBV; NC001451), Beluga whale 
coronavirus (BWCoV; EU111742), and HCoV-EMC 
(JX869059). Alpha, beta, and gamma denote genera  
in the Coronavirinae subfamily. The five other corona-
viruses that have been detected in humans are indicated 
in red. Lineage C of the betacoronavirus genus con-
taining HCoV-EMC is shaded in gray.
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MERS-CoV in people is the result of multiple 
independent, geographically structured, zoonotic events 
in the Middle East.4,19

Possible animal reservoirs need to be identifi ed to 
determine how circulation of MERS-CoV is maintained 
and to break the chain of transmission.20 MERS-CoV can 
infect cells of several species, including human beings 
and bats.14 The functional receptor is conserved between 
species, suggesting that receptor use is not an important 
barrier to cross-species transmission.21 Data for exposure 
history of patients are scarce, but suggest contact with 
livestock, including dromedary camels and goats.2,4,5 Food 
and Agriculture Organization data from 2011 show that 
cows, goats, sheep, and dromedary camels are the main 
sources of meat and milk in Jordan, Saudi Arabia, and 
United Arab Emirates.22

Serological studies are best suited to screen animal 
populations, but have not yet been reported for 
MERS-CoV in animals, although several methods have 
been described for testing antibodies of people.23,24 For 
specifi city, WHO recommends use of a combination of 
screening assays with recombinant spike protein, and 
confi rmatory testing by neutralisation assays. Here, we 
describe antibody profi ling of serum samples from 
major livestock species that might be relevant to the 
epidemiology of MERS-CoV in the Middle East, using 
samples collected from herds inside and outside the 
region.

Methods
Serum sample collection
We sampled a cohort of 105 dromedary camels (Camelus 
dromedarius) from two herds on the Canary Islands. 
50 were male, 55 were female, 88 were adults, nine 
were age 3–4 years, seven were age 2 years, and one was 
age 3 months. Both herds had the same owner, with 
frequent exchange of animals between the herds. One 
herd is from a coastal dune habitat with no other 
livestock, while the other herd is in an inland valley 
close to a tropical fruit farm, in particular mango and 
papaya—which could attract fruit bats—and nearby 
(roughly 500 m) to horse and goat farms with 25 and 
300 animals, respectively. The camels were born in the 
Canary Islands except for three adults, which were 
imported from Morocco.25 The camels are used in the 
tourist industry. 80 sera were taken April–June, 2012, 
nine in May, 2013, and 16 paired sera were taken in 
these months in 2012, and 2013, all for routine 
veterinary purposes. Samples were obtained by jugular 
puncture.

50 female dromedary camels from Oman were 
sampled in March, 2013. The camels were 
aged 8–12 years and belonged to diff erent owners 
from separate locations. The camels are retired 
racing camels now used for breeding, and blood was 
taken by jugular puncture for routine screening for 
brucellosis.

Figure 1: Reactivity of livestock sera with three coronavirus S1 antigens
Fluorescent intensities per antigen at a serum dilution of 1/20. Black lines indicate median. Dashed line is cutoff  of the assay. RFU=relative fl uorescence units. 
SARS-CoV=severe acute respiratory syndrome coronavirus. HCoV=human coronavirus. MERS-CoV=Middle East respiratory syndrome coronavirus.

0

10 000

20 000

30 000

40 000

50 000

60 000

70 000

An
tig

en
 re

ac
tiv

ity
 (R

FU
)

Sheep

SARS CoV
HCoV-OC43
MERS-CoV

Spanish dromedariesOther camelidsGoatsCows Omani dromedaries

Dromadary camels 

Pereira et al. Eurosurveillance 2013 

-  Positive detections date back to 1992 
-  Large geographic distribution 

or potentially civets (Balboni et al., 2011; Drexler et al., 2010; Lau
et al., 2010a, 2005; Li et al., 2005; Ren et al., 2006; Rihtaric et al.,
2010; Yang et al., 2013). These human, civet and bat viruses are
now officially summarized by the ICTV in one species, termed
SARS-related coronavirus (de Groot et al., 2012).

The genomic relatedness of human and bat SARS-related coro-
naviruses is greatest in the ORF1ab, while a bat ancestor containing
the structural proteins of human SARS-CoV has so far not been de-
tected. Bat SARS-related coronaviruses fail to interact with the hu-
man SARS-CoV receptor molecule ACE2, possibly associated with
small deletions in their receptor-binding domain (RBD), compared
to human SARS-CoV (Li, 2013; Ren et al., 2008). In line with these
differences, a bat SARS-related coronavirus synthesized by reverse
genetics was only infectious in cell culture and mice when the
spike gene was exchanged by the human SARS-CoV homologue
(Becker et al., 2008). Because the RBD of European rhinolophid
bat SARS-related coronaviruses was more related to that of the hu-
man SARS-CoV than the RBD from Chinese bat viruses (Drexler
et al., 2010), recombination may have played a role in the emer-
gence of the human pathogenic virus.

However, not all rhinolophid bat species have been tested for
SARS-related coronaviruses. For example, only 12 of the at least 19
rhinolophid bat species that occur in China have been tested and
SARS-related coronavirus sequence information is only available
from 5 of these species (Lau et al., 2005; Li et al., 2005; Poon
et al., 2005; Tang et al., 2006; Woo et al., 2006, 2007; Yang et al.,
2013; Yuan et al., 2010). Therefore, further studies of Rhinolophus
species in Africa, Europe and Asia may provide more insight into
the ancestral bat viruses that were the source of the emergence
of human SARS-CoV.

It should also be mentioned that the Hipposideros betacoronav-
iruses detected in Africa and Asia are clearly distinct from SARS-re-
lated coronaviruses. These viruses can be distinguished by both
sequence distance-based taxonomic approaches described above.
Additionally, the phylogenetic position and genomic properties of
the unclassified Hipposideros betacoronaviruses differ from SARS-
related coronaviruses. These genomic properties include chiefly
their different viral 3’-genome ends and accessory ORFs down-
stream from the membrane gene in the Hipposideros CoVs (Pfefferle
et al., 2009; Quan et al., 2010).

Fig. 3. Phylogenetic relationships between coronaviruses and bat hosts. Details of the phylogeny shown in Fig. 2 for the genera Alpha- and Betacoronavirus. ICTV species are
given to the right of clade designations and bat symbols, when applicable. Virus designations include strain names, GenBank accession numbers and host information as the
first three letters of the latin genus and species names. Bat viruses are shown in red. Boxes indicate Alpha- and Betacoronavirus genera, according to the coloring in Fig. 2.

50 J.F. Drexler et al. / Antiviral Research 101 (2014) 45–56

bats	

serology 
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MERS-CoV evolution in camels 

Briese	et	al.	mBio	2014	Nowotny	et	al.	Eurosurveillance	2014	

came from wholesale markets (tables S1 and S2),
where indigenous camels mixed with camels im-
ported from Sudan and Somalia. Local camels
had significantly higher positive rates for MERS-
CoVs and other CoVs than did imported camels
(Pearson’s c2 test, P < 0.05; tables S1 and S2).

Three CoV species were detected in dromedary
camels: MERS-CoV (betacoronavirus, group C);
betacoronavirus 1 (betacoronavirus, group A); and
human CoV 229E (alphacoronavirus) (fig. S1).
Viruses from the latter two species are desig-
nated as camel b1-HKU23-CoVs and camelid

a-CoVs, respectively. Although CoVs were detected
almost year-round in these animals, a relatively
higher prevalence of both MERS-CoV and camelid
a-CoV was observed from December 2014 to
April 2015 (tables S1 and S2). Juvenile camels (0.5
to 1 year old) had the highest levels of respiratory

82 1 JANUARY 2016 • VOL 351 ISSUE 6268 sciencemag.org SCIENCE

Fig. 1. Genomic recombination in MERS-CoVs. Only the variable sites
(variants shared by more than two sequences; see the supplementary
materials) were used for (A) and (B). (A) A rescaled structure of the MERS-
CoVgenome (top) with consensus nucleotides, and any corresponding amino
acid substitutions, that are phylogenetically informative in defining the lineages
(bottom) (15). Nucleotides common with lineage 5 are highlighted (nucleotide
substitution C26167T results in amino acid substitution P106S in ORF4b). The
likelyexchanged region is shadedblue. (B)Bootscanning recombination analysis
based on the variable genomic sites.The dashed line indicates 70% bootstrap

support. (C) Maximum-likelihood phylogenetic trees inferred for the outer (left)
and inner (right) nonrecombinant regions, indicating that lineage 5 is a re-
combinant of lineages 3 and 4. A subset of sequences from each lineage was
used. Camel viruses are indicated by red circles; those sequenced in this study
are shown in red text.Shimodaira-Hasegawa–like branch test values andBayesian
inference clade probabilities >0.9 (indicated by asterisks) are shown at selected
lineages. Branch lengths reflect the number of nucleotide substitutions per site,
and the trees were rooted by Camel/Egypt/NRCE-HKU205/2013.The inset tree
was inferred using all available MERS-CoVgenomic sequences (n = 164; fig. S2).
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-  MERS-CoV	related	to	human	
viruses	detected	and	isolated	
from	dromedary	camels	

