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   Preface 

In the last 10 decades, the global human population is constantly increasing; leading 

to an extensive livestock production to satisfy the daily consumption and the protein 

intake. This demand has promoted the extensive livestock farming worldwide for meat 

production and related goods. Poultry is one of the animal categories most widely 

exploited due to the short production cycle and the small space required for raising a 

large number of population. For this reason, the poultry farming systems have been 

developed in both advanced and developing countries using different level of biosecurity 

concerning the environmental interaction. Low biosecurity in the poultry farms usually 

leads to the introduction and spread of the pathogens in high dense populations, and affect 

negatively the productivity. 

Among the infectious diseases that affect poultry, avian influenza (AI) and 

Newcastle disease (ND) are known to cause severe damage to the poultry industry. 

Therefore, preventive measures such as improvement of biosecurity and effective 

prophylaxis can minimize the occurrence of these diseases. However, in most cases, 

especially in the traditional and small-scale poultry farming systems, these measures are 

rarely applied. Besides the poultry population, wild birds play an important role as 

reservoirs and carriers of the AI and ND viruses, being causative agents of the diseases 

[1,2]. These wild birds are also susceptible to some AI virus (AIV) and Newcastle disease 

virus (NDV) strains. Considering this fact, it is clear that all avian species are at risk for 

the infection and need to be protected. 
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Apart from the damage caused by the AI and ND to the poultry industry and wild 

bird populations, many AIV strains have shown their zoonotic potential acquired by 

mutation and interspecies adaptation, threatening on the public health [3-6]. For the 

preparedness for any eventuality and to prevent the occurrence of such events, it is 

recommended to implement an effective surveillance for the detection and 

characterization of circulating viral strains to identify possible mutations that can lead to 

the virulence change, cross-species transmission, and pandemic in humans. 

In the Democratic Republic of the Congo (DRC), the poultry industry either in the 

industrial or traditional system is important for food safety and economy. The increase 

of poultry farms with a low biosecurity system is critical in terms of AIV and NDV 

infection. Additionally, in the rural areas, farmers keep their poultry close to the human 

habitats resulting in a permanent contact between humans and poultry enhancing the 

potential risk of zoonotic infection by the AIVs, even though no case of such infection 

has been reported in the DRC. The first case of high pathogenicity AI (HPAI) in the DRC 

was detected in backyard farms [7], this confirms the vulnerability of these farming 

systems that expose birds to the infection.  One year after the first HPAI outbreak, an 

outbreak of ND was reported in backyard farms, with high mortality in chickens. These 

situations required establishing an effective surveillance for both AI and ND to prevent 

further incursion and spread of the viruses in the poultry populations, and to monitor the 

zoonotic potential of AIVs.       

The stamping out of infected birds with HPAI viruses (HPAIVs) is highly 

recommended to reduce the spread of the AIV in case of an outbreak [8]; whereas the 

active surveillance and the biosecurity enhancement in the farms are the standard 
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measures. However, the therapeutic options should be envisaged for the treatment of 

some bird species that might escape from the traditional control measures. The valuable 

captive wild bird populations might be subjected to the treatment when infected with 

HPAIVs. Therefore, effective and appropriate antiviral drugs need to be evaluated for 

this purpose. 

Regarding the above situations, the present study aimed to provide detailed traits 

of AIV and NDV isolated in the DRC, and to evaluate the antiviral drugs that can be used 

for the treatment of HPAIV infection in captive wild birds. Under this concept, this thesis 

covers three topics divided into three chapters. Chapter I is related to the characterization 

of the H5N8 HPAIVs isolated in the DRC in 2017; Chapter II focuses on the NDVs 

isolated in the DRC in 2018 and 2019. Considering the importance of valuable captive 

birds that can be killed by HPAIV or subjected to the stamping out due to the infection, 

Chapter III evaluates the antiviral drugs that can be used for the treatment of captive wild 

birds for the conservation of the breed.  
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Chapter I 

Molecular, antigenic, and pathogenic characterization of H5N8 

high pathogenicity avian influenza viruses isolated in the 

Democratic Republic of Congo in 2017
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Introduction 

In 1996, the H5N1 HPAIV A/goose/Guangdong/1/1996 (Gs/GD) emerged in China. 

The descendants of this Gs/GD-like virus, classified in different genetic clades based on 

the H5 HA gene, spread globally [9,10]. The co-circulation of this virus with other AIVs 

in poultry and wild bird populations has led to reassortment with viruses carrying 

different neuraminidase (NA) genes to generate H5Nx viruses [11]. 

In 2010, a reassortant of an HPAIV with an N8 gene isolated from a mallard duck 

classified in the major clade 2.3.4.4, was reported in wild birds in China [12]. In late 

2014, the progeny of this H5N8 HPAIV caused several outbreaks in Pekin ducks, 

chickens, geese, and wild birds in South Korea; consequent outbreaks were reported in 

Japan, China, and some European countries, as well as in Canada and the United States 

by the end of the year [13-16]. During the evolution of this reassortant H5N8 HPAIV of 

major clade 2.3.4.4, two distinct clades were identified: the viruses of clade 2.3.4.4c were 

detected in eastern Asia and North America [14] also detected in Europe [17], and the 

clade 2.3.4.4b viruses were detected in China, South Korea, and the Russian Federation 

and later found in the Middle East [18], Europe [19], and in West Africa [20]. Lastly, 

early in 2017, the clade 2.3.4.4b viruses caused outbreaks in eastern and central African 

countries, including Uganda, Cameroon, and the DRC [7,21-23]. The migratory 

waterfowls have been pointed out to play an important role in the global spread of 

HPAIVs due to the long-distance seasonal movements along their migration routes; 

furthermore, the presence of other sedentary waterfowls have been suggested to facilitate 

the intra-continent dissemination of the virus [24,25]. 
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In reported global HPAI outbreaks caused by the H5N8 virus of major clade 2.3.4.4, 

the mortality of naturally infected Muscovy ducks (Cairina moschata) was only 

sporadically described; however, in the previous study of the outbreaks that occurred in 

the DRC [7], high mortality was reported in this species. Although most of the studies 

regarding the pathogenicity of HPAIVs have been conducted in Pekin ducks, these two 

duck species differ genetically; even though they have a common ancestor and share the 

characteristics of anseriform [26,27]. Furthermore, no study has assessed the antigenic 

characteristics and pathogenicity in poultry of the H5N8 HPAIVs of clade 2.3.4.4b newly 

reported in eastern and central African countries. Therefore, this study aims to 

characterize the molecular, antigenicity, and pathogenicity in poultry of the H5N8 

HPAIVs isolated in the DRC to understand their features.



4 

 

Materials and Methods 

Virus isolation 

In the previous study, four representative H5N8 HPAIV isolates from swab samples 

collected from 22 birds in Ituri Province, DRC, were genetically analyzed at the Istituto 

Zooprofilattico Sperimentale delle Venezie in Italy [7]. For this study, medium aliquots 

of all swab samples were sent to the Laboratory of Microbiology, Faculty of Veterinary 

Medicine, Hokkaido University in Japan for further analysis. The samples were 

inoculated into 10-day-old embryonated chicken eggs obtained from conventional 

chicken flocks tested free of AIV antibody. The harvested allantoic fluids were subjected 

to the hemagglutination test (HAt) according to the World Organization for Animal 

Health (OIE) manual [28]. In total, eight H5N8 HPAIVs were isolated and characterized, 

in addition to the four isolates described in the previous study (Table 1). The viral titers 

of the isolates were determined as the 50% egg infectious dose (EID50) and calculated 

using the Reed and Muench method [29]. The isolates were stored at −80°C until further 

use.
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Table 1. H5N8 HPAIV isolated in the DRC in 2017 

*indicates a virus published previously [7]. For the eight newly studied viruses, the accession numbers are given in the following gene order: PB2, PB1, 

PA,  HA, NP, NA, M, and NS. 

 

Isolate Isolate abbreviation 

             

Sampling 

   date 

          Sampling site 

Accession number 
Latitude Longitude 

A/Muscovy duck/DR Congo/KAF1/2017 Mdk/CD/KAF1/17 13 May 1.559 30.559 MK631786 to MK631793 

A/Muscovy duck/DR Congo/KAF4/2017 Mdk/CD/KAF4/17 13 May 1.559 30.559 MK636723 to MK636730 

A/Muscovy duck/DR Congo/17RS882-40/2017* Mdk/CD/17S882-40/17 13 May 1.559 30.559 MG607403,  MG607407,  

MG607411, MG607415,  

MG607419,  MG607423,  

MG607427,  MG607431 

A/Muscovy duck/DR Congo/NYA4/2017 Mdk/CD/NYA4/17 14 May 1.532 30.527 MK636731 to MK636738 

A/Muscovy duck/DR Congo/NYA14/2017 Mdk/CD/NYA14/17 14 May 1.532 30.527 MK636739 to MK636746 

A/Muscovy duck/DR Congo/NYA15/2017 Mdk/CD/NYA15/17 14 May 1.532 30.527 MK636747 to MK636754 

A/Muscovy duck/DR Congo/17RS882-33/2017* Mdk/CD/17S882-33 14 May 1.532 30.527 MG607402,  MG607406,  

MG607410, MG607414,  

MG607418,  MG607422,  

MG607426,  MG607430 

A/Muscovy duck/DR Congo/TCH4/2017 Mdk/CD/TCH4/17 14 May 1.455 30.485 MK636755 to MK636762 

A/Muscovy duck/DR Congo/TCH5/2017 Mdk/CD/TCH5/17 14 May 1.455 30.485 MK636763 to MK636770 

A/Muscovy duck/DR Congo/TCH6/2017 Mdk/CD/TCH6/17 14 May 1.455 30.485 MK636771 to MK636778 

A/Muscovy duck/DR Congo/17RS882-5/2017* Mdk/CD/17S882-5/17 14 May 1.455 30.485 MG607404,  MG607408,  

MG607412, MG607416,  

MG607420,  MG607424,  

MG607428,  MG607432 

A/Muscovy duck/DR Congo/17RS882-29/2017* Mdk/CD/17S882-29/17 15 May 1.599 30.606 MG607401,  MG607404,  

MG607409, MG607413,  

MG607417,  MG607421,  

MG607425,  MG607429 
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Sequencing and molecular analysis 

Viral RNA was extracted from fresh infectious allantoic fluid using the TRIzol LS 

reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s 

protocol. The extracted RNA was subjected to next-generation sequencing. Briefly, 

MiSeq libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for 

Illumina (New England Biolabs, Ipswich, MA, USA) and sequenced using the MiSeq 

Reagent Kit v3 (600 cycles) (Illumina, San Diego, CA, USA). Sequence reads were 

mapped to reference sequence of AIV A/mallard duck/Netherlands/43/2006 (H5N2) 

accession number KX979501 for HA gene, and the consensus sequence was rebuilt until 

all mismatches were solved using the CLC Genomic Workbench, version 12.0 (CLC bio, 

Aarhus, Denmark). All viral sequences were submitted to GenBank, and accession 

numbers are provided in Table 1.  

For phylogenetic analysis, the nucleotide sequence datasets of eight viral gene 

segments from representative major clade 2.3.4.4 viruses, including outgroup viruses 

downloaded from the Global Initiative on Sharing All Influenza Data and GenBank, were 

created and aligned. The maximum likelihood (ML) was applied to construct the 

phylogenetic trees using the best-fit general time reversible (GTR) model of the 

nucleotides substitution with gamma-distributed rate variation among sites (with 4 rate 

categories, Г4) included in MEGA 7 software [30]. 

The evolutionary divergence over sequences pairs between the DRC viruses and 

other related viruses of the clade 2.3.4.4b was calculated in MEGA 7 using the Kimura’s 

method [31] with 48 sequences grouped in 9 regions representing the origin of sequences 
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including the DRC, Uganda, Cameroon, South Africa, Egypt, India, Middle East, Europe, 

and East Asia.  

The GENETYX network version 12.0 (Genetyx Co., Tokyo, Japan) was used to 

assess the position of the deduced amino acid (AA) sequences in the antigenic sites of 

the HA protein for all the DRC isolates and compared to other representative viruses of 

major clade 2.3.4.4 according to the H3 numbering as described previously [32]. 

