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INTRODUCTION 

 
Influenza A viruses (IAVs) belong to Genus 
Alphainfluenzavirus and family Orthomyxoviridae, and 
contain single-stranded, negative-sense, segmented 
genome, comprising of eight segments. The virus particles 
are spherical to pleomorphic in shape. Each viral RNA 
molecule is associated with viral polymerase complex 
(polymerase basic protein 2; PB2), polymerase basic protein 
1 (PB1), polymerase acidic protein (PA)) and nucleoprotein 
(NP) to form viral ribonucleoprotein particles (McGeoch et 
al. 1976). In turn, each viral particle encapsidates eight 
vRNP molecules named as PB2-, PB1-, PA-, hemagglutinin 
(HA)-, NP-, neuraminidase (NA)-, matrix protein (M)- and 
non-structural protein-(NS)- gene. Approximately 13 kb 
genome of IAVs encodes at least 18 viral structural and non-
structural proteins. All viral genes segments, except HA, NA 
and NP, are so far known to encode only one viral protein 
(Manzoor et al. 2017). IAVs are divided into serotypes on 
the basis of combination of surface glycoproteins, named as 
hemagglutinin (HA) and Neuraminidase (NA). So far, 16 
HA (H1-H16) and 9 NA (N1-N9) have been identified 
(Webster et al. 1992; Wille and Holmes 2020). 
IAVs have the ability to infect a wide range of avian and 
mammalian host species. However, traditionally wild 
aquatic birds and shorebirds are considered as the main 
natural reservoirs for IAVs. At least, 105 species of wild 
birds have been identified as natural reservoirs of IAVs. 
The IAVs are being maintained in the “natural reservoir” 
via fecal-oral route and the prevalence level can reach up 
to 20%, or even more during the autumn migration season 
(Munster et al. 2007; Latorre-Margalef et al. 2014). The 
recent discovery of novel and highly divergent genome of 
H17N10 and H18N11 viruses from fruit bats suggest that 
wild aquatic birds are not the exclusive influenza A virus 
reservoirs (Tong et al. 2012; Tong et al. 2013). Occasionally, 
IAVs leave the natural reservoir, overcome the species 
barrier through genetic reassortment and/or genetic 
mutations and cause sporadic infections, epidemics or 
pandemics in other host species, such as poultry, various 
mammalian species and even humans (Webster et al. 
1992; Wille and Holmes 2020).  
Historically, IAVs have caused multiple pandemics. There 
have been at least 13 pandemics since 1500; and in the past 
130 years, the mankind has undoubtedly faced pandemics 
in 1889, 1918, 1957, 1968, 1977 and 2009 (Morens and Fauci 
2007; Taubenberger and Morens 2009). Interestingly, 
these pandemics, except those of 1968 and 1977, occurred 
approximately at 40-years intervals. The worst was the 
1918 pandemic that claimed about 50 million human lives 