	
-  Circula1on	of	different	

lineages	
-  Evidence	for	recombina1on	
-  Iden1ty	among	quasispecies	

-  Experimental	infec1ons	in	
dromadary	camels	(mild	
disease;	high	levels	of	viral	
shedding)	

Sabir	et	al.	Science		2016	
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Chinese	SARS	Consor:um	2004	Sciencexpress		

8422	cases	
916	(11%)	deaths	

30	affected	countries	
7	with	local	transmission	

Lee N. et al.  NEJM 2003 

Similar	pathology	
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ARDS	
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Figure 1: Epidemiological curve of lab-confirmed avian influenza A(H5N1) cases in humans by 

month of onset, 2003-2017 

 
 
Influenza A(H5) subtype viruses have the potential to cause disease in humans and thus far, no 
human cases, other than those with influenza A(H5N1) and A(H5N6) viruses, have been reported to 
WHO. According to reports received by the World Organisation for Animal Health (OIE), various 
influenza A(H5) subtypes continue to be detected in birds in Africa, Europe and Asia.  
 

Risk Assessment: 

1. What is the likelihood that additional human cases of infection with avian influenza A(H5) 

viruses will occur? Most human cases were exposed to A(H5) viruses through contact with 
infected poultry or contaminated environments, including live poultry markets. Since the viruses 
continue to be detected in animals and environments, further human cases can be expected.  

2. What is the likelihood of human-to-human transmission of avian influenza A(H5) viruses? Even 
though small clusters of A(H5) virus infections have been reported previously including those 
involving healthcare workers, current epidemiological and virological evidence suggests that this 
and other A(H5) viruses have not acquired the ability of sustained transmission among humans, 
thus the likelihood is low.  

3. What is the risk of international spread of avian influenza A(H5) viruses by travellers? Should 
infected individuals from affected areas travel internationally, their infection may be detected in 
another country during travel or after arrival. If this were to occur, further community level 
spread is considered unlikely as evidence suggests these viruses have not acquired the ability to 
transmit easily among humans. 

 

•  (RE)-emergence in 2003 
•  Endemic in SE-Asia, Egypt, Indonesia 
•  Highly pathogenic for poultry 
 
Humans  
•  Source poultry :  limited human-to-

human transmission documented 
•  Severity of infections total  870 cases 

458 deaths (WHO – 29/09/2016) 

Extensive genetic diversification 
Reassortment w/ other circulating viruses 
 
! H5N8, H5N6  (clade 2.3.4.4) 
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H5N8 exposure 

Widespread in Europe in wild birds and poultry   -   no human cases detected  

map_2017_06_14.jpg (Image JPEG, 1000 × 462 pixels) http://www.fao.org/ag/againfo/programmes/en/empres/H7N9/im...

1 sur 1 22/06/2017 04:58

H7N9 exposure 
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Avian influenza A(H7N9) viruses 
 
Current situation:  
During this reporting period, 93 laboratory-confirmed human cases of influenza A(H7N9) virus 

infection were reported to WHO from China. Among these cases, two clusters of cases were 

reported. Cases were reported from Shaanxi province for the first time. Case and cluster details 

are presented in the table in the Annex of this document. For additional details on these cases, 

public health interventions, and the recently detected highly pathogenic avian influenza (HPAI) 

A(H7N9) viruses, see the Disease Outbreak News.  

As of 16 May 2017, a total of 1486 laboratory-confirmed cases of human infection with avian 

influenza A(H7N9) viruses, including at least 571 deaths3, have been reported to WHO (Figure 2). The 

number of human infections with avian influenza A(H7N9) viruses and the geographical distribution 

of human cases in the fifth epidemic wave (i.e. onset since 1 October 2016) is greater than in any 

earlier wave. This suggests that the virus is spreading, and emphasizes that further intensive 

surveillance and control measures in both the human and animal health sectors are crucial. 

Figure 2: Epidemiological curve of avian influenza A(H7N9) cases in humans by week of onset, 
2013-2017

 

                                                           
3 Total number of fatal cases is published on a monthly basis by China National Health and Family Planning Commission. 

•  31 March 2013 1st 
detections of human cases 
in China (2 in Shanghai ; 1 
in Anhui)  

•  Source : poultry (markets) 
•  urban settings initially; 

recent spread to rural areas 
•  Low pathogenicity for birds 
•  Evolution to highly 

pathogenic form in 2017 T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med nejm.org8

jing (BJ16) (Fig. 1, and Fig. S1 in the Supplemen-
tary Appendix). Thus, the human H7N9 viruses 
are the product of reassortment of viruses that 
are of avian-origin only. In addition, the phyloge-
netic trees showed that A/Shanghai/1/2013 is 
phylogenetically distinct from A/Anhui/1/2013 
and A/Shanghai/2/2013 across all gene segments, 
which suggests that there have been at least two 
introductions into humans (Fig. 1, and Fig. S1 in 
the Supplementary Appendix). Currently, there 
are no data to suggest that this reassortment oc-
curred in a mammalian host, and the similarity 
of the human viruses to avian viruses may be 
stronger support for direct avian transmission of 
this virus. However, influenza surveillance of 
birds, swine, and humans is limited in China and 
nearby countries, making it difficult to resolve 
this question.

Although human infections with avian-origin 
H7 avian influenza viruses have been observed 
before,1,2,5,10,11 infection of humans with an N9 
subtype influenza virus has not been reported 
previously. Human H7 influenza infections are 
generally mild, causing conjunctivitis or modest 
respiratory symptoms, although a fatal case was 
reported before this H7N9 outbreak.5 All three 
cases of H7N9 infection reported here were viru-
lent, with the patients’ conditions deteriorating 
rapidly with the development of severe pneumo-
nia and ARDS, and ultimately resulted in death. 
All the patients had preexisting medical condi-
tions, and two had a history of direct contact 
with poultry. Two patients presented with rhab-
domyolysis, which has rarely been reported in 
patients infected with H1N1 or H5N112 influ-
enza viruses. Encephalopathy, which is normally 
more common in pediatric patients with influ-
enza,13 was observed in two patients.

The affinity of the influenza virus to different 
sialyl-sugar structures is an important determi-
nant of range and pathogenicity in the viral 
host.14,15 Human influenza viruses preferentially 
bind to α2,6 sialyl glycan, whereas most avian 
viruses bind to α2,3 sialyl glycan.16,17 Q226L in 
the HA protein, which was first reported in H7 
field viruses, as well as H5 subtypes, was ex-
pected to bind strongly to α-2,6 human-like re-
ceptors. A laboratory-produced Q226L mutation 
at the 210-loop of HA has been shown to change 
the receptor binding of avian origin to a human-
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Figure 3. Chest Radiographs.

A chest radiograph (patient’s heart is on the right side) 
of Patient 1 is shown in Panels A and B . Mild ground-
glass opacity was observed on day 6 (Panel A). Bilater-
al ground-glass opacity and consolidation were clearly 
seen on day 9 (Panel B). A computed tomographic 
scan of the chest of Patient 1, obtained on day 7 (the 
day of admission), is shown in Panels C and D. Sub-
stantial bilateral ground-glass opacity and consolida-
tion can be seen. Chest radiographs of Patient 2, ob-
tained on day 7 and day 13 after the onset of illness are 
shown in Panels E and F, respectively. Bilateral ground-
glass opacity and consolidation can be seen on day 7, 
and white lungs on day 13. Chest radiographs of Pa-
tient 3 on day 7 and day 13 after the onset of illness are 
shown in Panels G and H. Bilateral ground-glass opaci-
ty and consolidation can be seen on both day 7 and 
day 13.
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Humans  
•  Source poultry :   
•  limited human-to-human 

transmission documented 

•  Severity of infections total  798 
cases 320 deaths (WHO – 
29/09/2016) 
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dix. Fever and cough were the most common 
symptoms. The white-cell count was normal or 
slightly decreased. Elevated levels of aspartate 
aminotransferase, creatine kinase, and lactate 

dehydrogenase were observed in all the patients. 
Bilateral ground-glass opacities and consolida-
tion were detected on chest radiography (Fig. 3).

Several complications of the illness were ob-
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Figure 2. Hypothetical Host and Lineage Origins of the Gene Segments of the Novel Reassortant Human Influenza A (H7N9) Viruses.