Antiserum preparation and antigenic analysis  

Two isolates A/Muscovy duck/DR Congo/KAF1/2017 (Mdk/CD/KAF1/17) and 

A/Muscovy duck /DR Congo/NYA14/2017 (Mdk/CD/NYA14/17) were selected based 

on their differences in deduced AA sequences of the HA protein. The antigen was 

prepared as described previously [33]. For antiserum production, 500 µg of the antigen 

mixed with Freund’s complete and Freund’s incomplete adjuvant for the first and the 

second inoculation, respectively, was injected intramuscularly into the thigh muscle of a 

naïve chicken twice at 14 day intervals; 14 days later, a booster with 1 mL of the antigen 

mixed with phosphate buffered saline (PBS) was injected intravenously. Seven days after 

the booster, whole blood was collected from the chicken for serum preparation. The 

antisera, and their corresponding antigens, were included in a panel of representative 

viruses from clade 2.3.4.4a, c, and e. Then, cross-reactivity was assessed using the 

hemagglutination inhibition (HI) test (Table 2). The A/chicken/Kumamoto/1-7/2014 

(H5N8) virus (Ck/Kmm/1-7/14; accession number: AB932556) was isolated from a 

chicken in Japan [34]; the A/black swan/Akita/1/2016 (H5N6) virus (BS/Akita/1/16; 

accession number: LC198528) was isolated from a black swan in Japan. The 

A/duck/Vietnam/HU1-1151/2014 (H5N6) (Dk/VTN/HU1-1151/16 accession number: 
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LC041313) virus was isolated from a Pekin duck during surveillance activity in Vietnam, 

and the A/peregrine falcon/Hong Kong/810/2009 (H5N1) (PF/HK/810/09 The 

A/duck/Vietnam/HU1-1151/2014 (H5N6) (Dk/VTN/HU1-1151/16; accession number: 

LC041313) virus was isolated from a Pekin duck during surveillance activity in Vietnam, 

and the A/peregrine falcon/Hong Kong/810/2009 (H5N1) (PF/HK/810/09; accession 

number: AB521159) virus was isolated from a peregrine falcon in Hong Kong. In 

addition, the serum against A/mallard/Hokkaido/24/2009 (H5N1) (Mal/Hok/2009) an 

unclassified low pathogenicity avian influenza isolated in wild birds in japan [37] was 

included in the in the panel. To visualize the antigenic constellation of these viruses, the 

antigenic map was built using the ACMACS website (https://acmacs-

web.antigeniccartography.org/). The antigenic cartography methods were applied using 

the cross-HI test titers as described previously [35]. The distance between two antigens 

was calculated using ACMACS, and the difference was considered significant if the 

distance between two antigens was more than two antigenic units for a given combination 

[36].
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Table 2. Antigenic analysis of clade 2.3.4.4 a, b, c, and e H5Nx viruses 

 

Clade Group Virus Subtype 

Antisera 

Mdk/CD 

KAF1/17 

Mdk/CD   

NYA14/17 

Bs/Aki/ 

1/16 

Dk/VN/ 

1151/14 

Ck/Kmm/ 

1-7/14 

PF/HK/ 

810/09 

Mal/Hok/ 

24/09 

2.3.4.4 b Mdk/CD/KAF1/17 H5N8 2,560 2,560 80 640 640    640 40 

2.3.4.4 b Mdk/CD/NYA14/17 H5N8 2,560 5,120 640 2,560 1,280    640 80 

2.3.4.4 b Mdk/CD/TCH6/17 H5N8 2,560 2,560 80 640 640    640 40 

2.3.4.4 b Mdk/CD/17S882-29/17 H5N8 2,560 2,560 320 640 640    640 40 

2.3.4.4 e BS/Akita/1/16 H5N6    640    640 1,280 640 640   160 40 

2.3.4.4 a Dk/VTN/HU1-1151/14 H5N6 1,280 2,560 2,560 2,560 1,280 1,280 80 

2.3.4.4 c Ck/Kmm/1-7/14 H5N8   640 1,280 640 640 1.280    640 40 

2.3.4 - PF/HK/810/09 H5N1  320     80 40 160 <20 5,120 20 

Bold font indicates representative viruses isolated in the DRC. Underlined numbers indicate homologous titers for each virus and the corresponding antiserum. 
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Animal experiments 

To investigate the pathogenicity of the DRC H5N8 viruses in poultry, 0.1 mL of 

one representative isolate (Mdk/CD/KAF1/17) at 106.0 EID50 was inoculated intranasally 

to eight, six-week-old chickens (Gallus gallus domesticus, Julia) witch were obtained 

from Hokkai Starchick, Hokkaido, Japan; eight, four-week-old Muscovy ducks (Cairina 

moschata) hatched in the  Laboratory of Microbiology, Faculty of Veterinary Medicine, 

Hokkaido University, Japan; and eight, four-week-old Pekin ducks (Anas platyrhynchos 

domesticus, Cherry Valley) obtained from Takikawa Shinseien, Hokkaido, Japan. All 

bird species used for animal experiments were conventional and obtained from flocks 

free of antibody against AIVs by HI test before the experiment. At three days post-

inoculation (dpi), four birds from each experimentally infected group were sacrificed, 

and organ samples including the trachea, lung, kidney, colon, pectoral muscle, and brain, 

were collected for virus titration. The remaining birds in each group were monitored for 

clinical observation until 14 dpi. 

For virus titration, the collected organs were homogenized using a Multi-Beads 

Shocker (Yasui Kikai, Osaka, Japan) to make 10% (w/v) suspensions in viral transport 

medium. Viral infectivity was observed as the cytopathogenic effect (CPE) after 

inoculating viral suspensions on Madin-Darby Canine Kidney (MDCK) cell monolayers; 

viral titers were calculated as the 50% tissue culture infectious dose (TCID50).  
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Ethical statement  

All animal experiments were performed in the animal biosafety level 3 (ABSL3) 

facility at the Faculty of Veterinary Medicine of Hokkaido University, Sapporo, Japan; 

approval number 16-0105 and 18-0037 for the antiserum preparation and the 

pathogenicity assessment, respectively. The experiments were conducted under the 

guidelines of the Institutional Animal and Committee of Hokkaido University, certified 

by the Association for Assessment and Accreditation of Laboratory Animal Care 

International (AAALAC International) since 2007. 

Statistical analysis 

To compare viral replication titers in chicken, Muscovy duck, and Pekin duck 

organs, the one-way analysis of variance Tukey test was performed using SPSS version 

20.0 (IBM Corp, Armonk, NY, USA). The difference was considered significant when 

the p value was less than 0.05.
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Results 

Phylogenetic and genetic analyses  

Full-length sequences of the eight gene segments of 12 DRC H5N8 HPAIV isolates 

were analyzed with other H5Nx viruses of clade 2.3.4.4. The phylogenetic tree based on 

the HA gene segment showed that all 12 viruses isolated in the DRC clustered along with 

the other African and Eurasian H5N8 HPAIVs in major clade 2.3.4.4b (Figure 1). The 

same pattern was observed for the NA gene and the other internal gene segments (Figure 

2 to 8). All eight gene segments of the DRC isolates exhibited a close relationship with 

viruses from Uganda and one virus from Cameroon, toward which they showed the 

highest similarity (99.53% and 99.35%, respectively) when analyzed in the basic local 

alignment search toll (BLAST). The viruses isolated in Egypt, South Africa and some in 

Cameroon clustered separately from the DRC viruses, thus showing higher genetic 

distances; suggesting possible multiple introductions of these viruses into Africa
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Figure 1. Phylogenetic tree based on the HA gene segment containing 83 sequences (1,562 nucleotides) of H5N8 

HPAIVs isolated in the DRC. 

The sequences were aligned together with representative H5Nx strains isolated in other African, European, and 

Asian countries, and in the United States of America. Red color represents viruses isolated in the DRC, black 

circles indicate viruses included in this study; black rhombus sign indicates the virus used in the antigenic analysis 

for clade 2.3.4.4a, c, e and a low pathogenicity avian influenza virus in clade 2.3.4; and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node indicate 

the bootstraps values ≥ 60%. 
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Figure 2. Phylogenetic tree based on the NA gene of H5N8 HPAIVs. 

The dataset contains 70 nucleotide sequences (1,444 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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Figure 3. Phylogenetic tree based on the PB2 gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (2,329 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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Figure 4. Phylogenetic tree based on the PB1 gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (2,329 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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Figure 5. Phylogenetic tree based on the PA gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (2,218 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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Figure 6. Phylogenetic tree based on the NP gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (1,1551 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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Figure 7. Phylogenetic tree based on the M gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (1,013 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 

A/ostrich/South Africa/S2017/08 0046 AF/2017 (H5N8)
A/guinea fowl/South Africa/S2017/08 0190 9/2017 (H5N8)

A/guinea fowl/South Africa/S2017/08 0243 P2/2017 (H5N8)
A/geese/South Africa/S2017/08 0558 P1/2017 (H5N8)
A/chicken/South Africa/S2017/08 0561 P2/2017 (H5N8)
A/ostrich/South Africa/S2017/08 0484 P2/2017 (H5N8)
A/swan/South Africa/S2017/08 0517 P1/2017 (H5N8)

A/green-winged teal/Egypt/871/2016 (H5N8)

A/Common-coot/Egypt/CA285/2016 (H5N8)

A/duck/Egypt/SS19/2017 (H5N8)
A/duck/Cameroon/17RS1661-3/2017 (H5N8)

A/grey-headed gull/Uganda/MUWRP-538/2017 (H5N8)

A/Muscovy duck/DR Congo/TCH5/2017 (H5N8)
A/Muscovy duck/DR Congo/TCH4/2017 (H5N8)
A/Muscovy duck/DR Congo/NYA14/2017 (H5N8)

A/Muscovy duck/DR Congo/17RS882-29/2017 (H5N8)
A/Muscovy duck/DR Congo/KAF4/2017 (H5N8)
A/Muscovy duck/DR Congo/NYA4/2017 (H5N8)

A/Muscovy duck/DR Congo/17RS882-33/2017 (H5N8)
A/Muscovy duck/DR Congo/17RS882-5/2017 (H5N8)

A/Muscovy duck/DR Congo/KAF1/2017 (H5N8)
A/Muscovy duck/DR Congo/TCH4/2017 (H5N8)

A/Muscovy duck/DR Congo/17RS882-40/2017 (H5N8)
A/Muscovy duck/DR Congo/TCH6/2017 (H5N8)

A/grey-headed gull/Uganda/MUWRP-538/2017 (H5N8)

A/duck/India/10CA01/2016 (H5N8)
A/tufted duck/Denmark/17740-1/2016 (H5N8)
A/wild duck/Poland/82A/2016 (H5N8)
A/tufted duck/Germany-SH/R8444/2016 (H5N8)

A/duck/Egypt/F446/2017 (H5N8)

A/great crested grebe/Uvs-Nuur Lake/341/2016 (H5N8)
A/great crested grebe/Tyva/34/2016 (H5N8)

A/duck/Riyadh/AI2/2017 (H5N8)
A/Ornamental bird/Al-Qasim/AI9/2017 (H5N8)
A/Bulbul/Riyadh/AI4/2017 (H5N8)

A/chicken/Cameroon/17RS1661-1/201 (H5N8)
A/green-winged teal/Egypt/877/2016 (H5N8)
A/pigeon/Cameroon/17RS1661-4/2017 (H5N8)

A/black swan/Akita/1/2016 (H5N6)
A/Mandarin duck/Korea/K16-187-3/2016 (H5N6)

A/Muscovy duck/Vietnam/LBM756/2014 (H5N6)
A/feline/Guangdong/1/2015 (H5N6)

A/duck/Guangdong/GD01/2014 (H5N6)
A/goose/Hunan/118/2014 (H5N6)

A/muscovy duck/Vietnam/LBM631/2014 (H5N1)
A/duck/Vietnam/HU1-1151/2014 (H5N6)
A/environment/Zhenjiang/C13/2013 (H5N6)
A/Sichuan/26221/2014 (H5N6)

A/duck/Taiwan/A3400/2015 (H5N8)
A/chicken/Miyazaki/7/2014 (H5N8)

A/mallard/Washington/196262/2015 (H5N2)
A/turkey/Washington/61-22/2014 (H5N2)
A/chicken/Iowa/04-20/2015 (H5N2)

A/broiler duck/Korea/H29/2014 (H5N8)
A/broiler duck/Korea/Buan2/2014 (H5N8)
A/chicken/Kumamoto/1-7/2014 (H5N8)
A/crane/Kagoshima/KU41/2014 (H5N8) 
A/duck/Chiba/26-372-48/2014 (H5N8)
A/turkey/Germany-MV/R2472/2014 (H5N8)
A/wigeon/Sakha/1/2014 (H5N8)
A/duck/England/36254/14 (H5N8)

A/chicken/Netherlands/14015526/2014 (H5N8)
A/mallard/Alaska/AH0088535/2016 (H5N2)

A/goose/Guangdong/k0103/2010 (H5N5)
A/duck/Eastern China/008/2008 (H5N5)

A/duck/Shandong/Q1/2013 (H5N8)
A/breeder duck/Korea/Gochang1/2014 (H5N8)

A/mallard duck/Shanghai/SH-9/2013 (H5N8)
A/Anhui/1/2005 (H5N1)

63

61

87

74

78

87

90

99

67

75

80

61

100

100

99

0.0100



20 

 

 

Figure 8. Phylogenetic tree based on the NS gene of H5N8 HPAIVs.  