worldwide (Taubenberger and Morens 2006). In addition 
to the pandemics, the IAVs are also responsible for 
periodic seasonal flue and sporadic outbreaks. It is 
estimated that seasonal influenza viruses infect 15% of the 
human population each year, resulting in ∼500,000 deaths 
worldwide (Clem and Galwankar 2009). 
Although IAVs show species restriction, sometimes 
spillover event happens, allowing them to switch to a new 
host. These spillover events have allowed IAVs to establish 
new lineages in novel hosts, such as the emergence of 
swine or equine lineages. The most important of these 
spillover events is the emergence of novel IAVs causing 
pandemics in human populations. The adaptation of IAVs 
to a new host species involves adaptation at multiple 
levels i.e., entry into the host, attachment and entry into 
the host cell, successful replication inside the host cells 
and final release from the host cells and host. In addition 
to the mutations in the genome of IAVs, genetic 
reassortment between different IAVs plays a critical role 
in crossing the species barrier and adaptation to a new 
host. Following co-infection with different types of IAVs 
(different lineage or different HA and/or NA subtypes), 
viral progeny containing many gene segment 
combinations different from parental viruses is produced. 
Though many of these combinations will be harmful to 
the virus, some may facilitate adaptation to the new host. 
Thus, the emergence of novel IAVs might be a result of 
within-species reassortment or cross-species reassortment 
(Wille and Holmes 2020), as shown in Fig. 1. Sometimes, 
fine-tuning in viral genome facilitated by adaptive 
mutations is required, especially if an avian virus jumps to 
a mammalian host. Avian IAVs bind to α2, 3-linked sialic 
acid receptors with higher affinity, whereas human IAVs 
bind to α2,6-linked sialic acid receptors with higher 
affinity. However, recent studies showed that amino acid 
substitutions Q226L and G228S in receptor binding 
domain of H2 and H3 subtype IAVs changed the binding 
preference from avian to human sialic acid receptors. 
Similarly, A134V, N182S, S223N and R497K mutations in 
H5 HA were shown to increase viral affinity for human 
type sialic acid receptors. Human/mammalian adaptation 
mutations have also been reported in internal genes, such 
as E627K, D701N in PB2, N375S in PB1 etc. (Schrauwen and 
Fouchier 2014; Guo et al. 2019).  
In recent decades, there have been multiple incidences of 
the emergence of novel IAVs, and in some instances, 
human transmissions were also recorded. In the following 
paragraphs, the avian influenza viruses (AIVs) that have 
posed a serious threat to public health in the past decades 
have been discussed.  
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Fig. 1: Emergence of novel IAVs. A. Within-species reassortment 
of genes occurs when IAVs of different subtypes or lineages co-
infect the same species. A/duck/Hokkaido/W95/2006 (H10N8) 
virus was isolated from migratory ducks during surveillance in 
northern Japan. The sequence analysis showed that NA and M 
genes were of American lineage, while the remaining six genes 
were of Eurasian lineage (Manzoor et al., 2008). B. Emergence of 
H7N9 influenza virus that infected humans. The virus emerged 
as a result of multiple reassortment events in domestic ducks, 
poultry and wild birds. The gene segments of this novel virus are 
closely related to the viruses found in domestic ducks, wild birds 
and poultry in Asia (Lam et al., 2013). 
 
H5 subtype IAVs 
 
Highly pathogenic avian influenza viruses (HPAIVs) have 
been limited to H5 and H7 HA subtypes, and not all 
viruses of these subtypes are highly pathogenic for 
chicken (Manzoor et al. 2008). These H5 and H7 subtypes 
of avian influenza viruses (AIVs) are maintained in their 
natural reservoirs as apathogenic avian influenza viruses 
(APAIVs). Many studies suggest that these APAIV strains 
are first transmitted to terrestrial poultry, such as 
domestic waterfowls, quails or turkeys. Then, during 
multiple transmission events in chicken population, they 
may acquire pathogenicity for chicken to become HPAIVs 
(Swayne and Suarez 2000; Ito et al. 2001; Nao et al. 2017). 
This shift in pathogenicity results from the accumulation 
of multiple basic amino acids at the HA cleavage site, 
allowing the virus to gain maturity outside the 
gastrointestinal tract and establish systemic infection. In 
1996, several outbreaks occurred in geese farms at 
Sanshui, Foshan, a rural area in Guangdong province of 
China (Wan 2012; Nunez and Ross 2019) and a virus, 
A/goose/Guangdong/1/1996 (H5N1) (Gs/Gd/96) was 
isolated from a sick goose. Later, extensive surveillance for 
influenza was conducted in Guangdong province between 
January 1996 and December 1997. Surprisingly, no H5N1 
HPAI isolate could be detected, suggesting that Gs/Gd/96-

