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RESUMEN

El virus de la enfermedad infecciosa de la bursa (IBDV) es uno de los
patdgenos mas problematicos en la industria avicola mundial debido a que
afecta severamente el sistema inmune de las aves y provoca grandes
pérdidas econdmicas. El nivel de dafo provocado por el virus depende de
varios factores entre los que se destacan la edad del ave, su estado inmune, y
el tipo de cepa involucrado. El virus posee un genoma de ARN doble hebra
bisegmentado que favorece el surgimiento de variantes virales. Desde su
primer reporte, se han descrito varias cepas con caracteristicas genéticas,
antigénicas y patogénicas diferentes. Esta Tesis presenta la descripcion y
posterior caracterizacion de un tipo de cepa particular que se denomind
distinct. Esta cepa es la mas frecuentemente encontrada en Uruguay y la
region. Inicialmente se realizé la caracterizacion genética parcial de esta cepa
analizando fragmentos de ambos segmentos gendmicos. Esto incluyd un
analisis exhaustivo de la base de datos de secuencias que evidencid la
presencia de cepas distinct en varios continentes desde hace mas de 30 afos.
Distintos tipos de analisis genéticos determinaron que las cepas distinct son
en realidad un grupo viral genéticamente diferente del resto de cepas
tradicionalmente conocidas. Complementariamente se obtuvo y analizé el
primer genoma completo de una cepa distinct. Posteriormente se desarrollo
un método de deteccidn especifico de las cepas distinct basado en PCR en
tiempo real. El disefio del método incluyé el analisis detallado de las
secuencias de IBDV disponibles con el fin de obtener un ensayo eficiente y
robusto. La validacion realizada fue exitosa y la metodologia presento un
excelente desempefio. A continuacién se estudid la historia epidemioldgica

de las cepas distinct a través de aproximaciones filodinamicas vy



filogeograficas utilizando inferencias Bayesianas. Los resultados obtenidos
sugieren que las cepas distinct son uno de los grupos virales mas antiguos,
habiéndose originado practicamente al mismo tiempo que las cepas
involucradas en el primer brote de la enfermedad. Ademas, se determiné el
lugar de origen mas probable de estas cepas en Europa del Este (Polonia y
Hungria), y las rutas migratorias que habrian dado lugar a la diseminacion de
las cepas distinct por varios continentes. Finalmente se estudiaron las
caracteristicas antigénicas de una cepa distinct uruguaya, asi como sus
efectos en infecciones experimentales de aves. Los resultados indicaron que
la cepa es antigénicamente diferente a las cepas tradicionales, y que si bien
no provoca signos clinicos en las aves infectadas, afecta la bursa de Fabricio

generando un cuadro de inmunodepresion severo.

En conjunto, el trabajo realizado durante esta Tesis permitio establecer la
existencia de una cepa viral previamente desconocida y profundizar en la
descripcion de sus caracteristicas genéticas, antigénicas y patogénicas, asi

como en aspectos de su evolucion e historia epidemioldgica.



ABSTRACT

Infectious bursal disease virus is one of the most problematic pathogens in
the poultry industry, producing mayor economic losses through the
impairment of the birds' immune system. Several factors influence the level of
damage caused by the virus, mainly the bird's age, its immune system status,
and the viral strain involved. The emergence of viral variants is favored by the
nature of the virus genome, composed by double strand, bisegmented RNA
molecules. Since the first report of the disease, strains with different genetic,
antigenic and pathogenic characteristics were described. This Thesis is on the
first description and characterization of a particular strain here denoted as
distinct. This is the most frequent strain in Uruguay and the region. Firstly, the
partial genome characterization was done though the analysis of partial
fragments of both genome segments. This included an exhaustive analysis of
the sequence database which resulted in the finding of distinct strains
collected in various continents since more than 30 years ago. Different
genetic approaches determined that the distinct strains compose a group of
genetically different strains compared to traditional strains. Additionally, the
first complete genome of a diistinct strain was obtained and analyzed. Later, it
was developed a qPCR-based method for the specific detection of the
distinct strains. The design of the method was based on the genetic
differences previously detected in order to achieve the development of an
efficient and robust assay. This study included the validation of the method,
which allowed the demonstration of the correct performance of the assay.
Then, the epidemiological history of the distinct strains was analyzed through
phylodinamic and phylogeographic approaches using Bayesian inferences.

This study suggests that the distinct strains would be one of the most



ancestral viral groups, emerging almost at the same time that the strains
involved in the first outbreak of the disease. Also, the most probable origin
location, Eastern Europe (Poland and Hungary), and the migration routes that
triggered the intercontinental spread of the strain were estimated. Finally, the
antigenic characteristics of a Uruguayan distinct strain were analyzed, as well
as the consequences of the infection of SPF birds with the same strain. These
analyses revealed that the Uruguayan distinct strain is antigenically different
from the rest of traditional strains, and that it produces bursal atrophy and a

severe immunosuppression in the absence of any clinical sign.

Overall, this Thesis evidences the existence of a previously neglected viral
strain and provides a deep description of its genetic, antigenic and
pathogenic characteristics, as well as shedding light over its evolution and

epidemiological history.



INTRODUCCION GENERAL

SURGIMIENTO DE LA ENFERMEDAD INFECCIOSA DE LA BURSA

La Enfermedad Infecciosa de la Bursa (IBD, por sus siglas en inglés) se detectd
por primera vez en el otono de 1957 en una granja de pollos de engorde
ubicada en las cercanias de la comunidad de Gumboro, Delaware, EEUU
(Cosgrove, 1962), debido a lo cual también se la conoce como Enfermedad
de Gumboro (Fig. 1). En este reporte se la describi6 como una enfermedad
que afecta principalmente aves jovenes, provocando diarrea, anorexia,
depresion, postracion y temblores; su diseminacion fue muy rapida e infecto

los galpones cercanos en pocos dias con una mortalidad de hasta 10%.

Delaware

Lasher & Cosgrove

Figura 1- Foto tomada en la primera granja donde se observo la enfermedad

infecciosa de la bursa, llamada Bunting Farm, en las cercanias de la comunidad de



Gumboro, Delaware. Aparecen el Dr. Albert Cosgrove (derecha) y el Dr. Hiram

Lasher (izquierda). Tomado de Lasher & Davis (1997).

Inicialmente se la llamd ‘nefrosis aviar’, debido a que frecuentemente se
observaban lesiones graves en los rifones de las aves afectadas, e incluso se
pensaba que el agente etiolégico era una cepa nefropatdgena del virus de la
bronquitis infecciosa aviar. Luego se determiné que en la mayoria de los
casos observados inicialmente existia una coinfeccion entre el agente
etiologico de la enfermedad infecciosa de la bursa y una cepa nefropatégena
del virus de la bronquitis infecciosa aviar, lo cual llevo a la confusion inicial y
complicé la identificaciéon del verdadero agente etiolégico (Winterfield &

Hitchner, 1962).

El primer aislamiento del virus de Gumboro (/nfectious Bursal Disease Virus,
IBDV) fue realizado por un grupo encabezado por el Dr. Winterfield en 1962
(Winterfield et al, 1962). Fue asi que unos afios mas tarde, a partir de la
realizacion de estudios que involucraron la infeccion de aves bajo
condiciones controladas, se vio que el virus provocaba lesiones graves
principalmente en la bursa de Fabricio, 6rgano linfoide primario de las aves
(Cho & Edgar, 1969; Hitchner, 1970). Luego se determin6 que el dafio en la
bursa de Fabricio generaba inmunodepresion, incrementando la
susceptibilidad a patdgenos oportunistas normalmente presentes en los

establecimientos avicolas (Allan et a/, 1972; Faragher et al, 1974).

En 1980, el grupo encabezado por McFerran describio la existencia de un
serotipo diferente aislado de pavos provenientes de Irlanda del Norte
(McFerran et al, 1980). Poco tiempo después, el mismo tipo de virus fue
descrito en EEUU, y se sugirio llamarlo ‘serotipo 2’ para diferenciarlo del resto
de los virus identificados, ahora llamados del ‘serotipo 1’ (Jackwood & Saif,

1983; McNulty & Saif, 1988). Infecciones experimentales con virus del



serotipo 2 demostraron que éstos no provocaban enfermedad en los pollos
(Ismail et al, 1988a). Si bien en un principio se pensé que los virus del
serotipo 2 podian ser candidatos a utilizarse como vacunas, se vio que no
existia una adecuada proteccion cruzada entre los dos serotipos (Chettle &

Wyeth, 1989).

La enfermedad se controlé exitosamente mediante el uso de vacunas
inactivadas y atenuadas hasta los afios 1980s, cuando resurgié en la
peninsula de Delmarva, una regién compartida entre los estados de
Delaware, Maryland y Virginia. Este resurgimiento se debi6 a la aparicion de
cepas virales antigénicamente diferentes, las cuales se denominaron variantes
antigénicas o simplemente variantes para diferenciarlas de las que circulaban
previamente (cepas “clasicas”). Las cepas variantes se caracterizaron por
generar una fuerte inmunodepresion temprana, incluso en aves con altos
niveles de anticuerpos maternales contra cepas clasicas (Saif, 1984;

Rosenberger & Cloud, 1985; Rosenberger et al, 1985).

Unos pocos afios mas tarde, aparecieron en Europa brotes de IBDV que
causaban grandes dafios y altas tasas de mortalidad (Chettle et a/, 1989; van
den Berg et al, 1991). Las cepas involucradas en estos brotes se denominaron
hipervirulentas y no presentaban cambios antigénicos significativos con las

cepas clasicas, pero si un incremento notorio en su patogenicidad.

VIRUS DE LA ENFERMEDAD INFECCIOSA DE LA BURSA
TAXONOMIA

Segun la clasificacion taxondmica actual, IBDV es la Unica especie conocida
del género Avibirnavirus dentro de la familia Birnaviridae (Delmas et al,

2019). Esta familia estd compuesta por virus desnudos con capside de
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simetria icosaédrica, numero de triangulacion T=13, de unos 70 nm de

diametro (Bottcher et a/, 1997; Coulibaly et al, 2005) (Fig. 2).

Figura 2- Micrografia electronica de particulas virales purificadas de IBDV. La barra

corresponde a 100 nm. Modificado de Castdn et a/. (2001).

Su genoma, compuesto por dos segmentos de ARN doble hebra, es
caracteristico de todos los birnavirus y da nombre a la familia; "bi" por el
caracter bisegmentado y “rna” por la naturaleza del material genético (Nick et
al, 1976). Ademas del género Avibirnavirus se han descrito otros tres géneros
dentro de esta familia: Aquabirnavirus, Blosnavirus y Entomobirnavirus.
Dentro del género Aquabirnavirus se encuentran tres especies que infectan
animales acuaticos como son el infectious pancreatic necrosis virus que
infecta peces salménidos, el Tellina virus que infecta moluscos bivalvos y el

Yellowtail ascites virus que infecta peces del género Seriola.

El género Blosnavirus esta formado Unicamente por la especie Blotched

snakehead virus el cual fue originalmente aislado de una linea celular
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derivada del pez Channa lucius. Finalmente, el género Entomobirnavirus
contiene la especie Drosophila X virus de la mosca de la fruta como Unico

miembro actual.

GENOMA

Los segmentos que forman el genoma de IBDV se denominan A y B. El
segmento gendmico A (3,2 Kpb) posee dos marcos abiertos de lectura (ORF)
parcialmente solapados, denominados ORF-Al y ORF-A2 (Kibenge et al,
1990) (Fig. 3). La region correspondiente al ORF-A1 codifica la proteina VP5 'y
tiene entre 438 y 450 nt de longitud dependiendo de la cepa viral (Mundt et
al, 1995). El ORF-A2 es de 3039 nt y codifica una poliproteina que, mediante
un proceso de clivaje en el que participan componentes virales y del
hospedero, genera las proteinas VP2, VP3, VP4, y cuatro péptidos pequefios
(Sanchez & Rodriguez, 1999; Lejal et al, 2000; Da Costa et al, 2002). Las
regiones no codificantes (UTR) de los extremos 5' y 3' se extienden por 96 y
95 nt respectivamente. El segmento gendémico B (2,8 Kpb) codifica en un
unico ORF de 2640 nt la proteina VP1 (Spies et al, 1987). Las UTR de los
extremos 5' y 3' tienen un largo de 111 y 82 nt respectivamente (Mundt &

Miuller, 1995).
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SEGMENTO A

5 — .

VP5
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de capside
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5 AT TS OAZ T

I VP1 |
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Figura 3- Esquema representando los dos segmentos genomicos de IBDV y sus

productos proteicos correspondientes.

PROTEINAS VIRALES

La proteina VP1 es una RNA polimerasa dependiente de RNA encargada de
replicar el genoma y transcribir los RNA mensajeros. VP1 también funciona
como proteina cebadora mediante la utilizacidon de residuos de guanina que
son incorporados de forma covalente por un proceso de auto guanililacion
(Pan et al, 2009). Los residuos de guanina unidos a VP1 hibridan con residuos
de citosina localizados en los extremos 3' en ambos segmentos gendmicos
para actuar como cebadores. VP1 tiene tres regiones principales: region N-
terminal (1-167 aa), a la cual se le atribuye la funcion cebadora; region central
(168-658), donde se encuentran todos los dominios responsables de la
actividad polimerasa (dedos, pulgar y palma) y regién C-terminal (659-878
aa), la cual funcionaria evitando errores en el proceso de cebado al inicio de

la polimerizacion (back-priming).

La proteina VP2 es la principal componente de la capside viral, la cual esta

formada por 260 trimeros de esta proteina (Coulibaly et a/, 2005; Saugar et
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al, 2005). Estructuralmente se divide en tres dominios denominados B (base),
S (shel) y P (projection) (Garriga et al, 2006; Lee et al, 2006) (Fig. 4A). Los
dominios B y S son relativamente conservados y estan formados por los
extremos N- y C-terminal, mientras que el dominio P es central e incluye una
region hipervariable ubicada entre los residuos 206 y 350 (Bayliss et a/, 1990).
En esta regidén hipervariable de VP2 se encuentran cuatro bucles que se
proyectan hacia el exterior, denominados Psc, Pog, Prc y Py, para conformar la
region mas expuesta de la particula viral (Letzel et a/, 2007) (Fig. 4A y B). Los
residuos de estos bucles intervienen en el tropismo celular, en la virulencia y
en la antigenicidad (Brandt et a/, 2001; Jackwood et a/, 2008; Qi et al, 2009,
2013; Noor et al, 2014). La proteina VP2 se genera por un proceso de
maduracion del precursor pVP2 derivado del clivaje de la poliproteina
(Sanchez & Rodriguez, 1999). El procesamiento de pVP2 también produce los
péptidos pequenos pep4b6, pep7a, pep7b y pepll (Da Costa et al, 2002).
Algunos de estos péptidos pequefios estarian involucrados en procesos
importantes del ciclo viral, tales como el ensamblaje de la particula viral y la
desestabilizacion de la membrana celular para permitir el ingreso del virus

(Chevalier et al, 2005; Galloux et a/, 2007).
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Figura 4- Representacion esquematica de la proteina VP2. (A) Mondmero de VP2.
Los dominios P, S y B se muestran en diferente color. Se indica la posicion de cada
uno de los bucles Pgc, Ppg, Prg y Pui (B) Trimero de VP2. Se muestran los bucles
correspondientes a cada mondmero en colores diferentes (Psc, azul; Ppg, verde; P,

amarillo; Py, rojo). Modificado de Letzel et al. (2007) y Delgui et al. (2009).

VP3 es una proteina multifuncién. La interaccion del extremo C-terminal de
VP3 con el extremo C-terminal de pVP2 es importante para la correcta
formacién de la capside viral, por lo cual se ha descrito a VP3 como una
proteina scaffold fundamental durante la morfogénesis (Maraver et al, 2003;
Ona et al, 2004; Saugar et al, 2005; Mata et a/, 2018). Durante el ensamblado
de la capside, VP3 interacciona con la polimerasa viral VP1 y funciona como
regulador de la actividad transcripcional (Lombardo et a/, 1999). VP3 también
se une a ambos segmentos gendmicos para formar complejos

ribonucleoproteicos (Luque et a/, 2009).

La proteina VP4 es una proteasa viral encargada del procesamiento de la
poliproteina (Birghan, 2000; Lejal et a/, 2000). Especificamente, VP4 es una
serin-proteasa donde los residuos Ser-652 y Lys-692 funcionan como diada

catalitica (Lejal et a/, 2000). A VP4 también se le atribuye un rol importante
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en la inhibicién de la respuesta inmune del hospedero, ya que se ha visto que
inhibe la expresion de interferén tipo I a través de su interaccion con la

proteina GILZ (glucocorticoid-induced leucine zjpper) (He et al, 2018).

La proteina no estructural VP5, codificada por el ORF-Al del segmento A, es
una proteina transmembrana de clase II. Esta proteina no es esencial para la
replicacion viral, pero cumple un rol importante en la salida del virus de la
célula (Rosenberger & Gelb, 1978; Mundt et a/, 1997; Lombardo et al, 2000;
Wu et al, 2009). En etapas tempranas de la infeccion VP5 actua inhibiendo la
apoptosis celular, posiblemente favoreciendo la produccién de mas progenie
viral (Liu & Vakharia, 2006; Wei et al, 2011). Contrariamente, en etapas
tardias de la infeccion actia promoviendo la apoptosis y favoreciendo la

diseminacion del virus (Li et a/, 2012).

TRANSMISION VIRAL

La transmisién del virus ocurre de forma horizontal. A partir de las 48 hs post
infeccion, las aves infectadas excretan particulas virales a través de las fecas
(Takase et al, 1982; Zhao et al, 2013). Una vez que las fecas se secan, las
particulas virales se diseminan por el aire y pueden contaminar galpones
adyacentes. No se ha detectado excrecion viral a través de las vias
respiratorias de las aves infectadas (Zhao et a/, 2013). La resistencia del virus
en el ambiente favorece su transmision y permanencia en los galpones,
habiendo estudios que demuestran la persistencia del virus hasta por 122

dias en el ambiente (Benton et a/, 1967; Zhao et al, 2013).

El virus ha sido aislado de diversas especies de aves silvestres que funcionan
como reservorio y contribuirian con la dispersion del virus. Entre esas

especies se encuentran patos, gansos, gorriones e incluso pinguinos
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(Jackwood et al, 2005, Wang et al/, 2007). Ademas, la presencia de
anticuerpos anti-IBDV también se detecta en otras especies de aves acuaticas
y no acuaticas (Ogawa et al, 1998; Fagbohun et a/, 2000; Hollmén et al,
2000).

REPLICACION VIRAL

El ingreso del virus a la célula comienza con la interaccion entre la proteina
de capside VP2 y los receptores celulares. Se han identificado diferentes
receptores celulares, tales como la proteina de choque térmico cHSP90 (Lin
et al, 2007), la a4B1 integrina (Delgui et a/, 2009), y la inmunoglobulina M de
superficie sIgM (Luo et a/, 2010). La entrada a la célula se realiza por la via
endosomal, especificamente por macropinocitosis (Gimenez et al, 2015) (Fig.

5).

Figura 5- Modo de ingreso de IBDV a la célula por macropinocitosis. Arriba:
representacion esquematica del ingreso de IBDV a la célula por el mecanismo de
macropinocitosis. Abajo: micrografias electronicas donde se muestran imagenes

reales de las etapas esquematizadas. Modificado de Gimenez et a/. (2015, 2018).
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Una vez que el virus se localiza dentro de la célula, es transportado hacia
endosomas tempranos donde la disminucidén de la concentracion de calcio
promoveria la liberacién del pep46, que hasta ese momento permanecia
formando parte de la capside, e induce la formacién de poros en la
membrana del endosoma (Galloux et a/, 2007). El tamafio de los poros (~10
nm) no permite la salida del virus (~60 nm) del endosoma, pero si el
intercambio de pequefias moléculas necesarias para iniciar la transcripcion.
En los birnavirus, la generacién de los transcriptos de ARN ocurre dentro de
la particula viral intacta, para migrar posteriormente al citoplasma donde son

traducidos.

El proceso de ensamblado comienza con el procesamiento de la poliproteina
para liberar las proteinas pVP2 y VP3, mecanismo mediado por la proteasa
viral VP4. Posteriormente, la proteina VP3 y la proteasa celular PurSA

compiten para interactuar con pVP2 (Irigoyen et al, 2012) (Fig. 6).
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PROCAPSIDE

CAPSIDE

Figura 6- Modelo del ensamblado de la capside de IBDV. El precursor de la capside,
pVP2, interactia con PurSA (azul) o VP3 (verde), para formar pentdmeros o
hexdmeros, respectivamente. La interaccibn de ambas estructuras forma la
procapside con el genoma en su interior (rojo). La posterior accion autoprotelitica
de pVP2 dispara la formacion de la capside madura, en donde VP3 se mantiene

asociada al genoma viral. Modificado de Irigoyen et a/. (2012).