The dataset contains 68 nucleotide sequences (876 nucleotides in length). The red color indicates viruses 

isolated in the DRC, the black circles indicate the viruses reported in this study, and blue color are the 

representative H5N8 viruses isolated in other African countries. The numbers below or above the node 

indicate the bootstraps values ≥ 60%. 
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The genetic distance between the DRC viruses and related viruses from Africa and 

Eurasia was estimated by evolutionary divergence over their sequences. The result 

revealed a genetic distance between the DRC viruses and those from Cameroon, South 

Africa and Egypt with the distance of 0.81%, 1.42%, and 1.64%, respectively (Table 3). 

The DRC isolates were aligned with other representative H5N8 HPAIV isolates of 

clade 2.3.4.4b from Africa, Asia, and Europe; the position of the deduced AA sequences 

in the HA protein was identified. All representative clade 2.3.4.4b viruses included in the 

analysis had similar sequences in the critical position of the antigenic sites. The 

multibasic AA in the cleavage site of the HA protein of the DRC viruses displayed the 

common motif (LREKRRKR/GLF) of the HPAIV strains as observed for other clade 

2.3.4.4b H5N8 HPAIVs [20]. No deletions or insertions were observed in the nucleotide 

sequence of the HA protein of the DRC isolates when compared to the representative 

viruses of the same clade 2.3.4.4b. 



 

 

 

2
2
 

 

 

Table 3. Estimates of evolutionary divergence over sequence pairs between the DRC viruses and related representative 

viruses from clade 2.3.4.4b 

The numbers of base substitutions per site from averaging over all sequence pairs between groups are shown. Analyses were conducted using the Kimura 

2-parameter model [30]. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The analysis involved 48 

nucleotide sequences. Codon positions included were 1st+2nd+3rd. All positions containing gaps and missing data were eliminated. There were a total 

of 1,562 positions in the final dataset. Evolutionary analyses were conducted in MEGA7. 

Origin of sequences 

No. of 

sequences   

included 

Number of Base Substitutions Per Site 

DRC Ugd Cmr SA Egy Ind ME EU EA 

DR Congo (DRC) 12          

Uganda (Ugd) 4 0.45         

Cameroon (Cmr) 4 0.81 0.79        

South Africa (SA) 5 1.42 1.01 0.71       

Egypt (Egy) 7 1.64 1.59 1.51 1.71      

Indian (Ind) 1 0.64 0.61 0.74 0.78 1.48     

Middle East (ME) 7 1.22 1.17 1.22 1.19 1.97 1.09    

Europe (EU) 4 1.01 0.99 1.02 1.26 1.67 0.88 1.18   

East Asia (EA) 4 1.36 1.33 1.23 1.32 1.81 1.17 1.58 1.44  
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Antigenic features of the DRC viruses  

  Four representative isolates from the DRC and a panel of H5Nx HPAIVs in 

the clade 2.3.4.4a, c, and e, isolated in Asia were analyzed, and their corresponding 

antisera were used for the cross-HI test (Table 2). The antigenic cartography (Figure 9) 

derived from the cross-HI test results revealed that despite antigenic clustering of the 

major clade 2.3.4.4 viruses, a moderate difference was noticed between the two DRC 

viruses (Mkd/CD/KAF1/17 and Mkd/CD/TCH6/17) and the BS/Akita/1/16 virus with 

three antigenic units distant. However, no difference was observed between the DRC 

viruses and the Ck/Kmm/1-7/14 or Dk/VTN/HU1-1151/16. On the other hand, the 

antisera raised against the Mdk/CD/KAF1/17 and Mdk/CD/NYA14/17 viruses were 

antigenically different from the BS/Akita/1/16 virus. This result suggested that there is a 

slight antigenic difference between the DRC viruses in clade 2.3.4.4b and e; but not with 

the viruses in clade 2.3.4.4c and a in the same genetic major clade 2.3.4.4. Furthermore, 

a significant antigenic divergence was noticed between all viruses of major clade 2.3.4.4 

with the virus PF/HK/810/09 of clade 2.4.3 and the antiserum raised against the 

unclassified virus Mal/Hok/24/09. 
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Figure 9. Antigenic cartography of H5Nx HPAIVs of major clades 2.3.4.4 and 2.3.4. The square 

and the circle indicate the antiserum and the antigen, respectively. The yellow, red, blue and 

green colors indicate clade 2.3.4.4a, b, c, and e viruses, respectively. The pink and purple colors 

indicate the clade 2.3.4 and a H5N1 LPAIV, respectively. The spacing between grid lines is one 

antigenic unit of distance, which equals a two-fold difference in the cross-HI test. The dashed 

circle in blue and pink represents the genetic major clades 2.3.4.4 and 2.3.4, respectively. 
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Pathogenicity of the DRC H5N8 HPAIVs in chickens, Muscovy ducks, and Pekin 

ducks 

After intranasal inoculation with 106.0 EID50 of Mdk/CD/KAF1/17, all chickens 

showed depression from 2 dpi and developed lethargy progressively; one chicken died at 

3 dpi and three died at 4 dpi (Figure 10a). Two Muscovy ducks died suddenly at 3 dpi; 

two others at 3 dpi showed a lack of appetite, torticollis, dorsal decubitus, and leg 

pedaling before they died at 4 dpi. However, no Pekin ducks died during the observation 

period; only one duck showed neurological signs at 2 dpi (head shaking) as well as a lack 

of appetite. 

Virus recovery from bird organs 

High virus titers were recovered from all harvested chicken organs (trachea, lung, 

kidney, colon, muscle, and brain); with more efficient replication in respiratory organs 

including the lung and trachea (107.2 and 105.8 TCID50/g, respectively) (Figure 10b). In 

Muscovy ducks, the virus replicated in all tested organs, although the virus titers were 

lower than in chicken organs; the highest virus titers were found in the lung and brain 

(104.2 and 103.4 TCID50/g, respectively). In contrast, viral replication in Pekin ducks also 

varied among each individual, with the highest virus loads observed in the trachea, lung, 

kidney, and colon (102.2, 102.1, 102.2, and 102.3 TCID50/g, respectively); these titers were 

similar to those observed in Muscovy ducks. However, in the brain and muscle of Pekin 

ducks, the virus titers were significantly lower (p = 0.014) than the titers in Muscovy 

ducks.
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Figure 10. The pathogenicity of a representative H5N8 HPAIV (Mdk/CD/KAF1/17) in poultry 

intranasally inoculated with 0.1 mL of 106.0 EID50.  

(a) The survival rates of chickens, Muscovy ducks, and Pekin ducks (four birds in each group species). (b) 

The virus titers in the organs of chickens, Muscovy ducks, and Pekin ducks collected at 3 dpi. Bars indicate 

the standard error of means. Statistical significance was calculated using the Tukey test. * (p<0.05) 

indicates statistically significant differences of viral titers between groups. Dotted line indicates the 

detection limit of the test. 
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Discussion  

The phylogenetic analysis based on the eight viral gene segments revealed that all 

12 viruses collected in the four different territories of the Ituri province were genetically  

similar to other isolates from Uganda and one from Cameroon, suggesting a common 

origin of the virus that caused outbreaks in the DRC, Uganda, and Cameroon. In the 

previous report [7], the outbreaks that occurred in the DRC was linked to those reported 

in Uganda in January 2017 given that no sequence data of the virus was available to 

ascertain their relationship at that time; the availability of sequences of viruses from 

Uganda and Cameroon [22,23] showed clearly the close relationship between these 

H5N8 HPAIVs, even though some Cameroon isolates showed different topology; 

suggesting the origin of all the viruses circulating in these regions from a common 

progenitor. This indicated that the DRC virus could have been introduced by wild 

waterfowl, given the location of the outbreaks in the wetlands and at the edge of the 

Albert Lake, areas that are suitable for hosting the wild waterfowl. The detection of the 

virus in wild birds in Ugandan outbreaks during the same period [22] suggests the role 

of wild waterfowl in the introduction and spread of the H5N8 virus in this region due to 

close contact between poultry raised in backyards and wild birds, especially given the 

low or complete absence of biosecurity in the traditional raising systems applied in these 

areas. The phylogenetic analysis based on the HA, NA, and internal genes of the viruses 

from the DRC showed a close relationship to those isolated from Uganda and one from 

Cameroon. However, the different clustering of Egyptian, South African and some 

Cameroon strains together with higher genetic distances from the DRC viruses observed 

in the evolutionary analysis indicate a different evolutionary pattern suggesting possible 
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diverse introduction route of clade 2.3.4.4b H5N8 HPAIVs into the African continent. 

More specifically, the viruses detected in the eastern and central African regions may 

have reached Africa following a path different from that reached by viruses detected in 

Egypt and South Africa [37,38]. The diverse introduction of these viruses could be 

explained by the presence of different flyways of migratory birds reaching the African 

continent [39]. Nevertheless, the possibility of a single introduction of the virus in Africa 

cannot be excluded with further spread in different countries due to intra-continental wild 

birds and poultry movements. However, the unavailability of data about the poultry 

products movement from outside the Africa limits the ability to exclude the role of 

poultry trade in the introduction of the viruses in certain African regions.  

The low reactivity of two representative DRC viruses with the antisera raised 

against the clade 2.3.4.4e virus indicated a slight antigenic difference between the DRC 

viruses belonging to clade 2.3.4.4b and the virus of clade 2.3.4.4e. Such a small antigenic 

variation among viruses of different major clade 2.3.4.4 was observed in the study by 

Hiono et al [40]. However, the isolates from the DRC used in the antigenic analysis did 

not show major mutations in the most relevant antigenic sites. Vaccination against AIVs 

has been reported to be one of the major factors that develop antigenic variants of AIVs 

[41] ; since the DRC does not apply vaccination against AIV, it can be assumed that this 

slight antigenic variation occurred naturally during the evolution of the virus. However, 

the distinguishable antigenic distance between the major clade 2.3.4.4 viruses, the clade 

2.4.3, and the unclassified virus revealed clearly the divergence genetic and antigenic 

evolution of these viruses. 
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The pathogenicity assessment clearly reflected what was observed in the field 

during the outbreaks in the DRC [7] and Uganda [22], where the high mortality of 

Muscovy ducks (locally called ducks) and in chickens was reported. In the case of the 

DRC outbreaks, the high mortality of Muscovy ducks was linked to the high density of 

these ducks preferentially raised in areas near the lake [21]. In the present study, the viral 

replication was observed in all harvested chicken and Muscovy duck organs, reflecting 

the systemic infection characteristic of the HPAIV. However, in the Muscovy duck, the 

effective virus replication was observed in the lung and brain. In addition, neurological 

signs, such as head shaking, torticollis, dorsal decubitus, and leg pedaling before death, 

were also observed, as in the study by Anis and coauthors in hybrid duck species [42]. 

Taken together, the clinical signs, tissue tropism, and virus replication in Muscovy ducks 

infected with the H5N8 HPAIV 2.3.4.4b could explain the high mortality observed in 

both field and laboratory conditions, which were the same as that observed in chickens. 

Compared to the study conducted by Uchida et al. [43], where the Muscovy ducks were 

challenged with H5N6 HPAIVs belonging to clade 2.3.4.4e, only one strain caused 50% 

mortality at 5 dpi, while two strains did not kill the inoculated birds. In addition, the 

neurological signs as well as the virus titer in the brain were observed in only two of the 

eight birds infected. For the Pekin duck, no death was noticed during the observation 

period following H5N8 HPAIV infection. This result contrasted with that observed with 

viruses isolated in Germany [44] and China [45], where two of 10 and one of eight Pekin 

ducks, respectively, died during the observation period after being inoculated with clade 

2.3.4.4b H5N8 HPAIVs. The results of the present study showed lower viral replication 
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in Pekin duck organs than in Muscovy duck organs, and the preferential organs were the 

colon, kidney, and lung, not the brain as observed in the study by Sun et al. [45].  

The results from the present experimental study confirmed field observations 

regarding the pathogenicity of the DRC clade 2.3.4.4b H5N8 HPAIV in Muscovy ducks. 

