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ABSTRACT

Highly Pathogenic Avian Influenza (HPAI) H5N1 virus is widely circulated between poultry flocks in Egypt. The
present study described the spatiotemporal dynamics of HPAI H5N1 in five Nile Delta governorates, Egypt
(Dakhlia, Qalyobia, Sharkia, Gharbia, and Menofia) where most cases were reported for the years 2006 to 2016.
Moreover, this study explored the impact of climate variability in outbreaks occurrence using the statistical
generalized estimating equation model. The highest prevalence rate was recorded in Dakhlia and Qalyobia
governorates, while Menofia governorate had the lowest one. From 2006 to 2009, the classic clade 2.2.1 was
predominant and remained stable. It was demonstrated that new unreported clades had been evolved from classic
clades after the vaccination pressure until 2010 resulted in raising the PR sharply. The stability of PR from 2012 to
2014 could be attributed to the adaptation of 2.2.1.2 endemic clade. The generalized estimating equation model
revealed that a one-unit increase in maximum and minimum temperature decreased the risk of a poultry outbreak by
about 6% and 4%, respectively. According to the obtained results, it seems that the virus circulates and causes
infection throughout the year, indicating changes in virus epidemiology and temporal patterns.
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INTRODUCTION

Highly Pathogenic Avian Influenza (HPAI) subtype H5N1 is a transboundary animal disease that is transmitted to
humans and over the past decade has a huge impact on the poultry industry and human health (Zhang et al., 2012). HPAI
virus subtype H5N1 was first discovered in 1996 in Guangdong province of China (Xu et al., 1999). It was only recorded
in China and Hong Kong for several years, resulting in human fatalities (Claas et al., 1998). Then the virus spread and
caused new outbreaks in late 2003 and 2004 in several other Asian countries, including Vietnam, Thailand, Lao,
Cambodia, Indonesia, Japan and South Korea. In the summer of 2005, it spread westwards and new outbreaks were
reported from Kazakhstan and Russia. This was soon followed by outbreaks reported in Europe and African countries in
autumn and winter of the same year. During the entire period from 2003 to 2011, the virus was distributed across 60
Asian, European and African countries (FAO, 2009; WAHID, 2011). Although many countries have succeeded in
eliminating the HPAI H5N1 virus after the outbreaks first reported between 2003 and 2006, the virus still persists in
some countries, including China, Indonesia, Vietnam, Bangladesh as well as Egypt (FAO, 2013), where the disease is
endemic causing human cases (Abdelwhab and Hafez, 2011). Between November 2014 and April 2015, human cases
detected by the Egyptian National Health showed the highest rate comparing to other countries over a similar period with
a case fatality rate of 33% (WHO-EMRO, 2015).

Since 2009, the virus temporal pattern has greatly altered due to the occurrence of the outbreaks in the warmer
months of the year (Abdelwhab and Hafez, 2011). Several risk factors for the spread and maintenance of HPAI H5N1
virus have been reported in previous literature. Climatic factors are one of the potential risk factors which greatly affect
the whole process of the outbreak occurrence (Zhang et al., 2010). Unfortunately, the studies investigated the impacts of
air temperature on H5N1 outbreaks are scarce (Gilbert et al., 2008).

Especially in Nile Delta, more investigation on climatic studies should be conducted to determine the conditions
that favor the persistence and circulation of the virus in the environment (Abdelwhab et al., 2010). A limited number of
countries that reported HPAI H5N1 cases have been subject to dedicated studies, whilst the results from those descriptive
studies were highly location-specific (Gilbert and Pfeiffer, 2012). Intermittent and sporadic poultry outbreaks still are
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reported worldwide, despite the application of different disease control measures such as stamping-out, vaccination,
quarantine, disinfection, and animal culling (Capua and Alexander, 2010). The possibility of human to human
transmission and subsequently a human pandemic is increasing due to adaptive mutation and genetic re-assortment of the
H5N1 virus (Park and Glass, 2007; Pfeiffer et al., 2007). The strongest factor for human infection is contact with sick or
dead poultry (Zhou et al., 2009). Hence, it is crucial to control the virus in poultry to prevent human infection (Yupiana
et al., 2010; Zhou et al., 2009). The comprehension of virus spread patterns during outbreaks in poultry helps to reach
this aim (Ward et al., 2008).