Cuando VP3 se une a pVP2, impide que PurSA procese a esta ultima, lo cual
favorece la formacion de hexameros. Por el contrario, si pVP2 es procesada
por PurSA, la proteina de capside forma pentameros. Dado que los
pentameros de pVP2 también unen algunas proteinas VP3, la interaccion
entre las VP3 de los hexameros y pentameros forma una estructura llamada

procapside. Esta estructura contiene el genoma viral con VP1 unido en sus
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extremos 5' e interactuando también con VP3. Finalmente, la propia pVP2 es

autoclivada liberando a VP3 y formando la particula viral madura.

En la etapa final del ciclo, la accion promotora de apoptosis de la proteina
VP5 permite la ruptura de la membrana celular y la liberacion de las

particulas virales (Li et al., 2012).

PATOGENESIS E INMUNODEPRESION

La inmunodepresién asociada a IBDV se debe a que el principal érgano
afectado es la bursa de Fabricio, 6rgano linfoide primario exclusivo de las
aves en donde ocurre la maduracion de los linfocitos B (Cooper et a/, 1966).
IBDV replica en los linfocitos B inmaduros provocando una deplecion
linfocitaria, principal causa de la inmunodepresion. Las aves
inmunodeprimidas son mas susceptibles a la infeccion con patdgenos
oportunistas frecuentemente encontrados en las granjas, como el virus de la
anemia infecciosa, virus de la bronquitis infecciosa, u otros patdgenos
bacterianos del sistema respiratorio y gastrointestinal (Rosenberger & Cloud,
1989; Nader et al/, 2013). Ademas, las aves inmunodeprimidas también
muestran una respuesta reducida a la aplicacion de vacunas, lo que aumenta

aun mas la problematica (Giambrone, 1979).

La forma mas comlUnmente asociada con el ingreso del virus es la via oral,
aunque también ingresa por inhalacion (Zhao et al, 2013), no existiendo
reportes de transmisién vertical. El periodo de incubacién dura entre 2 y 3
dias, dependiendo principalmente de la virulencia de la cepa (Van Den Berg
et al, 2000). Cuando el virus llega al intestino, ocurre la primera replicacion
en macréfagos del duodeno, yeyuno y ciego (Miller et a/, 1979). A través del
sistema venoso portal llegan al higado dentro de las 5 horas post-infeccion

(hpi). A través del torrente sanguineo principal el virus alcanza otros érganos,
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entre ellos la bursa de Fabricio, en cuyos foliculos se encuentran las
principales células blanco, los linfocitos B inmaduros. A las 13 hpi, la mayoria
de los foliculos son positivos para la presencia del virus, y a las 16 hpi ocurre
una nueva viremia masiva asociada a una segunda replicacion en otros
organos linfoides, tales como timo, bazo, tonsilas cecales y glandula de

Harder.

La replicacién del virus en los linfocitos B inmaduros de la bursa de Fabricio
esta asociada con la infiltracion de linfocitos T CD4+ y CD8+ activados en
este organo (Poonia & Charan, 2004). Algunas evidencias sugieren que los
linfocitos T restringen la replicacién de IBDV en etapas tempranas de la
infeccion (Rautenschlein et a/, 2002). Sin embargo, la accién de estas células
a través de la liberacion de diferentes citoquinas conduce a la activacion de
los macrofagos, quienes a su vez producen otros factores proinflamatorios.
Esto genera una tormenta de citoquinas y una activaciéon exacerbada de la
respuesta inmune, conduciendo a la intensificacién de la destruccidon del
tejido bursal y el retardo de su recuperacion (Sharma et al, 2000). Por otro
lado, se ha visto que la apoptosis juega un rol importante en la patogenia
desencadenada por IBDV, tanto en células infectadas como no infectadas

(Jungmann et al, 2001).

Una vez que el virus desaparece de las aves, estas se recuperan y los
linfocitos B comienzan a repoblar los foliculos de la bursa de Fabricio (Kim et
al, 1999; Withers et al, 2006). Las aves recuperadas no logran recomponer
por completo la respuesta humoral y sufren de niveles variables de
inmunodepresion. Un factor que incide directamente en el nivel de
inmunodepresion es la edad del ave, en donde las aves mas jovenes
muestran menor capacidad de recomposicién del sistema inmune humoral.

Otro factor influyente es la virulencia de la cepa de IBDV, estando las cepas
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mas virulentas asociadas con una menor recuperacion (Allan et al, 1972;

Higashihara et a/, 1991).

SIGNOS CLINICOS

El periodo de incubacion de la enfermedad es corto, observandose los
primeros signos clinicos entre 2 y 3 dias luego de la exposicion al virus. Entre
los signos mas tipicos se encuentran la diarrea blanquecina, asociada con una
tendencia de algunas aves a picotear su propia cloaca, el erizamiento de las
plumas, la disminucién en el consumo de alimento y agua, y niveles variables
de letargia sin reaccion a estimulos externos (Cosgrove, 1962) (Fig. 7). La
presencia de signos clinicos y la gravedad de los mismos dependen de varios
factores, estando entre los mas importantes la edad de las aves, el estado
inmune de las mismas, su linea genética, y la virulencia de la cepa viral
involucrada (Fadly & Nazerian, 1983; Chettle et a/, 1985; Bumstead et a/,
1993).

La edad a la cual las aves son mas susceptibles a la ocurrencia de signos
clinicos es en el periodo comprendido entre las 3 y 6 semanas de vida. Esto
se ha relacionado directamente con el nivel de desarrollo de la bursa de
Fabricio, ya que en este periodo es cuando el érgano alcanza su mayor
estado de maduracion y el mayor nimero de linfocitos B inmaduros (Ismail et
al, 1987). Las aves infectadas de forma temprana, previo a la semana 3,
generalmente no muestran signos clinicos pero sufren de una severa
inmunodepresion (Faragher et al, 1974). Aves de 6 semanas son menos
susceptibles a la infeccion y por lo tanto disminuye la ocurrencia de
manifestaciones clinicas tras la exposicion al virus, aunque hay reportes de la

enfermedad clinica en aves de 14 y 15 semanas de edad (Ley et a/, 1979).

22



La disminuciéon de los signos clinicos se debe a que este 6rgano
naturalmente se atrofia y deja de ser funcional hacia la madurez sexual de las
aves, alrededor de la semana 18-20 de edad (Ciriaco et a/, 2003). En aves

bursectomizadas el virus no es capaz de replicarse (Hiraga et a/, 1994).

El estado inmune de las aves es otro factor importante, principalmente la
presencia de anticuerpos maternos. Las aves jovenes que tienen niveles altos
de anticuerpos maternos son menos susceptibles a la enfermedad, siempre y
cuando exista un buen nivel de homologia entre los anticuerpos

neutralizantes maternos y la cepa viral circulante (Ide et a/, 1978).

Figura 7- Ave afectada por la enfermedad infecciosa de la bursa. Se aprecia el
erizamiento de las plumas y cierto nivel de letargia en comparacién con las aves

circundantes. Fuente: https://fieldcasestudy.com.
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La linea genética del ave hospedero es también un factor determinante en la
aparicion o no de signos clinicos y en su severidad. Un estudio reciente
realizado con aves SPF de dos tipos, uno correspondiente a pollos de
engorde (Plymouth Rock) y otro correspondiente a aves de postura (White
Leghorn), obtuvo resultados que sustentan esta hipotesis (Silva et al, 2016).
En base a los signos clinicos, nivel de mortalidad y analisis histopatoldgicos
de tejidos linfoide y renal, las aves de postura mostraron una mayor
susceptibilidad a los efectos patologicos provocados por la infeccion con una
cepa hipervirulenta. Resultados similares se obtuvieron utilizando una cepa
clasica como virus desafio y comparando la infeccién de aves de postura y
pollos de engorde (Nielsen et al/, 1998). Esta respuesta diferencial observada
entre aves de postura y pollos de engorde parece deberse a diferencias en la
modulacion de los niveles de la respuesta inmune innata, especificamente en
cuanto a las células T y los niveles de expresion de distintas citoquinas
(Tippenhauer et al, 2013).

Por ultimo, el tipo de cepa involucrado en la infeccion también es relevante a
la hora de la generacién de signos clinicos, tema profundizado en la siguiente

seccion.

DIVERSIDAD VIRAL

El genoma de ARN doble hebra de IBDV esta sometido a altas tasas de
mutacion de entre 10” y 10® mutaciones/sitio/generacion (Peck & Lauring,
2018). Esto se refleja en tasas de sustitucion que rondan las 10
sustituciones/sitio/ano (Silva et al, 2013; Alfonso-Morales et al, 2015).
Sumado a la capacidad de variar por mutacion, IBDV puede también generar

variantes por recombinacion y reordenamiento de sus segmentos genémicos
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(Wei et al, 2006; He et al, 2009; Soubies et a/, 2017; Pikuta et a/, 2018). Esta
capacidad de variar su genoma ha fomentado el surgimiento vy
establecimiento de poblaciones virales genéticamente heterogéneas que

pueden variar antigénica y patogénicamente.

Los virus del serotipo 2 se han aislado principalmente de pavos, especie en
donde predominan segun relevamientos serolégicos (Jackwood et al/, 1982;
Chin et al, 1984). Aunque este serotipo infectan pavos y pollos, lo cual se
evidencia por la seroconversion de las aves infectadas, no generan signos
clinicos ni dafos en la bursa de Fabricio o alteraciones en la respuesta
inmune, por lo cual se los considera no patogénicos (Perelman & Heller,
1983; Jackwood et al, 1984; Ismail et al, 1988b).

Dentro de los virus considerados patogénicos pertenecientes al serotipo 1 se
encuentran las primeras cepas aisladas de IBDV, hoy conocidas como clasicas
virulentas. Estas cepas inicialmente se asociaron con brotes donde la
mortalidad especifica rara vez superd el 10 % (Cosgrove, 1962; Parkhurst,
1964). En ensayos de laboratorio bajo condiciones controladas, infectando
aves de postura de tipo White Leghorn SPF de entre 3 y 6 semanas de edad,
se observaron niveles de mortalidad de entre 10% y 50%, dependiendo de la

cepa utilizada (Eterradossi & Saif, 2013).

Un grupo viral muy cercanamente emparentado con las cepas clasicas
virulentas, aunque con caracteristicas genéticas y patogénicas diferentes, son
las denominadas cepas clasicas atenuadas. Este grupo, como su nombre lo
sugiere, esta casi exclusivamente compuesto por cepas de origen vacunal,
ademas de cepas adaptadas a cultivos celulares y embriones de pollo.
Genéticamente hay una clara diferenciacién de estas cepas y las cepas
clasicas virulentas, ubicandose en clados diferentes y encontrandose

marcadores especificos a nivel aminoacidico en la region hipervariable de
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VP2 (Dormitorio et al, 1997). Patogénicamente también se observan
diferencias, ya que las clasicas atenuadas no producen mortalidad en las aves,
aunque pueden generar dafo variable en la bursa de Fabricio y distintos
niveles de inmunodepresion (Giambrone & Clay, 1986; Mazariegos et al,

1990).

Las cepas variantes o variantes antigénicas son otro importante grupo viral
claramente diferente del resto de las cepas. Ensayos /n vitro de neutralizacion
cruzada evidenciaron la existencia de diferencias antigénicas mayores entre
las cepas variantes y vacunas de tipo clasica (Ismail & Saif, 1988).
Posteriormente se demostré mediante estudios /n vivo de proteccidn cruzada
que las cepas vacunales clasicas no generan niveles de proteccidon adecuados
contra desafios con cepas variantes (Ismail et a/, 1990). Patogénicamente las
cepas variantes se caracterizan por generar una severa atrofia de la bursa de
Fabricio e inmunodepresién en ausencia de signos clinicos (Eterradossi &

Saif, 2013) (Fig. 8).
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Figura 8- Bursas de Fabricius de aves SPF de 5 semanas de edad colectadas 5 dias
post infeccion. Arriba: bursas de Fabricius pertenecientes a aves sin infectar (control
sin infeccion); abajo: bursas de Fabricius de aves infectadas con la cepa variante IN.

Tomado y modificado de Ismail et a/. (1990).

Las cepas hipervirulentas son una de las mas problematicas, debido a su
amplia distribucion y prevalencia en varios continentes y al dafio provocado
en las aves infectadas. Se caracterizan por ser muy patogénicas, causando
niveles de mortalidad que alcanzan el 25% en pollos parrilleros y 60 % en
aves de postura (van den Berg et a/, 1991; Nunoya et a/, 1992). Estudios bajo
condiciones controladas, utilizando aves ponedoras SPF, detectan tasas de
mortalidad de entre 50% y 100% (Eterradossi & Saif, 2013). A diferencia de lo
que ocurre con las cepas variantes, las vacunas realizadas en base a cepas
clasicas son eficaces para proteger a las aves frente a desafios con cepas
hipervirulentas (van den Berg et al/, 1991; Eterradossi et al, 1992). Sin
embargo, se evidencian diferencias a nivel antigénico entre ambas cepas
cuando se analiza el patrén de afinidad con un panel de anticuerpos

monoclonales (Eterradossi et a/, 1997).

Otro grupo viral diferente es el conformado por las cepas de IBDV presentes
en Australia. En ese pais no se observan en campo casos clinicos tipicos de
infeccion por IBDV, aunque las cepas australianas generan inmunodepresién
en ausencia de signos clinicos (Firth, 1974; Westbury, 1978; MacKenzie &
Spradbrow, 1983). Los IBDV australianos se subdividen en dos grupos de
cepas, llamadas clasicas y variantes, que difieren tanto en aspectos genéticos
como antigénicos entre si y con las cepas clasicas, variantes e hipervirulentas
encontradas en otros continentes (Sapats & Ignjatovic, 2000; Ignjatovic &
Sapats, 2002). Hasta el dia de hoy, en Australia Unicamente se reportan casos

de cepas de IBDV locales.
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METODOS DE CLASIFICACION Y CARACTERIZACION

La aproximacion mas utilizada actualmente para clasificar las cepas de IBDV
es a través de analisis genéticos, especificamente de la region hipervariable
de VP2 (Wu et al, 2007). Esta es una region genomica pequefa (~400 nt),
facilmente amplificable por PCR, y que permite diferenciar las cepas de IBDV
mediante su comparacion filogenética. Ademas, el analisis de su secuencia
permite identificar marcadores aminoacidicos relacionados con la
patogenicidad, antigenicidad, capacidad de crecimiento en cultivos celulares,
y la identificacion de cepas (Vakharia et a/, 1994; Brandt et a/, 2001; Letzel et
al, 2007).

Ademas de analizar la region hipervariable de VP2, la cual se encuentra en el
segmento gendmico A, también es aconsejable estudiar el segmento
gendémico B, principalmente por la ocurrencia de reordenamientos
gendmicos. Existen numerosos reportes de cepas de IBDV con segmentos
gendmicos reordenados, la mayoria de los cuales involucra cepas
hipervirulentas y cepas clasicas atenuadas aunque también se han visto otras
combinaciones, incluyendo reordenamientos con virus del serotipo 2 (Le
Nouén et al, 2006; Wei et al, 2008; Chen et al, 2012; Kasanga et a/, 2013; Lu
et al, 2015; Soubies et al, 2017, 2018; Pikuta et al, 2018; Wang et al, 2019).

Desde el punto de vista antigénico, se han utilizado diferentes estrategias
para clasificar y caracterizar cepas de IBDV. Una de las mas utilizadas son los
ensayos de AC-ELISA con diferentes paneles de anticuerpos monoclonales
(Snyder et al, 1992; Eterradossi et al, 1997). Segun la reaccion con los
diferentes anticuerpos, los virus se clasifican en grupos antigénicos que se
corresponden con cepas de referencia clasicas, variantes e hipervirulentas.
Los anticuerpos monoclonales utilizados en estos ensayos se unen a epitopes

especificos de VP2. El analisis de la relacion entre la afinidad de los
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anticuerpos monoclonales con los cambios aminoacidicos en la region
hipervariable de VP2, permitié identificar cuatro tramos de importancia critica
llamados picos hidrofilicos (Vakharia et al, 1994). Estos picos se
corresponden con los cuatro bucles encontrados en la parte mas expuesta de
la proteina VP2 (Psc, Poe, Prg, PHi). Cambios aminoacidicos en esas regiones
estan directamente relacionados con la disminucion de afinidad por ciertos

anticuerpos monoclonales (Letzel et a/, 2007).

Otra forma de clasificar y caracterizar una cepa de IBDV es a través de
estudios de patogenicidad mediante la infeccion de aves de postura SPF. Este
tipo de ensayo no se realiza de forma rutinaria debido a la complejidad del
procedimiento, incluyendo la disponibilidad de aves SPF y de instalaciones de
biocontencion adecuadas. Para comparar resultados obtenidos en estos
ensayos, es importante considerar la edad de las aves infectadas, la linea
genética utilizada, la dosis y vias de administracion del virus desafio, y la
posible presencia de agentes contaminantes en el indculo. Este tipo de
ensayos de patogenicidad permitirian diferenciar infecciones provocadas por
cepas clasicas virulentas, variantes e hipervirulentas, aunque los limites de
esta clasificacidon no estdn completamente definidos (Eterradossi & Saif,

2013).

ESTRATEGIAS DE CONTROL

Debido a su amplia distribucién y a la gran resistencia del virus a diferentes
condiciones ambientales y desinfectantes, IBDV es considerado ubicuo en la
industria avicola (Benton et a/, 1967; Petek et a/, 1973; Meulemans & Halen,
1982). Las estrategias de control apuntan a reducir la carga de virus de
campo presente en los galpones, empleando estrictos manejos biosanitario y

realizando una correcta administracion de vacunas.
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Las vacunas vivas atenuadas son muy utilizadas para el control de IBDV. Estas
vacunas se desarrollan mediante la atenuacion de cepas de campo por
pasajes seriados en embriones de pollo SPF o cultivos celulares (Miller et al,
2012). Dependiendo del grado de atenuacion, las vacunas se clasifican en
suaves, intermedias, e intermedias plus o calientes (Organizacion Mundial de
Sanidad Animal, 2018). Las vacunas suaves son tipicamente usadas para
generar una respuesta inmune primaria en aves reproductoras de alrededor
de 8 semanas de edad, previo a la aplicacion de vacunas inactivadas (Skeeles
et al, 1979). Se caracterizan por no producir dafo en la bursa de Fabricio,
pero su eficiencia es muy pobre frente a la presencia de anticuerpos
maternos. Las vacunas intermedias e intermedias plus se utilizan en pollos
parrilleros y aves de postura, aunque también suelen utilizarse en aves
reproductoras jovenes si estas estan bajo riesgo de infecciéon con una cepa
de campo patogénica. Estas vacunas pueden aplicarse segun diferentes
esquemas de vacunacion, aunque generalmente se aplican dos dosis, una
cuando las aves tienen entre 10-14 dias de edad y otra entre 7-10 dias mas
tarde. Dado que los anticuerpos maternos circulantes en los pollos jévenes
interfieren con la vacunacion, es importante hacer un seguimiento de la caida
de anticuerpos maternos para establecer el mejor momento de aplicacion de

la vacuna (Eterradossi & Saif, 2013).

Complementariamente al uso de vacunas vivas atenuadas, el control de IBDV
suele incluir la utilizacidon de vacunas inactivadas en aves reproductoras. Estas
vacunas se aplican para generar niveles de anticuerpos altos, uniformes y
duraderos, previo a que las aves alcancen la edad productiva, entre las 16 y
20 semanas de edad. De esta manera, las aves transfieren niveles altos de
anticuerpos a los pollos jovenes, principalmente a través de la yema, para
protegerlos de posibles desafios de campo durante las primeras 2 a 3

semanas de vida (Wyeth & Cullen, 1978; Fahey et al, 1987).
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Otro tipo de vacunas desarrolladas desde hace varios afios estan basadas en
el uso de vectores virales como el herpesvirus del pavo, virus de Newcastle,
fowlpox virus, o virus de la enfermedad de Marek, que expresan la proteina
VP2 de IBDV (Heine & Boyle, 1993; Darteil et a/, 1995; Tsukamoto et a/, 1999;
Huang et al, 2004). Una ventaja de este tipo de vacunas es que pueden
aplicarse /n ovo en embriones de 18 dias de edad o en pollitos de 1 dia de

edad, sin interferir con los anticuerpos maternos (Bublot et a/, 2007).

Alternativamente, se han desarrollado vacunas basadas en inmunocomplejos
antigeno-anticuerpo que consisten en una mezcla de anticuerpos anti-IBDV y
un virus vacunal (Whitfill et a/, 1995). Al igual que las vacunas recombinantes,
las vacunas de tipo antigeno-anticuerpo son efectivas tras su aplicacion en
embriones de 18 dias y pollitos de 1 dia de edad, ademas de que no se
detecta interferencia con los anticuerpos maternos (Haddad et a/, 1997,

Giambrone et a/, 2001; Ivan et a/, 2005).

