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Abstract 

The recent outbreaks of highly pathogenic avian influenza A(H5N1) virus in North and South 

America, including widespread infection of cattle in the United States, calls for an urgent 

assessment of the host range of influenza A viruses, particularly for subtypes of pandemic 

concern. We conducted a serological survey for binding antibodies to influenza A and B 

viruses in goats (n=452) and sheep (n=329) in Pakistan and found high seropositive rates for 

the hemagglutinin (HA) of avian influenza A viruses (AIV) H5 (23.9–34.0%), H7 (13.9–

37.1%), and H9 (17.0–34.7%). In contrast, there were low levels of seropositivity against the 

HA of human and swine pandemic H1N1/pdm09 (0.9–1.8%) in goats and against swine H3 

(0.6%) in sheep. Notably, we observed high reactivity to the neuraminidase of human 

H1N1/2009 (57.8–60.6%) and swine H3N2 (14.0–14.4%), likely due to cross-reactivity with 

the N1 and N2 proteins of H5N1 and H9N2 AIVs, respectively. Interestingly, we also 

detected seropositivity against influenza B HA in both goats (7.1%) and sheep (4.6%). The 

presence of AIV antibodies in goats and sheep suggest these species represent previously 

unrecognized hosts for viruses of pandemic concern, revealing extensive gaps in our current 

understanding of the ecology of influenza A and B viruses. 

 

Introduction 

Since March 2024, the outbreak of highly pathogenic avian influenza (HPAI) A(H5N1) virus 

in the United States has led to an unprecedented spread of infections in dairy cattle across 

multiple states1-3. This HPAI H5N1 is a new reassortant virus belonging to clade 2.3.4.4b, 

comprising gene segments from both Eurasian and North American progenitor viruses4. In 

contrast to most avian influenza A viruses that typically cause lower and upper respiratory 

infections in birds and animals, this HPAI H5N1 replicates efficiently in the epithelial cells of 

mammary glands of infected cows3. An experimental study showed that bovine HPAI H5N1 
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viruses induce severe weight loss and mortality in infected mice, but demonstrated inefficient 

transmission between ferrets without seroconversion in infected animals5 . These studies raise 

concerns about the host species range of influenza A viruses, particularly those subtypes that 

pose zoonotic and pandemic risks6. 

Following the emergence of the HPAI A/goose/Guangdong/1/1996 (H5N1) lineage 

in China in 1996, the virus has undergone rapid lineage diversification and extensive 

reassortment, evolving into numerous genotypes, causing multiple outbreaks in wild birds 

and domestic poultry across Asia, the Middle East and Europe7-9. Additionally, other major 

avian subtypes such as H7N9 and H9N2 have been circulating endemically, leading to 

sporadic outbreaks among poultry in mainland China and Southeast Asia10-14. Avian 

influenza A viruses are classified into low pathogenic (LPAI) and highly pathogenic strains, 

which are distinguished by the presence of polybasic cleavage sites in the hemagglutinin 

(HA) proteins. To date, only H5 and H7 subtype viruses are known to have HPAI variants. 

While LPAI viruses typically do not cause obvious clinical diseases in birds, HPAI H5N1 

and H7N9 result in high mortality rates in poultry11, 15, 16. 

Active serological surveillance and monitoring of avian influenza viruses in animals 

depends on screening for antibodies to influenza A viruses. Gold standard assays, such as 

enzyme-linked immunosorbent (ELISA), hemagglutination inhibition (HI) and 

microneutralization (MN) assays, are widely used to detect the presence of antibodies against 

influenza A viruses. However, these assays are labor-intensive, time-consuming, and the HI 

and MN assays typically require the use of live viruses, necessitating the use of a high 

containment facility for handling HPAI strains. The emergence of SARS-CoV-2 virus has 

spurred the rapid development of more efficient platforms for serological assessment. 

Multiplex serological assays have proven effective in evaluating neutralizing antibodies in 

humans against SARS-CoV-2 and other sarbecoviruses as well as in assessing antibody 
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response following COVID-19 vaccinations or natural infections17, 18. We and others have 

previously developed antigen-based multiplex serological assays for the detection of 

antibodies against filovirus, henipavirus, and influenza viruses19-21. 

Avian influenza A viruses circulate globally in wild and domestic birds and  

direct zoonotic transmission into humans is uncommon. However, seroprevalence of human 

antibodies to avian influenza A viruses (AIV) are consistently detected among poultry 

workers in many countries and regions including China, Egypt, Hong Kong, Pakistan, and 

Thailand22-27. Most serological studies have concentrated on commercial poultry and humans 

and there is a global lack of testing in domestic animals, and limited information available on 

AIV seroprevalence in other livestock, including bovid species such as goats and sheep28, 29. 