However, further studies are needed to understand this phenomenon, especially whether 

it is related to the host factors of the Muscovy duck and/or the adaptation of the virus, 

given that other viruses in the major clade 2.3.4.4 yielded different pathogenic effects in 

Muscovy ducks. The need to raise awareness in Africa is critical, where most countries 

lack permanent, effective, and continuous monitoring of AIVs in both wild birds and 

poultry that can help to understand the virus spread and evolution. Sharing the 

information from such surveillance at the regional and global levels will allow for a better 

understanding of AIVs in the region. Enhancing biosecurity in the poultry sector, 

achieving earlier diagnoses, and culling infected birds to control the spread of infection 

are essential to manage the landscape of HPAIVs.  
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Brief summary 

AI is still threatening the bird populations, and the aquatic wild birds as the main 

source of AIVs are responsible for spreading the AIVs globally. During the circulation 

in the bird population, AIVs acquire mutations that may lead to virulence changing and 

host species adaptation. The detection and characterization of circulating AIVs are key 

elements for good surveillance. This study characterized the HPAIVs that caused the 

outbreak in poultry in the DRC for the first time. The genetic analysis revealed that these 

viruses clustered with those isolated in African countries and the Eurasia suggesting the 

same origin and no reassortment occurred during their evolution. Antigenically, there 

was no difference among the DRC isolates and representative viruses of the major clade 

2.3.4.4. The DRC isolates increased the virulence in Muscovy ducks, this phenomenon 

was hardly observed in previous outbreaks caused by AIVs of the same clade 2.3.4.4. 

Continuous surveillance in wild birds and poultry is required to monitor the evolution of 

the IAVs in the DRC and the region; such data sharing will contribute to the global 

surveillance of AIVs.  
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Chapter II 

A new variant among Newcastle disease viruses isolated in the Democratic 

Republic of Congo in 2018 and 2019
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Introduction  

ND, which is caused by the NDV, is a highly contagious and devastating infectious 

disease that affects poultry and wild birds worldwide. The NDV is also known as the 

avian paramyxovirus type 1 (APMV-1) and has been recently classified in the family 

Paramyxoviridae, subfamily Avulavirinae, and genus Metaavulavirus [46]. The NDV 

has a negative-sense RNA genome comprising 15,186 –15,198 nucleotides for the whole 

genome and encodes for six proteins in the following order: nucleoprotein (NP), 

phosphoprotein (P), matrix (M), fusion (F), hemagglutinin-neuraminidase (HN), and 

large polymerase (L) [47,48]. In addition, two nonstructural proteins, V and W, are 

generated during P gene translation through RNA editing [49]. The HN and F proteins 

are surface glycoproteins that play an important role in the infection, pathogenicity, and 

antigenicity of NDV [50,51]. Based on the genome size and nucleotide sequences of the 

F and L genes, NDV strains have been divided into class I and class II [52]. Class II, 

NDVs have higher genetic diversity, including 20 recently identified genotypes named I 

to XXI (excluding XV, as it contains recombinant viruses), which comprise virulent and 

avirulent strains [53]. 

More than 250 avian species have been identified to be susceptible to NDV with 

varying pathogenicity [54]. However, poultry populations possess high susceptibility to 

NDV, and the pathogenicity varies by strain. Strains are classified based on their 

pathogenicity as highly virulent (velogenic strain), moderately virulent (mesogenic 

strain), and avirulent (lentogenic strain) [55]. The virulence of NDV is primarily 

attributed to the function of the F gene [56]; however, other genes modulate the capacity 

of virus replication which can lead to virulence [57]. The characteristics and 



34 

 

epidemiological data on NDVs circulating in poultry and wild bird populations within a 

specific region provide useful information for ND control and prevention. 

In the DRC, the poultry industry impacts the economy and public health through 

food safety. The production is mostly based on commercial and modern chicken farming 

systems with broilers and layers; however, small-scale and backyard farming systems are 

employed in rural areas. Owing to its high commodity value, poultry production has a 

vital role in the economy. 

During the last two decades, outbreaks and resulting mortality attributed to NDV 

infection in poultry have been frequently reported across various farming systems in the 

DRC. Most case reports were based on clinical manifestations, whereas few laboratory-

confirmed cases were notified [58]. No investigations were performed to confirm or 

characterize the reported cases; therefore, there is lack of epidemiological and genetic 

profiling of NDV strains circulating in poultry populations of the DRC. This study aimed 

to characterize NDVs isolated in the DRC during the period 2018–2019. The 

phylogenetic, pathogenic, and antigenic traits of NDVs were evaluated to elucidate the 

features of newly isolated strains and to provide a basis for the development of mitigation 

measures for the control and prevention of ND throughout the DRC.
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Materials and Methods 

Sample collection  

Tracheal and cloacal swab samples were collected from diseased chickens during 

two different outbreaks that occurred in 2018 and 2019 in the Tshuapa and Kinshasa 

provinces of the DRC, respectively (Figure 11; Table 4). All chickens were raised in 

traditional farming systems without any vaccination history. The collected swabs were 

put into a viral transport medium (VTM) (Teknova, 2290 Bert Dr, Hollister, CA 95023, 

USA), and aliquots were shipped on dry ice to Hokkaido University, Sapporo, Japan, for 

the diagnosis of AI and ND. 
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Figure 11. The map of the DRC divided into provinces. The blue shaded regions 

indicate the sampling sites. 
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Table 4. Characteristics of the NDVs isolated in the DRC in 2018 and 2019 

Isolate 
Date of         

isolation 
Host Location ICPI MDT 

Cleavage site  

amino acid motif 

Accession 

number 

NDV/Ck/DRC/18VIR3696/2018 May 2018 Chicken 
0.2843 S 

0.8851 E 
  nd   nd 112RRQKR|F117 MW363929 

NDV/Ck/DRC/PL33/2018 May 2018 Chicken 
  0.2843 S 

20.8851 E 
1.84 54.4 112RRQKR|F117 MW363930 

NDV/Ck/DRC/PL219/2019 July 2019 Chicken 
-4.2436 S 

15.5362 E 
1.92 57.2 112RRQKR|F117 MW363931 

                  ICPI: intracerebral pathogenicity index; MDT: mean death time; nd: not determined.
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Virus isolation and identification 

The swab supernatant was inoculated in 10-day-old embryonated chicken eggs 

obtained from a conventional chicken flock that tested negative for the NDV antibody 

via the HI test [59] using the antigen NDV/duck/Hokkaido/1/1977 strain available in 

library of Microbiology laboratory. After 72 h of incubation at 37°C, the presence of 

NDV was confirmed in the allantoic fluid by a HAt . All HAt-positive samples were then 

subjected to the HI test against a hyperimmune antiserum anti-NDV from the library of 

Microbiology laboratory, according to the OIE guidelines [59]. 

Sequencing, phylogenetic, and genetic analyses 

For sequencing, viral RNA was extracted from the infectious allantoic fluid using 

TRIzol LS reagent, and the whole-genome sequence was obtained using next-generation 

sequencing as described in chapter I. The reads were mapped to the reference sequence 

of NDV, and the consensus sequence was reconstructed until the mismatches were solved 

using the CLC Genomic Workbench, version 12.0 (CLC bio, Aarhus, Denmark)    

For phylogenetic analysis, two different datasets were prepared. One contained the 

pilot dataset of the complete F gene sequence proposed by Dimitry et al. [53], in which 

three sequences of the DRC isolates were inserted. The other dataset contained the whole-

genome sequence of the representative NDV downloaded from GenBank (n = 68), which 

belonged to each of the 20 genotypes, and three full genome sequences of the DRC 

isolates were inserted. The two datasets were aligned in BioEdit version 7.0.5.3, and the 

ML method using the GTR model with gamma distribution was run in MEGA 7 [30] to 

construct the phylogenetic tree. 
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The identities of the DRC and other NDV isolates were assessed using BLAST; 

and changes in the AA position of the F protein were assessed using GENETYX v.15.0.1 

(GENETYX Corp. Tokyo, Japan). The evolutionary divergence among sequence pairs 

of Congo NDVs and other viruses of different genotypes in class II was calculated in 

MEGA 7 [30]. 

Pathogenicity assessment of NDV isolates 

The pathogenicity of the two DRC isolates (NDV/Ck/DRC/PL33/2018 and 

NDV/Ck/DRC/PL219/2019) was determined based on the Intracerebral Pathogenicity 

Index (ICPI) and mean death time (MDT) assays, as recommended by the OIE [59]. 

Briefly, for the ICPI assessment, 0.05 mL fresh infectious allantoic fluid was diluted 10-

fold with sterile PBS and then intracerebrally inoculated in 10 24-hours-old chicks 

hatched in the Laboratory of Microbiology, Faculty of Veterinary Medicine, Hokkaido 

University, Japan; the eggs were obtained from an NDV-unvaccinated flock. The 

inoculated chicks were monitored for clinical signs and mortality every 24 h for 8 days 

and were scored as 0 for normal, 1 for sick, and 2 for dead. For the MDT, 0.1 mL of 10-

fold diluted allantoic fluid (10−5 to 10−10) was inoculated in 10-day-old embryonated 

chicken eggs from the same NDV-unvaccinated flock. The eggs were incubated for 120 

h at 37°C and were candled every 8 h for embryo viability. The number of dead embryos 

was recorded to calculate the mean lethal dose (MLD) that can kill all inoculated 

embryos. The MDT was obtained as the mean time of survival after inoculation of the 

virus with the MLD titer. 

 



40 

 

Antigenic characterization 

Hyperimmune antisera against two DRC field isolates (NDV/Ck/DRC/PL33/2018 

and NDV/Ck/DRC/PL219/2019) and two vaccine strains (I-2 and Hitchner B1) were 

prepared in 4-week-old chickens immunized thrice with 0.1% formalin-inactivated 

allantoic fluid, as previously described [41]. A cross-HI test was performed against the 

homologous and heterologous antigen in a 96-well microtitration plate using 1% chicken 

red blood cells [59]. Additionally, the serum neutralizing test (SNT) was performed as 

previously described [60]. Briefly, the prepared antisera were inactivated at 56°C for 30 

min and diluted 10-fold in serum-free minimum Eagle’s medium (MEM, Nissui 

Pharmaceutical, Tokyo, Japan) containing 0.3 mg/mL L-glutamine (Wako Chemicals, 

Tokyo, Japan), 100 U/mL penicillin G (Meiji Seika Pharma, Tokyo, Japan), 0.1 mg/mL 

streptomycin (Meiji Seika Pharma, Tokyo, Japan), and 8 µg/mL gentamicin (TAKATA 

Pharmaceutical Co., Ltd. Saitama, Japan). The antigen was also diluted in serum-free 

MEM to obtain the 102 EID50. The diluted antisera were mixed at equal volumes with a 

homologous or heterologous antigen, and the mixture was incubated for 1 h at 37°C. 

Then, 100 µL of the mixture was added in the confluent monolayer of the chicken embryo 

fibroblast cells that had been prepared 3 days before. After 1 h of incubation, cells were 

washed three times with PBS, and then MEM with serum was added. The plate was 

incubated for 6 days at 37°C in 5% CO2. Then the CPE was observed in each well, and 

the neutralizing titer was calculated using the Reed and Muench method [29]. The 

antigenic relatedness was determined by the coefficient of antigenic similarity (R) 

between each pair of strain according to the method of Archetti and Horsfall [61], where 

an R-value of 0.67 < R < 1.5 indicated no significant antigenic difference, 0.5 < R < 0.67 
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indicated a minor difference, and R < 0.5 indicated a major difference between the two 

virus strains. 

Vaccine potency test 

To evaluate the potency of an ND vaccine used locally in the DRC to protect poultry 

from newly isolated viruses, 4-week-old chickens (hybrid-breed Julia and Boris brown, 

which were hatched and reared in the Laboratory of Microbiology, Faculty of Veterinary 

Medicine, Hokkaido University, Japan, and tested free of the NDV antibody) were 

categorized into three groups of 10 birds each. Two groups were assigned for vaccination, 

and the chickens were inoculated with either the I-2 or Hitchner B1 (B1) vaccine by the 

eye drop method. The I-2 vaccine strain, which is used in the DRC for small-scale 

chicken farms [62], was prepared according to the user manual [63]. Briefly, the I-2 

vaccine strain master seed that was shipped with the swab samples from the DRC was 

inoculated into 10-day-old embryonated chicken eggs from an unvaccinated flock and 

tested negative for the NDV antibody. After 3 days’ incubation at 37°C, the allantoic 

fluid was collected and clarified by centrifugation for 5 min at 2500 rpm. The allantoic 

fluid containing 109 EID50/mL titer was mixed at equal volumes with a sterile stabilizer 

of 2% gelatin (Wako Chemicals, Tokyo, Japan) in distillated water. For the vaccination, 

30 µL of the prepared vaccine was inoculated by the eye drop method. The B1 was 

purchased in Japan (Nisseiken Co., Ltd. Tokyo, Japan) and was used following the 

manufacturer’s instructions. The remaining group of chickens was assigned to the control 

group that received no vaccination. At 7 days after the first vaccination, a boost 

vaccination was performed by eye drop; 15 days after the first shot and when the antibody 

titer reached 128 HI or more against each vaccine strain according to HI assay [59], 100 
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µL 102 EID50 of infectious allantoic fluid of the NDV/Ck/DRC/PL219/2019 isolate was 

intranasally inoculated in the chickens of all three groups. The chickens were monitored 

daily for 14 days to record the survival and clinical signs. Tracheal and cloacal swab 

samples were collected at 0, 3, 5, 7, and 14 days post-infection (dpi) for virus shedding 

assessment. All swabs were placed separately into 2 mL of the VTM. After vortex and 

clarification by centrifugation for 5 min at 2000 rpm, the supernatant of each swab was 

inoculated into four 10-day-old chicken embryonated eggs that were obtained from an 

unvaccinated flock. After 3 days of incubation at 37°C, the infectivity of each swab was 

confirmed by an HAt of the inoculated allantoic fluid. 