The present study was intended to investigate the epidemiology of HPAI H5N1 in Nile delta governorates of Egypt
from 2006 to 2016 in spatial and temporal patterns linking epidemiology with the dynamics of endemic H5N1 virus
evolution. This would provide valuable insights to facilitate the targeted cost-effectiveness control plan. Furthermore, the
current study developed a statistical model to explore the impacts of meteorological parameters and climatic conditions

on the outbreak occurrence of HPAIV H5N1.

MATERIALS AND METHODS

Ethical approval
All procedures performed in this study including collection of outbreak data were in accordance with the Egyptian

ethical standards of the national research committee and with agreement of Egyptian veterinary authorities.

Study area
Egypt has 29 governorates, 17 of these governorates are located in Lower Egypt, of which 11 are in the Nile Delta

as it is illustrated in figure 1. The Nile delta is 40000 km? with more than half of Egypt’s population and large numbers
of poultry. In commercial farms and backyards, the incidence of HPAI H5N1 virus in Lower Egypt was higher than that
in Upper Egypt (Aly et al., 2008, Hafez et al., 2010). The higher incidence rate of disease was observed in the Nile Delta
region where there are high densities of poultry and human populations (Arafa et al., 2016, EI-Zoghby et al., 2013).

This study was carried out in five Nile Delta governorates (Sharkia, Qalyobia, Menofia, and Gharbia) of Egypt as
highlighted in figure 2, where the higher numbers of disease outbreaks were reported (Arafa et al., 2016). In addition,
these regions are considered as leading poultry producing governorates in Egypt (ElIMasry et al., 2017).

In this study, the outbreak was defined as the incidence of disease in farms, household or whole villages. An
outbreak was the unit of analysis, based on that all poultry populations in a given single village were considered infected
with HPAI H5N1 even if there was only one reported outbreak within a certain circumscribed location in this village at a
certain point in time. Each case was Geo-referenced by GPS coordinates where HPAI-H5N1 had been identified at a

definite time.
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Figure 1. The map of Egyptian governorate
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Figure 2. The map of the study area, in Nile Delta
governorates (Dakhlia, Qalyobia, Sharkia, Gharbia, and
Menofia) of Egypt

Data source and data processing

Highly pathogenic avian influenza H5N1

Domestic poultry HPAI-H5N1 outbreak data has been collected from the Egyptian Ministry of Agriculture
(Egyptian Committee for Veterinary Services) based on official reports for national surveillance. Moreover, the database
of the Global Animal Health Information System of the Food and Agricultural Organization (FAO) was obtained from
the Emergency Prevention System for transboundary animal and plant pests and diseases program (EMPRES-i) (FAO
2016). All data from January 2006 to December 2016 were integrated into one dataset.

Climate data

Climatological data from January 2006 to December 2016 were downloaded from the NASA Prediction of
Worldwide Energy Resources (NASA, 2019). The climatic parameters were arranged according to their spatial
coordinates and outbreak times to establish its spatial linkage to HPAI-H5N1 outbreaks. In NASA, the parameters are
based on solar radiation delivered from satellite observation and meteorological data from assimilation models. The
parameters used in the current study were calculated from the same solar and/or meteorological values. Additionally, the
respective parameters were given in units commonly employed in each user community.