Here, we collected over 700 sera samples from goats and sheep in Pakistan in 2023. 

A multiplex serological platform was employed to screen and evaluate sera samples against a 

panel of influenza HA and neuraminidase (NA) proteins. Our findings reveal that the sera 

from goats and sheep exhibited strong reactivity to avian influenza HA proteins, including 

HPAI H5 and LPAI H7 and H9, suggesting previous infections in these animals. In contrast, 

there was remarkably low level of reactivity to proteins of human H1N1/pdm09 and seasonal 

H3 viruses. These results indicate that both goat and sheep may be susceptible to avian 

influenza viruses, raising zoonotic concerns about their ecological role as hosts for avian 

influenza virus transmission globally. 

 

Results 

Farms in four districts (Gujranwala, Kasur, Lahore, and Sheikhupura) in Punjab Province, 

Pakistan were selected as study sites (Fig. 1). A total of 781 serum samples were collected 

from goats (n=452) and sheep (n=329) from May to October 2023. These goats and sheep are 

primarily bred for meat production and typically slaughtered at 1.5–2 years of age. Serum 
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samples were screened using a multiplex microsphere immunoassay comprised of nine 

hemagglutinin (HA) and three neuraminidase (NA) antigens of avian (H5, H7 and H9), 

human (H1N1/pdm09, seasonal H3, and influenza B), and swine influenza subtypes (Suppl. 

Table 1). 

High levels of seropositivity to AIV HA proteins were observed in both goat and 

sheep samples. Among the 452 goat serum samples collected, 124 samples (27.4%) tested 

positive for HPAI H5 clade 2.3.2.1c, 108 (23.9%) for H5 clade 2.3.4.4b, 63 (13.9%) for H7, 

and 77 samples (17.0%) for H9 (Fig. 2a, Suppl. Table 2). In contrast, there was little 

reactivity against influenza A viruses that circulate in humans and swine. All goat sera were 

negative against human and swine H3-HA, and only 8 (1.8%) and 4 (0.9%) of samples, 

respectively, were reactive to the human and swine H1N1/pdm09-HA antigen. However, 32 

(7.1%) goat sera were seropositive to the HA protein of human B/Victoria virus. Similarly, 

among the 329 sheep serum screened, we detected 112 (34.0%) positive for antibodies to the 

HAs of H5 clade 2.3.2.1c, and 102 (31.0%) for H5 clade 2.3.4.4b (Fig. 2b, Suppl. Table 3). 

Additionally, 122 samples (37.1%) were positive against H7-HA and 114 (34.7%) against 

H9-HA antigens. No sheep sera were positive against the HAs of human and swine 

H1N1/pdm09 or human H3 . Only 2 (0.6%) sheep serum samples were positive against the 

swine H3-HA, while 15 (4.6%) were positive for the B/Victoria HA protein. 

For both goat and sheep sera there was high positivity to the NAs of human 

H1N1/pdm09 and the swine seasonal H3N2 viruses (Fig. 2, Suppl. Tables 2 and 3). A 

significant proportion of goat (274/452, 60.6%,) and sheep (190/329, 57.8%) displayed 

reactivity to the H1N1/pdm09-NA antigen, while there was lower reactivity to the NA of 

swine seasonal H3N2 in both goats and sheep (14.0–14.4%), and minimal (1.3%) positives to 

the classical (clade 1A.3.3.2) swine N2-NA. This pattern of seropositivity against the NA 

antigens in our assay is possibly due to cross-reactivity with the N1-NA of H5N1 viruses and 
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the N2-NA of H9N2 viruses that are endemic in birds in the region. The positive controls had 

reactivity patterns as expected, although the H7 ferret antiserum showed broad reactivity with 

multiple, but not all, antigens (Fig. 2). The positive controls for the H1, H3, N1 and N2 

proteins were sera collected from patients 21 days after they were confirmed to have either 

acute H1N1/pdm09 or H3N2 virus infection. As humans are likely to have had multiple 

influenza A virus infections throughout their lifetime, it is unsurprising that some cross-

reactivity was observed in these positive controls, such as the human post H3 infection 

control sera showing positivity against human H1-HA. 