The colors of the gene segments in the ovals indicate their origin. BJ16 denotes A/brambling/Beijing/16/2012, KO14 A/wild bird/Korea/
A14/2011, and ZJ12 A/duck/Zhejiang/12/2011.
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RT-PCRs that would have equal sensitivity for seasonal 
human and swine-origin H3N2 viruses, should not be 
promoted at this stage because these procedures may 
fail to recognise cases of S-Otr H3N2 virus infection. 
Hence, for accurate detection and surveillance, spe-
cific RT-PCR methods should be developed, or alter-
natively, predefined algorithms with already existing 
discriminating molecular tools need to be implemented 
[9]. Lastly, the NA and M2 sequences available from 
the recent isolates suggest that, as for the influenza 
A(H1N1)pdm09 virus, antiviral drugs that block the 
M2 ion channel will not be effective because the M2 
sequence carries the S31N mutation associated with 
resistance. No known genetic markers for resistance to 
NA inhibitors have been detected in these new strains 
so far. This should be confirmed by phenotypic assays.

Implications for immunological 
cross-protection
In case of the emergence of a zoonotic virus with an 
HA derived from previously circulating human viruses, 
it needs to be established whether or not infections 
with human influenza viruses in the past seasons or 
vaccinations confer cross-protection against the new 
viruses. Indeed, during the recent pandemic in 2009, 
it was observed that upon infection or vaccination of 
elderly people previously exposed to influenza A(H1N1) 
viruses that shared common epitopes with the emerg-
ing pandemic virus, efficient cross-protection was 
induced through memory immune cells [10]. The com-
parison of the five antigenic domains of past influenza 
A(H3N2) human viruses with those of the S-Otr viruses 
showed similarities and differences. Hence, it is impos-
sible to predict if pre-existing immunity will be efficient 
against this virus, even if it seems likely that some 
cross-protection will exist; seroepidemiological sur-
veys should be carried out to support or disprove this 

Figure 1
Phylogenetic analysis of the haemagglutinin genes (nt 72-1,038) of 26 influenza A(H3N2) viruses (vaccine strains and S-Otr 
viruses)

The evolutionary history and divergence were inferred using the neighbour-joining method. They were computed in MEGA5 (version 5.0), 
using the Tamura-Nei method and are in the units of the number of base substitutions per site. The percentages of replicate trees in which 
the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. The analysis involved 26 
nucleotide sequences and a total of 966 positions in the final dataset. The molecular data set was collected from GISAID. 

The arrow shows the human strain with the closest homology (5.5% of divergence). The strains in light blue have less than 8% divergence 
with the S-Otr viruses, those in dark blue have more than 8% divergence.
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limited period of time (up to 7 days) in the field and under
experimental conditions while in the latter situation ex-
cretion of viral RNA could be detected for up to 35 days
[40,53!]. Mild disease of the upper respiratory tract or no
overt disease has been observed in young and adult camels
naturally infected with MERS-CoV [38,39!,48,49!,50!].
Experimental infections indicated that MERS-CoV in
adult dromedaries gives a mild respiratory disease with
purulent nasal discharge [53!]. A study in mother–calf pairs
in Dubai showed that MERS-CoV causes acute infections

in dromedaries and it was concluded that persistent infec-
tion in adult animals is unlikely [40]. The detection of
MERS-CoV RNA in camels with pre-existing antibodies in
a herd in KSA and an observed lack of correlation between
viral RNA loads and levels of neutralizing antibodies in
camels for slaughter in Qatar might indicate limited im-
mune-protection and a potential for re-infection despite
previous exposure [38,46] Indeed, circulation up to 2–4
months of the same virus strains at the herd level has been
demonstrated [40,46].

MERS coronavirus transmission Reusken et al. 57

Figure 1

Human

Rhesus macaque

Marmoset

Rabbit

Horse

Cattle

Sheep

Pig

Camel

Ferret

Dog

Cat

Rat

Mouse

Bat

73

100

64

52

50

100

100

90

85

100

57

100

73

0.02

Hamster

Current Opinion in Virology

Phylogenetic tree based on a DPP4 fragment containing the S1 binding region (residues 246–504 of 16 different species). Sequence alignment
was performed by using ClustalW in the MEGA5.0 software package (www.megasoftware.net), and the trees were constructed by using the
neighbor-joining method with P distances (gap/missing data treatment; complete deletion) and 1000 bootstrap replicates as in MEGA version
5.0. Known MERS-CoV susceptible species (green), non-susceptible species (red) and unknown (black).
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species for MERS-CoV in mind, we determined the ability of
DPP4 from putative intermediate host species (dromedary camel,
cow, sheep, and goat) to bind to MERS-CoV spike protein. Like
DPP4 from human and rhesus macaque, the binding energy asso-
ciated with dromedary camel, goat, sheep, and cow DPP4 was

found to be relatively low, suggesting these proteins can function
as a receptor for MERS-CoV (Fig. 4B). Furthermore, expression of
dromedary camel, goat, sheep, and cow DPP4 on BHK cells sup-
ported replication of MERS-CoV (Fig. 6A). Expression of DPP4
on BHK cells was confirmed via flow cytometry and qRT-PCR

FIG 4 Interaction between MERS-CoV spike protein and DPP4s of different mammalian species. (A) Cartoon representing the binding between human DPP4
or hamster DPP4 and the spike protein of MERS-CoV. DPP4 is depicted in white; the receptor binding domain (RBD) of the spike protein of MERS-CoV is
depicted in magenta and cyan. The far right panel is obtained by clockwise rotation of the middle panel along a longitudinal axis. (B) Binding energies between
spike protein of MERS-CoV and DPP4 of different species as well as humanized hamster DPP4 and hamsterized human DPP4. Red bars indicate the binding
energies of known binders (human and rhesus macaque DPP4), blue bars indicate the binding energies of nonbinders (hamster, mouse, and ferret DPP4), green
bars indicate the binding energies of unknown binders (dromedary camel, goat, cow, and sheep), and purple bars indicate the binding energies of the in silico
mutagenized hamster and human DPP4s. The DPP4 homology models were constructed using the human DPP4 structure (PDB ID 4KR0, chain A) as a template
and subjected to the binding energy calculation using an all-atom distance-dependent pairwise statistical potential, DFIRE.
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MERS-CoV Receptor expression DPP4	expression	
Erasmus MC Tissue Bank under ISO 15189:2007 standard oper-
ating procedures. Use of these materials for research purposes is
regulated according to reference 17. Dromedary camel tissue sam-
ples were obtained from animals used in an experimental MERS-
CoV infection (18). DPP4 immunohistochemistry staining of
these 3-!m-thick FFPE tissue sections was then performed. Anti-
gen was retrieved by boiling these sections in 10.0 mM citric acid
buffer, pH 6, for 15 min in a 600-W microwave. Endogenous
peroxidase was blocked by incubating the slides with 3% hydrogen
peroxidase for 10 min. DPP4 was detected with 5 !g/ml poly-
clonal goat IgG anti-human DPP4 antibody (R&D Systems,
Abingdon, United Kingdom), while negative controls were
stained with normal goat serum (MP Biomedicals, Santa Ana, CA,
USA) in equal concentrations. This primary antibody staining was
done overnight at 4°C. Secondary antibody staining was per-
formed with peroxidase-labeled rabbit anti-goat IgG (Dako,
Glostrup, Denmark) at a 1:200 dilution for 1 h at room tempera-
ture. The sections were then treated with 3-amino-9-ethylcarba-
zole (Sigma-Aldrich), counterstained with hematoxylin, and em-
bedded in glycerol-gelatin (Merck, Darmstadt, Germany).

In the human respiratory tract tissue samples, DPP4 was de-
tected in the lower part, i.e., alveolar epithelial cells and macro-
phages but mostly type II alveolar epithelial cells (Fig. 1). In addi-
tion, DPP4 expression was also detected to a limited extent on the
apical surface of the terminal bronchioles and bronchial epithe-
lium of two lung samples and one bronchus sample. In sharp
contrast, DPP4 was not detected in any of our nasal respiratory
and olfactory epithelium or trachea samples (Fig. 1). In the sub-
mucosal layer of these tissue samples, DPP4 was detected in the
serous glandular epithelium, inflammatory cells, and vascular en-
dothelium. In contrast to humans, DPP4 was detected in the cili-
ated epithelial cells of the upper respiratory tract epithelium of
dromedary camels (Fig. 1). Additionally, it was also present in the
ciliated epithelial cells of the tracheal and bronchial epithelium of
these animals. However, in the alveoli, it was detected mostly in
the endothelial cells and barely in the alveolar epithelial cells.
Therefore, we conclude that there is differential expression of
DPP4 in the respiratory tracts of humans and dromedary camels.
The absence of DPP4 in the upper respiratory tract epithelium of
humans may keep MERS-CoV from replicating efficiently here.
To confirm the localization of DPP4 expression, we performed in
situ hybridization to detect mRNA transcripts. On the RNAscope
platform (19) with commercially available probes for DPP4,
mRNA was detected in human submucosal glands but not in the
nasal epithelium (Fig. 2A and B). Probes for ubiquitin C and DapB
(Advanced Cell Diagnostics, Hayward, CA, USA) were used as
positive and negative controls, respectively. Ubiquitin C is en-
coded by a housekeeping gene and is abundantly present in hu-
man tissue, while DapB is encoded by a bacterial gene and should
not be present in healthy human tissue.