Statistical analysis and modeling

The relation between numbers of poultry outbreaks and climatological risk factors was assessed by using Poisson
regression through generalized linear modeling. To predict the HPAI H5N1 outbreaks in poultry, this study used
Generalized Estimating Equation (GEE) model and corrected it through an offset parameter for the poultry population
sizes. The GEE model was selected because of the data consisted of repeated measures of climatic data. It also accounted
for over-dispersion for the number of poultry outbreaks, because one outbreak can result in other outbreaks via local
transmission. The Poisson regression model was formulated for each parameter as follows:

Log(Y) =log (N) + by + b; X;

Here, Y denotes the expected number of poultry outbreaks, N is the poultry population, by is the intercept estimate
X; is the variables tested, b; is their coefficients. Furthermore, variance (Y) = tY, where t is the scale parameter that
reflects the degree of over-dispersion. The antilog of the estimated coefficients bi corresponds to the relative risk.
Univariate analysis for each variable was conducted, and those with a significance level p < 0.01 were considered
significant. All statistical analyses were performed by SAS software version 9.4 and PROC GENMOD was used for the
GEE models.

RESULTS AND DISCUSSION

The spatial pattern of the disease

In Egypt, there is no specific spatial distribution pattern of H5N1, which could indicate the circulation of the virus
wherever the poultry is present. However, a higher rate of disease outbreaks was recorded in Delta of Lower Egypt
(Arafa et al., 2016, El-Zoghby et al., 2013). Figure 3 revealed that the highest disease outbreaks were recorded at
Dakhlia, Qalyobia, Sharkia, Gharbia and Menofia governorates, respectively. This finding was consistent with a previous
study by Arafa et al. (2016) conducted in Lower Egypt. In addition, the highest probability of infection in Dakhlia and
Qalyobia was 50% and 45%, respectively. A Prevalence Rate (PR) of 50x10° infected birds per 100,000 birds was
observed in Dakhlia and 45x10° infected birds per 100,000 birds were found in Qalyobia. While the lowest infection
probability of 3.5%, with a PR of 3.5x10° infected birds per 100,000 birds was recorded in Menofia. This finding is
comparable to the results of Kayali et al. (2014) who reported the lowest and the highest detection percentage of HPAI
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H5N1 were found in Menofia and Dakhlia, respectively. This could be attributed to the highest diversity of the HA gene
recorded in Dakhlia, Qalyobia and Menofia governorates which indicates active virus circulation and in favor of virus
persistence (Arafa et al., 2016). Given that all virus clusters have been recorded in Dakhlia, Qalyobia, and Sharkia in
different time periods, it appears that the mentioned governorates are popular locations for virus transmission, which has
been proved by (Arafa et al., 2016; Scotch et al., 2013).
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Figure 3. The Prevalence rate and probability of highly pathogenic avian influenza H5N1 infection in the Nile Delta
governorates (Dakhlia, Qalyobia, Sharkia, Gharbia, and Menofia) of Egypt from 2006 to 2016

Temporal pattern of the disease

The time series analysis presented in figure 4 clearly confirmed the endemicity of H5N1 virus in Dakhlia,
Qalyobia, Sharkia, Gharbia and Menofia governorates from 2006 to 2016. HPAI H5N1 cases have been continuously
reported every year since the first occurrence of the disease in 2006. These results are the same as those reported by the
previous study in Egypt (Arafa et al., 2016). Considering temporal distribution shown in figure 4, the highest PR was
observed in 2006 with 15 x 10° infected birds per 100,000 bird then the PR declined sharply to around 3 x 10° infected
birds per 100,000 bird in 2007, 2008 and 2009. This sharp decline can be attributed to effective control strategies such as
vaccination and containment following outbreak detection. It may also be associated with underreporting of the disease
due to fear of culling and inadequate compensation. As well as, there is a shortage in the notification of disease in the
poultry industry in Egypt (FAO, 2011). It could also be explained as the classic clade 2.2.1 was predominant and
remained stable from 2006 to 2009 (Arafa et al., 2016). Continuous improper vaccination in Egypt resulted in emerging
of antigenically different viruses in 2007 (Balish et al., 2010; Cattoli et al., 2011). Two variant clades 2.2.1.1 and
2.2.1.1a had emerged from the classic clade 2.2.1. The 2.2.1.1 clade evolved in late 2007 to 2009, while the clade
2.2.1.1a emerged in 2008 and remained until 2011. After that, there are no reports for the detection of the variant
clusters (Arafa et al., 2016).
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Figure 4. The estimated prevalence rate of highly pathogenic avian influenza H5N1 in Nile Delta governorates (Dakhlia,
Qalyobia, Sharkia, Gharbia, and Menofia) of Egypt from 2006 to 2016
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In figure 4, the PR again increased from 2008 till it reached the first peak in 2010 with a rate of 7 x 10° infected
birds per 100,000 birds then declined again and became almost stable from 2012 to 2014. The second cluster peak was
observed in 2015 with a PR of 3 x 10% infected birds per 100,000 birds. The rising of PR along with the highest peak in
2008 until 2010 and the emergence and rapid spread of clade 2.2.1.1 highlight the selective advantages of these viruses
in vaccinated birds. The following sharp decline reflected the period of the extinction of the 2.2.1.1 variant strains.
Despite there are no available clear reasons for exclusion of this clade, the adaptation of vaccines to these viruses had
been occurred (Naguib et al., 2016).