Next, we evaluated and compared the patterns of seropositivity among HA and NA 

antigens included in our multiplex assay. For sera that were positive to a specific influenza 

antigen, we calculated their reactivity towards other antigens (Fig. 3). For example, in goats 

there were 124 sera positive against the HA of H5N1 clade 2.3.2.1c, and of these 90 were 

also positive against clade 2.3.2.4b, while there were 43 and 62 positives against the H7 and 

H9 antigens, respectively (Fig. 3a). In both goats and sheep, the majority of sera positive to 

the HA of avian H5N1 clade 2.3.2.1c strain were also positive for the HA of H5N8 clade 

2.3.4.4b, and vice versa (Fig. 3). A substantial proportion of H5-HA positive samples were 

also positive for H9-HA. Notably, the H7 positive sera in both goats and sheep showed lower 

cross-positivity with H5-HA and H9-HA. These patterns may reflect the infection history of 

these animals, where they have been exposed to all three AIV subtypes or it could be due to 

cross-reaction of the AIV antigens which include the more conserved HA2 domain of the 

influenza A HA protein. There were no or very few samples that were positive against AIV 

HA that were also positive to mammalian H1N1/pdm09-HA and H3-HA from humans and 

swine (Suppl. Fig. 1).  

We show a substantial number of sera positive against the NA of H1N1/pdm09 in 

both goats and sheep that were also positive against the H5, H7 and H9 antigens (Fig. 3e and 
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k). Of the 274 goat and 192 sheep sera positive against H1N1/pdm09 N1-NA, 124 and 112 

sera, respectively, were also seropositive for the HA of H5N1 clade 2.3.2.1c. Given that only 

12 goat sera and no sheep sera were positive against H1N1/pdm09 H1-HA, this shared 

positivity is likely due to cross-reactivity of the H1N1/pdm09 N1-NA with the N1-NA of 

H5N1 clade 2.3.2.1c viruses. In addition, H1N1/pdm09 N1-NA positive sera were also 

reactive against the HA proteins of H5N8 (goats: 98; sheep: 100), H7N9 (goats: 53; sheep: 

96) and H9N2 (goats: 67; sheep: 94) viruses. A similar pattern was observed for the N2-NA 

antigens, which had positive samples that were also positive for the AIV HAs and 

H1N1/2009 N1-NA (Fig. 3). The cross-positivity of sera against N1- and N2-NAs with H5-, 

H7- and H9-HAs supports the contention that we are observing an infection history 

comprised of multiple AIV subtype exposures. 

We further compared the prevalence among districts in Pakistan. Both goat and 

sheep from all four districts consistently showed higher seropositivity rates for avian HA 

subtypes (H5, H7 and H9) compared to the human H1N1/pdm09 and seasonal H3 (Fig. 4a 

and b). Among these districts, Sheikhupura showed the highest seropositivity rates for anti-

H5 and anti-H7 antibodies in goats and sheep. Additionally, the level of anti-N1 antibodies 

remained remarkably high in both goats (55.4–65.1%) and sheep (41.4–75.5%) across all 

four districts, compared to anti-N2 antibodies (goats: 4.1–12.8% and sheep: 8.6–21.6%) (Fig. 

4a and b; Suppl. Tables 2 and 3). We also observed that the range of median fluorescence 

intensity (MFI) values for seropositive samples were relatively consistent among different 

antigens in our assay (Fig. 4c). However, there were significant differences in the MFI values 

between goat and sheep positive sera, when a comparison was possible, except for the HA of 

H5N8 and influenza B which showed no significant difference (Fig. 4c). For the HA of H5N1 

2.3.2.1c and H7N9, and the NA of H1N1/pdm09, sheep had higher MFIs compared to goats, 

suggesting that sheep may have had more recent exposure to H5N1 and H7 viruses. The 
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opposite was observed for the HA of H9N2 and the NA of swine seasonal H3N2, suggesting 

that sampled goats may have been recently infected with H9N2 viruses. 

 

Discussion 

Here we detect a high degree of AIV seroprevalence in goats and sheep from Pakistan, 

suggesting these animals have been exposed to past H5, H7, and H9 infection. Disentangling 

evidence of multiple infections from cross-reactive antibodies generated after a single 

infection, which are expected with an antibody binding assay such as we used, is difficult. 

The breadth of antibody specificity in post-infection goat and sheep antisera is unknown. 

Interestingly, these goats and sheep samples were collected in areas with commercial chicken 

farms, that are known to support the endemic circulation of H5, H7 and H9 AIV in domestic 

poultry such as chicken and quail in Pakistan30-33. Pakistan has intensive production of goats 

and sheep, with respectively over 80 and 31 million animals raised annually34. Since goats 

and sheep are not vaccinated against influenza A virus in Pakistan, their exposure to AIV 

highlights the potential risk of virus transmission from chickens where goat and sheep 

farming are often located near chicken rearing units. Seasonal migration of small ruminants, 

in particular sheep, is not uncommon by nomadic movement across the Afghanistan and 

Pakistan border35, highlighting the need for urgent influenza surveillance in countries with 

significant populations of goats, sheep and other bovids. 