Alternatively, other as-yet-unidentified MERS-CoV receptors
may localize in the upper respiratory tract. To investigate the pres-
ence of such receptors, we performed immunohistochemistry
staining of frozen human tissue material with the spike S1 protein
of MERS-CoV. The spike protein is one of the structural proteins
that form the outer layer of the MERS-CoV particle and bind to
DPP4 (15). By fusion of the MERS-CoV S1 protein to the mouse
IgG2a Fc fragment (mFc-S1 MERS), binding of the S1 protein to
cells or proteins in human tissue sections could be investigated.
The S1 protein of coronavirus OC43 was used as a positive con-

trol, since this virus is commonly known to cause upper respira-
tory tract infection in humans (20). Meanwhile, as a negative con-
trol, we used the S1 protein of porcine epidemic diarrhea virus
(mFc-S1 PEDV) and mouse isotype antibodies (Dako, Glostrup,
Denmark). Additionally, immunohistochemistry with mouse
monoclonal antibody (MAb) against human DPP4 (anti-DPP4
MAb; Santa Cruz Biotechnology, Dallas, TX, USA) was performed
to further confirm the absence of the MERS-CoV receptor in the
same nasal epithelium. Frozen human nose and kidney tissue
samples for this experiment were also obtained from the Erasmus

FIG 1 DPP4 expression in the upper respiratory tracts of camels and humans.
DPP4 immunohistochemistry staining of human and dromedary camel respi-
ratory tissue samples was performed; kidney tissue was used as the positive
control. Nose, trachea, bronchus, and kidney samples, "200 magnification;
bronchiole, terminal bronchiole, and alveolar samples, "400 magnification.
Positive staining is red.

DPP4 Expression in Camel and Human Respiratory Tracts
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Table  1
Major pathogenicity determinants of influenza virus polymerase proteins in mammalian hosts.

Protein Mutation Function Reference

PA F35L > polymerase activity and virulence in mice. Serially passaged pdm in mice Seyer et al., 2012
A36T > polymerase activity and growth in human and porcine cells. Mouse adapted pdm Zhu et al., 2012
T85I > polymerase activity and virus replication in human cells. pdm Bussey et al., 2011
T97I > polymerase activity and virulence. Serially passaged H5N2 in mice Song et al., 2009
P224S > polymerase activity and virulence (combined with A70V mutation). pdm in mice Sun et al., 2014
L295P > polymerase activity and replication. Mouse adapted pdm Ilyushina et al., 2010
L336M > polymerase activity and virulence. pdm in mice Bussey et al., 2011
N409S > polymerase activity, viral growth and pathogenesis. H7N9 in mice Yamayoshi et al., 2014
I550L > polymerase activity, RNAPII degradation and pathogenicity. H1N1 & pdm in mice Llompart et al., 2014; Rolling et al.,

2009
T552S > polymerase activity, virus replication and pathogenicity. Avian & human viruses Mehle et al., 2012
G631S > virulence. H5N1 in mice Hiromoto et al., 2000

PB1 H99Y > polymerase activity and airborne transmission. H5N1 in ferrets Linster et al., 2014
L473V > polymerase activity and viral growth. H5N1 & pdm in mice Xu et al., 2012
L598P > polymerase activity and viral growth. H5N1 & pdm in mice Xu et al., 2012

PB1-F2 P62L Proinflammatory motif causing morbidity, mortality and pulmonary
inflammation. H3N2 in mice

Alymova et al., 2011

N66S > levels of cytokines in lung, viral replication and virulence. > binding to MAVS and
<  Type I IFN response. H5N1& 1918 in mice

Conenello et al., 2007; Conenello et al.,
2011; Schmolke et al., 2011; Varga
et al., 2012

T68I > lung inflammation and predisposition to secondary bacterial infection. H1N1 in
mice

Alymova et al., 2014

Q69L > lung inflammation and predisposition to secondary bacterial infection. H1N1 in
mice

Alymova et al., 2014

G70V > lung inflammation and predisposition to secondary bacterial infection. H1N1 in
mice

Alymova et al., 2014

H75R Proinflammatory motif causing morbidity, mortality and pulmonary
inflammation. H3N2 in mice

Alymova et al., 2011

Q79R Proinflammatory motif causing morbidity, mortality and pulmonary
inflammation. H3N2 in mice

Alymova et al., 2011

S82L Proinflammatory motif causing morbidity, mortality and pulmonary
inflammation. H3N2 in mice

Alymova et al., 2011

PB2 D9N Mitochondrial localization. < IFN expression. > pathogenicity. H1N1 & H5N1 in
mice

Graef et al., 2010; Kim et al., 2010

M147L > viral replication and virulence (combined with E627K mutation). H9N2 in mice Wang et al., 2012
E158G/A > polymerase activity and replication. Mouse adapted pdm Ilyushina et al., 2010
D256G > polymerase activity in mammalian cells and replication in pigs. H5N1 in pigs Manzoor et al., 2009
H357N > polymerase activity and pathogenicity. Mouse adapted pdm Zhu et al., 2012
I504V > polymerase activity, RNAPII degradation and pathogenicity. H1N1 & pdm in mice Llompart et al., 2014; Rolling et al.,

2009
T588I > polymerase activity, replication and virulence.> binding and inhibition to MAVS.

pdm in mice
Zhao et al., 2014

G590S > polymerase activity and viral replication. Pdm Mehle and Doudna, 2009
Q591R > polymerase activity, viral replication and pathogenicity. pdm & H5N1 in mice. Mehle and Doudna, 2009; Yamada

et  al., 2010
E627K > polymerase activity, viral protein expression, viral growth in mammalian cells,

brain invasiveness and virulence. Confers avian viruses efficient growth in
mammalian upper and lower respiratory tracts. H5N1, H7N7, H9N2, H7N9 in mice
and ferrets

de Jong et al., 2013; Hatta et al., 2001;
Hatta et al., 2007; Li et al., 2012; Mok
et al., 2014; Munster et al., 2007;
Shinya et al., 2004; Shinya et al., 2007;
Subbarao et al., 1993; Zhang et al., 2014

D701N > polymerase activity, cap-1 RNA binding activity, viral growth, transmission and
virulence. Mouse adapted H7N7, H5N1, H3N2, H7N9 in mice

Czudai-Matwich et al., 2014; Gabriel
et  al., 2005; Li et al., 2005; Mok  et al.,
2014; Ping et al., 2010; Zhang et al.,
2012

S714R > polymerase activity, cap-1 RNA binding activity and virulence. Synergistic effect
with 701N. H5N1 & H7N7 in mice

Czudai-Matwich et al., 2014; Gabriel
et  al., Zhang et al., 2012

(>) Increasing effect; (<) Decreasing effect; pdm, A(H1N1)pdm09 virus.

both activities while making it very difficult to separate both
aspects. For instance, many of the viruses that incorporate the
PB2-E627K mutation, show not only enhanced virus adaptation,
but also increased polymerase activity and virus pathogenicity
(see Table 1). One of the first works linking PB2 E627K to path-
ogenicity was done using two viral Hong Kong-H5N1 isolates
inducing different severity symptoms (Hatta et al., 2001). Using
reassortant viruses between both isolates and mutational anal-
yses, two single genetic changes, PB2-E627K and another in HA,
were identified as the main determinants of virulence differences
(Hatta et al., 2001). Similar analyses with H7N7 isolates from the
2003 outbreak in the Netherlands confirmed the importance of

PB2-E627K as an essential marker for viral pathogenicity (Munster
et al., 2007).