A pesar del mejoramiento en el disefo y efectividad de las vacunas, siguen
existiendo problemas en el control de IBDV. Estos problemas son generados
por diversos factores, incluyendo errores en el manejo y la aplicacion de las
vacunas, y la emergencia de nuevas variantes virales. Por esta razdn, es
importante conocer el tipo de cepas de campo que circula en los sistemas
productivos, ya que esto permite el disefio de estrategias de control

especificas y eficaces.
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HIPOTESIS DE TRABAJO

IBDV es un virus con genoma de ARN bisegmentado, y por lo tanto tiene un
gran potencial para generar variantes genéticas con nuevas caracteristicas
antigénicas y patogénicas. Caracterizar estas variantes, asi como conocer su
historia epidemiologica, es una herramienta imprescindible para comprender
la evolucion viral y generar informaciéon epidemioldgica que mejore las

estrategias de control de este relevante patdgeno aviar.

OBJETIVOS

OBJETIVO GENERAL
Avanzar en el conocimiento de las cepas de IBDV mas frecuentes en la

industria avicola uruguaya.

OBJETIVOS ESPECIFICOS

e Determinar las principales caracteristicas genéticas de las cepas de IBDV
que circulan actualmente en la industria avicola uruguaya.

e Disefar, estandarizar y validar una metodologia basada en PCR en
tiempo real para la identificacion especifica de las cepas de IBDV
uruguayas.

e Analizar el pasado epidemiologico de las cepas de IBDV uruguayas a
través de estudios filodinamicos y filogeograficos.

e Conocer las caracteristicas antigénicas y patogénicas de las cepas de

IBDV circulantes en Uruguay.
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CAPITULO 1- PRIMERA DESCRIPCION DE LAS

CEPAS DISTINCT
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En este primer capitulo se presenta la descripcién de las cepas distinct como
un grupo viral de circulacién global, ancestral, y con caracteristicas genéticas
particulares. Parte de los resultados aqui presentados, especificamente
aquellos relacionados con la primera descripcion de las cepas distinct en
Uruguay, se obtuvieron en coautoria con otros integrantes del grupo de
investigacion en un trabajo liderado por el Lic. Martin Hernandez (Hernandez

et al, 2015).

La investigacion se baso en el analisis de dos regiones gendmicas: la regiéon
hipervariable de VP2 y una porcion del gen de la proteina VP1, el primero

correspondiente al segmento Ay el segundo al segmento B.

La region hipervariable del gen VP2 es la zona mas variable de todo el
genoma del virus y permite diferenciar de forma robusta las diferentes cepas
circulantes a nivel mundial, debido a lo cual es la region mas utilizada para la
caracterizacion de nuevos brotes de IBDV. Los analisis filogenéticos de esta
region separan a IBDV en cuatro clados integrados por: i) cepas clasicas
(también llamadas clasicas virulentas), que incluye las primeras cepas
reportadas de IBDV, asi como cepas mas actuales que comparten sus
caracteristicas genéticas, ii) cepas clasicas atenuadas o clasicas vacunales,
compuesto por cepas clasicas que han sido modificadas en el laboratorio,
como cepas vacunales o cepas adaptadas a crecimiento en diferentes cultivos
celulares, iii) cepas variantes y iv) cepas hipervirulentas. El analisis filogenético
de esta region incluyendo a las cepas distinct mostré claramente que éstas
forman un linaje diferente, independiente de los linajes correspondientes al
resto de las cepas de IBDV (Fig. 2 en Hernandez et a/, 2015). En el analisis de
los residuos aminoacidicos localizados en esta regidén, se encontraron
algunos marcadores exclusivos de las cepas distinct (T272, P289, 1290 y F296)

(Fig. 1 en Hernandez et al, 2015). La presencia de cambios aminoacidicos en
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la region hipervariable de VP2 es interesante desde el punto de vista
antigénico, ya que al corresponder con la regién mas expuesta de la particula

viral suelen estar relacionados con alteraciones a nivel antigénico.

Con respecto al analisis del segmento B, es importante indicar que las
relaciones filogenéticas normalmente obtenidas son diferentes a las
observadas en el segmento A. En este Ultimo, las cepas del serotipo 2 ocupan
una posicion basal y se diferencian de los linajes de las demas cepas. En el
analisis del segmento B, en cambio, las cepas hipervirulentas cambian su
ubicacién pasando a ser el linaje basal, mientras que las cepas clasicas,
clasicas atenuadas y variantes se asocian en un Unico linaje. La hipdtesis mas
aceptada actualmente para explicar el cambio observado en las cepas
hipervirulentas propone que en el origen de este grupo viral ocurrié un
evento de reordenamiento genémico, en donde el segmento A de un IBDV
de serotipo 1 (posiblemente de cepa clasica) se combind con el segmento B
de un IBDV de tipo desconocido, no perteneciente al serotipo 1 ni 2 (Hon et
al, 2006). Por otro lado, el hecho de que las cepas clasicas, clasicas atenuadas
y variantes no se diferencien evidencia una menor capacidad discriminatoria
del segmento B. Sin embargo, como resultado del andlisis de un fragmento
del segmento B incluyendo cepas distinct, estas se diferenciaron del resto de
las cepas formando un linaje aparte, estrechamente emparentado con el
linaje de las cepas clasicas, clasicas atenuadas y variantes (Fig. 5 en
Hernandez et al, 2015). Esto indica que las cepas distinct tienen un alto
grado de divergencia con respecto al resto de las cepas, reforzando la idea
de que se trataria de un grupo viral ancestral. En cuanto al analisis de las
secuencias aminoacidicas, se vio la presencia de un marcador propio de este
tipo de cepas (P243) en el fragmento analizado del segmento B (Fig. 4 en

Hernandez et al, 2015).
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Para analizar el grado de divergencia genética de las cepas de IBDV se realizé
un estudio de DAPC (Discriminant Analysis of Principal Components). Este es
un método multivariado para identificar y describir grupos de individuos
genéticamente relacionados. Una de sus principales caracteristicas es que
permite maximizar la diferencia entre grupos, y por lo tanto su identificacion,
de una forma computacionalmente menos exigente que otros métodos
similares. El analisis utilizando secuencias de la region hipervariable de VP2
evidencié el agrupamiento de los virus en cinco grupos, correspondientes a
los linajes formados por las cepas clasicas, clasicas atenuadas, variantes,
hipervirulentas y distinct obtenidos en el analisis filogenético de la misma
region gendmica (Fig. 3 en Hernandez et al/, 2015). Ademas, permitio
confirmar que las cepas distinct son de las mas divergentes, junto con las

cepas hipervirulentas.

Para completar la caracterizacion genética de este grupo viral, se obtuvo el
primer genoma codificante completo de una cepa distinct la cepa uruguaya
dIBDV/UY/2014/2202 (Tomas et al, 2015). El analisis de esta cepa no reveld
cambios en cuanto al tamafio o localizacién de los genes virales. El analisis
comparativo de ambos segmentos gendmicos indicé una mayor similitud
nucleotidica con cepas clasicas colectadas en los afios 1960s, como la cepa
Edgar (96% similitud, segmento A) y la cepa Irwin Moulthrop (96,4% similitud,

segmento B).

En resumen, en este primer capitulo se evidencia que las cepas distinct son
un grupo viral con caracteristicas genéticas unicas. El genoma obtenido fue el
primero para una cepa distincty actualmente es considerado el genoma de

referencia para estas cepas.
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CAPITULO 2- DESARROLLO DE UN METODO DE

DETECCION ESPECIFICO DE LAS CEPAS DISTINCT
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En el capitulo anterior se describié la existencia de las cepas distinct como un
grupo viral de circulacion mundial con caracteristicas genéticas Unicas. Un
rasgo interesante de estas cepas es el hecho de haber pasado practicamente
desapercibidas durante mucho tiempo, a pesar de haber circulado en varios
paises de América, Europa y Asia desde los afios 1970s. Ademas de la
aparente falta de signos clinicos provocados por estas cepas, tema que se
retomara en el capitulo 4, otro factor que seguramente colaboré con el sub-
diagnostico de las cepas distinct es la falta de técnicas de deteccion
especificas, como las existentes para las cepas variantes e hipervirulentas
(Peters et al, 2005; Kong et al, 2009; Ghorashi et al/, 2011; Tomas et al,
2012).

En el presente capitulo se describe el desarrollo de una metodologia que
detecta exclusivamente a las cepas distinct, diferenciandolas del resto de
cepas de IBDV (Tomas et al, 2017). Esta metodologia estd basada en la
técnica de PCR en tiempo real, utilizando sondas de hidrolisis de alta
especificidad (minor groove binder o MGB) para lograr una mayor
especificidad. Los analisis genéticos realizados en el capitulo anterior
revelaron la presencia de marcadores aminoacidicos especificos de las cepas
distinct, tanto en la regién hipervariable de VP2 como en una regién parcial
de VP1. La presente metodologia utiliza los marcadores encontrados en VP2
para realizar el disefio de los cebadores y sondas. La utilizacion de
marcadores de VP2 obedece a dos hechos: i) la regién hipervariable de VP2
es la Unica secuenciada en la mayoria de las cepas de IBDV, incluidas las
cepas distinct, y ii) los marcadores de esta region estan muy conservados
entre las cepas distinct, incluso entre cepas colectadas con mas de 40 afios

de diferencia y en regiones geograficas muy alejadas.
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La especificidad de la técnica comenzé en el disefio de cebadores. La
combinacion de cebador directo y reverso es 100% especifica Unicamente
con las cepas distinct destacandose un mismatch en la posicion 3' del
cebador reverse que esta presente en todas las cepas no-distinct. La region
en donde se diseid la sonda MGB tiene entre dos y cuatro mismatch con
cepas no-distinct (Fig. 1 en Tomas et al, 2017). Esto asegura una buena
especificidad teniendo en cuenta que un Unico mismatch es suficiente para
disminuir notoriamente la eficiencia de hibridacion en las sondas MGB
(Kutyavin et al, 2000). Dado que la region utilizada tiene algunas diferencias
nucleotidicas entre las propias cepas distinct fue necesario disefiar los

cebadores y la sonda MGB con bases degeneradas.

La metodologia desarrollada demostré6 una alta especificidad, no
detectandose sefial de amplificacion frente a cepas no-distinct ni cuando se
analizaron otros patdgenos virales. Todas las cepas previamente clasificadas
como distinct mediante secuenciacion parcial de su genoma fueron
correctamente clasificadas. En cuanto a la evaluacién de parametros
analiticos del ensayo, se demostr6 que el mismo tiene un amplio rango
dindmico (10°-108 copias de ARN/reaccién), un buen coeficiente de
determinacién (R?= 0.9991) y un valor aceptable de eficiencia (Fig. 2 en
Tomas et al, 2017). En conjunto, estos resultados demuestran que la
metodologia cumple con las condiciones necesarias para ser aplicada en la

deteccidn especifica de las cepas distinct

39



CAPITULO 3- ESTUDIO FILODINAMICO Y

FILOGEOGRAFICO DE LAS CEPAS DISTINCT
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En este capitulo se realizan nuevos analisis filogenéticos con un mayor
numero de cepas distinct, y se analiza el origen y rutas de migracion de estas
cepas a través de abordajes filodinamicos. Los resultados presentados fueron
aceptados con correcciones menores para su publicacion en la revista

Transboundary and Emerging Diseases.

Una de las caracteristicas mas llamativas de las cepas distinct es su
antigliedad; las primeras cepas pertenecientes a este linaje fueron colectadas
en Hungria en el afo 1977. Para posicionar estas cepas en la historia
evolutiva de IBDV, realizamos un analisis temporal comparativo y estimamos
el afo en el cual se habrian originado las cepas distinct en relacién a las
clasicas, variantes e hipervirulentas. Por otro lado, se realizd6 un estudio
filogeografico sobre las cepas distinct para reconstruir los principales eventos
migratorios de estas cepas. También se obtuvieron los genomas completos
de varias cepas distinct colectadas en Uruguay y Argentina, con las cuales se

realizaron analisis filogenéticos y de marcadores aminoacidicos.

El estudio filogenético de los segmentos gendmicos A y B revel6 las mismas
relaciones filogenéticas que habiamos obtenido en el analisis de fragmentos
parciales, evidenciando que las cepas distinct son un linaje claramente
separado de las demas cepas de IBDV (Fig. 1 & 2 en Tomas et a/ 2020). El
hecho de que el segmento B permita diferenciar a las cepas dlistinct como un
linaje independiente de las cepas clasicas, clasicas atenuadas y variantes,
puede explicarse al menos de dos maneras: i) las cepas distinct serian un
grupo de virus ancestrales, y por lo tanto han divergido significativamente
del resto de las cepas, y/o ii) las cepas distinct habrian evolucionado bajo
tasas de sustitucién mas elevadas que el resto de las cepas. Los analisis de
coalescencia realizados arrojan luz sobre este punto, lo cual es discutido en

los proximos parrafos.
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El analisis de marcadores aminoacidicos permiti6 ampliar el conocimiento
preexistente sobre marcadores exclusivos de las cepas distinct (Tabla 2 en
Tomas et al 2020). En este sentido, se encontraron varios residuos
marcadores de estas cepas. Se trata de marcadores potenciales porque el
Unico genoma completo de una cepa distinct disponible en la base de datos
era el correspondiente a la cepa uruguaya de referencia nombrada en el
capitulo 1, y que por lo tanto algunas regiones gendmicas estan Unicamente
representadas por las cepas uruguayas y argentinas obtenidas en esta
investigacion (Fig. 3 en Tomas et al, 2020). Como se propone en el trabajo,
seria necesario obtener el genoma completo de otras cepas distinct
idealmente representantes de la variabilidad genética y geografica existente,
para poder establecer cuales serian realmente marcadores robustos. Al
margen de lo dicho, se encontraron potenciales marcadores de cepas distinct
en todas las proteinas del virus, cuyas implicancias bioldgicas se desconocen

y deberian ser analizadas en futuros trabajos.

El anélisis de coalescencia ubico al ancestro comun mas reciente (MRCA) de
las cepas clasicas y al de las cepas distinct muy cercanos en el tiempo,
alrededor del afio 1930 (Fig. 4 en Tomas et a/, 2020). Por otro lado, el MRCA
de las cepas variantes fue datado alrededor del afio 1949, mientras que el de
las cepas hipervirulentas se establecido alrededor del afio 1967. Estos
resultados sustentan fuertemente la hipotesis planteada sobre el origen
ancestral de las cepas distinct. El aho de origen estimado para las cepas
hipervirulentas (1967) es muy similar al estimado por Hon et a/ (2006) y
Alfonso-Morales et al/ (2013) ubicado en los afios 1962 y 1970
respectivamente. El afo de origen de las cepas variantes (1949) fue estimado

por primera vez en esta Tesis.
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En cuanto a los eventos migratorios estimados para las cepas distinct, se
destacan tres migraciones intercontinentales ocurridas desde Europa del Este,
lugar mas probable para el origen de estas cepas, hacia Asia del Este (1959),
Brasil (1963) y Argentina (1990) (Fig. 5 en Tomas et al, 2020). Considerando la
llegada de las cepas distinct a Uruguay, este evento habria ocurrido

recientemente (2005-2006) desde Argentina.

Es dificil establecer vinculos directos entre los eventos de migracién con
hechos puntuales que los hayan favorecido, sin embargo, existen algunos
datos que se alinean con esas estimaciones. Por ejemplo, el hecho de que
Hungria, uno de los dos paises con mayor probabilidad de ser origen de las
cepas distinct haya incrementado notoriamente las exportaciones de
productos avicolas a partir de los afios 1960s puede interpretarse como un
hecho que favorecié la diseminacién de las cepas distinct desde Europa hacia
otros continentes. Por otro lado, también hay que considerar la posibilidad
de que el virus se haya diseminado hacia paises cercanos y que a partir de
estos haya alcanzado otros continentes; a pesar de que no existan registros
de cepas distinct en paises que eran de los principales exportadores de pollos
vivos y productos avicolas en la década de los 1960s, como Holanda, Francia

y Bélgica, esta teoria no deberia ser descartada.

Haciendo un analisis de las relaciones filogenéticas obtenidas dentro del
linaje de las cepas distinct es notoria la correlacién encontrada con los
patrones de migracién estimados, pudiendo subdividir a este linaje en tres
clados: i) clado formado por cepas distinct brasilefas, las cuales se habrian
originado a partir de un Unico evento migratorio y que comparte marcadores
aminoacidicos no presentes en las otras cepas distinct, y que incluye también
una cepa de Emiratos Arabes Unidos con los mismos marcadores

aminoacidicos, ii) clado formado por cepas asiaticas (Corea del Sur y Japon) y
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canadienses, donde las segundas se habrian originado a partir de un evento
migratorio desde las primeras, y que también incluye dos cepas de Arabia
Saudita que habrian llegado a ese pais recientemente desde Canada, vy iii)
clado formado por cepas polacas, hingaras, argentinas y uruguayas, las

cuales comparten varios marcadores aminoacidicos que definen a este clado.

Los resultados obtenidos en este capitulo arrojan luz sobre la evolucion de
IBDV y demuestran que las cepas distinct habrian sido contemporaneas de
las clasicas desde etapas tempranas de su historia, y que diferentes eventos
de migracion intercontinentales son la explicacion de la variabilidad y

distribucion de estos virus que detectamos en la actualidad.
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CAPITULO 4- ESTUDIO DE LA ANTIGENICIDAD,
PATOGENICIDAD Y CAPACIDAD

INMUNODEPRESORA DE LAS CEPAS DISTINCT
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Los estudios presentados en este capitulo se realizaron en el marco de una
colaboracion con el laboratorio del Dr. Nicolas Eterradossi, el cual es
referencia para la OIE (Organizacion Internacional de Sanidad Animal) en el
estudio mundial de IBDV. A través de una pasantia de dos meses de duracién
que realicé en dicho laboratorio pude efectuar esta investigacién utilizando
las mismas instalaciones, aves y protocolos empleados para estudiar otras
cepas de IBDV, lo cual reduce variables y por lo tanto favorece la posibilidad
de comparar los resultados. Este es uno de los puntos mas complejos y
criticos de este tipo de estudios donde se realizan infecciones experimentales

€n aves.

El estudio de antigenicidad se bas6 en la utilizacion de un panel de ocho
anticuerpos monoclonales, ampliamente utilizados para la caracterizacion
antigénica de cepas de IBDV (Eterradossi et al, 2004; Martin et a/, 2007; Li et
al, 2015; Abed et a/, 2018; Samy et al, 2020). El estudio consiste en medir la
afinidad de un determinado aislamiento viral con cada uno de los
anticuerpos en un ensayo de ELISA de captura antigénica. Los resultados
indicaron, por un lado, que la cepa distinct uruguaya mantiene un perfil
antigénico muy similar al de las cepas distinct polacas aisladas hace mas de
30 afos, y por otro que ese perfil es notoriamente diferente al del resto de
las cepas tradicionales de IBDV. Estos hallazgos indican que las cepas distinct
son antigénicamente diferentes, lo cual podria repercutir en una disminucion
de la proteccién vacunal generada con las vacunas comerciales desarrolladas
hasta ahora, ninguna de las cuales incluye una cepa distinct en su
formulacion. Sin embargo, esta problematica deberia ser evaluada de forma
directa a través de ensayos de proteccion vacunal para poder establecer

efectivamente si existe una adecuada proteccién cruzada.
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El ensayo de patogenicidad implicé la infeccidn de un grupo de aves SPF con
una cantidad conocida de virus de cepa distinct ademas de contar con un
grupo control infectado con una cepa hipervirulenta y un grupo control sin
infectar. A lo largo del ensayo se registraron los signos clinicos observados,
se pesaron las aves previo a la realizacién de necropsias a los 4 y 21 dias post
infeccién, y se determinaron las lesiones en diferentes 6rganos y el peso de la
bursa de Fabricio; posteriormente se tomaron muestras de sangre. La cepa
distinct no provoco ningun signo clinico en las aves infectadas, lo cual
concuerda con las observaciones previas (Fig. 2A & B en Tomas et al, 2019).
En cuanto a los dafos observados en las necropsias, la Unica alteracién
detectada en forma consistente fue la atrofia de la bursa de Fabricio,
particularmente en el dia 21 pi en comparacion con el dia 4 pi (Fig. 2C en
Tomas et al, 2019). Por lo tanto, concluimos que la cepa distinct provoca

dafos notorios en la bursa de Fabricio sin generar signos clinicos evidentes.