Global production of goats (1.1 billion head in 2021) and sheep (1.3 billion) are 

concentrated in Asia and Africa, 95% and 77%, respectively36, with China and India the top 

two largest producers for both species. Given the recent emergence of H5N1 infection in 

cattle in the USA, the detection of anti-AIV antibodies in goats and sheep is of major public 

health concern. The failure to recognize the potential role of a broader range of livestock 

species as potential hosts for AIV is a major blind spot in pandemic preparedness planning. 
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Currently, there is an almost complete lack of knowledge of the presence and distribution of 

influenza virus receptors, a major determinant of susceptibility to influenza infection, in 

many livestock species. It was only after the emergence of H5N1 in cattle that detailed 

investigation of receptor distribution has occurred, which revealed the presence of alpha 2,3 

and alpha 2,6 in mammary glands37, 38. These recent discoveries suggest that if the outbreak 

in cattle is not controlled, that cattle could act as an ideal intermediate host for adaptation of 

AIV to mammalian receptors. 

Potential susceptibility of sheep to influenza A viruses has been previously 

demonstrated through the productive replication of influenza A/H10N7 virus on sheep 

respiratory tissues that resulted in extensive cytopathic effect during virus culture39. 

Furthermore, antibodies against influenza A virus have been detected in goat milk and blood 

when mammary glands were injected with influenza A/PR/8/34 virus40. Additionally, goats, 

sheep and camels have shown seropositivity to influenza D virus in Ethiopia and USA41, 42. 

Seroconversion to influenza H9 virus has also been observed in water buffalo (Bubalus 

bubalis) in Iran, with 14 of 80 (17.5%) slaughtered animals positive for anti-H9 antibodies in 

a hemagglutinin inhibition assay43.  

Our results emphasize the importance of expanded surveillance and disease 

monitoring in a wider variety of hosts, particularly livestock, in areas where there is endemic 

circulation of AIV of pandemic concern. Experimental studies are also needed to investigate 

receptor distributions within these animals to better inform their potential role in virus 

adaptation to receptors prevalent in the human respiratory tract. Until such studies are 

conducted, our incomplete understanding of the ecology of influenza A viruses will remain a 

major impediment to any pandemic preparedness efforts. 
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Methods 

Sample collection 

Four sites were surveyed for the sample collection in Punjab Province, Pakistan. A total of 

794 serum samples were collected from goats (n=459) and sheep (n=335) from May–October 

2023 that were co-housed or residing near the vicinity of commercial chicken farms. 

Approximately 5 ml of blood was drawn with a sterile syringe from the jugular vein of goats 

and sheep and collected in a serum separation vacutainer. Serum was separated from blood 

samples and stored at -20°C until further processing. All procedures were approved by the 

Ethical Review Committee at the University of Veterinary and Animal Sciences Lahore in 

Pakistan (DR/361). 

 

Multiplex serological assay 

To assess the prevalence of antibodies against a panel of avian, human and swine influenza 

A, and influenza B viruses, individual samples were tested via a multiplex microsphere 

immunoassay using the Luminex MAGPIX platform that was adapted from previously 

established assays19, 20. The influenza virus HA and NA proteins were either commercially 

available (Sino Biological Inc) or synthesized by GenScript Biotech (Suppl. Table 1), and 

altered to include polyhistidine tags and to remove transmembrane regions. Briefly, 30μg of 

recombinant proteins were coupled on Bio-Plex Pro™ carboxylated microsphere beads (Bio-

Rad) at 24 µg millions-1 beads, for 2 h at room temperature in the dark with agitation. These 

coupled beads were then incubated with sera samples at a dilution of 1:100 for 45 min at 

room temperature with agitation. After incubation, the samples were washed and incubated 

with biotinylated-Protein A and biotinylated-Protein G (Thermo Fisher Scientific), followed 

by streptavidin-phycoerythrin (PE) (Bio-Rad). After three washes, the final median 
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fluorescence intensity (MFI) values were measured using the MAGPIX system (Luminex) 

with xPONENT 4.3 software, according to the manufacturer’s instructions.  

We also selected representative ferret and human antiserum samples as controls 

(Suppl. Table 4). For human antisera controls, respiratory swabs and blood samples were 

collected from volunteers with respiratory symptoms at their first visit and followed up at 

convalescence on Day 21±5 (CIRB Ref: 2018/2425). Influenza positive samples were 

confirmed by PCR. Animal antisera for different avian influenza H5, H7, and H9 subtypes, 

was generated by experimentally infecting ferrets with known AIV subtypes. 