At the molecular level, PB2-E627K is known to increase the
activity of the viral polymerase in mammalian cells (Massin et al.,
2001; Mehle and Doudna, 2008), although the underlying mecha-
nistic basis remains unclear. Avian viruses with a glutamic residue
have limited polymerase activity in mammalian cells, which is
overcome when the mutation to lysine occurs. Interestingly, this
advantage is not observed in avian cells, suggesting a species-
specific restriction (Hudjetz and Gabriel, 2012; Labadie et al., 2007;
Mehle and Doudna, 2008; Shinya et al., 2004). However, not always
does a genetic change causing higher polymerase activity translate
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PA F35L > polymerase activity and virulence in mice. Serially passaged pdm in mice Seyer et al., 2012
A36T > polymerase activity and growth in human and porcine cells. Mouse adapted pdm Zhu et al., 2012
T85I > polymerase activity and virus replication in human cells. pdm Bussey et al., 2011
T97I > polymerase activity and virulence. Serially passaged H5N2 in mice Song et al., 2009
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both activities while making it very difficult to separate both
aspects. For instance, many of the viruses that incorporate the
PB2-E627K mutation, show not only enhanced virus adaptation,
but also increased polymerase activity and virus pathogenicity
(see Table 1). One of the first works linking PB2 E627K to path-
ogenicity was done using two viral Hong Kong-H5N1 isolates
inducing different severity symptoms (Hatta et al., 2001). Using
reassortant viruses between both isolates and mutational anal-
yses, two single genetic changes, PB2-E627K and another in HA,
were identified as the main determinants of virulence differences
(Hatta et al., 2001). Similar analyses with H7N7 isolates from the
2003 outbreak in the Netherlands confirmed the importance of

PB2-E627K as an essential marker for viral pathogenicity (Munster
et al., 2007).

At the molecular level, PB2-E627K is known to increase the
activity of the viral polymerase in mammalian cells (Massin et al.,
2001; Mehle and Doudna, 2008), although the underlying mecha-
nistic basis remains unclear. Avian viruses with a glutamic residue
have limited polymerase activity in mammalian cells, which is
overcome when the mutation to lysine occurs. Interestingly, this
advantage is not observed in avian cells, suggesting a species-
specific restriction (Hudjetz and Gabriel, 2012; Labadie et al., 2007;
Mehle and Doudna, 2008; Shinya et al., 2004). However, not always
does a genetic change causing higher polymerase activity translate
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inducing different severity symptoms (Hatta et al., 2001). Using
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STAT1, degradation of host mRNAs and inactivation 
of the host translational machinery through a tight 
association with the 40S ribosomal subunit77–80. Nsp1 
of MERS-CoV also inhibits the translation of mRNAs 
and induces mRNA degradation, although the transla-
tional inhibition is achieved through a different mech-
anism than ribosome binding, which selectively targets 
the translation of nuclear mRNAs and thereby spares 
cytoplasmic viral mRNAs81.

SARS-CoV ORF3b inhibits the production of type I 
IFN, the phosphorylation of IRF3 and gene expression 
from an ISRE promoter82,83. SARS-CoV ORF6 also 
blocks the nuclear translocation of STAT1 (REF. 83).

Both nsp7 and nsp15 from SARS-CoV were also 
suggested to be IFN antagonists, but the underlying 
mechanism is unknown73. nsp15 is an inhibitor of MAVS-
induced apoptosis; however, this occurs through an  
IFN-independent mechanism84. Finally, transcriptomic 
and proteomic analysis of human airway cell cultures 
showed that MERS-CoV but not SARS-CoV induces 
repressive histone modifications that downregulate the 
expression of certain ISGs85.

It should be noted that most of the interactions 
of SARS-CoV and MERS-CoV proteins with innate 
immune pathways were established in in vitro sys-
tems, which rely on the overexpression of viral and, 

Figure 3 | Evasion of the innate immune response by SARS-CoV and MERS-CoV. a|||6JG�KPPCVG�KOOWPG�TGURQPUG�KU�
activated by the detection of viral pathogen-associated molecular patterns (PAMPs), such as double-stranded RNA 
(dsRNA) or uncapped mRNA. This occurs via host pattern recognition receptors (PRRs), such as retinoic acid-inducible 
gene I protein (RIG-I) and melanoma differentiation-associated protein 5 (MDA5), potentially via dsRNA-binding 
partners such as IFN-inducible dsRNA-dependent protein kinase activator A (PRKRA). Following PRR-mediated 
detection of a PAMP, the resulting interaction of PRRs with mitochondrial antiviral-signalling protein (MAVS) activates 
nuclear factor-κB (NF-κB) through a signalling cascade involving several kinases. Activated NF-κB translocates to  
the nucleus, where it induces the transcription of pro-inflammatory cytokines. The kinases also phosphorylate (P) 
IFN-regulatory factor 3 (IRF3) and IRF7, which form homodimers and heterodimers and enter the nucleus to initiate the 
VTCPUETKRVKQP�QH�V[RG|+�KPVGTHGTQPU�
V[RG�+�+(0U���$QVJ�UGXGTG�CEWVG�TGURKTCVQT[�U[PFTQOG�EQTQPCXKTWU�
5#45�%Q8��CPF�
Middle East respiratory syndrome coronavirus (MERS-CoV) have developed mechanisms to interfere with these 
signalling pathways, as shown; these subversion strategies involve both structural proteins (membrane (M) and 
PWENGQECRUKF�
0���CPF�PQP�UVTWEVWTCN�RTQVGKPU|
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indicated in the figure by just their nsp numbers and letters). b|||$KPFKPI�QH�V[RG|+�+(0U�VQ�VJGKT�FKOGTKE�TGEGRVQT��+(0α/β 
receptor (IFNAR), activates the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) signalling 
pathway, in which JAK1 and TYK2 kinases phosphorylate STAT1 and STAT2, which form complexes with IRF9. These 
complexes move into the nucleus to initiate the transcription of IFN-stimulated genes (ISGs) under the control of 
promoters that contain an IFN-stimulated response element (ISRE). Collectively, the expression of cytokines, IFNs and 
ISGs establishes an antiviral innate immune response that limits viral replication in infected and in neighbouring  
cells. Again, viral proteins have been shown to inhibit these host signalling pathways to evade this immune response. 
IκBα, NF-κB inhibitor-α.
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taining a virulent phenotype in mice, resulted in reduced
morbidity and systemic spread of virus in ferrets compared with
other H7N9 viruses associated with human infection (Table 5), in
agreement with a prior study which also reported enhanced viru-
lence in mice but not ferrets with this virus (47). While Taiwan/
1/13 was the only virus in this study not bearing a lysine at position
226 in the HA, it is unlikely that this position alone contributed to
the difference in mammalian virulence observed here, as the first-
wave virus A/Shanghai/1/13, which exhibited virulence in mice
and ferrets comparable to that of Anhui/1/13 virus, also lacks a
lysine at this position (Table 2) (48). However, several NA variants
of A/Taiwan/1/13 virus were detected in the original clinical iso-
late of this virus, with selected variants exhibiting reduced suscep-
tibility to oseltamivir and attenuated phenotypes in vitro (47),
suggesting that this isolate is unique compared with other first-
wave isolates tested in previous studies.

H7N9 subtype viruses continue to distinguish themselves from

other Eurasian and North American lineage H7 subtype viruses in
their absence of an ocular tropism, which is typically observed
with this subtype (49). Despite maintaining a strong tropism for
the respiratory tract, the frequency of H7N9 virus detection in
murine tissues following i.o. inoculation is comparable to that of
other H7 subtype viruses, exceeding that observed with H5N1,
seasonal, or 2009 H1N1 pandemic viruses (19, 50). These findings
are in agreement with previous work in the ferret model, demon-
strating the ability of a first-wave H7N9 virus to cause infection in
ferrets following ocular exposure (51). While potential correla-
tions between ocular tropism detected in the murine model and
human susceptibility to influenza viruses following ocular expo-
sure still are poorly understood, these data underscore the neces-
sity of evaluating influenza viruses for the capacity to cause mam-
malian infection following alternate inoculation routes, even in
the absence of a demonstrated tropism outside the respiratory
tract.

FIG 2 Transmissibility of H7N9 viruses in ferrets. Three ferrets were inoculated with 106 PFU of virus, and nasal washes were collected from each ferret on the
indicated days p.i. (solid bars). A naive ferret was placed in a cage with perforated side walls adjacent to each inoculated ferret 24 h p.i. (A to D) or in the same
cage as an inoculated ferret (E and F), and nasal washes were collected from each contact ferret on the indicated days p.c. (hatched bars) to assess virus
transmission. Avian precursor (Shv/Egypt/07) (A), first-wave (Taiwan/1/13) (B), second-wave (HK/5942/13) (C and E), and third-wave (BC/1/15) (D and F)
H7N9 influenza viruses were tested. The limit of virus detection was 100 PFU.
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and geographic spread. Our findings that viruses from the first
three waves have maintained a pathogenic phenotype in mam-
mals and upheld a robust transmissibility in the presence of direct
contact with a capacity for transmission by respiratory droplets
suggest that these viruses remain as immediate a threat to public
health as when they were first detected in humans in 2013. How-
ever, given the phylogenetic diversity among H7N9 viruses and
the relatively small number of viruses tested in vivo from each
wave here, further studies with additional isolates from these
waves are warranted to confirm the absence of strain-specific ef-
fects. As human infection with H7N9 viruses has reached a fourth
wave of human cases, a greater understanding of how these viruses
continue to evolve, and how this may influence mammalian
pathogenicity and transmissibility, will support the continued
generation of preventative measures required to limit and prevent
the spread of H7N9 viruses to humans.
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group in our study (the GD/3, rGD/3-NA294R, rGD/3-NA294K,
and Anhui/1 groups were 1/4, 3/4, 2/4, and 1/4, respectively)
was not statistically significant.