The gradual accumulation of genetic mutations in the HA protein resulted in emerging of the endemic clade 2.2.1.2
that was first identified in Egypt in 2008 and became the dominant detected cluster between 2009 and 2014 in both
commercial and household poultry sectors (Arafa et al., 2016; EI-Shesheny et al., 2014). Therefore, it may indicate that
the same virus was circulating undetected from 2008 to 2010. In addition, the observed stability in PR from 2012 to
2014 can be attributed to the high adaptation capability of the clade 2.2.1.2 in poultry and environment, therefore it is
considered as an endemic cluster (Arafa et al., 2012).

As shown in figure 4, the second-highest peak in 2015 could be explained by the obtained predominance nature of
the distinct cluster of 2.2.1.2 HPAI H5N1 virus since summer 2014 followed by a sudden rise in poultry houses in late
2014 (Arafa et al., 2015). Since November 2014, in parallel with the rising of virus activity among poultry, viruses of
this cluster were also associated with a huge increased incidence of human H5N1 infections in Egypt (Arafa et al., 2015).
Furthermore, the high frequency of HPAIV H5N1 outbreaks in poultry was correlated with increased rates of human
infections from 2014 to 2015 (Naguib et al., 2016). This finding can be related to the increased binding affinity of the
widely circulated virus (clade 2.2.1.2) to human receptors due to mutations (Arafa et al., 2016). This led to enhance
poultry-to-human transmission cases, in addition to an increase in the rate of evolution in all genomic segments of the
virus compared to the predecessor 2.2.1 clade. In all poultry production systems throughout the country, high
evolutionary dynamics of H5N1 viruses were observed (Arafa et al., 2016), leading to the outbreaks in several
successive peaks along with the virus evolution. Also, Naguib et al. (2016) declared that antigenic drift in the virus since
its introduction in 2006 confirmed the rapid evolution of HSN1 HPAIV in Egypt.

In this regard, H5N1 viruses in Egypt have progressive evolution rate which could be attributed to sub-optimal use
of vaccines resulting in virus persistence for long periods in the environment which led to the endemic prevalence of
2.2.1.2 viruses along six consecutive years (Arafa et al., 2016; Cattoli et al., 2011). Cattoli et al. (2011) concluded that
positive selection and evolutionary dynamics of viruses significantly increased in countries which applied the
vaccination against H5SN1 viruses in poultry compared to countries that had never applied vaccination.

Modeling highly pathogenic avian influenza outbreaks and the meteorological parameters

Table 1 was designed to estimate the association between the climatic factors and the risk of HPAI outbreaks in the
Nile Delta governorates through the period from 2006 to 2016, and only covers the periods of outbreak occurrence
collectively, regardless of seasons. It was based on the Poisson models fitted with GEEs. The number of poultry
outbreaks was univariately associated with maximum and minimum temperature, relative humidity, dewpoint
temperature, and maximum wind speed (p<0.05). The number of poultry outbreaks was negatively correlated with all
climatic parameters except for the relative humidity which showed a positive association with outbreaks.