like virus probably was not efficiently transmitted among 
poultry (Zhao et al. 2008; Wan 2012). Later, Gs/Gd/96-like 
viruses mutated by genetic reassortment were found to be 
associated with many outbreaks in poultry. These 
mutations allowed the viruses to be easily transmitted by 
fecal-oral route from waterfowl to terrestrial poultry 
(Webster 2002). In 1997, three chicken farms in Hong 
Kong were affected by an H5N1 HPAIV, with mortality 
rates ranging between 70 and 100%. In May 1997, the first 
human case of a 3-year-old boy infected by a novel H5N1 
virus was reported in Hong Kong. Later, 17 more human 
cases were reported between November 1997 and January 
1998, raising the concern about potential pandemic (Claas 
et al. 1998; Subbarao et al. 1998; Bender et al. 1999). 
Interestingly, there were outbreaks in chicken farms in 
Hong Kong just before the first and second waves of 
human infections. Comparison of all gene segments of 
human and avian isolates, and temporal relationship 
between avian and human outbreaks, strongly suggested 
direct chicken-to-human transmission (Claas et al. 1998; 
Suarez et al. 1998; Subbarao et al. 1998: Shortridge 1999). 
Later, several studies were conducted to identify the 
origin of these lethal H5N1 viruses isolated in Hong Kong. 
These studies showed that only HA gene was derived from 
A/goose/Guangdong/1/1996 (H5N1), whereas other genes 
might have been derived from locally circulating IAVs, 
particularly H9N2, since both H5N1 and H9N2 viruses co-
circulated in Hong Kong in 1997 (Subbarao et al. 1998; 
Guan et al. 1999; Xu et al. 1999). Another study suggested 
that A/teal/Hong Kong/W312/97 (H6N1) might have acted 
as gene donor, since it showed >98% nucleotide homology 
with six internal genes of A/Hong Kong/156/1997 (H5N1) 
(Hoffmann et al. 2000). 
Although the 1997 outbreak was controlled by large scale 
stamping out of 1.5 million poultry in Hong Kong poultry 
markets, the putative precursor viruses continued to 
circulate in Hong Kong poultry i.e. H5N1 Gs/Gd/96-like 
viruses in geese (Cauthen et al. 2000; Webster et al. 2002) 
and the H9N2 (G1)- and H6N1 (W312)-like viruses in quails 
(Guan et al. 2000; Chin et al. 2002). Continued 
surveillance activities in Hong Kong poultry markets 
during 2000-2001 revealed the existence of multiple 
genotypes of H5N1 viruses that differed from H5N1/97 
viruses. The genetic analysis of the isolates suggested that 
these H5N1/2001 viruses originated as a result of 
reassortment among viruses from aquatic birds. Until 
then, these H5N1 did not kill their natural hosts and were 
thought to be in evolutionary state Unexpectedly, in late 
2002, these H5N1 viruses caused deaths of many resident 
avian species (such as waterfowls and greater flamingoes), 
as well as migratory birds (such as egrets, grey herons) in 
two Hong Kong parks. It was the first report of a fatal case 
in the natural reservoir since 1996 (Becker 1966). At the 
same time, H5N1 viruses were also isolated from dead 
chicken in live bird markets and poultry farms in Hong 
Kong. In 2003, concurrently, H5N1 HPAIVs were isolated 
in China and these viruses displayed higher pathogenicity 
for ducks in a species dependent manner (Sturm-Ramirez 
et al. 2005; Pantin-Jackwood and Swayne 2007). In 
February 2003, H5N1 viruses were isolated from two 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Veterinary Pathobiology and Public Health  

433 Manzoor and Mohamadin 

humans in Hong Kong (Wuethrich 2003). Since 2003, 
there had been multiple outbreaks by various genotypes of 
H5N1 viruses across Asia, Europe and Africa. In April – 
June 2005, an outbreak caused by a novel H5N1 genetic 
variant killed more than 6000 wild migratory birds at Lake 
Qinghai in Southern China and this variant further spread 
to Middle East, Europe and Africa (Chen et al. 2005; Wang 
et al. 2008). These outbreaks confirmed the establishment 
of a new lineage with virulence potential for the natural 
reservoir. Since January 2003, there have been 862 cases of 
human infections with H5N1 AIVs, reported from 17 
countries, with case fatality rate of 53% (WHO 2021).  
The extensive circulation of H5 subtype IAVs has resulted 
in the emergence of multiple lineages. Therefore, the 
Southern part of China is considered as a potential 
influenza epicenter due to its unique ecological system 
(Shortridge 1997). It is noteworthy to mention that since 
1970, at least ten HA subtypes and nine NA subtypes in 
various combinations have been isolated from ducks and 
geese in southern China (Wan 2012). These enzootic 
viruses posed a continuous threat for the emergence of 
novel AIVs due to potential reassortment with viruses 
associated with HPAIV outbreaks in poultry and aquatic 
birds. During 2010-11, a new H5 HA clade (2.3.4.4) 
emerged. This HA gene displayed a unique tendency to 
reassort with NA subtypes other than N1, resulting in the 
emergence of novel AIVs. Since 2010, there were multiple 
outbreaks of H5N2, H5N3, H5N5 and H5N8 HPAIVs in 
poultry across Asia, Europe and North America. These 
viruses emerged as a result of reassortment events with 
H5N1 and other circulating viruses, such as H9N2, H6N6 
etc. (Jhung et al. 2015; Shin et al. 2015; Verhagen et al. 2015; 
Claes et al. 2016). The H5N6 IAVs spread to countries in 
Asia and H5N8 IAVs spread to Europe and North America 
(Claes et al. 2016). The first laboratory-confirmed case of 
human infection by H5N6 was reported in April 2014 in 
Sichuan Province, China. Since then, a total of 32 
laboratory-confirmed cases of human infection by H5N6 
IAV with 19 deaths have been reported in the Western 
Pacific region. In February 2021, seven laboratory 
confirmed cases of human infection by H5N8 IAV were 
reported from Russian Federation (WHO 2021). The 
human infections by H5N6 and H5N8 viruses were the 
result of direct contact with infected poultry and no 
human-to-human spread has been reported.  
 