Animals exposed to GD/3, rGD/3-NA294K, or Anhui/1 recov-
ered from the infection, while two of three virus-positive animals
exposed to rGD/3-NA294R succumbed to their infections on
days 6 and 9 post-infection (Table S6); the inoculated ferrets in
the respective transmission pairs also died on days 4 and 8,
respectively. Virus was isolated from the respiratory organs
and brains of the exposed animals that succumbed to their infec-

tions (Table S6). Given that ferrets infected with human or avian
influenza viruses exhale infectious virus at a rate of less than 5 or
1 PFU per minute, respectively (Gustin et al., 2013), exposure via
respiratory droplets to even a relatively small amount of this virus
may be enough to cause lethal infection in ferrets.
For the deceased exposed animals, we also performed

histopathology and immunohistochemistry studies. Postmortem
pathological examination demonstrated that appreciable
numbers of neurons were positive for viral antigen and extensive
inflammation was observed in the brain of one (ferret no. 10;

Figure 5. Respiratory Droplet Transmission among Ferrets and PostmortemHistopathological Examination of Brain andRespiratory Organs
from Ferrets that Died during the Transmission Study
(A) Ferrets were infected with 53 105 PFU of GD/3, rGD/3-NA294R, rGD/3-NA294K, Anhui/1, or CA04 (inoculated ferrets). One day later, four or two naive ferrets

(exposed ferrets) were each placed in a cage adjacent to an infected ferret. Nasal washes were collected from infected ferrets on day 1 after inoculation and from

exposed ferrets on day 1 after co-housing, and then every other day (for up to 15 days) for virus titration.

(B) Histopathological lesions in the thalamus, brain stem, and cerebellum of ferrets (no. 10) that died on day 9 after exposure to rGD/3-NA294R. Scale bars, 50 mm.

(C) Histopathological lesions in the tracheae, bronchus, and lungs of ferrets (no. 12) that died on day 6 after exposure to rGD/3-NA294R. Scale bars, 50 mm

(trachea), 100 mm (bronchus, lung).

Left panels, H&E staining. Right panels, immunohistochemistry for influenza viral antigen detection.

See also Figure S2 and Tables S1, S6, and S7.
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active against all viruses tested (Table S10), suggesting that it
may be an effective treatment option against NA inhibitor-resis-
tant HPAI H7N9 viruses.

After establishing the in vitro sensitivity to antiviral com-
pounds, we also assessed the therapeutic efficiency of the
anti-influenza drugs in mice infected with GD/3, rGD/3-
NA294R, rGD/3-NA294K, or Anhui/1. Peramivir, which is struc-
turally similar to oseltamivir but administered intravenously,
was omitted from these experiments. Mice infected with 103

PFU of viruses were treated with the drugs beginning 2 hr
post-infection. Under the conditions tested here, the NA inhib-
itors had only limited effects on body weight loss and lung virus
titers (Figures 7 and S3). When rGD/3-NA294K-infected mice
were treated with the NA inhibitors, however, no differences
in weight loss or viral titers were observed, likely due to the
reduced susceptibility of rGD/3-NA294K to NA inhibitors. By
contrast, favipiravir, which targets the viral polymerase com-

plex, showed clear therapeutic effectiveness against all four
viruses.

DISCUSSION

Our study shows that a humanHPAI H7N9 isolate (GD/3) and two
recombinant viruses (rGD/3-NA294R and rGD/3-NA294K, which
differ in their susceptibility to NA inhibitors) replicated efficiently
in the upper and lower respiratory tracts of mice, ferrets, and/or
nonhuman primates, and were more pathogenic in both mice
and ferrets than an LPAI H7N9 virus (Anhui/1), with the exception
of the NA inhibitor-resistant virus (rGD/3-NA294K). Notably, the
three HPAI viruses exhibited more robust replication in the brain
of ferrets, and caused lethal infections in contrast to the LPAI
virus. Moreover, it is noteworthy that two of the three exposed
ferrets infected with the oseltamivir-sensitive NA-294R variant
succumbed to their infections, and one experienced severe

A B

Figure 6. Virus Binding to Human and Avian Receptors
(A) The receptor specificities of two recombinant viruses possessing H7N9 virus HAs (GD/3 and Anhui/1) were compared with a representative human (K173)

isolate by using a glycan microarray containing a diverse library of a2-3 and a2-6 sialosides. Viruses were applied at 128–256 hemagglutination units/ml for 1 hr,

and after washing, viruses were detected with monoclonal anti-H7 mouse immunoglobulin G (IgG) (for H7N9 viruses) or anti-H1 mouse IgG (for the human K173

virus) and Alexa Fluor 488-labeled anti-mouse IgG secondary antibodies. Error bars represent the SD calculated from six replicate spots of each glycan.

A complete list of glycans is provided in Table S8.

(B) Virus binding to a2,3- and a2,6-linked glycans was determined by biolayer interferometry. Streptavidin biosensors were immobilized with a2,3-linked (3SLN)

or a2,6-linked (6SLN, 6SLNLN, and 6SLNLNLN) sialylglycan receptors and reacted with replication-incompetent virus in the presence of NA inhibitors for 4,000 s

at 30!C. Blue squares, N-acetylglucosamine; yellow circles, galactose; purple diamonds, sialic acid.
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Discussion
Since MERS-CoV emerged [1], an increasing number of 
human cases have been identified in eight different 
countries with a case-fatality rate of 50- to 60% [15]. 
Small clusters of cases with human-to-human trans-
mission have occurred in the United Kingdom, France 
and Italy. In these clusters, initial cases had a recent 
travel history to the Middle East and subsequently 
infected secondary cases [2-5]. In addition, the larg-
est cluster with suspected human-to-human transmis-
sion of MERS-CoV has been observed in Saudi Arabia 
and is epidemiologically linked to healthcare facilities, 
suggesting nosocomial transmission [16]. The recent 
identification of the potential circulation of MERS-CoV 
in dromedary camels could indicate that both zoonotic 
and human-to-human transmission is involved in the 
ongoing spread of MERS-CoV [17,18]. 

Here we show that compared to A/Mexico/4108/2009 
(H1N1) virus, MERS-CoV remains viable for a longer 
duration in the environment. After four hours no viable 
A/Mexico/4108/2009 (H1N1) virus was detected in com-
parison to 8, 24 or 48 hours for MERS-CoV depending 
on environmental conditions (Figure 1, panels A and D). 
MERS-CoV was very stable in aerosol form at 20°C – 
40% RH. The decrease in viability at 20°C – 70% RH 
(89%) was comparable to that of A/Mexico/4108/2009 
(H1N1) virus. Severe acute respiratory syndrome coro-
navirus (SARS-CoV) has been reported to stay viable 
for up to five days at 22 to 25°C and 40 to 50% RH 
and increase in temperature and humidity resulted in 
a rapid loss of viability [19]. Although a comparison 
between different experimental studies should be 
approached cautiously, the relative stability of MERS-
CoV at 20°C – 40% RH and the rapid decrease in virus 
viability at higher temperatures and higher humidity 
suggests that MERS-CoV and SARS-CoV share relatively 
similar stability characteristics. Although the route of 
transmission for MERS-CoV is currently unknown, the 
spread of MERS-CoV between people in close contact 

Table 
Decay of Middle East respiratory syndrome coronavirus 
(MERS-CoV) on plastic and steel surfaces at different 
temperatures and percent humidity

Surface type; temperature, 
relative humidity 

Mean half-life time of 
MERS-CoV (hours)a

Standard 
deviation

Plastic; 20°C, 40% 0.954523 1.110443

Plastic; 30°C, 30% 0.441822 0.345291

Plastic; 30°C, 80% 0.904005 4.6838

Steel; 20°C, 40% 0.940139 1.837771

Steel; 30°C, 30% 0.973656 0.31109

Steel; 30°C, 80% 0.641163 0.825395

a  Mean half-life was determined from three independent 
experiments.

Figure 2
Aerosol stability of Middle East respiratory syndrome 
coronavirus (MERS-CoV) and A/Mexico/4108/2009 
(H1N1) virus under different relative humidity conditions*

TCID50: tissue culture infective dose 50.

106 TCID50/ml of MERS-CoV (panel A) and A/Mexico/4108/2009 
(H1N1) (panel B) were aerosolised and viability was determined by 
titration on VeroE6 cells (for MERS-CoV) or Madin-Darby canine 
kidney (MDCK) cells (for A/Mexico/4108/2009 (H1N1) virus), and 
compared to TCID50 equivalents derived by quantitative real-time 
polymerase chain reaction (qRT-PCR). 