Ethical Statement 

For samples shipment, the approval was obtained from Central Veterinary 

Laboratory of Kinshasa, DRC, number: 534/ADM/LVC/SA/YB/148/2018 of June 13, 

2018.  

The animal experiments were conducted in the ABSL3 facility of the Faculty of 

Veterinary Medcine, Hokkaido University, Sapporo, Japan; which is certified by 

AAALAC International since 2007. The approval mumber 18-0035 and 18-0037 were 

obtained for antiserum preparation and challenge experiments, respectivelly.
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Results 

Virus isolation and identification 

All three HAt-positive samples were identified as NDV by HI test using antiserum 

prepared against NDV/duck/Hokkaido/1/1977, which was available in the serum library 

of Microbiology Laboratory. Among these viruses, two were isolated in the Tshuapa 

province and one was isolated in the Kinshasa province (Figure 11, Table 4). All samples 

were collected from sick chickens in the traditional farming system. The nucleotide 

sequence for the whole-genome of the Congo isolates was submitted to the GenBank 

database under accession numbers provided in Table 4. 

Phylogenetic and genetic analyses 

Phylogenic analysis based on the complete F gene sequence revealed that the virus 

NDV/Ck/DRC/PL219/2019 was clustered in genotype VII with other Asian, some 

African, and European strains; however, a specific clustering of only Asian/Middle East 

strains in subgenotype VII.2 was observed. The two viruses 

NDV/Ck/DRC/18VIR3696/2018 and NDV/Ck/DRC/PL33/2018 that were isolated in the 

Tshuapa province in 2018 were clustered independently from the other NDV strains in 

the public database, thus forming a divergent branch in the phylogenetic tree (Figure 12). 

The same clustering for the F gene was observed in the phylogenetic tree that had been 

constructed using the whole-genome sequence (Figure 13).
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Figure 12. Phylogenetic tree of class II NDV based on the full-length nucleotide sequence of the F gene 

containing 133 sequences including the DRC strains. 

The analysis was performed in MEGA7 v 7.0.23 using the ML method based on the GTR model with 1,000 

bootstrap replicates. (A) The entire phylogenetic tree in which the taxa tips are not shown. (B) Part of the tree is 

shown with all taxa tips indicated; the vertical bar indicates the genotype or subgenotype of each strain group or 

individual. The triangle and red color indicate the DRC isolates. The black circle indicates the strain in the top 

five hits of the BLAST search result of the DRC strain NDV/Ck/DR Congo/PL219/2019.
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Figure 13. The phylogenetic tree based on the whole-genome sequence of the NDV class II.  

The tree was constructed in MEGA7 v 7.0.23 using ML method based on GTR model with 1,000 bootstrap 

replicates. The dataset contains 64 tax
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JF343538.1(VII-f) NDV/ND/03/018 
KX765179.1(VII) NDV/DU-FJ-241 
KX765178.1(VII) NDV/DU-JXNC35 
AB853927.2(VII-e) NDV/chicken/Japan/Ibaraki/SG106/1999

KJ782375.1(VII-e) NDV/goose/CH/GD-QY/1997 
MW363930 NDV/chicken/DR Congo/PL33/2018
MW363929 NDV/chicken/DR Congo/18VRI3696/2018

FJ766529 NDV/  ZhJ-3/97 
FJ766529 NDV/  ZhJ-3/97 

KC013038 NDV/Pigeon/PA/USA/0810/2008 
KM374060 NDV/ pigeon/Shanghai/215/2011 

KC013040   NDV/Pigeon/PA/USA/0712/2007 
KC013031.1(VI) NDV/Pigeon/USA/0101/2001 

MG456676.1 NDV/collared dove/Iran/2014 
KX236100.2 NDV/pigeon/Pakistan/Lahore/21A/2015 

JF827026.1 NDV/Pi/Rus/Vladimir/687/05 
KY042128 NDV/pigeon/Ukraine/Doneck/3/968/2007

EF065682.1(XIX) NDV/rAnhinga
EF065682.1(XIX) NDV/rAnhinga

JQ247691.1(V) NDV/chicken/Ca/2098/71 
HM117720.1(V) NDV-P05 

KJ577136.1(V) NDV/  Chimalhuacan
KJ577136.1(V) NDV/  Chimalhuacan )

JX012096.2(VIII) NDV/  AF2240-I 
JX119193.1 NDV/chicken/Dom. Repub/499-31/2008 
JX119193. NDV/chicken/Dom. Repub/499-31/2008

EU293914.1(IV) NDV/  Italien
EU293914.1(IV) NDV/  Italien

AY741404.1(IV) NDV/  Herts/33 
HQ266602.1(XI) NDV/MG 725 08 
HQ266602.1(XI) NDV/  MG 725 08 (2)

KY776604.1(III) Avian avulavirus 1  Mallard/CH/HLJ383/06 
KY247177.1(III) Avian avulavirus 1  SH15 
KU865562.1(III) NDV/  NDVH-2 

KP027403.1(IX) NDV/  Layer/China/Yulin/10 
FJ436303.1(IX) NDV/  ZJ/1/86/Ch
KC246549.1(IX) NDV/  HBNU/LSRC/F3 

KM056356.1(I) NDV/  ndv60/Avinew
JQ029740.1(I) NDV/  Duck/China/SDFC07/2011

KU601398(I).1 NDV/  Uria aalge/Russia/Tyuleniy Island/109/2015 
GQ288391.1(X-a) NDV/  mottled duck/US(TX)/01-130/2001 
GQ288389.1(X-b) NDV/  mallard/US(MN)/99-376/1999 

AF077761.1(I) NDV/  LaSota
MH289850.1(I) NDV/Chicken/CN/JX/38A2/2016 

KM056358.1(II) NDV/  ndv64/VH 
EU289029.1(II) NDV/  VG/GA clone 5 
KX822746.1(II) NDV/  22516 
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The similarities of the complete F gene sequence between the DRC isolates and 

other strains were assessed using BLAST search. For the 

NDV/Ck/DCR/18VIR3696/2018 and NDV/Ck/DRC/PL33/2018 strains, the identity 

with the 10 top-hit strains was 90.53%–88.85%, and contained mostly strains from India 

and Indonesia. For the isolate NDV/Ck/DRC/PL219/2019, the identity was 98.00%–

96.00%, with the top-hit strains coming from Pakistan and Israel (data not shown). To 

confirm the divergence that was observed in the phylogenetic tree, an evolutionary 

distance analysis of the three DRC isolates was performed with other NDVs of different 

genotypes. The result revealed that the genetic distance between the two strains 

NDV/Ck/DRC/18VIR3696/2018 and NDV/Ck/DRC/PL33/2018 and that of other 

viruses from all 20 genotypes was >10% (Table 5), which indicated a genetic divergence 

that has been assigned as a new variant of class II NDVs.
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Table 5. Estimates of evolutionary divergence over sequence pairs among genotypes of class II NDVs. 

Genotype  
       Number of Base Substitutions Per Site      

DRC I II III IV V VI VII VIII IX X XI XII XIII XIV XVI XVII XVIII XIX XX 

DRC (n = 2)                     

I (n = 12) 20.09                    

II (n = 3) 21.67 14.20                   

III (n = 3) 19.30 12.79 14.66                  

IV (n = 2) 15.84 13.02 14.81 10.09                 

V (n = 6) 15.72 18.56 19.98 16.33 14.24                

VI (n = 21) 15.10 19.85 21.10 18.72 16.03 15.25               

VII (n = 14) 13.74 19.11 21.75 17.61 14.95 15.54 13.89              

VIII (n = 3) 14.46 15.19 1.709 13.63 10.89 11.39 12.09 12.72             

IX (n = 3) 19.22 12.16 13.12 9.36 9.53 15.81 18.04 17.22 12.72            

X (n = 4) 22.56 12.55 12.07 14.11 14.07 19.60 20.95 20.27 16.54 12.81           

XI (n = 3) 25.94 2153 23.24 19.43 14.76 21.38 24.24 24.69 19.74 17.62 22.44          

XII (n = 6) 14.89 20.33 23.40 19.15 16.58 15.56 13.77 12.45 13.36 18.71 21.37 25.65         

XIII (n = 12) 13.20 19.61 22.14 18.96 15.49 15.37 14.57 11.76 13.02 17.41 20.78 24.42 11.89        

XIV (n = 6) 16.49 23.57 26.30 22.92 19.51 18.32 17.13 15.01 15.93 22.49 23.98 29.69 14.50 14.05       

XVI (n = 3) 17.64 17.53 19.81 16.35 13.38 14.83 16.13 16.57 11.74 15.62 18.32 22.85 16.97 16.47 19.85      

XVII (n = 3) 14.29 19.52 22.99 19.20 16.54 15.98 15.84 13.58 14.30 17.78 21.64 23.91 13.08 12.46 13.59 18.08     

XVIII (n = 6) 13.82 19.84 21.98 18.57 15.74 15.50 14.05 12.65 13.25 17.60 20.86 23.87 12.00 11.57 13.74 16.97 10.92    

XIX (n = 3) 18.26 21.96 22.35 20.02 17.40 09.59 17.79 17.92 14.47 18.97 22.40 24.93 18.81 18.03 21.03 18.40 18.84 18.27   

XX (n = 6) 13.30 16.82 19.14 16.17 13.28 12.97 09.14 11.89 09.69 14.91 18.85 21.43 12.54 12.53 16.15 13.52 13.17 12.13 16.18  

XXI (n = 10) 16.25 20.55 22.55 19.57 17.03 16.76 11.73 15.30 13.62 18.66 22.12 25.12 16.09 16.19 19.24 17.68 17.88 16.00 19.20 10.47 

The number of base substitutions per averaged across all sequence pairs between groups is shown. Analyses were conducted using the maximum composite 

likelihood model. 

The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The analysis involved 128 nucleotide sequences of the pilot dataset, 

including three DRC strains. The included condon positions were 1st, 2nd, 3rd, and noncoding. All positions containing gaps and missing data were eliminated. 

Evolutionary analyses were conducted in MEGA7 v 7.0.23. The number in brackets indicates the number of taxa in each group. DRC indicates new variant NDV 

isolated from the DRC. 
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Pathogenicity of the DRC isolates 

Molecular assessment of the cleavage site of the F protein revealed that all three 

DRC isolates possessed the AA combination motif 112RRQKR|F117 of the velogenic 

strains of NDV. In addition, the ICPI of NDV/Ck/DRC/PL33/2018 and 

NDV/Ck/DRC/PL219/2019 was 1.84 and 1.95, respectively. The MDT of 

NDV/Ck/DRC/PL33/2018 and NDV/Ck/DRC/PL219/2019 was 54.4 and 57.2 h, 

respectively (Table 4). Considered together, these results indicate the velogenic 

pathotype of the DRC strains. 

Antigenic characterization 

To evaluate the vaccine’s efficacy, it is necessary to determine the antigenic 

relatedness between the field isolates and vaccine strain. For these newly isolated strains, 

the antigenicity between field isolates and vaccine strains frequently used in the DRC 

was compared. The cross-HI test revealed no antigenic difference between the field and 

vaccine strains, given that the HI titers differed only 2- to 4-fold. R-values of > 0.7 

obtained from the SNT also showed that there was no antigenic difference between the 

viruses (Table 6a and b). These results indicated that the newly isolated NDVs in the 

DRC are antigenically closely related to the vaccine strains used in the DRC that were 

evaluated in this study. 
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Table 6. The antigenic relatedness between the DRC isolates and vaccine strains. 