H6 subtype IAVs 
 

The first H6 subtype IAV was isolated from turkeys in 
Massachusetts in 1965. Since then, H6 subtype IAVs have 
been frequently isolated from aquatic birds and terrestrial 
poultry from various parts of the world in combination 
with all NA (N1-N9) subtypes (Downie et al. 1973). 
Classically, H6 subtype IAVs are responsible for low 
pathogenic avian influenza virus (LPAIV) infections in 
poultry. Globally, LPAIV infections by H6 virus are 
becoming increasingly an economical burden on the 
poultry industry. In China, H6 subtype AIVs rank second 
after H9 subtype AIVs in prevalence in aquatic birds and 
terrestrial poultry (Pepin et al. 2013). According to a 
surveillance study conducted from 1998–2006 (8 years) on 

more than 36,000 wild birds from Europe and the 
Americas, the H6 was the most abundantly detected 
influenza virus subtype (Munster et al. 2007). Several 
studies suggest that H6 subtype IAVs display the broadest 
host range among all IAVs. More than 30% of the H6 
subtype IAVs isolated from Southern China showed 
enhanced affinity to human-like α2,6-linked sialic acid 
receptors (Wang et al. 2014). A study evaluated the 
replicative potential of 14, non-adapted, H6 subtype AIVs 
(H6N1, H6N2, H6N5, H6N8 and H6N9) in mice. The 
tested viruses infected the mice and produced 
neutralizing antibodies (Gillim-Ross et al. 2008). Another 
study demonstrated the ability of the tested H6 subtype 
viruses to be transmitted by direct contact between guinea 
pigs (Wang et al. 2014). Lin et al. (2015) isolated an H6N1 
IAV from a dog in Taiwan, and genetic analysis showed 
that the virus was closely related to the circulating H6 
AIVs in Taiwan. So far, there is only one case of human 
infection reported in 2013 in Taiwan by H6N1 IAV, and the 
sequence analysis showed that the virus was closely related 
to the circulating avian H6 viruses. However, there have 
been some studies that reported 0.4-2.5% seroprevalence 
for H6 HA IAVs among poultry workers (Myers et al. 2007; 
Quan et al. 2019). These findings clearly warrant the 
continuous surveillance for H6 subtype influenza A viruses 
to avoid any future zoonotic infections.  
 
H7 subtype IAVs 
 
H7 AIVs have been shown to infect a wide range of host 
species, encompassing wild and domestic aquatic birds 
and terrestrial poultry, and mammals including seals, pigs, 
horses and humans (Abdelwhab et al. 2014; Mostafa et al. 
2018; Naguib et al. 2019). Like H5 AIVs, H7 AIVs also can 
acquire HPAIV potential while circulating in poultry 
asymptomatically. From infected poultry, human 
infections with LPAIV or HPAIV have been reported. H7 
subtype IAVs of low and high pathogenic potential have 
caused several outbreaks in poultry (Table 1), with 
occasional transmissions to humans (Table 2). Before 2003, 
there were very few cases of human infection by H7 subtype 
IAVs. Mostly, these cases were reported in laboratory 
workers. A brief history of various instances of human 
infections by different H7Nx IAVs is discussed below. 
 
H7N2 
 
The first evidence of human infection by LPAIV H7N2 was 
reported in a poultry worker in USA during 2002 (Terebuh 
et al. 2018) and the first LPAIV H7N2 was isolated from an 
immunocompromised patient in USA in 2003 (Ostrowsky 
et al. 2012). Other instances of human infections by LPAIV 
H7N2 include four humans in 2007 in UK and infection of 
a veterinarian in a cat shelter in USA in 2016 (Belser et al. 
2017; Marinova-Petkova et al. 2017; Naguib et al. 2019).  
 