 

Data analysis 

Antigen-antibody complexes were qualitatively measured as median fluorescence intensities 

(MFI) using the MAGPIX system (Luminex) with xPONENT 4.3 software following the 

manufacturer’s instructions. Cutoffs to identify positive samples were determined using an 

expectation–maximization algorithm applying the Mclust function in R package mclust44. 

Prior to classification, serum samples with an MFI >8,000 to more than one protein were 

removed, resulting in a final sample set of 781 sera (goat, n=452 and sheep, n=329). For each 

protein, the MFI values of all samples were classified into a maximum of 4 clusters, after 

which the log-likelihood corresponding to the specific number of clusters was obtained and 

the optimal model selected according to Bayesian Information Criteria (Suppl. Figs 2 and 3; 

Suppl. Table 4). The samples classified into the last group were considered positive. To 

investigate patterns of seropositivity among HA and NA antigens, we took the samples that 

were positive to a specific influenza antigen and plotted the number of those that were also 

positive for other antigens. The R package fmsb was used to generate radar plots while all 

other figures were produced using ggplot2. Statistical significance was tested using Kruskal-

Wallis with Dunns post-hoc test in the PMCMRplus package also in R. 
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Figure 1. Geographical map of Punjab, Pakistan. Coloured areas indicate 
the location of Gujranwala, Kasur, Lahore and Sheikhupura districts from 
where goats and sheep were sampled.
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Figure 2. Serological dynamics of goat and sheep sera against a panel of influenza virus antigens. 
Median fluorescence intensity (MFI) values were measured for individual (a) goat (n=452) and (b) sheep 
(n=329) serum samples using a multiplex microsphere immunoassay. For each sample, the reactivity of 
sera was assessed against 12 influenza A and B virus antigens including nine HA proteins from HPAI 
A(H5N1) clade 2.3.2.1c, HPAI A(H5N8) clade 2.3.4.4b, A(H7N9), A(H9N2), swine H1N1/pdm09, human 
H1N1/pdm09, swine H3N2), human seasonal H3N2, and human B/Victoria viruses, and three NA proteins 
from human H1N1/pdm09, classical swine H1N2 and swine H3N2 viruses. Solid colored circles represent 
seropositive samples, while open circled dots denote seronegative samples. Red lines indicate the cutoff 
value for each antigen determined using an expectation–maximization algorithm (see Suppl Fig. 1 and 
Suppl. Table 1). Box-plots indicate the median and quartiles of the MFI distribution for each antigen. Positive 
and negative serum controls are denoted by colored triangles, and included 3 ferret antisera for H5, H7 and 
H9, 1 PCR-positive H1N1/pdm09 patient, 1 PCR-positive H3N2 patient and 1 negative ferret control.
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Figure 3. Comparison of patterns of seropositivity of HA and NA antigens in goat and sheep. The total 
number of positive serum samples from (a-f) goat and (g-l) sheep that also tested positive for another antigen 
are shown. In each radar plot, the red font with a plus sign indicates the antigen with positive samples that are 
being compared for seropositivity to the other antigens, shown in black font. The numbers in the centre of each 
plot represent the number of seropositive samples for each antigen. Abbreviations: hu-H1/pdm09, human 
H1N1/pdm09; sw-H1/pdm09, swine H1N1/pdm09; hu-H3, human seasonal H3N2; sw-H3, swine H3N2, sw-N2, 
swine H3N2 and sw-N2, classical swine H1N2.
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Figure 4. Distribution of seroprevalence among geographical locations and host species. The seropositivity of 
influenza A and B viruses is shown as percentage in (a) goat and (b) sheep across the four districts in Punjab, 
Pakistan. Coloured vertical bars represent different influenza virus antigens corresponding to specific subtypes or 
lineages. (c) Boxplot showing distribution of median fluorescence intensity (MFI) values of positive samples for 
goat and sheep. The central line within each box represents the median value, while the upper and lower edges 
of the box correspond to the third and first quartiles, respectively, whiskers indicate data points within 1.5 times 
the interquartile range from the quartiles, with data points outside of this range shown as individual dots. Red 
coloured box plots represent goat, while blue-coloured box plots represent sheep. Statistical significance 
between MFI distributions of goat and sheep was assessed using the Kruskal-Wallis with Dunns post-hoc test for 
multiple comparisons. Significance levels are indicated by asterisks: * P ≤ 0.05, ** P ≤ 0.001, and *** P ≤ 0.0001.
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