          (a) 

Virus 
Antiserum to virus  

PL33/18 PL219/19 I-2 B1 

NDV/Ck/DRC/PL33/2018 1,024 512 256 512 

NDV/Ck/DRC/PL219/2019 512 512 512 512 

I-2 vaccine 512 512 512 512 

B1 vaccine 256 1,024 1,024 512 

 

(b) 

Virus 
Antiserum to virus  

PL33/18 PL219/19 I-2 B1 

NDV/Ck/DRC/PL33/2018 1.00 1.00 0.98 0.99 

NDV/Ck/DRC/PL219/2019 0.99 1.00 0.89 0.95 

I-2 vaccine 0.98 0.98 1.00 0.97 

B1 vaccine 0.90 1.00 0.99 1.00 

(a) The HI titer between homologous and heterologous viruses; the underline indicates the 

homologous titer. (b)  The R-value was obtained from cross-SNT titers between the field and vaccine 

strains; bold indicates the homologous R-value. 
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Vaccine potency against the field isolate 

To ensure the antigenic relatedness between DRC field isolates and the vaccine 

strains, the animal experiment was conducted by vaccinating and subsequently infecting 

naïve chickens with the NDV/Ck/DRC/PL219/2019 strain. All the vaccinated chickens 

in the I-2 and B1 groups survived the infection, and no clinical signs were observed 

during the 14 day period. However, in the control group, all chickens died at 3 dpi (Figure 

14). To assess the virus shedding from surviving chickens, swab samples collected at 3, 

5, 7, and 14 dpi were inoculated in eggs. No virus was detected in any of swabs from the 

chickens in the vaccinated groups (data not shown). This result indicates that the vaccines 

efficiently protected the chickens from infection and suppressed virus shedding from 

infected birds.
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Figure 14. The survival of chickens infected with the DRC field strain NDV/Ck/DRC/PL219/2019. 

In two groups of 10 birds each, chickens were vaccinated twice by eye drop at 7 days interval with either 

I-2 or B1 vaccine. In another group, 10 unvaccinated chickens were assigned as the control. Fifteen days 

post-vaccination, all chickens were infected intranasally with 106 EID50/100 mL of infectious allantoic 

fluid and were monitored for 14 days. 
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Discussion 

In the DRC, ND has been reported for a long time in commercial and traditional 

poultry farms. The reports were mainly clinically based observations that were made 

during the outbreaks, and few laboratory-based cases were notified [58]. Thus, there is 

no information on the genetic profile or virological characteristics of circulating NDV 

strains. In this study, detailed features of three NDV isolates from two different outbreaks 

were obtained. Phylogenetic analysis of the complete F gene sequence based on a recent 

classification by Dimitrov et al. [53] revealed that the viruses 

NDV/Ck/DRC/18RVI3696/2018 and NDV/Ck/DRC/PL33/2018 isolated in the Tshuapa 

province were highly divergent from the NDV/Ck/DRC/PL219/2019 virus isolated in 

Kinshasa belonging to genotype VII. The isolates from the Tshuapa province genetically 

diverged from all other NDV sequences that are currently available in the referenced 

public databases. 

The topology and the length of the branches of the phylogenetic tree and the genetic 

distance between these two isolates from Tshuapa province as well as the complete 

dataset of sequences from all existing genotypes indicates that these isolates may 

represent a new variant of the NDV in class II. However, these isolates could not have 

been assigned to a new genotype, given their isolation from a single outbreak, because 

isolation should occur from multiple independent outbreaks, as recommended in the new 

classification criteria proposed by Dimitrov et al. [53]. The high divergence of these 

viruses could be owing to virus evolution in naïve poultry populations, which has led to 

several mutations during the virus replication rather than owing to vaccine immune 

pressure, which has been reported to increase the occurrence of mutations in the NDV 
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genome [64]. In the countryside of the Tshuapa province, vaccination is rarely 

administered in indigenous poultry, excluding the possibility of vaccine pressure. It is 

also hypothesize that this NDV variant is a native strain that has never been identified 

before to be compared with other NDVs circulating in the region. Moreover, the isolate 

NDV/Ck/DRC/PL219/2019 clustered with other African NDVs in the large genotype 

VII, but not with NDVs from neighboring countries. However, this virus was closely 

related to Indonesian and Pakistani strains that clustered together in subgenotype VII.2. 

It is assumed that this virus has been introduced from Asia and/or the Middle East 

considering their close relatedness. This situation can be explained by the fact that in the 

DRC, especially in the Kinshasa province where this virus was isolated, the poultry 

industry and related businesses are conducted mainly by Indian, Pakistani, and Lebanese 

communities, which may have introduced the virus via live chickens or contaminated 

materials. A BLAST search of the NDV/Ck/DRC/PL219/2019 isolate produced a top-10 

hit among viruses from Pakistan and Israel, which supports the assumption that this virus 

was introduced from Asia, based on its sequence identity. However, the lack of genetic 

data for the NDVs circulating in neighboring countries cannot be denied  [65] that makes 

difficult to identify more closely related viruses in the region. However, considering the 

transboundary character of NDV, these velogenic isolates from the DRC can spread 

across the region given the porosity and the poor control measures between countries 

borders.  

This study demonstrated that two variants of NDV isolated in the DRC are 

antigenically closely related to the I-2 vaccine strain that is mostly used in the traditional 

farming system of the DRC [62] and to the B1 strain that is widely used against ND. 
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Furthermore, the I-2 and B1 vaccine strains were evaluated for their potential ability to 

protect chickens from newly isolated NDVs in the DRC. The two vaccine strains 

efficiently protected chickens against lethal infection and suppressed virus shedding from 

vaccinated birds. Cumulatively, these findings indicate that despite the new variants of 

NDV detected in the DRC, ND can still be well controlled by an effective vaccination 

program that utilizes the currently available vaccines. However, although an effective 

vaccine is available, the ND still endemic mainly in the traditional poultry farming 

systems probably due to the lack of adequate veterinary services in rural zones making it 

difficult to access the vaccine by farmers [62]. This study demonstrates that it is 

necessary to conduct epidemiological surveys to elucidate the endemicity of ND in the 

DRC so that the appropriate strategies can be applied for the control and prevention of 

the disease throughout the DRC.
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Brief summary 

NDV causes severe disease in birds; poultry populations are the most sensitive to 

the infection. Although there are effective prevention measures such as biosecurity in 

farms and vaccination for susceptible species, the disease still endemic, especially in 

developing countries. The epidemiological data and characteristics of NDV strains 

circulating in a particular area are critical to control the ND. In the DRC, NDV is 

endemic; however, there is no information about the NDVs circulating in the country. 

This study provided the genetic, antigenic, and pathogenic characteristics of three NDVs 

isolated from chickens during two different outbreaks that occurred in backyards in 2018 

and 2019. Genetically, the two NDVs isolated in the same outbreak in 2018 were 

classified as a new variant given their divergence with other viruses in the current public 

database. The other virus isolated in 2019 was classified in genotype VII, clustering with 

Asian and some African NDVs; suggesting its introduction into the DRC from Asia. No 

antigenic difference was noticed between the DRC isolates and the vaccine strains, and 

the challenge experiment to chickens revealed the vaccine potency against the Congo 

NDVs, indicating that ND can be well controlled in the DRC using the current vaccine 

with an effective vaccination program.        
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Chapter III 

Evaluation of baloxavir marboxil and peramivir for the treatment of high 

pathogenicity avian influenza in chickens 
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Introduction 

HPAI is one of the most devastating avian viral diseases; HPAIV infection induces 

an acute disease with high mortality reaching 100% in chickens [66,67]. Aside from 

chickens, HPAI also affects other poultry populations such as ducks, turkeys, and quails 

[68]. While aquatic wild birds form the natural reservoir of HPAIV [1,2], other wild bird 

species have been reported to be susceptible to HPAIV infection, which sometimes can 

become fatal [69,70]. Therefore, it is necessary to not only protect poultry but also wild 

bird species from HPAIV infection.  

HPAI vaccination among chickens and domestic ducks has been implemented as a 

preventive measure and infection control in some countries [71,72]; however, stamping 

out of affected population has remained to be the global standard recommendation [8]. 

Since vaccines must be updated frequently following antigenic changes of epidemic 

viruses [73,74] and may lead to the silent spread of HPAIV with asymptomatic infections 

[75]; therefore, in many countries, vaccination against HPAI is prohibited for use in 

poultry [71,76]. Active surveillance of wild birds and improvement of biosecurity in 

farms are also performed to monitor and prevent HPAI in addition to stamping out [8]. 

Wild birds in captivity, such as birds in zoos, may need to be covered by these strategies 

as well because of their potential susceptibility to HPAIV infection [70].  

To protect captive wild birds at risk from HPAIV infection in the zoo or sanctuary, 

both stamping out and emergency vaccination are conducted [69,77]. However, in the 

case of valuable captive birds, such as rare species and breeds, culling may not be an 

option for conservation and economical purposes. Thus, additional approaches are 

needed in order to treat birds infected with HPAIV using antiviral drugs. Anti-influenza 

drugs have been intensively developed for human treatment [78,79]; however, only few 
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studies have assessed their effectivity on avian species; for instance, oseltamivir, a pro-

drug for NA inhibition, has been evaluated for preventative and therapeutic effects 

against AIV infection in poultry. However, several limitations were noticed in this study: 

a lack of clinical signs in chickens when challenged with a low pathogenic avian 

influenza virus [80]; presence of virus growth but lack of clinical signs in eggs used for 

HPAIV infection [81]; and partial protection of chickens infected with HPAIV [82]. 

Furthermore, the metabolism of oseltamivir in bird species was not evaluated for the 

production of an active drug form for influenza treatment as seen in humans or mice.  

In this study, two anti-influenza drugs used in humans were evaluated for the 

potential treatment of HPAI in rare birds. This included baloxavir marboxil (BXM), a 

novel cap-dependent endonuclease inhibitor that acts as a pro-drug, and peramivir (PR), 

a NA inhibitor used as a control as its active form has a direct anti-influenza effect for 

the treatment of AIV infection. The antiviral efficacy of these drugs was evaluated using 

the chicken model, which demonstrates severe HPAI infection, and the metabolism of 

BXM in both chickens and Pekin ducks was assessed to determine the effective dosage 

that can be applied for other bird species.
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Materials and Methods 

Antiviral drugs  

A 20 mg tablet of BXM, was used for oral administration; BXM is metabolized in 

the liver to baloxavir acid (BXA), which is the active form of BXM. 10 mg/mL solution 

of PR, was administered via intramuscular injection. Both drugs were purchased from 

Shionogi & Co., Ltd, Osaka, Japan. 

Virus  

An HPAIV BS/Akita/1/16 was used as a challenge strain in chickens. The virus 

was propagated in 10-day-old chicken embryonated eggs, and the infectious allantoic 

fluid was used for infection. The inoculum contained 105.3 EID50, which is equivalent to 

10 chicken lethal doses per 100 µL (10 CLD50/100 µL).  

Animal experiments 

For all challenge experiments, 6-week-old chickens (Gallus gallus domesticus, 

Julia strain; 0.5 kg body weight, obtained from Hokkai Starchick, Hokkaido, Japan) were 

used in this study. The chickens were housed in conventional conditions without 

vaccination and were tested as free of AIV antibody by HI test [83] against the challenge 

BS/Akita/1/16 virus. Three experiments were carried out to mimic the different field 

conditions of infection during an HPAI outbreak and subsequent treatment. For drug 

administration, a BXM tablet was crushed into powder and was further dissolved in 2 

mL of sterile PBS for oral administration, whereas PR liquid was injected in the thigh 

muscle. 
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Experiment 1. Simultaneous treatment with BXM or PR in the chicken model 

Chickens were divided into three groups of eight birds each (BXM, PR, and no 

treatment as control). The chickens were infected intranasally with 100 µL of the lethal 

A/BS/Akita/1/16 virus. A dose of 20 mg/kg was immediately administered orally for 

BXM and intramuscularly for PR the treatment was repeated every 12 h for 5 days. The 

20 mg/kg dose was determined based on the dose of 1 mg/kg used in humans for clinical 

treatment [84]; however, because of the high dose of the inoculum (10 CLD50) of the 

challenge virus, the doses were adjusted accordingly. 

Experiment 2. Delayed treatment with BXM or PR in the chicken model 

Chickens were divided the same as in Experiment 1. However, the treatment for all 

chickens started 24 h after the infection when the first clinical signs such as depression 

and lack of appetite appeared. Drugs were then administered twice a day for 5 days. 