Luego de observar estos resultados se evalué si el nivel de dafio detectado
en la bursa de Fabricio se traducia en una inmunodepresién de las aves. La
forma en la que se midié la inmunodepresion fue la misma utilizada
previamente para otras cepas de IBDV, en donde se evalla en nivel de
proteccidn generado por una vacuna del virus de Newcastle (NDV) al desafio
con una cepa de NDV virulenta, en aves que previamente fueron infectadas
con la cepa de IBDV. La légica del ensayo implica que, si la cepa de IBDV
provoca inmunodepresion, la vacuna de NDV aplicada posteriormente no
generara una proteccion adecuada y por lo tanto, se observara mortalidad
cuando las aves sean desafiadas con la cepa de NDV virulenta. Ademas de un
grupo de aves infectadas con IBDV, se utilizaron dos grupos de aves control
sin infectar. El primero es el grupo control vacunado, al cual se le aplico la
vacuna de NDV y posteriormente el desafio con la cepa de NDV virulenta, y el

segundo es el control sin vacunar, al cual solo se lo desafi6. Se tomaron
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muestras de sangre de aves de todos los grupos previo al desafio para medir
el nivel de anticuerpos generados por la vacuna de NDV. Ademas de la cepa
distinct uruguaya, también se realiz6 en paralelo el analisis de la cepa diistinct
polaca. Los resultados indicaron que las aves infectadas con ambas cepas
distinct provocaron inmunodepresidon, evidenciado por la notoria
disminucion en el nivel de anticuerpos generados en respuesta a la vacuna de
NDV, y a la aparicién de niveles de mortalidad elevados tras el desafio con la

cepa de NDV virulenta (Fig. 3 en Tomas et al, 2019).

Los resultados de todo este trabajo concluyen que las cepas distinct son un
grupo de virus antigénicamente diferentes a las cepas tradicionales de IBDV,
y que son capaces de infectar a las aves provocando dafios principalmente en

la bursa de Fabiricio.
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CONSIDERACIONES GENERALES

La avicultura es una industria que ha mostrado un crecimiento constante en
los Ultimos afos, tendencia que se mantendra en el futuro segun
proyecciones recientes (Fig. 9). Una de las caracteristicas que favorece el
crecimiento de esta industria es la crianza de tipo intensivo que se practica,
gracias a lo cual se pueden generar altisimos niveles de produccion
ocupando minimos espacios fisicos. Sin embargo, este tipo de crianza
inevitablemente promueve la apariciéon y diseminacion de enfermedades
infecciosas, por lo cual es un tema que debe ser muy bien atendido para
obtener niveles adecuados de produccion. Es en ese sentido que los estudios
realizados en esta tesis apuntaron a ampliar el conocimiento acerca del IBDV,
uno de los patégenos mas frecuentemente observados en la avicultura a

nivel mundial.
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Figura 9- Proyecciones al 2050 de la produccion mundial de huevos y carne
por especie. Grafico tomado y modificado de http://www.ourworldindata.org,
segun datos obtenidos de la Organizacién de las Naciones Unidas para la

Alimentacién y la Agricultura (FAO).

Nuestros estudios se centraron inicialmente en la caracterizacion genética y
el estudio de la evolucion de este virus, para luego analizar aspectos
relacionados con la biologia del virus y las consecuencias de la interaccion

con su hospedero.

Describiendo de forma global lo que ha sido la historia evolutiva del IBDV, se
puede considerar que existen tres hitos principales: i) la primera descripcion
de la enfermedad a principios de los afios 1960s, asociada a las cepas
conocidas hoy como clasicas o clasicas virulentas; ii) el surgimiento en EEUU a
mediados de los afios 1980s de cepas con caracteristicas antigénicas
diferentes a las de las cepas clasicas, conocidas como cepas variantes; y iii) la
aparicion en Europa a fines de los aiflos 1980s de cepas que provocaban altas
tasas de mortalidad en ausencia de grandes cambios a nivel antigénico,
llamadas hoy cepas hipervirulentas o muy virulentas (Cosgrove, 1962;
Rosenberger et al, 1985; van den Berg et a/, 1991). Esto no significa que a lo
largo de la historia del virus no existan reportes de otras cepas con
caracteristicas patogénicas, antigénicas y/o genéticas diferentes a las recién
nombradas, como por ejemplo los casos de las cepas que circulan en
Australia o en Italia (Ignjatovic & Sapats, 2002; Lupini et al/, 2016). Sin
embargo, las cepas australianas e italianas se encuentren circulando en
regiones geograficas limitadas, lo que las posiciona en un segundo plano en

cuanto a su impacto epidemioldgico y evolutivo.
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En la primera parte de esta Tesis se describe la existencia de un nuevo tipo de
cepa de IBDV con caracteristicas genéticas propias y distintivas, por lo que
fueron denominadas distinct. Una de las principales caracteristicas de estas
cepas es que se han encontrado en varios paises de tres continentes (Norte y
Sudamérica, Europa y Asia). Este caracter global, que solo se habia observado
en las cepas clasicas, variantes e hipervirulentas, coloca a las cepas distinct en
una posicion equivalente a la de las cepas tradicionales en cuanto a su

importancia epidemiologica y evolutiva.

A través de andlisis filogenéticos basados en fragmentos de ambos
segmentos gendmicos, asi como también al andlisis de marcadores
aminoacidicos y al analisis de DAPC, se demostro la existencia de este grupo
viral y se describieron las principales caracteristicas genéticas del mismo,
obteniendo incluso el primer genoma completo de una cepa distinct (Fig. 10)

(Hernandez et a/, 2015; Tomas et al,, 2015).

Una caracteristica particular de este trabajo es que no trata sobre la
descripcion de una cepa nueva de IBDV, en el sentido de que ya existian
diversos trabajos que reportaban la presencia de estas cepas, muchos de los
cuales generaron secuencias que estan disponibles en la base de datos para
su libre utilizacién y analisis desde hace afios. Sin embargo, cada uno de esos
reportes describia a estas cepas como variantes locales raras, sin hacer una
vinculacién con los otros reportes ya existentes. Esto provocd que no existiera
una conciencia a nivel global de la existencia de estas cepas. El principal valor
y aporte de este trabajo es el de haber estudiado de forma exhaustiva la base
de datos de secuencias y la bibliografia, vinculando las cepas mas
frecuentemente encontradas en Uruguay con reportes previos de esa misma
cepa en otras partes del mundo. Recién en el momento de unificar toda esa

informacién que se encontraba fragmentada pudimos visualizar que lo que
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circulaba en nuestro pais era algo mas que una simple diferenciacién local, y

asi lo presentamos en el trabajo de Hernandez et al. (2015).

Es importante mencionar que poco tiempo después se conocié una
publicacién que propone una clasificacion actualizada de las cepas de IBDV
basado en analisis filogenéticos la cual incluye a las cepas distinct y que
trabajos mas recientes acerca de la caracterizacién de cepas de IBDV en
distintos paises han incorporado esa propuesta incluyendo cepas distinct en
sus analisis (Michel & Jackwood, 2017; Jackwood et a/, 2018; Molini et al,
2019; Yilmaz et al, 2019; Samy et al, 2020)
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Figura 10- Arbol filogenético de
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DISTINCT

IBDV realizado en base a la regidn hipervariable de

VP2. Las cepas distinct descritas en esta Tesis se localizan juntas en un clado

independiente con un alto soporte estadistico. Tomado y modificado de Hernandez

et al (2015).
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Luego de haber descrito por primera vez la existencia de las cepas distinct
como un grupo viral de circulacion mundial, y por lo tanto de relevancia
epidemiolégica, nos propusimos el desarrollo de una metodologia rapida,
sensible y especifica para facilitar su deteccion. Para esto, nos dedicamos al
desarrollo de una herramienta basada en PCR en tiempo real capaz de

detectar especificamente las cepas distinct (Fig. 11) (Tomas et al, 2017).
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Figura 11- Ensayo de PCR en tiempo real para la deteccién especifica de las cepas
distinct. Esquema representando la homologia de la sonda MGB con cada una de
las cepas, donde cada nucledtido de diferencia se representa con un simbolo
diferente de color negro (izquierda). Grafico de amplificacion correspondiente a la
evaluacion de la especificidad del ensayo, donde se observa amplificacion solo en

el caso de la muestra distincty no en el resto de las cepas (derecha).

El disefio de la técnica fue un desafio importante ya que hubo que trabajar
sobre una de las regiones mas variables del genoma del virus, debido a que
practicamente era la Unica region con secuencias de cepas distinct
disponibles. Sin embargo, gracias a la presencia de marcadores exclusivos y
muy conservados dentro de estas cepas, sumado al uso de una sonda de tipo

MGB, fue posible hacer un ensayo que funciona de forma adecuada. Esto
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quedd demostrado mediante la realizacion de varias pruebas durante la

validacién del método.

Asi se obtuvo una herramienta sensible y robusta para aplicar en estudios de
diagnostico y caracterizacion de IBDV, favoreciendo la identificacion de estas
cepas que histéricamente se habian mantenido circulando de forma
silenciosa. Esta metodologia permite diagnosticar y caracterizar
simultaneamente el virus en forma rapida y certera, por lo cual esta siendo
utilizada en forma rutinaria en nuestro laboratorio. Una utilidad particular de
este ensayo es la posibilidad de emplearse para estudios que impliquen la
coinfeccion de distintas cepas en las mismas aves o cultivos, e incluso su
cuantificacion, ya que se puede hacer la deteccidon y seguimiento de la cepa
distinct de forma independiente. Esto es particularmente Util por ejemplo en
estudios de proteccion vacunal, en donde eventualmente la cepa vacunal
evaluada y la cepa distinct utilizada como desafio coexistirian en un mismo

animal.
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Figura 12- Esquema representando los principales eventos migratorios obtenidos
en el andlisis filogeografico de las cepas distinct. Con tonalidades de colores que
van del azul al rojo se indican los eventos ocurridos hace mas y menos afnos
respectivamente. El grosor de las flechas representa el soporte estadistico calculado
para cada evento mediante el valor de Bayes Factor (BF). Tomado de Tomas et al.

(2020).

Posteriormente nos centramos en el estudio temporal de las cepas distinct
desde el punto de vista evolutivo, estimando su afio de origen y
comparandolo con el del resto de cepas tradicionales de IBDV, asi como
también determinando el lugar geografico mas probable de su origen y su

posterior migracion a otras regiones (Fig. 12) (Tomas et a/, 2020).

Nuestros analisis indican que las cepas distinct son antiguas y que se habrian
originado aproximadamente al mismo tiempo que las cepas clasicas (Fig. 13).
Esta hipotesis del origen de las cepas distinct es importante porque cambia el
paradigma de evolucion para este virus, introduciendo un nuevo
protagonista que habria participado de forma temprana en la evolucion del
IBDV. El hecho de que las cepas distinct sean tan antiguas y hayan alcanzado
una distribucién tan extendida sustentan su importancia en la historia
evolutiva del virus. Casi dos y cuatro décadas después del origen de las cepas
clasicas y distinct se habrian originado las cepas variantes e hipervirulentas,

respectivamente.

Un punto interesante es el notorio desfasaje que hay entre los afios
estimados de origen de cada cepa y los afios en que fueron reportadas por

primera vez (Fig. 13).
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Figura 13- Representacion esquematica de los afos de origen (gris) y los afos en
los cuales fueron reportados por primera vez (colores) las cepas clasicas, variantes,

hipervirulentas y distinct.

Esto puede explicarse por diversas causas, entre las que se destacan: i) la
capacidad de provocar signos clinicos detectables por veterinarios y/o
productores avicolas pudo haber surgido posteriormente al surgimiento del
ancestro comun de cada cepa, el cual fue acumulando distintos tipo de
mutaciones provocando cambios en la interaccion virus-hospedero, ii) la
propia historia de la industria avicola fue cambiando a lo largo de los afos,
modificando aspectos como la nutricién, las condiciones intensivas de cria,
las lineas genéticas de las aves utilizadas para carne y huevo, el comercio de
los productos avicolas, etc., generando condiciones ecoldgicas diferentes,
posiblemente mas adecuadas para el surgimiento de enfermedades virales, y
iii) el desarrollo y aplicacion de vacunas para controlar los brotes de IBDV,
luego de la aparicion de las cepas clasicas, posiblemente ejercio una fuerza
evolutiva importante que actué no solo sobre las propias cepas clasicas sino
también sobre los ancestros de las cepas variantes e hipervirulentas actuales

que ya se encontraban circulando.
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A modo de conclusidon del analisis temporal y geografico de las cepas
distinct ademas de generar nuevas secuencias gendmicas, se puede decir
gue se sumaron evidencias a favor de la hipdtesis que proponia a las cepas
distinct como un grupo viral ancestral dentro de la historia de IBDV. Esto es
muy interesante desde el punto de vista epidemiologico y evolutivo, ya que,
a diferencia del linaje de las cepas clasicas que originé las cepas variantes e
hipervirulentas, las cepas distinct nunca evolucionaron hacia un estado muy
patogénico que generara problemas sanitarios notorios. Por el contrario, su
descripcion como un grupo viral epidemiologicamente relevante fue hecho
como consecuencia de la aplicacién de abordajes genéticos, los cuales han
ganado relevancia en los ultimos afios favorecidos por la facilidad creciente
de generar y acceder a las secuencias genomicas de los virus (Wu et al,

2007).

En conjunto, nuestros hallazgos indican que la evolucion de IBDV ha sido mas
compleja de lo que hace unos afios se pensaba, y que es necesario continuar
con estudios de este tipo incorporando mas datos de secuencias para poder
aclarar aun mas la dinamica evolutiva de IBDV e intentar aplicar este
conocimiento al desarrollo de estrategias de control especificas y mas
eficientes. Creemos que estos resultados sustentan el papel de IBDV como un
virus que puede utilizarse como modelo evolutivo para estudiar el origen y
dispersion de un patdgeno estrechamente asociado a la cria intensiva de

aves.

En la Ultima parte de esta Tesis nos realizamos interrogantes acerca de las
caracteristicas bioldgicas de las cepas distinct. Trabajos previos con cepas hoy
identificadas como distinct, indicaban que las aves infectadas no mostraban
signos clinicos de IBDV, y que incluso en algunos casos el aislamiento fue

realizado de aves aparentemente sanas. Por otro lado, trabajos que
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involucraron infecciones controladas realizados hace mas de 30 afos,
sugerian que cepas distinct europeas no tenian signos clinicos o estos eran
muy leves (Minta et a/, 1985a). Sin embargo, presentaban un notorio dafo de
la bursa de Fabricio e inmunodepresién (Minta et a/, 1985b). Estas mismas
cepas distinct europeas presentaban cambios antigénicos con respecto a
cepas de IBDV tradicionales (Domanska et a/, 2004). Teniendo en cuenta
estos antecedentes, nos propusimos estudiar las cepas distinct que circulan
actualmente en Uruguay, evaluando su patogenicidad, antigenicidad vy
capacidad inmunodepresora en comparacion con cepas tradicionales de
referencia y las cepas distinct antiguas anteriormente estudiadas (Tomas et

al, 2019).

Los hallazgos de estos estudios indicaron que la cepa distinct uruguaya
presenta notorios cambios antigénicos con respecto a las cepas tradicionales
y que se mantiene muy similar a la cepa distinct europea analizada afios atras
(Fig. 14). Estos cambios antigénicos deberian ser analizados en mayor
profundidad por su potencial implicancia en el control del virus. Es inevitable
con estos resultados cuestionarse la eficacia que tendran las vacunas que se
aplican en nuestro pais para controlar a la cepa distinct Estudios de
neutralizacion cruzada, o mejor aun estudios de proteccion vacunal, serian

necesarios para poder tener una respuesta mas acertada acerca de ese tema.
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Cepa Mabl Mab3 Mab4 Mab5 Mab6 Mab7 Mab8 Mab9

F52/70 59 58 70 48 100 73 109 78
89163 58 1 6 27 95 86 76 73
Variante E _ 2 - - 6 - 8 -

Distinct polaca 32 -1 0 -1 101 96 23 91
Distinct uruguaya 26 -1 0 0 105 90 26 73

Figura 14- Afinidad de 8 anticuerpos monoclonales frente a una cepa clasica
(F52/70), hipervirulenta (89163), variante (Variante E), distinct polaca y distinct
uruguaya. El sombreado en gris claro representa afinidad media, y el sombreado en
gris oscuro representa afinidad baja. El simbolo “-” indica que no se analizé ese

anticuerpo. Valores tomados de Domanska et a/. (2004) y Tomas et a/. (2019).

Por otro lado, se determind que la cepa distinct no provoca signos clinicos en
las aves infectadas, pero afecta notoriamente la bursa de Fabricio (Fig. 15).
Ademas, genera un grave estado de inmunodepresién al igual que las cepas
distinct mas antiguas. El hecho de que las cepas distinct generen niveles altos
de inmunodepresién en ausencia de signos clinicos en las aves afectadas
tiene una aplicacién directa para el control de la enfermedad. Se trata de
caracteristicas sumamente problematicas para la avicultura porque los virus
pueden pasar inadvertidos, aunque afecten constantemente el sistema
inmune de las aves. Esto favorece la aparicion recurrente de diversas
patologias, como las respiratorias o entéricas, y genera pérdidas constantes
en la produccion. Este conocimiento resulta importante para el veterinario ya
que debe considerar la existencia de estas cepas en la alteracién de los

niveles de produccion.
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Figura 15- Signos clinicos observados tras la infeccion de aves SPF de 6 semanas de
edad (A). Nivel de atrofia de la bursa de Fabricio 21 dias post infeccién (B). Tomado

y modificado de Tomés et a/. (2019).

En conjunto, estos estudios permitieron avanzar en el conocimiento de las
cepas distinct que circulan en la actualidad, particularmente en Uruguay. Esto
adquiere mayor relevancia considerando que los estudios previos habian sido
realizados en cepas distinct de otro continente y de hace mas de tres
décadas, lo que podria haber causado diferencias importantes con los virus
que circulan actualmente en Sudamérica. Sin embargo, no se observaron
grandes diferencias, evidenciando una sorprendente conservacion de las

caracteristicas fenotipicas entre ambas cepas.
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Al inicio de este trabajo pretendiamos caracterizar las cepas de IBDV
circulantes en Uruguay, esperando encontrar principalmente cepas clasicas o
quizas hipervirulentas, teniendo en cuenta los antecedentes en nuestro pais y
los reportes de paises de la regidn existentes en ese momento (Di Fabio et al,
1999; Gomes et al, 2005; Hernandez et al, 2006). Sorpresivamente, nos
encontramos con variantes atipicas, de las cuales habia registros esporadicos
en otras partes del mundo. Estas descripciones hacian referencia a estas
cepas como variantes locales de circulacién limitada a determinada region
geografica y periodo de tiempo. Nuestros estudios comparativos
establecieron por primera vez que se trataba de un linaje antiguo y de
expansion global, resultados que fueron sustentados por trabajos realizados
en Argentina y Brasil (Vera et a/, 2015; de Fraga et al, 2019). En ese momento
este trabajo adquiri6 una nueva dimension, y pasd de ser la descripcion
genética de una poblaciéon local a identificar un linaje que aportaba nueva
informacién a la historia evolutiva del IBDV. Pocas veces, tenemos la
posibilidad desde Sudamérica de hacer un aporte relevante a la evolucion de
un virus de tanta importancia productiva. Gracias a esta investigacion, junto
con los trabajos realizados en el virus de la Bronquitis infecciosa aviar,
pudimos posicionar a nuestro grupo como referente a nivel regional para el

estudio de ambos patogenos.
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CONCLUSIONES

Se caracteriz6 genéticamente un linaje viral previamente no
definido (linaje distinct) y se demostré genéticamente que se trata

de un grupo viral diferente al resto de las cepas tradicionales.

Este linaje circula con alta frecuencia en las granjas avicolas

uruguayas ademas de otros paises de varios continentes.

Se determind el lugar y afio estimado de su origen, asi como
también las rutas migratorias principales que generaron la
distribuciéon actual de este grupo viral, a través de lo cual se
propuso un nuevo escenario evolutivo de IBDV y se aporté al

conocimiento de la epidemiologia a nivel regional y mundial.

Se diseiid y valido un método rapido y robusto para el diagnéstico
especifico de las cepas distinct basado en la PCR en tiempo real y

el uso de sondas de hidrdlisis de tipo MGB.

Se determind la patogenicidad de una cepa distinct uruguaya a
través de estudios en aves SPF, demostrando que se trata de una
cepa que no provoca signos clinicos, pero si una severa atrofia de

la bursa de Fabricio asociada a una fuerte inmunodepresion.