TCID50 equivalents were extrapolated from standard curves 
generated by adding dilutions of RNA extracted from a MERS-CoV 
stock with known virus titre in parallel to each run.
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Annex 3 
 
Table 1:  Key molecular markers associated with infectivity, pathogenicity and 
antiviral susceptibility of avian influenza A(H7N9) viruses isolated from the fifth wave 
 
Gene   Mutation   Human isolates Environmental isolates 

HA  Receptor binding site 

G186V V 81 2 

Q226L/I 
L 80 2 

I 1 0 

NA Related to drug resistance 

A246T 
A 80 2 

T 1 0 

R292K 
R 79 2 

K 2 0 

PB2 

Increased virulence in mice E627K 

E 20 2 

K 59 0 

V 2 0 

Enhanced transmission in 

guinea pigs 
D701N 

D 71 2 

N 10 0 

species-associated signature 

positions 
K702R 

K 65 1 

R 16 1 

PB1 
Increased transmission in 

Ferret 
I368V 

I 5 0 

V 76 2 

PB1-F2 

Increased pathogenicity in mice 
87–90 amino 

acids in length 

11AA 3 1 

34AA 10 0 

76AA 3 0 

87AA 1 0 

90AA 62 1 

101AA 2 0 

altered virulence and antivirus 

response in mice 
N66S 

N 75 2 

S 6 0 

PA 

species-associated signature 

positions 
V100A 

V 68 2 

A 13 0 

increase the polymerase 

activity in mice 
L336M L 81 2 

species-associated signature 

positions 

K356R R 81 2 

S409N N 81 2 

NS1 

altered virulence in mice D92E D 81 2 

altered antiviral response in 

host 

N205S S 81 2 

G210R G 81 2 

 
 

H7N9 Pathogenicity determinants 

Conclusions	
•  Evalua1on	of	zoono1c	poten1al		

–  based	on	known	determinants		
(CDC	inventory	hVp://www.cdc.gov/flu/pdf/avianflu/h5n1-inventory.pdf)	

–  importance	of	gene1c	context	
–  importance	of	gene	constella1ons	

à	consider	knowledge	about	gene1c	lineage	

	
•  Challenges	and	uncertain1es	

–  level	of	preexis1ng	immunity	
–  level	of	of	asymptoma1c	infec1ons	
–  	poten1al	for	reassortment	
–  gene1c	suscep1bility	of	the	popula1on	ini1ally	exposed	

•  Mul1ple	complementary	sources	of	informa1on	required	
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Extrinsic	Factors	
Host	and	Environment 

Host determinants 

•  Pre-existing immunity 
•  Genetic susceptibility (e.g. IFITM3) 
•  Age (e.g. ≠ H5N1, H7N9) 
•  Sex 
•  Co-morbidities 

Viral Ag was detected using rabbit anti-N protein (1:1000) (IMG548;
Imgenex), followed by labeling with biotinylated goat anti-rabbit IgG
(1:200). Samples were developed with 3,3’-diaminobenzidine for 3 min.

IMM-depletion studies

Eight- to ten-month-old male and female B6micewere treated i.p. with anti-
CCR2 Ab (clone MC21, 25 mg per mouse, i.p. in 250 ml PBS) at 26 h and
at day 1 p.i. (16).

Treatment with flutamide, tamoxifen, and ICI 182, 780

Male mice (8–9 mo) were treated with flutamide (20 mg/kg, in corn oil,
s.c.) on days 26, 24, 22, and 0 of MA15 infection. Female mice (8–9 mo)
were treated with tamoxifen (1 mg per mouse, i.p.) or ICI 182, 780 (1 mg
per mouse, i.p.) in corn oil on days 26, 24, 22, and 0 p.i. Equal volumes
of corn oil were used as vehicle control (37). Mice were infected with
5000 PFU MA15. Of note, ICI 182, 780 treatment did not change the
serum estradiol levels in naive female mice (Supplemental Fig. 1B).

Quantitation of serum estrogen levels

Serum estradiol concentration was measured by ELISA, as per the man-
ufacturer’s instructions (Enzo Life Sciences).

Statistical analysis

Statistical significance for survival studies was calculated using the log-rank
(Mantel–Cox) test with 95% confidence interval (CI). Statistical analy-
ses for the rest of the figures (Figs. 2, 3, 4A, 4C, 7A, 7C) fall under the
generalized linear modeling framework. Similar to a two-way ANOVA, all
models considered contained two main effects variables along with their

interaction term. Because the outcome variables generally followed a right-
skewed distribution, we used a log-link function so that the modeling as-
sumptions are appropriately satisfied by the data. In all models, time period
was one of the two main effects. The other variable is the comparison of
interest (i.e., sex, titer, or group). In some analyses, data sets cover multiple
strata, so we fit each model to obtain estimates for each level of the var-
iable of interest for each time point within each stratum. The comparisons
at each time point are estimated and have corresponding p values, which
can be used to determine statistical significance by comparing to the cutoff
value a = 0.05/n (n is the number of comparisons made within a time point
and stratum).

Results
Male mice are highly susceptible to SARS-CoV infection

To examine sex-specific differences following SARS-CoV infec-
tion, we initially infected 8–10-mo-old male and female B6 mice
with different doses of MA15 and monitored morbidity and
mortality (Fig. 1A). Male and female mice infected with 1250 PFU
MA15 were completely protected from SARS. However, increas-
ing the MA15 infection dose to 5000 PFU resulted in ∼90%
mortality in male mice compared with ∼20% mortality in females
(Fig. 1A). Further, at 104 PFU, all male mice died, whereas ∼40%
of the females survived MA15 infection (Fig. 1A). Because CFRs
of men and women varied with age following SARS-CoV and
MERS-CoV infection (20, 22), we then investigated whether sex-
specific differences in disease outcomes were age dependent. For

FIGURE 2. Virus titers and lung pathology in
MA15-infected mice. Nine-month-old male and
female mice were infected with 5000 PFU MA15,
and lungs were analyzed for titer (A), viral Ag
staining in the lungs at different times p.i. (original
magnification 310) (B), gross pathology and vas-
cular leakage in lungs of naive and MA15-infected
male and female mice on day 4 p.i. (C), and his-
tology in naive and MA15-infected male and fe-
male mice on day 4 p.i. (D). (E) Lung inflammation
and edema scores were determined at day 4 p.i.
These data are derived from four or five mice per
group. (A) Data are representative of two inde-
pendent experiments. Statistical significance was
determined as described in Materials and Methods.
*p , 0.05.
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revolution—and a fortiori in the last century—is tightly associated with an
increase in the diversity of avian and swine influenza viruses in these species, as
well as in the frequency of their cross-species transmission to humans (Fig. 3).
Another zoonotic virus, unknown until the beginning of the twenty-first century,
similarly is thought to have crossed the human–animal interface following the
industrial revolution. Human metapneumovirus (of the Paramyxoviridae family) is
closely related to the avian metapneumovirus of poultry, and causes respiratory
infections in humans. Although it was described only in 2001, this pathogen has
circulated widely in the human population worldwide, probably since its emer-
gence following avian-to-human transmission, more than a century ago (de Graaf
et al. 2008).

The industrial and modern human–animal interface not only prompted cross-
species transmission of novel zoonotic pathogens that could eventually adapt to
humans, it also affected the epidemiology of domestic animal pathogens, leading

Fig. 3 a Number of highly
pathogenic avian influenza
outbreaks in poultry since the
1950s (gray bars) and trends
in global poultry meat
production (black points).
b Number of new swine
influenza virus lineages
detected in pig populations
since 1930 (gray bars) and
trends in global swine meat
production (black points).
c Number of documented
avian (black bars) and swine
influenza virus lineages (gray
bars) in humans since 1970.
Subtypes are indicated for
each decade; sw swine
influenza virus; av avian
influenza virus. Modified
from Reperant and Osterhaus
(2012)
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approaches. The development of GLIMS, however, has greatly
reduced the time and effort needed to store, query and prepare the
livestock statistics for modelling. More importantly, the modelling
procedure is easily repeated; the suite of R scripts is readily
adapted to modelling recurrent updates, different species, different
geographical tiles and different technical specifications for
statistical modelling and aggregation of results. Automated post-
processing activities further allow the rapid production of country-
corrected maps for any specified year, global merging of
continental tiles, and aggregation to coarser spatial resolutions,
as needed.

Computer processing time was primarily a function of the
extent of the continental window (i.e. the number of pixels), of the
number of polygons contained in the input shape file and of the
technical characteristics of the machines used for modelling.
Processing time varied from a minimum of 17 hours for the duck
model in Europe to a maximum of 210 hours (or 8.7 days) for the
cattle model in Asia. file S7 reports the running times for each
species and tile, the number of polygons processed in the input
training data and the technical specifications of the computers that
were used.