Experiment 3. Assessment of the minimum dose of BXM in the chicken model 

A range of five doses (0.1, 0.5, 2.5, 12.5, and 62.5 mg/kg) was prepared to 

determine the minimum dose of BXM at a single administration; this as the dose of 20 

mg/kg used in Experiments 1 and 2 was higher compared with that used for human and 

mouse administration. Therefore, chickens were divided into 6 groups (8 birds each) 

depending on the dosage, with one group serving as the control; four chickens were 

assigned for organ sampling at 3 dpi, and the remaining chickens were assigned for 

clinical observation for 14 days. Chickens were infected with 100 µL of the inoculum, 

and a single dose of BXM was orally administered immediately after the infection.  
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In all three experiments, organ samples including the trachea, lung, kidney, colon, 

and brain were collected at 3 dpi from four of eight chickens in each group for virus 

recovery. The remaining chickens were assigned for 14 days of clinical observation.  

In addition to sample collection from organs at 3 dpi, swabs were collected from 

the surviving chickens at 0, 3, 5, 7, and 14 dpi in the clinical observation groups. Briefly, 

tracheal and cloacal swabs were collected and put separately in 2 mL of VTM containing 

MEM and 0.5% BSA fraction V (Roche, Basel, Switzerland). After vortexing and 

centrifugation, the supernatant was kept in aliquots at –80°C until use. At 14 dpi before 

euthanasia, blood was collected from the surviving chickens for antibody response 

assessment in serum against the challenge virus by HI test [83]. 

Assessment of BXA and PR kinetics in chickens and Pekin ducks  

To assess the metabolism of BXM and the kinetics of BXA and PR for the 

determination of the appropriated dosage in bird species, three chickens were assigned 

for each drug, and a single dose of 20 mg/kg was administered orally and intramuscularly 

for BXM and PR, respectively. For BXM, the blood was collected at 0, 8, 24, and 48 h 

post-administration (hpa), whereas for PR, it was collected at 0, 0.5, 2, and 8 hpa. The 

duration of blood sampling was different for BXM and PR treatment given the long 

plasma half-life previously reported for BXM in humans [85] and the shorter plasma 

half-life reported for PR in mice [86] and humans [87].  

To assess the BXM metabolism and BXA blood concentration in different bird 

species, Pekin ducks were used in the study as well. Three 6-week-old chickens and three 

4-week-old Pekin ducks (Anas platyrhynchos domesticus, Cherry Valley; obtained from 
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Takikawa Shinseien, Hokkaido, Japan) received a single dose of 2.5 mg/kg of BXM; 

blood samples were then collected at 0, 8, 24, 48, 72, 96, and 120 hpa.  

Blood was collected in heparinized tubes, and plasma was obtained after 

centrifugation at 3,000 rpm for 5 minutes. For the BXA stability, 3 µM of dichlorovinyl 

dimethyl phosphate (Wako Chemicals, Tokyo, Japan) was added to the plasma before 

storage at –80°C for further analysis. The BXA and PR plasma concentration was 

determined using a validated liquid chromatography-tandem mass spectrometry method 

at Sumika Chemical Analysis Service, Ltd., (Osaka, Japan) as previously described [88]. 

The drug plasma concentration was calculated as a mean standard deviation (SD) of three 

individual values plotted in the graph. 

Virus recovery in organs and shedding in swabs of chickens 

To evaluate the virus replication in infected chickens after the treatment, organs 

collected at 3 dpi in all three challenge experiments were homogenized using a Multi-

Beads Shocker (Yasui Kikai, Osaka, Japan) to make a 10% (w/v) of suspension in VTM. 

Viral infectivity was assessed based on the CPE observed in the monolayer of MDCK 

cells maintained in MEM supplemented with 10% nonimmobilized fetal calf serum 

(FCS; SAFC Biosciences, Lenexa, KS, USA); cells were then incubated at 37°C in 5% 

CO2. Briefly, tenfold dilutions of the organ supernatant with VTM were performed in a 

FCS-free MEM; each dilution was inoculated in 4 wells and incubated for 1 h at 37°C. 

Cells were later washed twice with PBS, and 100 µL of FCS-free MEM was added and 

incubated for 72 h at 37°C in 5% CO2. The TCID50 was calculated according to Reed and 

Muench [29], which was set as the viral titer of the sample. 
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To measure the virus shedding of chickens after infection and treatment with BXM, 

tenfold dilutions of swab suspension in VTM were each inoculated into four 10-day-old 

chicken embryonated eggs obtained from a conventional flock tested free of AIV. After 

a 48 hs incubation at 35°C, the HAt using 1% chicken red blood cells [83] was performed 

to assess the infectivity titer calculated as EID50 [29]. 

Statistical analysis 

To compare the virus replication between the treatment groups, one-way analysis 

of variance with Tukey test was performed using SPSS version 20.0 (IBM Corp, Armonk, 

NY, USA). The difference was considered significant at a p-value < 0.05.  

Ethical statement  

All animal experiments were performed in the ABSL3 facility at the Faculty of 

Veterinary Medicine of Hokkaido University, Sapporo, Japan; approval number 18-

0090, under the guidelines of the Institutional Animal and Committee of Hokkaido 

University, certified by the AAALAC International since 2007.
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Results 

Effects of multiple doses of BXM or PR in the simultaneous treatment of HPAIV 

infection 

To evaluate the protective effect of BXM and PR in chickens following HPAIV 

infection, bird survival was monitored, and viral replication in the organs was measured. 

No deaths were recorded in BXM; one chicken died at 2 dpi in PR group with treatment 

at 20 mg/kg, whereas all chickens died by 3 dpi in the control group (Figure 15a). Viral 

replication in the organs of the BXM-administrated chickens has been noticed to decrease 

compared with that in the control group (p < 0.001); however, viral replication in the PR 

and control groups was determined to be the same (Figure 15b). As per these findings, 

BXM treatment was able to completely suppress viral replication, enabling the chickens 

to survive infection, whereas only partially protective efficacy was observed with PR 

treatment because of insufficient inhibition of viral replication.  
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Figure 15. Effects of the simultaneous treatment using multiple doses of BXM or PR in chickens infected 

with an HPAIV, BS/Akita/1/16. 

Eight chickens per group were infected with 10 CLD50/100 µL (105.3 EID50) of the HPAIV and treated 

immediately with 20 mg/kg of either BXM or PR; the untreated group was assigned as the control. (a) 

Survival of half the infected birds was followed until 14 dpi; vertical black arrows indicate the treatment 

schedule. (b) Virus recovery from organs collected at 3 dpi from four chickens in the control and each 

treatment group was assessed in monolayer MDCK cells. The black dotted line indicates the detection limit 

(101.5 TCID50/g), whereas bar indicates the standard deviation (n = 4). (∗, p < 0.05; ∗∗∗, p < 0.001).

(a)

(b)

1

2

3

4

5

6

7

8

9

Control BXM PR

Trachea

Lung

Kidney

Colon

Brain

***
*

V
ir

u
s 

ti
te

r 
(l

o
g

1
0

T
C

ID
5

0
/g

)

Treatment groups

0

1

2

3

4

0 2 4 6 8 10 12 14

Control

PR

BXM

N
u

m
b

er
 o

f 
ch

ic
k

en
s

Days post infection



66 

 

Effects of multiple doses of BXM or PR in the delayed treatment of HPAIV 

infection  

The simultaneous treatment of chickens with either BXM or PR demonstrated the 

protective effects of both two drugs; a further experiment was carried out to assess the 

protective potential of both of these drugs starting at notification of clinical signs at 24 

hpi, which mimics the field situation of an HPAI outbreak. All the chickens in the three 

groups (BXM, PR, and control) succumbed to HPAI infection. However, in the BXM 

group, one chicken survived up to 6 dpi, whereas in the PR group, three chickens survived 

until 4 dpi, compared with those in the control group who had all died by 3 dpi (Figure 

16a). Virus replication in chicken organs at 3 dpi was significantly lower in the BXM-

treated group than that in the control group (p < 0.05), although there was no significant 

difference between the PR and control group (Figure 16b). Despite the mortality of 

chickens observed in the three groups, BXM treatment had prolonged the survival of one 

chicken and suppressed viral replication to a greater extent than that compared to using 

PR. 
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Figure 16. Effects of delayed treatment with multiple-dose administration of BXM or PR in chickens infected 

with HPAIV, BS/Akita/1/16. 

Eight chickens per group were infected with 10 CLD50/100 µL (105.3 EID50) of the HPAIV and treated with 20 

mg/kg of either BXM or PR for 24 hs to 5 days post-infection; the untreated group was kept as the control. (a) 

Survival and clinical signs of half the infected birds was followed until 14 dpi; vertical black arrows indicate the 

treatment schedule. (b) Virus recovery from organs collected at 3 dpi from four chickens of each group was 

assessed in monolayer MDCK cells. The viral titer calculated as the average (n = 4) of each organ in the treatment 

group was compared to that of the control group; bar indicates the standard deviation. (*, p < 0.05).
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Protective effect of a single dose of BXM in the simultaneous treatment of HPAI in 

the chicken model 

Multiple administration of BXM (20 mg/kg) has provided complete protection in 

chickens against the lethal infection of HPAIV, whereas the same dose of PR has only 

partially achieved slight inhibition of virus growth (Figures 15a–b). Therefore, it was 

important to determine the minimum dose that could protect chickens from the lethal 

infection. When chickens were infected with 10 CLD50/100 µL of BS/Akita/1/16 

followed immediately by a single administration of different doses of BXM (0.1, 0.5, 2.5, 

12.5, and 62.5 mg/kg), all the chickens in the groups administered with 2.5, 12.5, and 

62.5 mg/kg survived for 14 days. However, the dosage of 0.1 and 0.5 mg/kg BXM only 

protected one of the four chickens treated (Figure 17a). Viral replication in chicken 

organs was completely inhibited in chickens treated with 2.5, 12.5, and 62.5 mg/kg BXM 

(Figures 17e–g), although low-titer virus was detected in the lung and brain of two 

chickens treated with 2.5 mg/kg BXM (Figure 17e). In the 0.1 and 0.5 mg/kg BXM-

treated groups, the viral replication was completely inhibited in the organs of two of the 

four chickens (Figures 17c–d) compared with those in the control group where virus 

replication was relatively high (Figure 17b). 
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Figure 17.  Effects of the simultaneous treatment with a single dose of BXM in chickens. 

Eight chickens per treatment group were infected with 10 CLD50/100 µL (5.3 log10 EID50) of the HPAIV, 

BS/Akita/1/16, and they were immediately treated with different doses of BXM or untreated to serve as the 

control. (a) Survival of half the birds in each group was monitored until 14 dpi; the vertical black arrow indicates 

the treatment schedule. (b–g) Viral recovery from organs collected at 3 dpi from four chickens was assessed in 

MDCK cells; the black dotted line indicates the detection limit (1.5 log10 TCID50/g). 
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Kinetics of BXA and PR in chickens and Pekin ducks  

BXM and PR are drugs developed for the treatment of influenza in humans, and 

there is no available data yet concerning their dosage and kinetics in avian species. Given 

that the dosage of 20 mg/kg used in Experiments 1 and 2 was higher compared with that 

used clinically in humans [89,90], the concentration of the two drugs in blood was 

measured to adjust for appropriate dosage for birds. The mean plasma concentration for 

20 mg/kg of BXA was 8808.9, 715.3, and 80.4 ng/mL at 8, 24, and 48 hpa, respectively. 

For PR, the mean plasma concentration was 27809.7, 7422.9, and 390.8 ng/mL at 0.5, 2, 

and 8 hpa, respectively (Figure 18a). This relatively high concentration was a 

consequence to the higher dose of drugs administered to chickens compared with their 

body weight (20 mg/kg). 

After adjusting the BXM dosage to 2.5 mg/kg in chickens, the kinetics of BXA was 

assessed in chickens and ducks to compare the BXM metabolism in different bird species. 

In chickens, the maximum plasma concentration (Cmax) was 171.3 ng/mL at 8 hpa, which 

decreased gradually to 0.14 ng/mL at 120 hpa. In ducks, the Cmax was 122.8 ng/mL at 8 

hpa, which decreased to 0.4 ng/mL at 120 hpa (Figure 18b). No significant difference 

was observed in the plasma concentration between the two species, indicating that the 

metabolism of BXM is similar between chickens and Pekin ducks. 
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Figure 18.  Drug concentration in the blood of chickens and Pekin ducks. 