Se estudiaron las caracteristicas antigénicas de una cepa distinct
uruguaya mediante el uso de un panel de anticuerpos
monoclonales, lo cual revel6 la existencia de alteraciones
antigénicas en comparacion con el resto de las cepas tradicionales

de IBDV.
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PERSPECTIVAS

Teniendo en cuenta que las cepas distinct continlan siendo el tipo de cepa
mas frecuente en Uruguay y la region (Argentina y Brasil), el trabajo a futuro

pretende seguir en la misma linea a través de los siguientes estudios:

e Obtencion de los genomas completos de cepas distinct de
diferentes partes del mundo. Esto permitiria complementar el
trabajo de esta Tesis y obtener un mejor conocimiento de la
genética de estos virus y de los cambios que ha experimentado
durante su evolucion. En este sentido, pretendemos secuenciar
cepas distinct de origen polaco colectadas en el periodo 1977-
1980, a través de una colaboracion con el laboratorio del Dr.
Nicolas Eterradossi, Ploufragan, Francia. Adicionalmente, se
intentara acceder a otras muestras, como por ejemplo de Corea
del Sur, Japdén, Canadéd y Brasil, para obtener una mayor
representacion de los sublinajes existentes dentro de las cepas

distinct.

e Comenzar a trabajar en el aislamiento de cepas distinct de campo,
tanto uruguayas como argentinas, en huevos embrionados SPF y
diferentes cultivos celulares. Este trabajo ya se inici6 en el marco
de proyectos conjuntos con el laboratorio del Dr. Ariel Vagnozzi,
INTA Castelar, Buenos Aires, y proximamente se pretende realizar
en el pais mediante el acondicionamiento de un laboratorio para

trabajar con cultivos celulares y huevos embrionados SPF.

e Puesta a punto de protocolos para la realizacion de ensayos de

neutralizacion viral, tanto en huevos embrionados SPF como en



cultivos celulares. Esto permitira disponer de una herramienta para
realizar analisis antigénicos sobre cepas distinct y cualquier otro
tipo de cepa de IBDV. Este tipo de ensayo suele utilizarse como
una alternativa mas econdmica y menos demandante en cuanto a
infraestructura para analizar el nivel de proteccion cruzada entre

virus de diferentes cepas de IBDV.

Realizacion de un estudio de proteccion vacunal en aves SPF,
evaluando los niveles de proteccion generados por diferentes
vacunas normalmente utilizadas en Uruguay y Argentina frente al
desafio con una cepa distinct. Este trabajo es sumamente relevante
desde un punto de vista productivo y pretendemos que sirva para
mejorar el control de este patdgeno en la regiéon. Cabe mencionar
que este estudio ya se encuentra en marcha en el marco de un
proyecto Maria Viias, en el cual participa el laboratorio del Dr.
Ariel Vagnozzi y forma parte del trabajo de Doctorado de la Mag.

Claudia Techera.
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Genetic characterization of South American infectious bursal
disease virus reveals the existence of a distinct worldwide-spread
genetic lineage
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Infectious bursal disease virus (IBDV) is one of the most concerning health problems for world poultry production.
IBDVs comprise four well-defined evolutionary lineages known as classic (c), classic attenuated (ca), variant (va)
and very virulent (vv) strains. Here, we characterized IBDVs from South America by the genetic analysis of both
segments of the viral genome. Viruses belonging to ¢, ca and vv strains were unambiguously classified by the
presence of molecular markers and phylogenetic analysis of the hypervariable region of the vp2 gene. Notably, the
majority of the characterized viruses (9 out of 15) could not be accurately assigned to any of the previously
described strains and were then denoted as distinct (d) IBDVs. These dIBDVs constitute an independent
evolutionary lineage that also comprises field IBDVs from America, Europe and Asia. The hypervariable VP2
sequence of dIBDVs has a unique and conserved molecular signature (272T, 289P, 2901 and 296F) that is a
diagnostic character for classification. A discriminant analysis of principal components (DAPC) also identified the
dIBDVs as a cluster of genetically related viruses separated from the typical strains. DAPC and genetic distance
estimation indicated that the dIBDVs are one of the most genetically divergent IBDV lineages. The vp/ gene of the
dIBDVs has non-vvIBDV markers and unique nucleotide and amino acid features that support their divergence in
both genomic segments. The present study suggests that the dIBDVs comprise a neglected, highly divergent lineage
that has been circulating in world poultry production since the early time of IBDV emergence.

Introduction segment B (2.9 kb) encodes the RNA-dependent RNA
polymerase VP1 (Spies et al., 1987).

Two IBDV serotypes (1 and 2) are currently characterized
by cross-neutralization assays. Serotype 2 has not been
associated with disease in any avian species, while serotype
1 comprises all the known pathogenic IBDVs (McFerran

et al., 1980; Jackwood et al., 1985). First outbreaks of the

Infectious bursal disease is an acute, highly contagious viral
disease that affects the immune system of young chickens
and causes major economic losses to the poultry industry
worldwide. The aetiologic agent is the infectious bursal
disease virus (IBDV) belonging to the genus Avibirnavirus
within the family Birnaviridae. IBDV is a non-enveloped

icosahedral virus with a double-stranded RNA genome
containing two segments (Miiller et al., 1979). Segment A
(3.3 kb) has two partially overlapping open reading frames.
Open reading frame A-1 encodes a polyprotein that is
autocatalytically cleaved to yield the immature outer capsid
protein pVP2, the viral protease VP4 and the ribonucleopro-
tein VP3 (Sanchez & Rodriguez, 1999; Lejal et al., 2000; Da
Costa et al., 2002; Luque et al., 2009). The pVP2 protein is
further processed to yield the mature VP2, the immunodo-
minant antigen of IBDV (Fahey et al., 1991). Open reading
frame A-2 encodes VP35, a non-structural protein involved in
virion release from infected cells (Wu et al., 2009). Genomic

pathogenic serotype 1 occurred more than 50 years ago in
Gumboro (Delaware, USA) (Cosgrove, 1962). The asso-
ciated viruses, currently referred as classic (¢c) IBDVs, caused
high morbidity and mortality in the affected broiler flocks.
Vaccines against cIBDVs were rapidly developed and
introduced in the routine vaccination schedules, reducing
considerably the mortality rates and partially controlling the
disease (Snedeker et al., 1967; Edgar & Cho, 1976). This
epidemiological scenario changed in the late 1980s with the
emergence of the variant (va) and very virulent (vv) strains.

The valBDVs were characterized by an antigenic drift
caused by point mutations affecting the neutralizing epitopes
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of VP2 (Ismail et al., 1990; Vakharia et al., 1994). These
strains emerged in the North American continent and were
characterized by causing B-lymphocyte depletion without
eliciting an inflammatory response or clinical signs of disease
(Rosales et al., 1989; Sharma et al., 1989). Although the
valBDVs were clearly serotype 1 viruses, they had enough
antigenic differences to evade the immunity induced by
classic-type vaccines.

Almost simultaneously with the valBDV emergence,
vvIBDVs emerged in Europe and caused a very severe form
of the disease with unusual high mortality (Chettle et al.,
1989; van den Berg et al., 1991). These vvIBDVs were
antigenically similar to the cIBDVs, but they were able to
breakthrough the existing level of maternally derived protec-
tion (van den Berg et al., 1996).

The three IBDV strains (c, va and vv) currently have a
global distribution and occur in most countries with a
developed poultry industry. Isolated IBDVs with different
traits than the traditional strains have also been sporadically
reported through the years in different parts of the world
(Ikuta et al., 2001; Domanska et al., 2004; Remorini et al.,
2006; Jackwood & Sommer-Wagner, 2007). These IBDVs
have been generally considered atypical isolates or variants
that have evolved in restricted geographic regions or during
short periods of time under particular conditions.

An accurate identification of the field variants circulating in
the poultry production has been essential to understand the
epidemiology and control the disease (van den Berg, 2000).
Genetic analysis has been the most widely used technique to
characterize and classify IBDVs (Cao et al., 1998; Banda &
Villegas, 2004, Hernandez et al., 2006; Jackwood &
Sommer-Wagner, 2007; Yamaguchi et al., 2007; Tomas et al.,
2012). Studies have been mainly focused on the hypervariable
domain of VP2 (hvVP2) because it codes for the most
important immunogenic regions of the protein (Azad et al.,
1987; Bayliss et al., 1990).

Virus classification can be performed by identifying
nucleotide or amino acid residues specific for each IBDV
strain. These strain markers are determined by molecular
typing techniques (e.g., restriction fragment length poly-
morphisms, real-time polymerase chain reaction, PCR) or
sequencing. A more comprehensive classification is achieved
by phylogenetic analysis using mainly the hvVP2 sequence;
viruses are classified according with their association with
reference strains in a well-supported clade that share a single
common ancestor, i.e., evolutionary lineage (Jackwood &
Sommer-Wagner, 2007; Yamaguchi et al., 2007; Kim et al.,
2010; Islam et al., 2012). Phylogenetic trees using the hvVP2
region consistently recover the clades corresponding to the
three IBDV strains (c, va and vv), and the clade composed of
attenuated classic vaccine strains, usually denoted as “classic
attenuated” (ca) IBDVs (Martin et al., 2007; Wu et al., 2007,
Xia et al., 2008; Kim et al., 2010).

In addition to sequences of segment A, the analysis of the
vpl gene of segment B is useful in providing complementary
genetic information for more precise characterization. By
studying both segments, it is possible to analyse their
coevolution, to detect the occurrence of natural reassortants
and to determine the role of VP1 in pathogenicity (Le Nouén
et al., 2006; Escaffre et al., 2013). VP1 phylogeny resolves a
lineage corresponding to the vvIBDV strain and a non-
vvIBDV clade constituted by the remaining strains and
serotype 2 viruses (Hon et al., 2006).

The present study presents genetic comparative ana-
lyses of Uruguayan and Argentine field viruses with global
IBDVs and the molecular characterization of a worldwide-

spread genetic lineage divergent from the traditional IBDV
strains.

Materials and Methods

Viruses. Bursal samples were collected during 2007-2012 from Uruguayan
and Argentine broiler flocks. Samples came from chickens with clinical
signs of immunodeficiency frequently associated with respiratory or urinary
infections. Each sample was stored at —80°C until analysis. IBDV presence
was confirmed in 15 samples (Table 1) with real-time PCR, as previously
described (Tomas et al., 2012).

PCR amplifications. PCR amplifications of a 643-bp fragment encom-
passing the hvVP2 region and a 594-bp fragment of the vp/ gene were
performed using previously described primers and conditions (Hernandez
et al., 2006). An Applied Biosystems 2720 PCR Thermal Cycler was used
for the amplification reaction. PCR products were assayed on 0.8% agarose
gels stained with ethidium bromide, and purified using the illustra GFX
PCR DNA and Gel Band Purification kit (GE Healthcare, Buckingham-
shire, UK), and sequenced bi-directionally using an ABI prism 377-Perkin
Elmer automated sequencer.

Phylogenetic inferences. Sequence homologies were first analysed using the
nucleotide BLAST algorithm with GenBank database (http://www.ncbi.nlm.
nih.gov). The Uruguayan and Argentine viruses were further compared with
reference and representative IBDVs. Phylogenetic analyses included
sequences encompassing 374 bp of hvVP2 coding region from position 795
to 1168, and a 534-bp fragment from nucleotide positions 322 to 855 of the
vpl gene (genome numbering according to D6948 segment A and B,
AF240686 and AF240687, respectively).

Sequences were aligned using MAFFT (Katoh et al., 2002), and the best-fit
model of nucleotide substitution was selected under the Akaike information
criterion and Bayesian information criterion as implemented in jModelTest
(Posada, 2008). Maximum-likelihood trees, with approximate likelihood
ratio test for internal nodes support, were inferred using PhyML (Guindon &
Gascuel, 2003). Phylogenetic trees were visualized and edited with Tree-
Graph2 (Stover & Miiller, 2010).

Discriminant analysis of principal components and between-group
distance. The discriminant analysis of principal components (DAPC) multi-
variate method (Jombart et al., 2010), used to infer the genetic structure of
populations coupling classical principal components analysis and discriminant
analysis, was performed with the VP2 nucleotide sequences used in the
phylogenetic analysis and additional representatives of the different IBDV

Table 1. Argentine and Uruguayan IBDV characterized
in this study.

Name Origin Type Accession®
AR-A1 Argentina vvIBDV KM659881
AR-C7 Argentina cIBDV KM659882
UY-130D Uruguay calBDV KM659884
UY-131D Uruguay calBDV KM659885
UY-139D Uruguay calBDV KM659886
UY-01/09 Uruguay calBDV KM659883
AR-C1 Argentina dIBDV KM659888
AR-C3 Argentina dIBDV KM659889
UY-42/07 Uruguay dIBDV KM659892
UY-04/09 Uruguay dIBDV KM659895
UY-06/10 Uruguay dIBDV KM659890
UY-07/10A Uruguay dIBDV KM659891
UY-171101 Uruguay dIBDV KM659887
UY-421101 Uruguay dIBDV KM659893
UY-221201 Uruguay dIBDV KM659894

#Accession numbers correspond to VP2 coding sequences (hypervari-
able region). The vpl sequences of samples UY-07/10A, UY-06/10;
UY-221201 and UY-04/09 were deposited under the accession numbers
KP274850-3, respectively.
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strains. This method was applied using pre-defined groups and 75 principal
components were retained and inputted to discriminant analysis. The analysis
of the nucleotide sequences was implemented using adegenet package library
of R statistical environment (R Development Core Team, 2013). Additionally,
net between-groups mean distances were calculated as implemented in
MEGAS.1 (Tamura et al., 2011).

Accession numbers. The hvVP2 coding sequences and the partial sequences
of the vpl gene were deposited under the GenBank accession numbers
KM659881-95 and KP274850-3, respectively.

Results

An initial classification of the Argentine and Uruguayan
IBDVs was performed by identifying amino acid markers of
the hvVP2 coding region and comparing their nucleotide
sequences with reference strains (c, ca, va and vv) (Figure 1).
Six samples were straightforward to classify as belonging to
traditional IBDV strains, but nine samples had singular
genetic and amino acid sequences and were here denoted as
distinct (d) IBDVs.

Very virulent infectious bursal disease viruses. Argentine
AR-A1 has the vwIBDV signature 222A, 2561, 2941 and
299S. This virus shows a maximum nucleotide similarity
(99.8%) with the vv reference strain D6948, and high
similarity with the Argentine hypervirulent isolates LD-847-
04 and LD9569 (99.3% and 98.8%, respectively) and with
previously reported Uruguayan vvIBDVs (98.8%).

Classic infectious bursal disease viruses. Argentine AR-
C7 has the markers 263F and 312V observed in STC, one of
the c reference isolates. Comparative nucleotide sequence
analysis shows 100% nucleotide similarity with the cIBDVs
HPR-2 and A-BH83 from the USA and Brazil, respectively,
and has 99.8% of similarity with STC.

Classic attenuated infectious bursal disease viruses. Four
Uruguayan viruses (UY-130D, UY-131D, UY-139D and
UY-01/09) have the amino acid composition characteristic
of caIBDVs. With the exception of UY-01/09, which shows
the residue 253N, the remaining three isolates contain the
signature 253H, 279N and 284T, typical of the classic
vaccine viruses. The highest nucleotide similarity values of
these viruses are with the attenuated isolates CEF94 and
D78 (above 99%).

Distinct infectious bursal disease viruses. Seven Urugua-
yan (UY-42/07, UY-04/09, UY-06/10, UY-07/10, UY-
171101, UY-421101 and UY-221201) and two Argentine
(AR-C1 and AR-C3) viruses have a singular nucleotide and
amino acidic composition. The VP2 hypervariable region
consistently shows the 222S marker, and the signature 272T,
289P, 2901 and 296F that in other viruses corresponds to
272V, 289L, 290M/L and 296I. These dIBDVs have similar-
ity values above 99% with particular viruses from Argentina
(e.g. 05A25, P30903), Brazil (e.g. BS), Colombia (01C5),
Canada (e.g. 03-42857, 05-32115-B9), Puerto Rico (586),
Hungary (e.g. P10, P3), Poland (78/GSz, 80GA), Russia
(IBDVRF-8/96) and South Korea (K310), which have the
same 272T, 289P, 2901 and 296F signature.

Phylogenetic analysis using Argentine, Uruguayan and
global IBDVs, including common reference strains and IBDVs
from different years and regions, was performed to explore
IBDYV relationships based on the hvVP2 coding region. The
phylogenetic analysis showed five well-supported clades
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corresponding to cIBDVs, calBDVs, valBDVs, vvIBDVs
and dIBDVs (Figure 2). The Argentine and Uruguayan IBDVs
fall within the corresponding clusters according with the initial
classification based on sequence comparison and amino acid
markers.

Additional approaches were implemented to further ana-
lyse IBDV clustering. First, DAPC was carried out to infer the
clustering pattern of IBDVs. Five clearly distinguishable
groups were obtained and corresponded to the same clades
identified in the phylogenetic cladogram (Figure 3A). When
considering just the first discriminant function retained during
the principal components analysis (which explained 70% of
the genetic variance in the data-set), IBDV groups are still
distinguishable (Figure 3B). Second, the net between groups
mean distances were calculated, showing that vvIBDVs
(median = 0.17) and dIBDVs (median = 0.14) are the most
divergent groups (Figure 3C).

To gain insight into the variability of dIBDVs, we
sequenced a region of the vp!/ gene in some of these viruses.
VP1 has the non-vvIBDV markers 146E, 147G and 242D
and a unique F243P change (Figure 4). The phylogeny
recovers the vv lineage and a non-vvIBDV clade that
includes the dIBDVs (Figure 5). The only available VP1
sequences for members of the dIBDV lineage were the
Uruguayan IBDVs and the Poland isolates 78GsZ and 80GA
(Figures 4 and 5). These dIBDVs constitute a closely related
monophyletic group in the VP1 phylogeny (Figure 5).

Discussion

Three major events describe the evolutionary history of the
infectious bursal disease; the detection of cIBDVs in the early
1960s, and the almost simultaneous emergence of va and vv
strains about 25 years later. Genetic analyses revealed that
these IBDV strains have nucleotide and amino acid signatures
and constitute well-supported independent clades in phylo-
genetic trees (Boot et al., 2000; van den Berg, 2000; Le
Nouén et al, 2005; Hon et al, 2006). Besides the three
lineages corresponding to ¢, va and vv strains, phylogenetic
trees also resolve an independent lineage for the ca strains that
comprise vaccine strains maintained in the laboratory and
vaccine-like virus collected from the field (Kim et al., 2010).
In order to map IBDV diversity in the southern poultry
industry of South America, we characterized viruses from
Argentina and Uruguay. Genetic analysis of the hvVP2
coding region revealed a great genetic diversity of the IBDVs
circulating in the surveyed poultry production. With excep-
tion of the vaIBDVs, the remaining strains (c, vv and ca) are
present in Argentina and Uruguay. Strain classification was
unambiguously performed by the presence of molecular
markers and sequence similarity with reference or previously
classified IBDVs, and by phylogenetic analysis that clustered
the viruses into well-defined lineages (Figures 1 and 2).
Remarkably, the majority of the characterized viruses
(9 out of 15) have particular amino acid residues and grouped
together in a well-supported clade separated from the pre-
existing IBDV strains (Figures 1 and 2). Accordingly, the
genetic analysis cannot accurately assign this group of
viruses, here denoted as dIBDVs, to the typical c, ca, va
and vv strains. These Uruguayan and Argentine dIBDVs are
included in an independent evolutionary lineage with
previously reported viruses from other countries in America
(Jackwood & Sommer, 1997; Ikuta et al., 2001; Banda et al.,
2003; Remorini et al., 2006; Jackwood & Sommer-Wagner,
2007; Ojkic et al., 2007), Europe (Domanska et al., 2004)
and Asia (Kwon et al., 2000) (Figure 2). The hvVP2
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Figure 3. (4) Discriminant analysis of principal components (DAPC). The data-set included the VP2 nucleotide sequences used in the
phylogenetic analysis and additional representatives of the different IBDV strains (N=423). Groups are shown by different grey shades and
inertia ellipses, while dots represent individual viruses. Five clusters are distinguished and correspond to the four traditional very virulent
(w), classic (c), classic attenuated (ca) and variant (va) IBDVs and to the distinct IBDV group (dIBDV) described in the present study. The
dIBDV and vwIBDV strains have the greatest between group variance, indicating that they are the most genetically divergent groups. (B) First
simple discrimination function retained during the principal component analysis. This analysis explains 70% of the genetic variance in the
data-set and correctly discriminates the five IBDV clusters. (C) Net between-groups mean distances. The vIBDV (mean = 0.17) and dIBDV

strains (mean = 0.14) show the highest divergence.

sequence of the dIBDVs has a molecular signature (272T,
289P, 2901 and 296F) that is unique, conserved and here
suggested as a diagnostic character for the lineage (Figure 1).
The dIBDVs share relevant amino acids markers (222S,
256V, 294L and 299N/S) with both vvIBDV and non-
vvIBDV strains. The 2228 residue was already reported in
the classic Lukert strain, in few vvIBDVs, and in a Belgian
isolate that was considered a European variant with a
different antigenic profile produced by the P222S change

(Rudd et al., 2002; Jackwood & Sommer-Wagner, 2007;
Letzel et al, 2007). The 256V and 294L residues are
characteristic of the non-vvIBDVs, while the dIBDVs have
a 299N, like most non-vvIBDVs, or 2998, as most vvIBDVs.
Notably, the Polish 78/GSz and 80/GA and Hungarian P3
and P10 isolates collected from outbreaks during 1975-1981
grouped within the dIBDVs clade in the VP2 phylogeny.
These viruses have a singular antigenic profile and belong to
a group of six isolates which were suggested to have
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vwIBDV

cIBDV

calBDV

valBDV

dIBDV

Figure 4. Amino acid differences along partial VP1 coding region of very virulent (w), classic (c), classic attenuated (ca) and variant (va) IBDVs, and representatives of the distinct IBDV group (dIBDV). Dots
indicate position where the sequences are identical to the segment B of the hypervirulent D6948 strain (AF240687). Arrowheads indicate common amino acid markers used to distinguish hypervirulent from non-
hypervirulent strains; the dIBDV group shares markers with the non-hypervirulent group. The VP1 sequences of the dIBDV lineage have a highly conserved proline residue (indicated by a box). This residue may be
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Figure 5. Cladogram inferred by using the maximum-likelihood method with K80+1+G substitution model. Phylogenetic reconstruction
was carried out using a 594-bp fragment (nucleotide positions 322-855 of the vpl gene). Uruguayan and Argentine IBDVs characterized in
this study are indicated in bold. Name, origin and accession number of each sequence are denoted. Mapping uncertainties for interesting
internal nodes are shown as approximate likelihood ratio test values. The cladogram displays two major clades conformed by the vwIBDVs

and non-vwIBDVs: classic attenuated, variant, classic IBDVs and the dIBDVs here defined.

coexisted and being later displaced by “F52/70-like” viruses
before the vvIBDV emergence in Europe (Domanska et al.,
2004). Rather than being extinct, our findings suggest that
this lineage has been circulating worldwide for decades and
is currently coexisting with traditional strains, reaching high
prevalence in countries such as Argentina and Uruguay.