Table 2 summarises the fitting metrics for each tile, species and
stratification scheme. It reports both the correlation coefficients
and the RMSE between observed and predicted values in the
validation data sets. The correlation coefficient is an indication of
the precision of the predictions, i.e. the extent to which the
observed and predicted values are proportional to each other.
However, even with a nearly perfect correlation, the predicted
values can be wrong in absolute terms if, for example, they
systematically overestimate the population. The RMSE, in

contrast, is an indicator of the accuracy of the predictions, i.e.
how far they are, on average, from the observed values. The
highest correlation coefficients between observed and predicted
values are typically found for the species and tiles for which
observed data are at a higher spatial resolution and are evenly
distributed within the modelling window. The models for the
Asian tile had the best correlation coefficients compared to models
for other continents: pigs and ducks (0.81), chickens (0.74), and
cattle (0.63). Better accuracy of predictions was generally found for
cattle compared to other species with RMSE values as low as 0.33
and 0.35 in South and North America respectively. RMSE values
for cattle and pigs were consistently lower than they were for
chickens. Results in Table 2 also indicated, for a given species, that
the best stratification differed across the six continental tiles. For
the duck models, the biomes stratification scheme gave the lowest
RMSE values in the European and North American tiles and
performed similarly to the GLPS stratification in Oceania.
Composite stratifications had the lowest RMSE values for all
species in Asia, but this was the only tile for which the composite
prediction performed consistently better than one of the individual
stratification schemes. The biomes stratification performed the
best in the North American tile, regardless of the species being
modelled, and the EZ25 stratification consistently best in South
America.

The results of the tests carried out to evaluate the influence of
the administrative level of input data on the accuracy of the
predictions are presented in Figure 5. In both countries and
species tested, the accuracy of the predictions decreased (increas-
ing RMSE values) as the administrative level of the input data
became coarser. It is notable also that the RMSE values for the

Figure 2. GLW 2 global distributions of a) cattle; b) pigs; c) chickens; and d) distribution of ducks, excluding South America and
Africa.
doi:10.1371/journal.pone.0096084.g002
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Fig. 1. Geographic map showing movement patterns of highly pathogenic avian influenza (HPAI) clade 2.3.4.4 viruses.

Group C H5N6 viruses disseminated to Laos and Vietnam in 
2014 and Hong Kong in 2015 [54]. Recently, Bi et al. [4] 
reported that at least 34 distinct genotypes of H5N6 HPAI virus 
have been identified through surveillance of live poultry 
markets in China during 2014�2016. In autumn 2016, Group C 
H5N6 viruses belonging to the G1.1.9 genotype were identified 
in Korea [15,20,25] and Japan [34], followed by continuous 
outbreaks in domestic poultry and wild birds in Korea (Fig. 1) 
[4]. Multiple novel reassortant H5N6 viruses containing different 
PA and NS genes of Eurasian LPAI viruses have been reported 
from Korea, and those novel viruses seem to have likely 
originated from the H5N6 viruses circulating in Guangdong 
province of China [25].

Pathogenicity of H5Nx HPAI Clade 2.3.4.4 in 
birds

Numerous experimental infections have been performed to 

investigate the pathogenicity of clade 2.3.4.4 HPAI viruses in 
different bird species. To date, the majority of characterized 
viruses are Asian (Table 1) and North American (Table 2), but 
there are a few studies describing the pathobiology of natural 
cases of H5N8 HPAI virus infection in Europe.

Asian H5 HPAI clade 2.3.4.4 
Subtypes H5N2, H5N6, and H5N8 clade 2.3.4.4 viruses 

isolated from apparently healthy ducks and geese in China were 
characterized in 4-week-old domestic Pekin ducks (Anas 
platyrhynchos domesticus) and layer chickens [44]. All 
reassortants caused systematic infection in ducks when 
challenged at 6 log10 mean egg infectious dose (EID50) and 
could be efficiently contact-transmitted with high titers shed 
consistently through oropharynx and cloaca. The infected ducks 
showed severe neurologic signs. Severe hemorrhages and 
necrosis in the heart and pancreas were observed at necropsy. 
Acute necrosis of cardiac muscle cell, neuronophagia, and 

Lee	et	al	2017	J	Vet	Sci	

Geographical	extension	

TIMI 1318 No. of Pages 13

An outbreak of disease caused by SARS-CoV, originating fromGuangdong Province in southern
China during November 2002, eventually spread to other countries in Asia, in addition to North
America and Europe (37 countries/regions in total) over 9 months (http://www.who.int/ith/
diseases/sars/en/) (Figure 1B). An eventual 8273 cases were reported, with 775 deaths for
a case fatality rate (CFR) of 9%, and the majority of cases and deaths occurred in mainland China
and [23_TD$DIFF] in Hong Kong [19]. The elderly were more susceptible to SARS disease, with a mortality rate
of over 50% (http://www.cdc.gov/sars/surveillance/absence.html).
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Figure 1. Global Distribution of Human Coronaviruses. (A) Green, blue, brown, and purple represent the global distribution of the NL63, HKU1, OC43, and 229E
human coronaviruses, respectively. (B) Red and yellow represent the global distribution of MERS-CoV and SARS-CoV, respectively.
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Determinants	of	Pandemic	risk		

•  Viral	factors	
•  Host	factors		
•  Social	factors	
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prevention strategies that address all three sectors with a goal to pro-
duce integrated knowledge [4].

A One Health approach, by definition, encompasses many fields,
and these include, but are not limited to, infectious diseases, chronic
diseases, toxicology, ecology, agriculture and sustainability, conserva-
tion medicine, economics, anthropology, ethnography, and the social
sciences. The approach can inform efforts to develop and implement
studies or programs related to human and animal wellness, mental
health and wellbeing, and the human-animal bond. However, the fields
in question often are segregated by methodology, funding, and pub-
lication [5]. Requirements from funding sources and publication silos
may contribute to the fracture of One Health studies into multiple,
discipline-specific studies and/or publications. At the same time, the
term “One Health” has become increasingly common in the biomedical
literature (Fig. 1). As the literature expands, authors of this document
and contributing experts who have conducted systematic reviews have
noted considerable heterogeneity of approach and quality of reporting
in One Health studies [4,6,7]. Such lack of consensus on criteria that
constitute a well-designed and clearly-presented One Health study
jeopardizes the impact of this growing field and limits the ability of the
reader to judge the strengths and limitations of this literature.

To build on the foundation of scholarship and provide scope and
guidance for future work, we propose the following Checklist for One
Health Epidemiological Reporting of Evidence (COHERE) for research

publications classified as One Health studies. We intend this work to
apply primarily to the approach and reporting of observational and
interventional One Health studies that employ epidemiological
methods (see Box 1), although these guidelines may also benefit other
One Health study designs. Given that interdisciplinary work can serve
as an incubator for innovation, we further intend this checklist to be a
living document informed by iterative feedback from authors, editors,
and readers of the One Health literature.

2. Aims and use of the COHERE standards

The Checklist for One Health Epidemiological Reporting of Evidence
(COHERE) provides a set of standards that should be included in articles
reporting on the results of One Health studies that use epidemiological
methods. Box 1 provides a glossary of terms that may be useful to those
who will use these standards.

The twin aims of COHERE are to 1) improve the quality of reporting
of observational or interventional epidemiological studies that collect
and integrate data from humans, animals and/or vectors, and their

Fig. 1. Number of papers published per year identified with the search terms “One
Health” or “One Medicine” in Pubmed (1927–2016).

Box 1
Glossary of key terms used in the standards and text.

Ecohealth: an integrated systemic approach to health incorporating the sustainability of ecosystem health services and social stability to
maintain peaceful coexistence of humans, animals and their environments [27].

Captive exotic animal: An animal of a non-domesticated species that is living under human control.
Domestic animal: Companion and food-producing species that have lived for many generations with humans and whose characteristics

and traits are generally considered to be under human control.
Epidemiological studies: Studies that determine the distribution of diseases in populations and the factors that may drive this dis-

tribution.
Free-ranging wild animal: An animal of a non-domesticated species that is living largely outside of human control.
Generalizability: applicability of research study findings from a sample population to the larger, target population.
Inter-professional education: training approach that brings together and fosters collaboration among students of various disciplines in

order to enhance collaboration and promote acquisition of interdisciplinary knowledge.
Qualitative data: data that are non-numerical.
Quantitative data: numerical data.
Semi-qualitative data: data that have a numerical hierarchy but are presented in terms of categories or scales.
Signalment: An animal's age, sex, species and breed.

Fig. 2. Venn diagram illustrating the three domains of One Health. (A) Epidemiological
studies relating factors between animal and human health; (B) Epidemiological studies
relating factors between environmental and human health; (C) Epidemiological studies
relating factors between animal and environmental health.
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