(a) Three chickens per group received 20 mg/kg of BXM or PR. The blood was collected at 0, 8, 24, and 48 

hpa for BXM and at 0, 0.5, 2, and 8 hpa for PR. (b) BXA plasma concentration in chickens and Pekin ducks 

administered with 2.5 mg/kg of BXM. Blood was collected at 0, 8, 24, 48, 72, 96, and 120 hpa. The curve 

shows the mean plasma concentration of BXA and PR at different time points. Bar indicates the standard 

deviation (n = 3). The black vertical arrow indicates the drug administration schedule.
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Virus shedding and antibody response in chickens  

To determine how long the surviving chickens could shed virus following 

infection and single treatment with different doses of BXM, swabs were collected at 0, 

3, 5, 7, and 14 dpi, and these were inoculated in eggs. No virus was recovered from swabs 

of surviving chickens treated with 0.1, 0.5, 2.5, 12.5, and 62.5 mg/kg; however, high 

virus titers from 2.7 to 4.2 log10 EID50/mL were recovered from the swabs collected on 

three chickens that had died by 5 dpi in the 0.1 and 0.5 mg/kg treatment groups (Table 

7). Furthermore, to ascertain whether the surviving chickens were infected, the antibody 

response against the challenge virus was examined. The HI titers for all surviving 

chickens ranged from 32 to 64 HI (Table 7). These results indicate that although infection 

was established in chickens by inoculation with HPAI virus, viral excretion and clinical 

symptoms were predominantly suppressed by BXM activity at a dose of 2.5 mg/kg or 

higher. Together, chicken survival and virus recovery can indicate that the protective 

effects of BXM were dose-dependent, and the minimum dose that conferred full 

protection to chickens from a lethal dose challenge of HPAIV infection is 2.5 mg/kg.
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Table 7. Virus recovery in tracheal and cloacal swabs and antibody response in the serum of the 

chickens treated with different doses of BXM at single administration. 

a The virus titer in tracheal and cloacal swab; (#) indicates the identification for each chicken; (–/–) indicates under 

detection limit (0.5 log10 EID50/mL) for both T and C swab supernatant. b The antibody titer in the serum before 

and after infection.; (†) indicates that chicken died during the observation period; (T) and (C) indicate tracheal 

and cloacal swabs, respectively.

Treatment 

(mg/kg) 

Chicken 

ID 

Virus recovery from swabs on days post-challenge 

(log10 EID50/mL) a 

    HI titer in serum b 

on days post challenge 

     0 3 5  7  14  0 14 

   T/C T/C T/C T/C T/C   

 # 41 – /– 5.2 / 4.8 † † †  <2 † 

    Control # 42 – /– 4.9 / 4.0 † † †  <2 † 

 # 45 – /– 5.5 / 4.3 † † †  <2 † 

 # 46 – /– 5.3 / 4.5 † † †  <2 † 

0.1 

# 1 – /– 4.2 / 3.5 † † †  <2 † 

# 2 – /– – /– – /– – /–  – /–   <2 64 

# 5 – /– 3.8 / 2.7 † † †  <2 † 

# 6 – /– 4.2 / 3.5 † † †  <2 † 

0.5 

# 9 – /– 3.4 / 2.7 † † †  <2 † 

# 10 – /– 3.5 / 3.5 3.7 / 3.2 † †  <2 † 

# 13 – /– 3.2 / 3.0 2.6 / 3.0 † †  <2 † 

# 14 – /– – /– – /– – /– – /–  <2 64 

2.5 

# 17 – /– – /–        – /– – /–          – /–  <2 64 

# 18 – /– – /– – /– – /– – /–  <2 64 

# 21 – /– – /– – /– – /– – /–  <2 64 

# 22 – /– – /– – /– – /– – /–  <2 64 

12.5 

# 25 – /– – /– – /– – /– – /–  <2 32 

# 26 – /– – /– – /– – /– – /–  <2 64 

# 29 – /– – /– – /– – /– – /–  <2 64 

# 30 – /– – /– – /– – /– – /–  <2 64 

62.5 

# 33 – /– – /– – /– – /– – /–  <2 64 

# 34 – /– – /– – /– – /– – /–  <2 64 

# 37 – /– – /– – /– – /– – /–  <2 64 

# 38 – /– – /– – /– – /– – /–  <2 64 
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Discussion 

HPAI remains to be a major concern for poultry and wild bird populations. 

Currently, there is no approved drug for the treatment of HPAIV infection in birds 

although other preventive measures can be applied, mostly for the poultry populations. 

To protect captive wild birds from HPAIV infection, studies have been carried out to 

establish its treatment and prevention using different models. Lee et al. [81], Kaleta et al. 

[80], and Meijer et al. [82] have evaluated the use of oseltamivir, although several 

limitations were noticed to apply it efficiently for AI treatment. Other studies have also 

evaluated the use of poultry vaccine for the prevention of HPAI caused by H5 and H7 

virus strains in zoo birds [77,82,91]; however, an effective immune response was not 

induced in all of the vaccinated birds, which only implies that a proportion of birds 

remain at risk for HPAIV infection. Additionally, vaccine to AI is usually subtype- or 

strain-specific, whereas the AI outbreak is not predictable for such a vaccine specificity; 

in the case of emergency vaccination for a specific AI strain, the birds will still be 

exposed to infection during the seroconversion period. Moreover, in some countries, 

vaccine use for AI is prohibited for poultry and in wild bird populations. In this present 

study, the chickens were used, the most susceptible avian species to AIV, as an animal 

model to test for HPAIV infection, which has been known for its high virus replication 

in the organs and high mortality, mimicking a natural HPAI outbreak in the field. This 

model demonstrated that both BXM and PR were efficacious for the protection of 

chickens in simultaneous treatment, although in the group administered with PR, one out 

of four chickens died and virus replication was not completely inhibited. Taken together, 

these results provide an additional approach to overcome the limitations of vaccination 
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and other traditional measures used to protect captive wild birds in case of an HPAI 

outbreak.  

Initially, a dose of 20 mg/kg of BXM or PR was administered to chickens; in the 

simultaneous treatment, the survival of birds and virus titer in organs differed between 

the BXM and PR groups, with clear beneficial effects for BXM (Figures 15a and b). 

Moreover, with delayed treatment, even though a net difference was not observed in both 

survival and the virus recovery, one chicken in the BXM group survived up to 6 dpi and 

the virus titer was lower compared with those in the control group (Figure 15a). These 

results indicate that BXM possessed greater protective effectiveness compared with that 

of PR; therefore, BXM was used for further experiments. The dosage of 20 mg/kg to 

chickens has been determined to be higher, compared to the dosage used in humans [84] 

and mice; therefore, this dose was adjusted this dose to 2.5 mg/kg, which was determined 

to be the minimum dose that protected 100% of infected chickens with complete 

inhibition of virus replication in the organs as well as virus shedding, although the virus 

was recovered at low titer in organs from two chickens in this treatment group (Figure 

16e). This remnant viral population could be due to slower elimination of the virus from 

these chickens given that no virus was recovered in the swabs collected at 3 to 14 dpi 

from four chickens in the same group (Table 7). In summary, although dosage guidelines 

were provided in this study, it may not be possible to determine the appropriate dosage 

for each bird species without examining the concentration of BXA in blood. 

Nevertheless, administering 62.5 mg/kg to chickens, which is approximately 60-fold 

higher than that used in humans and mice, did not exhibit any side effects; this finding 
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suggests that for treatment purposes, the proposed dosage of 2.5 mg/kg or more can be 

administered to other bird species in case of HPAIV infection. 

No virus was recovered in swabs collected from chickens treated with 2.5 mg/kg of 

BXM, although the antibody response revealed that these chickens were infected (Table 

7). On the other hand, plasma concentration of BXA for the 2.5 mg/kg dose at 48 hs was 

4.48 and 4.28 ng/mL in chickens and Pekin ducks, respectively, which is similar to the 

6.92 and 6.85 ng/mL plasma concentrations reported to be effective for inhibition of virus 

replication in humans [85] and mice [92], respectively. This suggests that a single dose 

of 2.5 mg/kg can prevent virus replication and shedding from infected birds. However, 

HAIV is reported to persist up to 15 days in the environment after an outbreak, with the 

possibility of infecting other healthy birds in the flock [93-95]. Therefore, it would be 

necessary to administer four consecutive doses of 2.5 mg/kg at 48 h interval to an entire 

flock to maintain the BXA blood concentration above 4.28 ng/mL, which was assumed 

as the antiviral effect in chickens in this study; this would ensure full protection for all 

birds.  

In summary, in this study, BXM and PR were demonstrated to be effective for the 

treatment HPAI virus infection in the simultaneous treatment. However, for the delayed 

treatment reflecting real-life field situation, the antiviral efficacy was limited, indicating 

that early administration would be essential in case of HPAI outbreak. The BXM 

treatment could be the first choice for protecting valuable wild birds from culling or death 

during an HPAI outbreak, whereas PR as a second choice might be used even though the 

antiviral effects were limited in this study. Using the chicken and duck models, the 

administration of 2.5 mg/kg of BXM induced sufficient plasma concentration of BXA to 
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protect birds from HPAI infection for 48 h. Further studies may be essential to optimize 

the dosage of BXM for treating HPAI in the wild bird species by evaluating the 

metabolism of the BXM for a variety of species despite the similarities observed in 

chickens and Pekin ducks in the current experiments.
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Brief summary 

In this study, two human antiviral drugs, BXM and PR, were evaluated in chickens 

as a model for the treatment of HPAIV infection in other bird species. At the dose of 20 

mg/kg, BXM protected all chickens infected with an HPAIV; the virus replication in the 

chicken’s organs, as well as the virus shedding in the swabs after the treatment, was 

completely suppressed. In contrast, the protective effect of PR  was partially observed; 

the virus was detected in the chicken’s organs and swabs after the treatment.  To 

determine the appropriate dose to use for the treatment of HPAIV infection in other avian 

species, 2.5 mg/kg was determined as the minimum effective dose at a single 

administration in the simultaneous treatment. The blood kinetics of BXM at 2.5 mg/kg 

was similar in chickens and Pekin ducks. This suggests that BXM can be used as a 

prophylactic and therapeutic agent for HPAIV infection in other valuable bird species. 
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Conclusion 

This study aims to provide relevant information that can be used to implement the 

effective control of AI and ND in bird populations. The intensive exploitation of poultry 

worldwide increases the number of susceptible avian species leading to the active 

circulation of AIVs and NDVs. The close contact between humans and poultry exposes 

the people to the AIVs of zoonotic potential; the virulent strains of AIV and NDV cause 

severe damage to the poultry industry. On the other hand, some valuable wild captive 

birds susceptible to AIV need to be protected from the natural death or stamping out 

during an HPAIV outbreak, and this might require antiviral drugs that can be used for 

their treatment. 

Regarding the essential information for preventing AIV and NDV infection, this 

study focused on the DRC where outbreaks of HPAIV and NDV were recently reported. 

The AIV and NDV isolated during the outbreaks were characterized and detailed 

information was provided for establishing the adequate control measures not only in the 

DRC but also in the African continent given the transboundary character of the AI and 

ND. 

This study demonstrated that migratory wild birds from Eurasia introduced the 

HPAIV that caused the outbreak, and the virus spread within the continent probably by 

cross-country migratory birds or cross-border poultry movements. The laboratory 

experimental study revealed that the HPAIV that caused the outbreak in the DRC 

increased the virulence in Muscovy ducks compared to the other viruses in the same clade 

2.3.4.4b as observed in the field situation; suggesting that during the evolution, this virus 

changed its pathogenic character for different birds species. 
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Regarding the NDV detected in the DRC in 2018 and 2019, the study revealed two 

different genotypes of velogenic strains are circulating in the country. Among them, a 

new variant of the NDV was identified and the other isolated was closely related to the 

Asian strains, suggesting its origin. The antigenicity and vaccine potency of the NDVs 

isolated in the DRC demonstrated that the ND can well be controlled using the current 

vaccine; however, this required the implementation of a good vaccination program. 

Therefore, there is a need to assess further factors that allow the ND to be endemic in the 

DRC. 

Although standard key elements for the control measures for the HPAIV infection, 

such as the surveillance, early diagnosis, and stamping out of infected birds, the 

vaccination can be applied additionally in some countries. Except for these control 

measures, this study evaluated the possibility of the treatment for HPAIV infection in 

valuable captive wild birds with two human antiviral drugs namely BXM and PR. In 

chicken as a model, BXM was effective to protect chickens infected with an HPAIV 

when the treatment started earlier than the onset of clinical signs; whereas PR showed 

limited therapeutic effects. The BXM treatment is expected to be applied in captive wild 

birds during an outbreak of HPAI to prevent the extinguishing of the rare breed. 

   In this thesis, the important information about the AIV and NDV isolated in the 

DRC was provided; this information is the baseline to implement effective control 

measures for both AIV and NDV infections in the DRC. Moreover, an effective treatment 

was suggested by using the chicken model, and this treatment may be used for some 

valuable wild captive birds infected with HPAIV. The findings in the three chapters will 

contribute to the control of AIV and NDV infection in the field.    
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