The estimated coefficients and effects of the GEE model are shown in table 1. The estimated coefficient of
temperature was negative and statistically significant, suggesting that outbreak probability decreases as temperatures
rise. In particular, an increase of one-unit in maximum temperature reduced the risk of outbreaks in poultry by about 6%.
As well as, a one-unit increase in minimum and dewpoint temperature decreased the risk of poultry outbreaks by 4%.
Nevertheless, the negative association between outbreaks and temperature was consistent with findings of previous
literature (Liu et al., 2007; Mu et al., 2011; Tiensin et al., 2007; Zhang et al., 2010). While a one-unit increase in relative
humidity was related to 1% increase in the outbreak. In addition, a one-unit increase in minimum wind speed at two
meters above ground decreased the risk of the outbreak by 5%. This can be explained by the fact that the dispersion
effect of wind on virus load in the air reduces the ability of the virus to cause infection.

Despite the strong established association between environmental temperature and HPAI-H5N1 outbreaks (Zhang
et al. 2014), the results of the current study on some Nile Delta governorates showed a lower effect of temperature on the
outbreak occurrence. This could be supported by the reported sporadic outbreaks throughout the year in poultry and
human which was recently described in several studies (Aly et al., 2008; Arafa et al., 2016; Hafez et al., 2010; WHO,
2010). Aly et al. (2008) and Hafez et al. (2010) demonstrated the association of H5N1 virus infection to the winter
season in Egypt during 2006-2008, with a decreased incidence throughout summer and autumn months. This might be
explained by the classic clade 2.2.1 which was predominant and remained stable from 2006 to 2009 (Arafa et al., 2016).
While since 2009 the classic viruses evolved into a new clade and the epidemiology of HPAI virus and temporal patterns
have been changed. The outbreaks occur in the warm-season and the virus is circulated throughout the year (Abdelwhab
and Hafez 2011; Cattoli et al., 2011).
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Table 1. Estimation of the association between meteorological parameters and the risk of highly pathogenic avian
influenza outbreaks from 2006 to 2016, in Nile Delta governorates (Dakhlia, Qalyobia, Sharkia, Gharbia and Menofia),

Egypt
Meteorological 95% CI estimate P-value

parameters Parameter (upper and lower confidence limits) (Pr>12) Crude RR (35% Cl) Effect
Relative Intercept (-16.555??5.5308) <0001 (1.00%9%1-%2(?2056) 1.22%
humidity Parameter (-16.532'10-1?124.5308) 0.0036
Dewpoint Intercept (-16.55%1'(-)?52.5308) <0001 (0.942(3)5%??)?5)26778) -4.20%
temperature Parameter (-16.53_2()i()-4-21%1.5308) <.0001
Maximum Intercept (-16.55%1'?%.5308) <0001 (0.910132?(?;589) 6-50%
temperature Parameter (-16.53_2()i()-6-712z1.5308) <.0001
Minimum Intercept (-16.552??%25308) <0001 (0.9525956-3?917133) ~3.62%
temperature Parameter (-16.53_2()i()-3-€31%1.5308) <.0001
Maximum wind ___'"eeeP! (-16.55%1'??5152.5308) <0001 (0.93221%?8.3;6445) 497
speed Parameter -0.0509 <.0001

(-16.5321 - -14.5308)

Cl: confidence interval, RR: relative risk

CONCLUSION

This study concluded that the high evolutionary dynamics of the Egyptian H5N1 viruses led to the appearance of
outbreaks in several successive peaks along with the virus evolution. Results from the GEE model indicated that the
effect of temperature on outbreak occurrence is lower than that reported by previous studies. This finding is supported by
the sporadic outbreaks that have occurred throughout the year in poultry and human since 2009. The classic viruses
evolved into new clades and the epidemiology of HPAI virus and temporal patterns have been changed. Hence, the
viruses circulate all year round and outbreaks occur in the warm season. Continuous monitoring of spatiotemporal
patterns of the circulating viruses is necessary to improve the cost-effectiveness of disease control and prevention.
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