H7N3 
 
Serological analysis using microneutralization assay 
showed   that  7  of  185  poultry  workers,  who  had  direct  
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Table 1: Outbreaks of LPAI/HPAI caused by H7 subtype viruses in poultry  

Country   Year  Subtype   Virulence Species Reference 

UK 
 

1963 H7N3 
 

HPAI Turkeys (Wells 1963) 
Australia 

 
1976 H7N7 

 
HPAI Chicken (Turner 1976) 

UK 
 

1979 H7N7 
 

HPAI Turkeys (Alexander et al. 1979) 
Germany 

 
1979 H7N7 

 
HPAI Chicken (Rohm et al. 1996) 

Australia 
 

1985 H7N7 
 

HPAI Chicken (Barr et al. 1986) 
Australia 

 
1992 H7N3 

 
HPAI Ducks (Forsyth et al. 1993) 

Australia 
 

1994 H7N3 
 

HPAI Chicken (Dhingra et al. 2018) 
Pakistan 

 
1994 H7N3 

 
HPAI Chicken (Naeem and Hussain 1995) 

USA 
 

1996-98 H7N2 
 

LPAI Chicken (Henzler et al. 2003) 
Australia 

 
1997 H7N4 

 
HPAI Chicken (Selleck et al. 2003) 

Ireland 
 

1998 H7N7 
 

LPAI Chicken (Campbell and De Geus 1999) 
Northern Ireland 

 
1998 H7N7 

 
LPAI Chicken (Graham et al. 1999) 

Italy 
 

1999-01 H7N1 
 

HPAI, LPAI Turkeys (Capua and Alexander 2004) 
Canada 

 
2000 H7N1 

 
LPAI Turkeys (Pasick et al. 2003) 

Germany 
 

2001 H7N7 
 

LPAI Chicken (Werner et al. 2003) 
Pakistan 

 
2001 H7N3 

 
HPAI, LPAI Chicken (Swayne and Suarez 2001) 

Chile 
 

2002 H7N3 
 

LPAI, HPAI Chicken (Rojas et al. 2002) 
USA 

 
2002-04 H7N2 

 
LPAI Turkeys & chicken (Spackman and Suarez 2003) 

Italy  2002-03 H7N3  LPAI Turkeys (Capua and Alexander 2004) 
Pakistan 

 
2003-04 H7N3 

 
HPAI Chicken (Abbas et al. 2010) 

The Netherlands 
 

2003 H7N7 
 

HPAI Chicken (Fouchier et al. 2004) 
Belgium 

 
2003 H7N7 

 
HPAI Chicken (Capua and Alexander 2004) 

Germany 
 

2003 H7N7 
 

HPAI Chicken (Schrauwen and Fouchier 2014) 
Canada 

 
2004 H7N3 

 
LPAI, HPAI Chicken (Hirst et al. 2004) 

USA (Delaware, Maryland) 2004 H7N2 
 

LPAI Chicken (Capua and Alexander 2004) 
Korea 

 
2005 H7N7 

 
HPAI Chicken (Dhingra et al. 2018) 

Canada 
 

2007 H7N3 
 

HPAI Chicken (Berhane et al. 2009) 
UK 

 
2008 H7N7 

 
HPAI Chicken (Dhingra et al. 2018) 

Spain 
 

2009 H7N7 
 

HPAI Chicken (Iglesias et al. 2010) 
Mexico 

 
2012 H7N3 

 
HPAI Chicken (Maurer-Stroh et al. 2013) 

Australia 
 

2012 H7N7 
 

HPAI Chicken (FAO) 
Italy 

 
2013 H7N7 

 
HPAI Chicken (Bonfanti et al. 2014) 

Australia 
 

2013 H7N2 
 

HPAI Chicken (Dhingra et al. 2018) 
Germany 

 
2015 H7N7 

 
HPAI Chicken (APHA 2015) 

UK 
 

2015 H7N7 
 

HPAI Chicken (APHA 2015) 
USA 

 
2015 H7N8 

 
HPAI Turkeys (Killian et al. 2016) 

USA   2017 H7N9   HPAI Chicken  (Naguib et al. 2019) 