We explore the independence of this distinct lineage using
DAPC, a novel-specific multivariate method that identifies
and describes clusters of genetically related entities maxim-
izing the separation between groups and minimizing within-
group variation (Jombart et al., 2010). This method has been
extensively applied in viruses, bacteria, eukaryotic unicellu-
lar parasites and metazoans to reveal population structuring
using different genetic markers (Jombart et al., 2010;
Ramirez et al., 2012; Ogawa & Vallender, 2014; Vernicre
etal.,2014). The analysis resolves five clusters corresponding
to the four traditional IBDV strains plus the group of dIBDVs
(Figure 3). The dIBDVs and vvIBDVs have the highest
between-group variance (Figure 3A) and genetic distance
(Figure 3C), indicating that both are the most genetically
divergent groups of IBDVs. These results reinforce those
obtained by the sequence and phylogenetic analyses and add
evidence about the separation of the dIBDV lineage.

The divergence of the dIBDVs involves both genomic
segments since these viruses also have unique markers
(243P) and a particular phylogenetic clustering when using
segment B (vpl gene) sequences (Figures 4 and 5). The
dIBDVs have the markers 146E, 147G and 242D charac-
teristic of the non-vv viruses (Hernandez et al., 2006). Non-
vvIBDVs are usually associated with less pathogenicity
than vvIBDVs (van den Berg, 2000), a feature that is
consistent with the absence of notorious clinical

manifestations of the Uruguayan and Argentine dIBDVs.
Coincidentally, subclinical manifestations were reported for
several of the viruses clustered within the dIBDV lineage,
suggesting that low pathogenicity is a common feature in
this group of viruses (Ikuta et al, 2001; Smiley &
Jackwood, 2001).

The isolates 78GsZ and 80GA from Poland appear closely
related with the Uruguayan dIBDVs in the VP1 cladogram
(Figure 5), despite being collected nearly four decades ago
(Domanska et al., 2004). This result reinforces the similarity
between the Uruguayan dIBDVs and the Polish viruses,
which had unique genetic and antigenic changes and low-
pathogenicity.

Together, our findings reveal the existence of an IBDV
evolutionary lineage highly divergent from the traditional
strains that are defined by a unique amino acid signature. This
lineage was detected with a high frequency co-circulating with
typical strains in Argentina and Uruguay, but it spread in
countries from other continents. Its wide geographic distribu-
tion, the existence of old European strains and the high
divergence revealed by the DAPC analysis suggest that this
lineage is ancient and has remained overlooked for a long
time. Their sporadic detection and the lack of specific
comparative studies (e.g. DAPC and up-to-date phylogenetic
methods) would explain why these viruses were considered
extinct or atypical isolates restricted to spatially confined
regions, instead of being defined as a discrete evolutionary
lineage with an ancient origin. It is possible that these dIBDVs
were easily ignored in routine surveillances because of the
lack of well known clinical signs.

The circulation of this divergent and widespread IBDV
strain represents a very important finding that updates and
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helps the understanding of the current epidemiology of the
prevalent infectious bursal disease.
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Infectious bursal disease virus is a relevant avian pathogen that affects poultry production. Here, we report the full-length cod-
ing sequence of the Uruguayan strain dIBDV/UY/2014/2202, isolated from a commercial broiler flock. The strain belongs to the

distinct IBDV lineage that is widely distributed in South America.
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nfectious bursal disease virus (IBDV) belongs to the genus Avi-

birnavirus within the family Birnaviridae. This nonenveloped
icosahedral virus has a double-stranded RNA genome consisting
of two segments named A and B (1).

IBDV is a highly contagious avian pathogen affecting commer-
cial poultry production worldwide (2). All pathogenic IBDVs (se-
rotype 1) can be divided into classic, variant, and very virulent
strains according to antigenic and pathogenic criteria (3). Phylo-
genetic analyses have consistently recovered the clades or lineages
corresponding to these strains, including a clade composed of
vaccine-like strains and a recently described distinct global lineage
(4). This distinct lineage (dIBDV) is widely distributed in South
America (4, 5).

The IBDV strain was collected in 2014 from a 27-day-old com-
mercial broiler flock suffering from respiratory problems and in-
creased mortality. Viral RNA was isolated from bursae tissue using
TRIzol reagent (Invitrogen). First-strand cDNA was synthesized
using random hexamers (Thermo Scientific). The IBDV was di-
agnosed as a non-very virulent virus by real-time PCR (6). The
complete genome sequence of this isolate was obtained by reverse
transcription PCR, using overlapped consensus primers and di-
rect sequencing. Purified products were sequenced in both direc-
tions by Macrogen Inc. (Seoul, Republic of Korea). Sequences
were compiled and edited using the SeqMan program (Laser-
gene). Multisequence alignments were performed with MEGA5
(7), and phylogenetic trees were constructed using PhyML.

The coding region of segment A (3,073 nucleoides) contains
two open reading frames that encode VP5 (145 aa) and a VP2-
VP4-VP3 polyprotein (1,012 aa); segment B encodes VP1
(879 aa), the viral RNA polymerase.

The phylogenetic analysis of the VP2 hypervariable region in-
dicates that the virus belongs to the dIBDV lineage. This was con-
firmed by the presence of a unique and conserved molecular sig-
nature (2727, 289P, 2901, and 296F) that is a diagnostic character
for the classification of dIBDVs (4). Segment B also associates with
strains of the dIBDV lineage and shows the 243P diagnostic
marker. Consequently, the strain was denoted as dIBDV/UY/
2014/2202. This is the first full-length sequence of the coding ge-
nome of a strain belonging to the dIBDV lineage.

Comparative analysis of the complete segment A shows higher
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nucleotide similarity (96%) with classical strains (e.g., Edgar and
HPR-2). In the case of VP1 (segment B), the highest similarity
(96.4%) was found with strains that are not very virulent (e.g., JD1
and Irwin Moulthrop).

The comparison of the VP2 hypervariable region of dIBDV/
UY/2014/2202 with most vaccine strains commonly used in South
America showed an amino acid similarity ranging from 88.9 to
92.1%; D78 (Nobilis D78) and Winterfield 2512 (Cevac IBD L)
were the most similar strains.

A comprehensive study of more genomic sequences of these
dIBDVs is needed to understand the virus’s epidemiology and to
contribute to the effective control of IBDV infection.

Nucleotide sequence accession numbers. The full-length cod-
ing sequence of strain dIBDV/UY/2014/2202 has been deposited
in GenBank under the accession numbers KT336459 (segment A)
and KT336458 (segment B).
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ABSTRACT

The infectious bursal disease virus (IBDV) is a major health threat to the world’s poultry industry
despite intensive controls including proper biosafety practices and vaccination. IBDV
(Avibirnavirus, Birnaviridae) is a non-enveloped virus with a bisegmented double-stranded RNA
genome. The virus is traditionally classified into classic, variant and very virulent strains, each
with different epidemiological relevance and clinical implications. Recently, a novel worldwide
spread genetic lineage was described and denoted as distinct (d) IBDV. Here, we report the
development and validation of a reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) assay for the specific detection of dIBDVs in the global poultry industry. The assay
employs a TagMan-MGB probe that hybridizes with a unique molecular signature of dIBDV.
The assay successfully detected all the assessed strains belonging to the dIBDV genetic
lineage, showing high specificity and absence of cross-reactivity with non-dIBDVs, IBDV-
negative samples and other common avian viruses. Using serial dilutions of in vitro-transcribed
RNA we obtained acceptable PCR efficiencies and determination coefficients, and relatively
small intra- and inter-assay variability. The assay demonstrated a wide dynamic range between
10® and 10® RNA copies/reaction. This rapid, specific and quantitative assay is expected to
improve IBDV surveillance and control worldwide and to increase our understanding of the
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molecular epidemiology of this economically detrimental poultry pathogen.

Introduction

Infectious bursal or Gumboro disease is a highly conta-
gious viral affection that causes major economic losses
in the global poultry industry. The aetiologic agent is
the infectious bursal disease virus (IBDV) belonging
to the genus Avibirnavirus within the family Birnavir-
idae. The virus replicates in the B lymphocytes of the
bursa of Fabricius and affects the immune system of
immature chickens, leading to an increased suscepti-
bility to other infectious diseases and a poor antibody
response to vaccines (Rosenberger & Gelb, 1978).
IBDV is a non-enveloped icosahedral virus with a
bisegmented, double-stranded RNA genome (Miiller
et al., 1979). Segment A (3.3 kpb) has two partially
overlapped open reading frames (ORFs). ORF A-1
encodes a precursor polyprotein that is autocatalyti-
cally cleaved into the immature outer capsid protein
pVP2, the viral protease VP4 and the ribonucleopro-
tein VP3 (Sanchez et al., 1999; Lejal et al., 2000; Da
Costa et al., 2002; Luque et al., 2009). The pVP2
protein is further processed to yield the mature VP2,
the major host-protective antigen of IBDV (Fahey
et al., 1991). ORF A-2 encodes VP5, a non-structural
protein involved in virion release from infected cells

(Wu et al, 2009). Genomic segment B (2.9 kpb)
encodes the RNA-dependent RNA polymerase VP1
(Spies et al., 1987).

There are two IBDV serotypes (1 and 2), but only
serotype 1 comprises pathogenic viruses (Ismail et al.,
1988). This serotype was traditionally divided into clas-
sic (c), variant (va) and very virulent (vv) strains using
antigenic and pathogenic criteria. Classic strains can be
further classified into classic virulent (cv) and attenu-
ated vaccine strains, usually referred to as “classic atte-
nuated” (ca) IBDVs.

Recently, we described the existence of a worldwide
spread genetic lineage denoted as distinct (d) IBDV
(Hernandez et al., 2015). This lineage is resolved in a
well-supported clade and has a unique four-amino-
acid signature (T272, P289, 1290, F296). Most isolates
that are now classified as dIBDV were initially con-
sidered atypical classic or variant strains that har-
boured unique nucleotide and amino acid changes as
a consequence of local differentiation (Kwon et al.,
2000; Ikuta et al., 2001; Domanska et al., 2004; Remor-
ini et al., 2006; Jackwood & Sommer-Wagner, 2007;
Ojkic et al., 2007). Some dIBDV isolates have exhibited
mild clinical signs and antigenic differences (Ikuta
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Table 1. Description of primers and probe used in this study.
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Primer/probe name Sequence 5'— 3 Polarity Position® Amplicon size
F964rt AAACAATGGGCTRACGGC + 964-981 72
R1035rt GTTATCTCGYTGGTCGGRAA - 1035-1016

P1011rt NED-AGRTTGAATGGAAYAGGA-MGB-NFQ - 1011-994

?Sequences numbering according to segment A of the vIBDV strain D6948 (AF240686).

et al., 2001; Domanska et al., 2004; Vera et al., 2015)
but further phenotypic studies are needed to under-
stand the epidemiological and sanitary relevance of
this lineage that contains part of the genetic variability
of the virus (Herndndez et al., 2015).

Global surveillance and research programmes
require reliable assays for the diagnosis of IBDV var-
iants to understand virus spreading and evolution,
and to provide strain-specific treatments (Van den
Berg et al., 2000). Strain classification can be performed
by the phylogenetic analysis of the VP2 hypervariable
region (hvVP2), which recovers all IBDV strains (cv,
ca, va, vv and d) (Martin et al., 2007; Wu et al., 2007;
Xia et al, 2008; Kim et al., 2010; Herndndez et al,
2015). However, this methodology is time-consuming,
expensive and requires trained staff, not being suitable
to be widely applied in clinical settings. A good alterna-
tive is the application of molecular typing techniques
(e.g. restriction fragment length polymorphisms and
allele-specific PCR) that allow the straightforward
virus classification by identifying nucleotide or amino
acid residues specific for each IBDV strain. Several use-
ful assays have been described for ca, va and vv strains
(Peters et al., 2005; Kong et al., 2009; Ghorashi et al.,
2011; Hernandez et al., 2011; Tomas et al., 2012), but
no specific typing technique has been reported for
the dIBDVs. Here, we present the development of a
reverse transcription-quantitative PCR (RT-qPCR)
assay for the specific detection of dIBDVs in the poul-
try industry worldwide.

Materials and methods
Sequence analysis and primer/probe design

Multiple sequence alignments were carried out with
most of the hvVP2 sequences available in the GenBank
database (n=955) using the MUSCLE algorithm
implemented in MEGA 5.0 (Tamura et al, 2011).
The dIBDV sequences were identified by phylogenetic
clustering and amino acid markers (T272, P289, 1290
and F296) following Hernandez et al. (2015). Based
on the nucleotide variants linked to the dIBDVs,
specific primers and TagMan-minor groove binding
(TagMan-MGB) probe were designed and synthesized
by IDT DNA (Coralville, IA, USA) and Applied Bio-
systems (Foster City, CA, USA), respectively (Table
1). A BLAST search was also performed to predict in
silico primer and probe sequence specificity in order
to evaluate the occurrence of non-specific homology

with other IBDV genome regions or with the chicken
genome.

dIBDV samples

The Uruguayan dIBDV field strain UY-221201 was
used to generate the standard RNA transcripts for the
standardization and testing of the analytical

Table 2. IBDV field samples and vaccine strains used in this
study.

Genetic Sample Ct
Strain name lineage type Origin value®
UY-221201 Distinct Bursa Uruguay 223
UY-42/07 Distinct Bursa Uruguay 303
UY-04/09 Distinct Bursa Uruguay 229
UY-04/10 Distinct Bursa Uruguay 23.8
UY-06/10 Distinct Bursa Uruguay 23.6
UY-07/10A Distinct Bursa Uruguay 240
UY-07/10B Distinct Bursa Uruguay 16.6
UY-07/10C Distinct Bursa Uruguay 18.8
uY-07/10D Distinct Bursa Uruguay 19.5
UY-171101 Distinct Bursa Uruguay 17.8
UY-421101 Distinct Bursa Uruguay 16.1
UY-421102 Distinct Bursa Uruguay 21.7
UY-421103 Distinct Bursa Uruguay 20.7
UY-221201 Distinct Bursa Uruguay 223
UY-271201 Distinct Bursa Uruguay 17.1
UY-301201 Distinct Bursa Uruguay 28.8
UY-341201 Distinct Bursa Uruguay 26.6
UY-351201 Distinct Bursa Uruguay 313
UY-141403 Distinct Bursa Uruguay 28.1
UY-171401 Distinct Bursa Uruguay 25.7
dIBDV/UY/2014/2202 Distinct Bursa Uruguay 25.6
UY-221401 Classic virulent Bursa Uruguay 40.0
Winterfield 2512° Classic virulent  Vaccine - 40.0
Lukert” Classic virulent ~ Vaccine - 40.0
D78¢ Classic Vaccine - 40.0
attenuated
UY-281301 Classic Bursa Uruguay 40.0
attenuated
UY-291301 Classic Bursa Uruguay 40.0
attenuated
UY-251501 Classic Bursa Uruguay 40.0
attenuated
1355 Variant (Del-E) Bursa United 40.0
States
2564 Variant (Del-E) Bursa United 40.0
States
2566 Variant (Del-E) Bursa United 40.0
States
2567 Variant (Del-E) Bursa United 40.0
States
Uy-1 Very virulent Bursa Uruguay 40.0
Uy-2 Very virulent Bursa Uruguay 40.0
Uy-3 Very virulent Bursa Uruguay 40.0
Uy-4 Very virulent Bursa Uruguay 40.0
Uy-5 Very virulent Bursa Uruguay 40.0
“Obtained from the CEVAC-IBD-L vaccine, Ceva-Phylaxia, Budapest,
Hungary.

PObtained from the Bursine-2 vaccine, Fort Dodge Animal Health, lowa,
United States.

“Obtained from the NobilisGumboro D78 vaccine, Intervet International
B.V., Boxmeer, Holland.

9Mean Ct value of two replicas. Threshold value = 0.05ARn.
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performance of the developed RT-qPCR assay (Table
2). Twenty Uruguayan dIBDV outbreaks were
employed to test the clinical sensitivity of the devel-
oped RT-qPCR assay (Table 2). Molecular diagnosis
of the strains were performed by quantitative PCR
(Tomas et al., 2012), and assigned to the dIBDV lineage
by hvVP2 sequence analysis (Hernandez et al., 2015).

IBDV-negative samples

Thirty IBDV-negative field samples, diagnosed by
quantitative PCR (Tomas et al., 2012), were used for
testing cross-reactivity (specificity).

Avian viruses for specificity testing

Representatives of all IBDV strains (Table 2), and the
following avian viruses were employed to assess the
cross-reactivity of the assay: infectious bronchitis
virus (Bronchitis vaccine Mass. Type, Fort Dodge Ani-
mal Health, IA, USA), avian reovirus (Tenosynovitis
vaccine, Fort Dodge Animal Health, IA, USA), chicken
infectious anaemia virus (Nobilis CAV P4 vaccine,
Intervet International B.V. Boxmeer, Holland) and
Newcastle diseases virus (Nobilis ND Hitchner vaccine,
from Intervet International B.V).

RNA extraction from vaccine virus and field
samples

Total RNA was extracted using the Quick-RNA™
MiniPrep kit (Zymo Research, Irvine, CA, USA).
RNA from vaccines was extracted using 200 pl of a
phosphate-buffered saline resuspension of lyophilized
vaccine. Tissue-infected samples were processed start-
ing with 50 mg of bursae internal folds. The extracted
RNA was eluted in 35 ul of RNase-free water.

Reverse transcription and quantitative PCR
assay

For the RT step, we used the RevertAid™ H Minus
First Strand cDNA Synthesis kit (Fermentas Life
Sciences Inc., Hanover, MD, USA) with 10 pl of
extracted RNA. The whole IBDV genome was reverse
transcribed to complementary DNA (cDNA) using
random hexamer primers.

Quantitative PCR was carried out in a 20 pl reaction
volume containing 1 x Hot Rox Master Mix (Bioron,
Ludwigshafen, Germany), 300nM each primer,
400 nM probe and 1 pl of cDNA. Thermocycling was
performed on the ABI Prism 7500 (Applied Biosys-
tems) and consisted of a 5 min hold stage at 50°C, fol-
lowed by a 10 min denaturation at 95°C, 40 cycles of
15 s at 95°C and 1 min at 60°C, ending with a 5 min
at 70°C final step. Fluorescent measurements were

collected at the hold stage, at the 60°C step of each
cycle, and at the end of the run.

Generation of standard RNA for analytical
testing

Standard RNA generation procedure was carried out as
described by Tomas et al. (2012), with minor modifi-
cations. Briefly, a 491 bp genomic fragment encom-
passing the RT-qPCR amplicon was obtained from
the UY-221201 dIBDV strain using P3- and P4-specific
primers (Liu et al., 1998). This amplicon was gel-puri-
fied and cloned into a pJET1.2 vector (Fermentas Life
Sciences Inc.). Recovered plasmids were linearized
and used for in vitro transcription with the Transcrip-
tAid™ T7 High Yield Transcription Kit (Fermentas
Life Sciences Inc.). Generated RNA transcripts were
purified and the concentrations of the products were
quantified by spectrophotometry using a Nanodrop
1000 (Thermo Scientific, Waltham, MA), determining
the average concentration after five measures. The copy
number of RNA molecules was obtained by the follow-
ing formula: Y (RNA copies/ul) = [X (g/ul) RNA/(nt
transcript length x 340)] x 6.022 x 10** (Ummul Hani-
nah et al, 2010). RNA transcripts were diluted to
obtain a 10° copies/pl stock solution and stored at
—80°C.