 
Table 2: Human infections by H7 subtype influenza A viruses 

Country Year  Subtype Pathotype No. of human cases Reference 
USA 1959 H7N7 HP 1 (Campbell et al. 1970; DeLay et al. 1967) 
Australia 1977 H7N7 HP 1 (Taylor and Turner 1977) 
USA 1979-80 H7N7 LP 4 (Webster et al. 1981) 
UK 1996 H7N7 LP 1 (Banks et al. 1998; Kurtz et al. 1996) 
USA (Virginia) 2002 H7N2 LP 1# (Terebuh et al. 2018) 
Italy  2002-03 H7N3 LP 7# (Puzelli et al. 2005) 
USA (New York) 2003 H7N2 LP 1 (Ostrowsky et al. 2012) 
The Netherlands 2003 H7N7 HP 89 (Du Ry van Beest Holle et al. 2005; Koopmans et al. 2004) 
Canada (British Columbia) 2004 H7N3 HP 2 (Tweed et al. 2004) 
UK (Norfolk) 2006 H7N3 LP 1 (Nguyen-Van-Tam et al. 2006) 
UK (Wales) 2007 H7N2 LP 4 (Belser et al. 2017; Naguib et al. 2019) 
Mexico 2012 H7N3 HP 2 (Lopez-Martinez et al. 2013) 
China 2013~ H7N9 LP/HP 1568 (WHO 2021) 
Italy  2013 H7N7 HP 3 (Puzelli et al. 2014) 
USA 2016 H7N2 LP 1 (Marinova-Petkova et al. 2017) 
China 2018 H7N4 LP 1  (Gao et al. 2018; Tong et al. 2018) 

# Serologic evidence only 
 
contact with poultry during 2002-03 outbreaks by LPAIV 
H7N3, became seropositive to H7 HA (Puzelli et al. 
2005). In 2004, two laboratory-confirmed human 
infections with HPAIV H7N3 were reported from British 
Columbia, Canada (Tweed et al. 2004). In 2006 in UK, an 
LPAIV H7N3 was isolated from a poultry worker, who 

attended an outbreak in poultry by LPAIV H7N3, and 
infection was only limited to conjunctivitis (Nguyen-
Van-Tam et al. 2006). Later, in 2012, two laboratory-
confirmed cases of human infection with HPAIV H7N3 
were reported from Jalisco, Mexico (Lopez-Martinez et 
al. 2013).  
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H7N4 
 
So far, only one case of human infection with LPAIV 
H7N4 has been reported from Jiangsu, China. The virus 
was isolated from a woman (68-year-old) in February 2018. 
The entire genome of the virus was of avian origin, and 
the evidences suggested that the infection was probably 
acquired directly from poultry during a visit to the live 
bird market (Gao et al. 2018; Tong et al. 2018).  
 
H7N7 
 
In 1959 in USA, H7N7 virus was isolated from the blood of 
a man diagnosed with infectious hepatitis (DeLay et al. 
1967; Campbell et al. 1970). In 1977, a laboratory technician 
accidentally got infected with H7 virus while handling 
infectious allantoic fluid (Taylor and Turner 1977). During 
1979-80, four technicians got infected after conducting 
necropsies of the seals died of H7N7 infection (Webster et 
al. 1981). The first evidence of direct avian-to-human 
transmission of H7N7 AIV was reported in 1996 in UK, 
when one woman developed conjunctivitis after cleaning 
her duck house (Kurtz et al. 1996; Banks et al. 1998). In 
2003 in Netherlands, an outbreak with H7N7 HPAIV was 
reported in poultry farms and human transmission was 
confirmed by PCR in 86 poultry workers, mostly 
developed conjunctivitis and/or mild respiratory 
symptoms. Three households also got the infection from 
poultry workers, suggesting limited human-to-human 
transmission. This outbreak also claimed one human life, 
a veterinarian who visited multiple farms and was hit by 
the virus (Koopmans et al. 2004; Du Ry van Beest Holle et 
al. 2005). The genetic analysis showed that the virus had 
avian origin and was related to previously circulating 
LPAIVs in ducks (Fouchier et al. 2004). In 2014 in Italy, 
three cases of human infection with HPAIV H7N7 were 
reported from poultry workers and the clinical signs were 
only limited to conjunctivitis. The sequence analysis 
confirmed that all gene segments were closely related to 
the virus isolated from the same poultry farm (Puzelli et 
al. 2014).  
 