Standard curve generation for analytical testing

A standard curve was generated using 10-fold serial
dilutions containing 10°-10* RNA copies/ul. Each
dilution was spiked in total RNA extracts (750 ng/ul)
from IBDV-negative bursae to simulate a field sample
environment, and analysed in triplicates in three inde-
pendent runs by RT-qPCR. A standard curve was
obtained by plotting threshold cycle (Ct) values per
three replicates per standard dilution versus the logar-
ithm of the RNA copy. Efficiency (E), coefficient of
determination (R?) and coefficients of variation (CV)
were calculated from the resulting standard curves.

Results
Identification of dIBDVs in public databases

We detected 110 sequences in the hvVP2 dataset (n =
955) that cluster within the dIBDV lineage and have
the typical amino acidic signature T272, P289, 1290
and F296. These dIBDV sequences came from 11 differ-
ent countries (Argentina, Brazil, Canada, Colombia,
Hungary, Poland, Puerto Rico, Russia, South Korea,
the United States and Uruguay), and had been collected
during 1977-2014 (Table S1, supplemental data).

One Argentine and six Brazilian sequences cluster
within the dIBDV lineage but have a valine (V) instead
of an isoleucine (I) in the residue 290 used as a marker;
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Figure 1. Alignment of primers and probe-target sites including sequences of different IBDV representative strains. Nucleotide resi-
dues equal to dIBDVs’ specific primers and probe are indicated with dots. vv: very virulent; cv: classic virulent; ca: classic attenuated;

va: variant.

this change is not present in any other IBDV sequence.
We considered these sequences as belonging to
dIBDV's with a slightly different amino acidic signature
(T272, P289, V290, F296).

Assay design

After identification of the strains, we focused our
analysis on finding regions with optimal conditions
for primer and probe design. The probe was designed
to target a nucleotide signature that was exclusively
found in the dIBDVs (Figure 1). Since the probe
included the codon of the amino acid position 290, a
degenerated nucleotide was included in the probe to
detect all dIBDVs, regardless of the 290 residue (I or
V). The designed TagMan-MGB probe contains a
minimum of two mismatches with non-dIBDV
sequences, avoiding cross-reaction (Figure 1).

Primers were designed to match perfectly with the
dIBDVs and to maximize the divergence with non-
IBDV viruses, including attenuated vaccine strains.

404
=
<
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o
>
O
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Figure 2. Standard curve of the developed RT-gPCR assay
using the dIBDV-specific probe. Linear dynamic range was
established between 10° and 10® RNA copies/reaction. Each
point represents the mean Ct of nine different measures
(three independent reactions, three replicates each). The coef-
ficient of determination (R%) and the efficiency (E) of the linear
regression curve are indicated.

Both primers have some mismatches with other non-
dIBDV strains, a 3’ mismatch in the reverse primer
being the most relevant (Figure 1).

Nucleotide BLAST search of primers and probe
showed only complete homology with dIBDV
sequences. No cross-reaction signal was observed
when a dIBDV-specific probe was tested with ¢, va
and vvIBDV strains or with infectious bronchitis
virus, avian reovirus, chicken infectious anaemia
virus and Newecastle disease virus. No increase of fluor-
escent signal was detected in any case, resulting in Ct
values equal to 40 (Table 2).

Analytical performance of the assay. A genomic frag-
ment encompassing the RT-qPCR amplicon was suc-
cessfully cloned and in vitro transcribed to obtain
dIBDV RNA. Dilutions in total RNA extracts were ana-
lysed by the developed RT-qPCR. A standard curve was
generated using 10-fold serial dilutions of RNA stan-
dards from 10° to 10* RNA copies/reaction. The linear
dynamic range was established between 10° to 10°
RNA copies/reaction, with an average R* value of
0.9991, and an efficiency of 91% (Figure 2).

The assay reproducibility assessed by the intra- and
inter-assay CVs was lower than 3%.

Clinical sensitivity of the assay. All previously diag-
nosed and characterized dIBDV field strains were cor-
rectly diagnosed with the RT-qPCR assay. The
fluorescent signal clearly increased above the threshold
in all cases, showing Ct values ranging from 16.1 to
31.3 (Table 2). Probe and primer binding sites in
these Uruguayan strains are completely conserved
among global strains, indicating that the same clinical
sensitivity would occur with the dIBDV viruses from
different origins.

Discussion

Assessing the current global prevalence and relevance
of the recently described dIBDV lineage is of crucial
importance for improving disease control and
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understanding viral dynamics. The dIBDV's have been
collected over a period of almost 40 years from differ-
ent continents, an indicative of its wide and persistent
spreading (Table S1). By analysing the hvVP2
sequences available in the GenBank, we inferred that
more than 10% of the IBDV sequences correspond to
dIBDVs, suggesting a high frequency of this lineage
in the global virus population. Countries such as
Argentina, Canada and Uruguay have reported a
high prevalence of this lineage circulating in the poul-
try production, while in countries such as Brazil,
Colombia, Hungary, Poland, Puerto Rico, Russia,
South Korea and the United States, there are only
sporadic reports of dIBDVs (Shcherbakova et al,
1998; Kwon et al., 2000; Ikuta et al., 2001; Jackwood
et al., 2001; Smiley & Jackwood, 2001; Domanska
et al., 2004; Remorini et al., 2006; Jackwood & Som-
mer-Wagner, 2007; Ojkic et al, 2007; Hernandez
et al., 2015; Tomas et al.,, 2015; Vera et al., 2015).
This uneven prevalence among different countries
needs to be confirmed by performing more extensive
studies with a specific diagnostic method, taking into
consideration that dIBDVs can be easily ignored
during routine surveillance due to the apparent lack
of differential clinical signs (Ikuta et al, 2001;
Domanska et al., 2004).

The development of a specific and rapid method for
dIBDV:s differentiation requires the detailed analysis of
the genetic variability of the virus. The hvVP2 region
has a level of variability that allows the proper classifi-
cation of all strains and the dIBDV lineage (Islam et al.,
2001; Le Nouén et al, 2005; Yamaguchi et al., 2007;
Kim et al., 2010; Liu et al., 2013; Amin & Jackwood,
2014; Hernandez et al., 2015). The phylogenetic clus-
tering and the molecular signature T272, P289, 1290
and F296 were strongly conserved among the
sequences despite being collected over a period of
almost four decades. A few dIBDV isolates show an
amino acid substitution in the 290 residue of the signa-
ture (I-V). Considering that V290 is also unique for
the dIBDVs, the amino acidic signature T272, P289, I/
V290 and F296 should be regarded as the right marker
for the dIBDV lineage.

Here we developed an RT-qPCR assay for the rapid
detection and precise identification of dIBDVs. The
method bases its detection capacity on the presence
of various molecular markers within the hvVP2 of
dIBDV. The designing of primers and probes in the
hvVP2 is challenging by the occurrence of single
nucleotide polymorphisms in the region, implying
that the target has to be carefully selected to include
strong molecular markers that persist in time. In the
probe hybridization region, two nucleotides are
strongly conserved in all dIBDVs and located near
the 3’ end of the probe, improving its discrimination
capability and reinforcing the specificity of the assay
(Figure 1) (Kutyavin et al., 2000). These nucleotides

are part of the codons for the P289 and I/V290 residues
that comprise the amino acid signature of the dIBDV
linage. The 289 and 290 amino acids are important
because they occur within the hvVP2 hydrophilic
peak 2, which is antigenically relevant in IBDV (Berg
et al., 1996). As these two nucleotides are not present
in any other IBDVs, the designed TaqMan-MGB
probe is expected to be highly specific; TaqgMan-
MGB probes form extremely stable duplexes with
complementary DNA, and a single mismatch in the
probe-target duplex would result in a high Tm differ-
ence that prevents cross-hybridization to non-specific
targets (Kumar et al., 1998). There are also mismatches
between primers and target sites of non-dIBDVs
(Figure 1). The most significant change occurs in the
reverse primer that differs in its 3’ end with all
known non-dIBDVs; this change reduces significantly
the primer hybridization with non-dIBDVs and thus
increases the specificity of the assay (Kwok et al., 1990).

The RT-qPCR assay was assessed by testing its
analytical performance, specificity and clinical sensi-
tivity. Analytical tests indicate that the assay has a
broad linear dynamic range (10°-10® RNA copies/
reaction), and acceptable coefficient of determination
and PCR efficiency (0.9991 and 91%, respectively)
(Figure 2). The assay also shows high specificity and
lack of cross-reactivity with non-dIBDV strains,
IBDV-negative samples and other common avian
viruses. All dIBDV samples tested positive with this
assay, which in conjunction with the high detection
capacity (10° genome copies/reaction) support its use
as a good diagnostic method, even in samples with
low viral titre.

Another main application of the assay is the precise
quantification of viral genomes in field samples. This
could be used for establishing the virus load in diverse
tissues and to provide information about the intra-host
circulation. In protection assays, the accurate identifi-
cation and quantification of the field strain is essential
and has to be distinguished from the vaccine virus,
which might replicate and persist in the bursa of Fab-
ricius for several days (Ashraf et al., 2005; Ivan et al.,
2005). It is also possible that different strains co-infect
the same avian host, making mapping the quantifi-
cation and distribution of the viruses relevant (Stoute
et al., 2013).

The possibility of screening a large number of
samples in a rapid, sensitive and reproducible way
makes this assay a suitable tool for dIBDV impact
assessment in field samples. It could be used to simul-
taneously diagnose and characterize dIBDV samples
with low titres, since the high sensitivity of the assay
facilitates the detection of few genome copies, allowing
the direct analysis of the virus without prior propagat-
ing in culture or in embryonated eggs. It is expected
that these attributes improve the IBDV surveillance
and control worldwide and increase our understanding



of the molecular epidemiology of this economically
detrimental poultry pathogen.
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SUMMARY

Infectious bursal disease virus (IBDV) is an economically relevant and widespread pathogen that produces
immunosuppression in young chickens. IBDV is genetically classified into seven genogroups (G1 to G7),
where the traditional classic, variant and very virulent strains correspond to G1, G2 and G3, respectively.
The G4 strains, also known as “distinct” (dIBDV), have recently acquired increased relevance because of
their prevalence and notorious impair to the poultry industry in South America. Here, worldwide dIBDV
strains were studied using phylogenetic and phylodynamic approaches. The phylogenetic analyses
performed using partial and complete sequences of both viral segments (A and B) consistently clustered the
dIBDV strains in a monophyletic group. The analyses of the VPS5, polyprotein and VP1 coding regions
identified amino acid residues that act as markers for the identification of the entire dIBDV group or
different sub-populations. The phylodynamic analyses performed using the hypervariable region of VP2
indicated that the dIBDV strains emerged in the early 1930s in Eastern Europe, shortly after the emergence
of classic strains (1927) and before variant (1949) and very virulent strains (1967). The analysis of the
migration routes indicated that after its emergence, the dIBDV strains spread to Eastern Asia around 1959,
to Brazil around 1963, and to Argentina around 1990. These intercontinental migrations resulted in three
sub-populations that are currently represented by strains from (i) Brazil, (ii) Eastern Asia and Canada, and
(1i1) Eastern Europe, Argentina and Uruguay. Taken together, our results highlight the complex evolutionary
history of IBDV and the importance of new phylodynamic data to unravel and nearly follow the different

evolutionary pathways taken by this important poultry pathogen.

Keywords: IBDV, evolution, phylodynamics, distinct genogroup.
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Introduction

Infectious bursal disease virus (IBDV) is the causative agent of a highly contagious disease that affects
young chickens. The virus replicates in the bursa of Fabricius and other lymphoid tissues resulting in
immunosuppression, which leads to an increased susceptibility to other infectious agents and a lack of
humoral response to vaccinations (Allan et al., 1972; Faragher et al., 1974; Rosenberger & Gelb, 1978).
IBDV infections are widespread and have a severe economic impact on the commercial poultry production

(Mcllroy et al., 1989; Zachar et al., 2016).

IBDV belongs to the genus Avibirnavirus within the family Birnaviridae, which is characterized by a non-
enveloped icosahedral capsid and two double stranded RNA genome segments, named A and B (Dobos et
al., 1979; Muller et al., 1979). Genome segment A (3200 bp) encodes a polyprotein that is further processed
into three viral proteins (VP2, VP3 and VP4) and four small peptides, and in a partially overlapped open
reading frame the non-structural protein VPS5 (Mundt et al., 1995; Sanchez & Rodriguez, 1999; Lejal et al.,
2000; Da Costa et al., 2002; Luque et al., 2009). Genome segment B (2800 bp) encodes the viral RNA
polymerase VP1 (Spies et al., 1987).

The IBDV genome evolves rapidly via mutation, and less commonly by reassortment of both genome
segments and recombination (Le Nouen et al., 2006; He et al., 2009; Soubies et al., 2017; Pikula et al.,
2018). The action of these mechanisms has led to the emergence of a great deal of genetic variability, as
evidenced by the existence of diverse evolutionary lineages in the viral populations (Michel & Jackwood,

2017).

There are two IBDV serotypes distinguished by cross neutralization test, of which only serotype 1 viruses
cause clinical disease in chickens (McFerran et al., 1980; Jackwood et al., 1985; Ismail et al., 1988).
Serotype 1 was traditionally divided into classic (c), variant (va) and very virulent (vv) strains using
antigenic and pathogenic criteria (Rosenberger et al., 1985; Chettle et al., 1989). Transferring this
antigenic/pathogenic classification to a genetic-based nomenclature has been relatively successful for IBDV;
genetic lineages are mostly concordant with traditional strains classification. Accordingly, most new isolates
are currently only genetically classified but named using the antigenic/pathogenic nomenclature as cIBDV,
valBDV and vvIBDV. Sequence analyses also detect reassortments, recombinants and new lineages that
need to be considered for IBDV classification. A recent study assessed a comprehensive classification of all
IBDV strains resulting in seven well-supported genetic lineages denoted as genogroups (G) 1 to 7 (Michel &
Jackwood, 2017). According to this classification, the cIBDV, vaIBDV and vvIBDYV strains correspond to
G1, G2 and G3, respectively. Genogroups 4 to 7 include the ‘distinct’ (d) IBDV strains (G4), a group of
proposed recombinant strains from Mexico (G5), divergent strains mainly from Italy (G6), and Australian

strains (G7) (Ignjatovic & Sapats, 2002; Jackwood, 2012; Hernandez et al., 2015; Lupini et al., 2016).
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The dIBDV comprises highly divergent strains that were collected in the last four decades from South and
North America, Asia and Europe (Shcherbakova et al., 1998; Kwon et al., 2000; Jackwood et al., 2001; Ikuta
et al., 2001; Domanska et al., 2004; Jackwood & Sommer-Wagner, 2007; Ojkic et al., 2007; Jeon et al.,
2009; Vera et al., 2015; Hernandez et al., 2015; Yamazaki et al., 2017; Michel & Jackwood, 2017). These
strains have a particular antigenic profile and produce a subclinical infection which results in a marked
bursal atrophy and immunosuppression (Minta et al., 1985a, 1985b; Domanska et al., 2004; Jeon et al.,
2009; Yamazaki et al., 2017; Tomas et al., 2019).

Although the dIBDV strains have been overlooked in the past, particularly by the lack of specific clinical
signs, they have acquired increased relevance because of their prevalence and potential economic impact in
South America (Argentine, Brazil and Uruguay) and North America (Canada) (Ikuta et al., 2001; Ojkic et
al., 2007, Hernandez et al., 2015; Vera et al., 2015). However, there is still little information about their

genetic characteristics and spatio-temporal dynamics.

Here, the origin and global spreading of the dIBDV strains were studied using a phylodynamic approach.
The time to the most recent common ancestor (tMRCA), routes of migration and genetic changes associated
with spreading and local differentiation were obtained to provide new insights into the evolutionary

epidemiology of this relevant IBDV genogroup.
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Materials and methods

Sequencing of dIBDV strains

Argentine (n=13) and Uruguayan (n=11) dIBDV strains collected between 2009 and 2016 were used for
partial or complete coding genome amplification (Table 1). Samples were diagnosed and genotyped using
previously described RT-qPCR assays (Tomas et al., 2012; Tomas et al., 2017). For partial genome
sequencing, 492- and 594-bp fragments corresponding to the hypervariable region of VP2 (hvVP2) and VP1
genes, respectively, were amplified using previously described primers and conditions (Tomas et al., 2019).
The complete coding genome was obtained from six partially overlapped amplicons using primers and
conditions detailed in Supporting information 1. All PCR amplicons were purified using the DNA Clean &
Concentrator™-5 kit (Zymo Research) and sent to Macrogen for bidirectional sequencing (Macrogen Inc,
Seoul, South Korea). Obtained sequences were edited and assembled using the SeqMan Pro software

v15.0.1 (DNASTAR).

Datasets

To assess the different analyses, both partial and complete datasets of genome segments A and B were
generated using sequences available in the Genbank and those obtained in the present study.

The VP2 and VP1 datasets of partial sequences corresponded to a 356-nt fragment from segment A positions
795 to 1150, and a 533-nt fragment encompassing segment B positions 313 and 845. Regarding complete
genome datasets, the regions corresponded to the full-coding segment A (position 97 to 3169) and B
(position 112 to 2751). Numbering corresponds to segments A (AY029166) and B (AY029165) sequences

of the strain Irwin Moulthrop.

Sequence alignments and detection of recombinant sequences

Nucleotide alignments were carried out using the MUSCLE algorithm implemented in MEGA 7 (Kumar et
al., 2016). A search of recombinant sequences was assessed with the complete genome datasets using the
RDP, GENECONYV, Chimaera, MaxChi, BootScan, SiScan and 3Seq methods, implemented in the RDP4
v4.95 software, using the default parameters and assuming recombination events if detected by at least four

methods.

Phylogenetic and amino acid analyses

Phylogenetic analyses were performed with both partial and complete genome datasets. In each case, the
best-fit nucleotide substitution model was selected with the jModelTest2 software under the Akaike criterion
(Darriba et al., 2012; Guindon & Gascuel, 2003). Maximum-likelihood phylogenetic trees were inferred
using the PhyML v3.0 with approximate likelihood ratio test as internal nodes support (Guindon et al.,
2010). The visualization and edition of the trees were carried out using the iTOL v4 online tool (Letunic &

Bork, 2016).
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The amino acid sequences corresponding to VPS5, polyprotein and VP1 of all dAIBDV strains were compared
to the other strains using partial and complete coding sequences to identify genogroup specific markers for
dIBDV. The term “marker” refers to a residue associated to a group of strains but whose biological

implication may or may not be currently known.

Phylodynamic analysis of the cIBDV, valBDV, vvIBDV and dIBDYV strains

A Bayesian Markov Chain Monte Carlo approach was implemented in the BEAST v1.8.4 package using
hvVP2 sequences of the cIBDV, valBDV, vvIBDV and dIBDV strains; strains were selected to ensure a
wide span of collection dates and geographic origins. The analysis did not include strains from the rest of
genogroups (G5 to G7), vaccine or cell culture-adapted strains, nor recombinant or reassortant viruses.
Sequence alignment and best-fit nucleotide substitution model were determined as detailed in the previous
section. The TempEst v1.5.1 software was used to measure the temporal signal of the dataset. To determine
which combination of molecular clock (strict, uncorrelated relaxed lognormal, uncorrelated relaxed
exponential) and coalescent tree prior (constant, exponential, Bayesian skyline) best-fit to the dataset, the
log marginal likelihoods were estimated through path and stepping stone sampling calculations. For each
combination, two independent runs were performed consisting of 2 x 108 steps with sampling every 2 x 10*
steps. Analyses were run using the BEAGLE library at the CIPRES Science Gateway server (Miller et al.,
2010). Results were analyzed with TRACER v1.7 by evaluating the convergence of all estimators through
the effective sampling size (ESS) after a 10% burn-in, considering convergence when ESS values were

above 200.

Phylogeographic analysis of the dIBDV strains

A discrete trait phylogeographic analysis implemented in the BEAST v1.8.4 package was carried out using a
subset of the hvVP2 sequences including all the dIBDV strains with known collection date and geographic
origin. Sequence alignment, best-fit nucleotide substitution model, best-fit molecular clock and coalescent
tree prior, and the measure of the temporal signal of the dataset were assessed as mentioned in previous
sections. To minimize sampling bias, countries with low number of sequences were pooled together
according to geographic closeness resulting in groups representing Eastern Europe (Hungary and Poland,
n=5), Eastern Asia (Japan and South Korea, n=4) and Western Asia (Saudi Arabia and United Arab
Emirates, n=3). Those countries represented by only one sequence and that could not be pooled according to
the mentioned criteria (i.e. Russia, Puerto Rico and Colombia) were not included in the analysis. A non-
reversible continuous-time Markov chain model was used, with a Bayesian stochastic search variable
selection (BSSVS) approach to identify significant migratory events, assuming Bayes factor (BF) values
above 3 as significant. Each run (2 x 108 steps, sampling every 2 x 10* steps) was analyzed with TRACER
v1.7. A maximum clade credibility tree (MCCT) was generated using the TreeAnotator v1.8.4 discarding
10% of states as burn-in, while the FigTree v1.4.3 was used for the visualization and edition of the tree. The

resulting discrete phylogeographic analysis, particularly the support of each migration event, was
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determined using the SPREAD software v1.0.7.