H7N9 
 
H7N9 has caused the highest number of human infections 
among all reported human infections caused by other 
than H7N9 subtype IAVs. Since March 2013, a total of 1568 
laboratory-confirmed human infections with LPAIV H7N9 
have been reported, including 616 deaths, the case fatality 
rate was 39% (WHO 2021). The majority of the cases were 
reported from China, though a few cases were reported 
from Taiwan, Malaysia and Canada. So far, there is no 
evidence of sustained human-to-human transmission of 
H7N9 infection. Since the first report in 2013, there have 
been 7 waves of infection, mainly occurring in winter. 
Extensive genetic analysis suggests that the LPAIV H7N9 
virus originated as a result of several reassortment events 
between three different AIV subtypes. The zoonotic H7N9 
virus acquired HA gene from an H7N7 virus, NA gene 
from an H7N9 virus and six remaining genes from an 

enzootic H9N2 virus, as shown in Figure 1B (Lam et al. 
2013).  
 
H9 subtype IAVs 
 
The first H9 subtype (H9N2) AIV was isolated from an 
LPAIV outbreak in turkeys in February 1966 in northern 
Wisconsin, USA (Homme and Easterday 1970). Later, 
H9N2 viruses were found to be associated with multiple 
outbreaks, particularly, in turkey production states of 
Minnesota and Wisconsin (Halvorson et al. 1983; 
Carnaccini and Perez 2020). Then, in the following years, 
these viruses were isolated from various parts of Asia and 
Africa. Three H9N2 viruses, for the first time, were 
isolated from terrestrial poultry in 1988 in Hong Kong. 
Now, these viruses are endemic in many parts of Asia, the 
Middle East and Africa (Peacock et al. 2019). Like other 
IAVs, H9 subtype IAVs are also being maintained in wild 
aquatic birds. Although H9 subtype IAVs have been 
isolated in combination with all NA (N1-N9) subtypes, the 
huge number of isolated viruses has been reported to be 
in combination with NA N2 subtype (H9N2), suggesting 
the preferred association between H9 and N2 molecules 
(Yan et al. 2016; Carnaccini and Perez 2020). Due to low 
pathogenic potential, H9N2 viruses are often found co-
circulating with other pathogens, like other AIVs subtypes 
or bacteria, thereby causing significant morbidity and 
production losses.  
Phylogenetically, HA gene of H9 viruses can be divided 
into two broader lineages i.e., American and Eurasian 
lineages. H9 viruses belonging to American lineage have 
mostly been isolated from wild aquatic birds, especially 
sea birds with sporadic outbreaks in poultry. On the 
contrary, H9 viruses in the Eurasian lineage are stably 
circulating in poultry, as well as aquatic birds, with 
occasional transmission events from wild aquatic to 
terrestrial poultry. The endemicity of H9 viruses has led to 
the emergence of phylogenetic diversity, resulting in the 
emergence of many clades/subclades. Broadly, viruses in a 
Eurasian lineage can be categorized into the G1-h9.4, 
BJ94-h9.3 (also known as Y280 or G9) and Y439-h9.2 
(Korean) sub-lineages (Guo et al. 2000; Chen et al. 2009; 
Liu et al. 2009).  
The enzootic nature of H9 viruses in Asia poses a major 
threat to public health. The first human infection with 
H9N2 AIVs was reported from Hong Kong in 1998 (Peiris 
et al. 1999). Later, many cases of human infections have 
been reported from China, Pakistan, Bangladesh, Egypt 
and Oman (Butt et al. 2005; Chakraborty 2011; Ali et al. 
2019; Almayahi et al. 2020). As of 25th June 2021, a total of 
59 laboratory-confirmed cases of human infections with 
H9N2 have been reported (WHO 2021). The majority of 
the infections were reported in young children usually 
with mild respiratory symptoms. In most human 
infections, direct or indirect contact with poultry was 
confirmed. The phylogenetic analysis of human isolates 
showed that H9 HA gene belonged to G1 or BJ94 sub-
lineages. Additionally, many surveillance studies, 
conducted among poultry workers in countries where H9 
subtype AIVs are endemic, suggested significant exposure 
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to H9 subtype IAVs. Fortunately, there has been no report 
of human-to-human transmission of H9N2 viruses 
(Carnaccini and Perez 2020). However, seroconversion in 
poultry workers indicates poor management practices in 
the poultry industry in these countries. It is very 
important to point out that H9 subtype AIVs have the 
propensity to donate genes to other AIVs that can cause 
zoonotic infections, for example, recent H10N8, H7N9 and 
H5N6 viruses acquired internal gene cassette from 
circulating H9N2 viruses (Lam et al. 2013; Chen et al. 
2014).  
 
H10 subtype IAVs 
 
The first H10N7 AIVs was isolated from a chicken in 
Germany in 1948 (Feldmann et al. 1988). Since then, H10 
AIVs with different NA combinations have been isolated 
from various species of wild and domestic aquatic and 
terrestrial birds across the globe. Genetic analysis showed 
that these H10 AIVs could be grouped into two lineages 
i.e., Eurasian and North American lineage (Liu et al. 2009; 
Zhuang et al. 2019). H10 AIVs were thought to infect only 
avian species. However, in 1984 in Sweden, the first report 
of infection of farmed minks with H10N4 AIV was 
reported. In 2004, two laboratory-conformed cases of 
human infection (two infants) with H10N7 were reported 
from Egypt. Later, the same virus was isolated from 
samples collected from wild ducks (Organization. 2004). 
In 2008, an H10N5 AIVs was isolated from pig samples in 
the slaughterhouse of Hubei province of central China. 
The genetic analysis showed that the virus was of avian 
origin and belonged to Eurasian lineage (Wang et al. 
2012). In 2010, an outbreak by low pathogenic avian 
influenza H10N7 virus (LPAIV) was reported from a 
poultry farm in New South Wales, Australia. Later, the 
virus was isolated from abattoir workers, who reported 
conjunctivitis and mild rhinorrhea. The genetic analysis 
showed that H10 gene belonged to American lineage 
(Arzey et al. 2012). In 2014, H10N7 AIV was found to be 
associated with deaths in harbor seals in Sweden. The 
phylogenetic analysis showed that H10 gene belonged to 
Eurasian lineage and clustered with avian viruses isolated 
from wild aquatic birds (Zohari et al. 2014). Interestingly, 
all of these events were isolated, short-term and lacked 
sustained animal-to-animal or human-to-human 
transmission. Each of the human case had a history of 
either direct interaction with, or proximity to the live 
poultry or aquatic birds, and the infections was non-fatal. 
A novel H10N8 reassortant IAV was isolated in December 
2013 from the tracheal aspirate specimen of a patient 
suffering from pneumonia in Nanchang, Jiangxi province 
China; the patient passed away 9 days later. Later, three 
more human infections with H10N8 novel IAV were 
confirmed, with two of them proved fatal (Chen et al. 
2014; Zhang et al. 2015). The high fatality rate caused by 
the novel H10N8 virus raised a significant public health 
concern. Extensive surveillance was conducted and H10N8 
AIVs were isolated from wild aquatic birds and terrestrial 
poultry in live poultry markets (Qi et al. 2014; Zhang et al. 
2014). In May 2014, this H10N8 AIV was reported from 

feral dogs living in close proximity of live bird markets in 
Guangdong Province, China (Su et al. 2014). Based on 
extensive genetic analysis, it has been proposed that the 
H10N8 virus that infected a human emerged as a result of 
interaction between wild birds and farmed ducks in 
China, leading to the transfer of H10 and N8 genes to the 
live poultry markets, where reassortment with enzootic 
H9N2 viruses occurred. The human infections with H10N8 
viruses were coincident with H10 virus outbreaks in live 
poultry markets in China (Ma et al. 2015), and the patients 
infected with the H10N8 virus had a history of visiting 
live-poultry markets or exposure to live poultry before 
disease onset, thus further strengthening the postulate.  
 
Conclusion 
 
Investigations on most of the recent human infections 
clearly show that infected people were in direct contact 
with the poultry and most of these contacts took place in 
live bird markets. Live bird markets are thought to act as 
sanctuary for the mixing and reassortment events, since 
different species of wild and domestic aquatic birds and 
terrestrial poultry are kept together. A retrospective 
epidemiological study showed that most patients infected 
with H5N1 visited the live bird market in China (Yu et al. 
2007). Therefore, continuous monitoring of IAVs and 
proper control measures to bring various avian species to 
these markets is necessary. Moreover, proper training of 
people involved in handling poultry and poultry products 
should be made mandatory. Additionally, continuous 
surveillance activities in wild and domestic aquatic birds 
should be ensured to monitor the emergence of any novel 
IAVs and to prevent their transmission to terrestrial 
poultry. 
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