Accession numbers. The new sequences obtained in this study were submitted to Genbank and assigned

accession numbers MN313610 to MN313648.
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Results
Phylogenetic analyses
All the sequences detected as recombinants were excluded from the phylogenetic analyses (Supporting

information 2).

The phylogenetic analysis of the hvVP2 region resolved the seven previously described genogroups (G1 to
G7 in Figure 1). The newly obtained Argentine and Uruguayan field strains clustered with the other dIBDV
strains as expected according to the result of the RT-qPCR assay. Serotype 2 strains occupied a basal

position in the phylogenetic tree.

The phylogeny with partial sequences of the VP1 gene showed a well-defined clade comprising dIBDV
strains and a sister single clade encompassing cIBDV, vaIBDV and one Italian G6 strain (Figure 2).

Serotype 2, G7 and vvIBDV strains appeared as early-branching clades in the phylogenetic tree.

The analysis of the full-length genome sequences included only cIBDV, valBDV, vvIBDV and dIBDV from
serotype 1 and strains from serotype 2 because there are not complete genome sequences available from any
G5, G6 or G7 strains. The phylogeny with the segment A showed a well-supported clade corresponding to
the dIBDV strains (Figure 3). The cIBDV, valBDV and vvIBDYV strains were also separated in independent
clades, while serotype 2 strains located in a basal position of the phylogeny. The segment B phylogeny
yielded a well-resolved dIBDV clade that associated with a sister group of interspersed clustering of cIBDV
and valBDV strains (Figure 3). The serotype 2 and vvIBDV strains occupied a completely different and

early-branching position in the tree.

Characterization of residues associated with the dIBDV strains
The VPS5, polyprotein and VP1 sequences were inspected for the presence of marker residues associated

with dIBDYV strains (Table 2).

VPS5 had the marker R135 that also occurred in two cIBDV strains, Edgar and CJ801, which were collected
many years ago from USA and China, respectively. There were also residues that identify sub-populations

within the dIBDV strains (sub-population specific residues), including P40 for Argentina and Uruguay and
C137 for Brazil.

The polyprotein analysis showed six marker residues in VP2, two in VP3 and two in VP4. The VP2 markers
corresponded to V124, S222, T272, P289, 1290 and F296. The V124 residue also occurred in the Edgar and
CJ801 strains, and the S222 residue was also present in some cIBDV vaccine strains, including the Lukert
and 228E. The T272 residue was present in most dIBDV strains but was also characteristic of the G7 strains.

The other markers (P289, 1290 and F296) were unique for the dIBDV strains. The P5 and G245 were sub-
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population specific residues for Argentine and Uruguayan dIBDV strains; the Hungarian and Polish strains,
whose hvVP2 sequences were the only available, also had the G245 residue.
The VP4 coding region showed the dIBDV markers W680 and 1711, while VP3 had the S777 and 1922

markers.

In VP1, the D56 and S57 residues were markers strongly associated with the dIBDV strains. The S145, P243
and Q651 residues were sub-population specific markers for Argentina and Uruguay; P243 also occurred in
the Polish dIBDV strains. The Brazilian dIBDV strains showed the sub-population specific residues D145,
G305 and S849.

Phylodynamic and phylogeographic analyses of the dIBDV strains

The clock-likeness of the dataset was confirmed by the TempEst software, obtaining a correlation
coefficient value of 0.3846. Path and stepping stone sampling analyses determined that the uncorrelated
relaxed exponential clock with the exponential demographic model was the most accurate for the dataset
(Supporting information 3). The most probable geographic origin of the dIBDV lineage was Eastern Europe
(Poland and Hungary) in around 1933 (Figure 4). The first intercontinental migration event from Eastern
Europe would have occurred around 1959 to Eastern Asia (Japan and South Korea) (BF = 4.3), from where
it would have reached Canada by 1978 (BF = 19) (Figure 5). Its introduction in South America would have
taken place in two different events; the first one to Brazil in approximately 1963 (BF = 2.3) and the second
one to Argentina around 1990 (BF = 90). The arrival to Uruguay would have occurred through two
independent migration events around 2005 — 2006 from Argentina (BF = 914). Western Asia (Saudi Arabia
and United Arab Emirates) strains of dIBDV might appeared as a consequence of more recent

intercontinental migration events from Brazil (BF = 137) and Canada (BF = 170).

Evolutionary timeline of the cIBDV, valBDV, vvIBDV and dIBDYV strains

The origin dates of the major IBDV lineages were estimated. The TempEst analysis indicated that the
dataset contained sufficient temporal signal, as evidenced by the positive correlation between genetic
divergence and sampling time. However, the correlation coefficient value was 0.2378, with an outlier
sequence corresponding to the only serotype 2 strain included (OH strain). After removing this sequence the
correlation coefficient increased to 0.4173, thus indicating that an adequate temporal signal was present
within the serotype 1 strains. The uncorrelated relaxed lognormal molecular clock with the bayesian skyline
demographic model best fitted the dataset according to path and stepping stone sampling (Supporting
information 3).

The tMRCA mean values for the cIBDV, vaIBDV, vvIBDV and dIBDV lineages were estimated to be 1927,
1949, 1967 and 1931, respectively (Table 3).
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Discussion

The evolutionary history of IBDV was characterized by the emergence of strains that diverged in their
genetic composition and phenotypic features. The vaIBDV and vvIBDV strains focused the attention of the
international community mainly due to the notorious impact to the poultry industry (Rosenberger et al.,
1985; Rosales et al., 1989; Sharma et al., 1989; Chettle et al., 1989; van den Berg et al., 1991). Other strains,
despite being problematic, were geographically restricted and less studied (e.g. the Australian strains) (Firth,
1974; Ignjatovic & Sapats, 2002). The dIBDV strains have been circulating in Europe, Asia, South and
North America during many years but remain almost unnoticed, probably because they were not initially
associated with a notorious impair to the poultry industry. Most dIBDV strains were reported as local
variants and not as a unique evolutionary lineage (Jackwood & Sommer, 1997; Kwon et al., 2000; Ikuta et
al., 2001; Banda et al., 2003; Remorini et al., 2006; Ojkic et al., 2007; Jeon et al., 2009; Yamazaki et al.,
2017). This explains the scarce epidemiological data about the genomic characteristics, geographic origin
and spatio-temporal spreading of dIBDV. Moreover, the truly relevance in the context of the general

evolution of IBDV have not been discussed.

Phylogenetic analyses

The phylogenetic analyses here assessed provide a comprehensive scenario of the evolutionary relationships
between the dIBDV and the remaining genogroups. Interestingly, in all the phylogenies assessed with partial
and complete genome sequences of segments A and B, the dIBDV strains consistently clustered in a
monophyletic group clearly separated from the rest of strains (Figure 1, 2 and 3). This level of
differentiation is commonly expected using the highly divergent hvVP2 region of segment A, but is unusual
for other regions, as evidenced by the common clustering of the cIBDV and valBDV strains in phylogenies
with either partial or complete sequences of segment B (Figure 2 and 3). The single-clustering observed with
sequences of both dIBDV segments may be consequence of an accelerated evolutionary rate of the dIBDV
segment B and/or a more ancient diversification that allowed the accumulation of nucleotide and amino acid
substitutions. The evolutionary rate of the dIBDV segment B remains to be calculated but very few
sequences are currently available to obtain a reliable estimation. On the other hand, the date of origin of the
cIBDV, valBDV, vvIBDV and dIBDV strains was here estimated and the obtained results support the

hypothesis of an ancient origin of the dIBDV strains (see below).

Amino acid residues associated with the dIBDV strains

There are some residues along the segment A and B that act as markers for the characterization of the
dIBDV genogroup. The most robust markers were those identified in the hvVP2 region because this
sequence is usually obtained for IBDV characterization in diagnosis and research labs, and is thus over

represented in the dataset.
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The dIBDV markers detected in the hvVP2 region were S222, T272, P289, 1290 and F296, which is in
accordance with previous observations (Table 2) (de Fraga et al., 2019; Hernandez et al., 2015; Vera et al.,
2015). However, S222 and T272 occurred in some cIBDV vaccine strains and the G7 strains, respectively,

and should then be considered less robust markers compared to P289, 1290 and F296.

Other residues in VP1 (D56, S57), VP2 (V124), VP3 (S777,1922), VP4 (W680, 1711) and VP5 (R135) were
here detected as potential dIBDV markers as they were present in all the few dIBDV sequences that are
currently available. To confirm these findings, more sequences of segment A and B have to be obtained,

especially from Brazilian, Canadian or Asiatic dIBDV strains that are underrepresented in the database.

Interestingly, the residues V124 in VP2 and R135 in VPS5 were also detected in the Edgar and CJ801 cIBDV
strains. The Edgar strain collected in 1965 is one of the oldest IBDV strains described, while the CJ801
constitutes the first IBDV strain reported in China in 1979 (Zhou et al., 1981; Cao et al., 1998). Considering
that no other cIBDV strain sequenced to date contain these residues, it is likely that they represent ancestral

states that were lost during the evolution of the cIBDV lineage.

The dIBDV strains here analyzed have three different residues in the position 145 of VP1 (Table 2). This
residue, together with residues 146 and 147, plays an important role in virus replication, pathogenicity and
in the polymerase activity (Gao et al., 2014). Most vvIBDV strains have the signature TDN or TEG in
position 145-147, while most cIBDV, vaIBDV and Polish dIBDV strains have the NEG residues. The
presence of a different signature in Argentine and Uruguayan dIBDV strains (SEG), and in Brazilian strains

(DEG), may have some biological implications that should be further analyzed.

Epidemiological history of the dIBDV strains

The phylodynamic and phylogeographic Bayesian inferences here assessed permitted the reconstruction of
the early epidemiology of the major IBDV lineages and the migratory pattern of the dIBDV strains.
Interestingly, the origin of the dIBDV lineage was set around the early 1930s in Eastern Europe, which is
shortly after the estimated emergence of the cIBDV lineage in the late 1920s (Table 3). The European origin
of the dIBDV strains is in accordance with the results obtained in a recently published study (de Fraga et al.,
2019). Our findings indicate that both lineages (cIBDV and dIBDV) may have emerged almost at the same
time in evolutionary terms, probably in different continents (North America and Europe). This supports a
complex scenario that involved the existence of an ancestral IBDV circulating in different continents that
underwent local differentiation to originate the widely spread cIBDV and dIBDV strains. Later, the cIBDV
strains gave rise to the valBDV strains around 1949 and the vvIBDYV strains around 1967, with the
particularity that the segment B of the vvIBDV strains would have been acquired through a reassortment
event (Hon et al., 2006). The estimated origin date of the vvIBDV strains is in accordance with previous

reports; Hon et al. (2006) estimated the year of emergence of the vvIBDV strains around 1962 [95% HPD:
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1950-1973], while Alfonso-Morales et al. (2013) estimated the same event to around 1970 [95% HPD:
1956-1985] (Hon et al., 2006; Alfonso-Morales et al., 2013). The date for the origin of the vaIBDV strains
(around 1949) is here reported for the first time.

It does require an explanation of why disease signs were observed after some period of time from the
putative origin of ancestral strains inferred from phylodynamic analysis. The first report of infectious bursal
disease corresponded to cIBDV detected in Gumboro, Delaware, United States (Cosgrove, 1962),
approximately three decades after the emergence of the putative ancestral cIBDV. Similarly, the reports of
disease outbreaks caused by valBDV and vvIBDYV occurred during the 1980s (Rosenberger et al., 1985;
Chettle et al., 1989), two to three decades after the origin of the corresponding ancestral strains. The
emergence of an IBDV strain as a disease causative agent requires two conditions to be fulfilled: 1) the
existence of a strain carrying the adequate genetic makeup, and i1) the appropriate, permissive ecological
conditions (Geoghegan & Holmes, 2017). The proper genetic background could be achieved by the
progressive accumulation of changes generated by point mutations, recombination and/or reassortment
(Vakharia et al., 1994; Hon et al., 2006; Jackwood & Sommer-Wagner, 2007). These genetic changes are
able to improve viral fitness (e.g. replication and transmission capacity) of an ancestral, less adapted strain
that may have been circulating harmlessly in chickens or wild birds. To attain the ecological condition, the
virus needs to adjust its relationship with the environment. IBDV ecology has been particularly altered in
chicken after the 1950s as a consequence of the continuous expansion of the poultry industry, driven by
changes in nutrition and chicken genetics, intensive rearing conditions, and selective pressures exerted by
vaccination (Hewson, 1986; Gordon, 1996). This scenario may have provided the appropriate conditions for

the virus to evolve and acquire new biological properties.

Regarding the dIBDV strains, three main successive intercontinental migration events were detected: (1) to
Eastern Asia around 1959, (2) to Brazil around 1963, and (3) to Argentina around 1990 (Figure 4 and 5).
This is concordant with the historical records indicating that Hungary and Poland were two of the main
poultry producers and exporters in Europe from the early 1960s, which may have facilitated the introduction
of dIBDV strains in other countries (FAOSTAT, 2018). Although the migration event from Eastern Europe
to Brazil was supported by a slightly lower BF value (2.3), it is strongly supported by additional evidence.
Silva et al. (2013) in a study of the IBDV epidemiology in Brazil identified migration events associated with
strains currently known as dIBDV strains (e.g. MGS). Although they could not determine the geographic
origin of these strains, the year of this migration event was estimated around 1969 (Silva et al., 2013), which
is very close to the here obtained result (1963). The study by de Fraga et al. (2019) also support the
existence of two intercontinental migration events from Eastern Europe to South America (Argentina and

Brazil), and the introduction in Uruguay from Argentina in the middle 2000s.

The three migration events from Eastern Europe are concordant with the MCCT topology (Figure 4).
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Accordingly, the dIBDV strains could be classified in three sub-populations composed mainly by strains
from (1) Brazil, (2) Eastern Asia and Canada, and (3) Eastern Europe, Argentina and Uruguay. The recent
occurrence of the migration event that introduced dIBDV strains in Argentina (around 1990) and later in
Uruguay (around 2005-2006) may explain the similar characteristics shared with strains from Eastern
Europe (Figure 5). On the contrary, those strains that migrated earlier as the Eastern Asian and Brazilian
strains (1959 and 1963, respectively) had sufficient time to diverge and formed different sub-populations.
This divergence is also evidenced by the presence of sub-population specific amino acid residues (Table 2).
The Argentine and Uruguayan dIBDV strains have unique mutations in VP1 (S145, P243, Q651), VP2 (PS5,
G245) and VPS5 (P40), while the Brazilian dIBDV strains have unique mutations in VP1 (D145, G305,
S859) and VPS5 (C137). A sub-clade of Brazilian strains also has the A275T and N280T substitutions that

evidence an additional level of intra-country differentiation.

The introduction of the dIBDV strains in Western Asia countries may have recently occurred from Brazil
and Canada (Figure 5). This hypothesis is supported by the notably increase in the poultry importation of
Western Asian countries, including Saudi Arabia and the United Arab Emirates (FAOSTAT, 2018).
Notably, the strain from United Arab Emirates have the same markers (T275 and T280) as the Brazilian sub-

clade, reinforcing the hypothesis that this strain descend from strains of Brazilian origin.

Conclusion

Our findings provide a different paradigm to understand the evolution of IBDV by creating a new timeline
to explain the origin and genetic variability of the virus. This hypothesis supposes an early divergence of an
IBDV ancestor in two main branches, one corresponding to cIBDV and the other to dIBDV strains, which
may have emerged almost at the same time around 1930. It stands out that the cIBDV lineage suffered a
notorious diversification giving rise to the vaIBDV and vvIBDYV strains while the dIBDV strains maintained
more stable along the years, despite some level of local differentiation which is evidenced by the presence of
three main sub-populations composed by the European/Argentine/Uruguayan dIBDV strains, the Brazilian
dIBDV strains and the Eastern Asian/Canadian dIBDV strains. The presence of sub-population specific
residues confirms that the dIBDV diversification is correlated with migration events occurred several years
ago. Taken together, our results highlight the complex evolutionary history of IBDV and the importance of
new phylodynamic data to unravel and nearly follow the different evolutionary pathways taken by this

important poultry pathogen.
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Table 1- Argentine and Uruguayan dIBDV strains here analyzed.
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Strain name
1/chicken/ARG/P3/15
1/chicken/ARG/P4/15
1/chicken/ARG/P13/15
1/chicken/ARG/P14/15
1/chicken/ARG/P20/15
1/chicken/ARG/P33/15
1/chicken/ARG/P46/15
1/chicken/ARG/P59/16
1/chicken/ARG/P60/16
1/chicken/ARG/P79/16
1/chicken/ARG/P81/16
1/chicken/ARG/P85/16
1/chicken/ARG/P97/16
M04/09

421101
1/chicken/URY/4202/11
1/chicken/URY/4203/11
221201
1/chicken/URY/2701/12
1/chicken/URY/3401/12
1/chicken/URY/3501/12
1/chicken/URY/1403/14
1/chicken/URY/1302/16
1/chicken/URY/1305/16

Origin
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Argentina
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay
Uruguay

Collection Date
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016
2016
2009
2011
2011
2011
2012
2012
2012
2012
2014
2016
2016

Obtained sequence
hvVP2 ¥
hvVP2/pVP1#
hvVP2

hvVP2

hvVP2

Complete genome
hvVP2/pVP1
hvVP2

hvVP2
hvVP2/pVP1
hvVP2/pVP1
hvVP2/pVP1
hvVP2

Complete genome
Complete genome
hvVP2
hvVP2/pVP1
Complete genome
Complete genome
hvVP2/pVP1
hvVP2/pVP1
hvVP2

Complete genome

hvVP2/pVP1

ThvVP2: hypervariable region of VP2.

tpVPI: partial VPI gene.
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Table 2- Amino acid markers of the dAIBDV strains found in VPS5, polyprotein and VP1.
VP5 Polyprotein VP1
VP2 VP4 | VP3
cIBDVE S H R Qa I P E 1 L M I1flc v|IN L E N N F S H T
valBDVi S H R Q I @ E 1 L M 1flc v|N L E N N F S H T
wiBDVi S H R Qa I A E 1 L M 1|y v|INn L E N T F S H T
Mo409 [ P 'R R P Vv BEM G woi|s D S s P s a |
2>. 421101 P |R R P v B G wo1|s 1 D S s P s aQ T
éé 221201| P | R R P v BEM G woi|s D S s P s a T
L 2 1/chicken/URY/2701/12 [ P 'R | R P v IS G wo1|s 1 D S s P s aQ T
e > 1/chicken/URY/1302/16 | P [ R'| R P Vv S G woi|s 1 D S s P s a T
1/chicken/ARG/P33/15 | P [ R | R P Vv BEM G woi|s D S s P s Q |
80GA|[— — — — —PEM G - —|- =]l]- - NP — — —
POLAND

> 78/GSz| — — — — —PEN G — |- —|]= = NP — — —
m Candioto| S | R C —  V S E — — |- — — - - - = = =
© Giacomini| S | R C — |V S E e _ - - = = = =
Brandeleiro| S ' R C —  V S E R S
Prezotto| S | R C — |V S E - —|- - _ — - = = = =
BRAZIL MG4|S R C Qv BEN E - == =l ]- - = = = = =
spo|s R ¢ Qv BEl E — = |- = = — - - _
MG8|S R C Qv BEN E — —|— —||D 8 D F G H s
MG1|— — — - - - — — — — —|= == =D 8 D F 6 H s
sc11|— — — - — - - - — — —|—= == —=]|p 8 Db F 6 H s

Black background residues: strong markers found in all the dIBDV strains (collected from a wide range of

years and geographic regions); dark gray background residues: potential dIBDV markers, consistently found

in the few number of available strains; light gray background residues: sub-population specific markers.

1 markers also detected in some non-dIBDV strains (S222 in the cIBDV vaccine strains Lukert and 228E;
T272 in the G7 strains).

fmost frequent amino acid residues.
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6611 Table 3- Year of origin estimated for the most recent common ancestor of the cIBDV, vaIBDV, vvIBDV

662 and dIBDV strains.
3
6G3

6@4 Year 95% HPD'
6%5
666 cIBDV 1927 1901 — 1949

10
647 valBDV 1949 1925 - 1971

6@1% vvIBDV 1967 1957 - 1977

669  dIBDV 1931 1898 — 1963
670
67{f  195% HPD: 95% High Probability Density.
¥

6723
22

64

%3

676
27

67%
673
679

32
680

34
685
633
638

39
684

41

685
6§§

y/)

647
46

638
649
698

51

692
53

6%2
%3
694

58
695

60
696
697

Transboundary and Emerging Diseases - submitted manuscript



6918
699
3
7Q0

702
8
703

10

704
7d§

1
706

15
708

7
709
20
70
22
7bb

7B%
27
704
29

Thy
784

32
7B3?

34
788
7

728

39
720
41

7%

e

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Transboundary and Emerging Diseases - submission proof Page 24 of 33

FIGURE LEGENDS

Figure 1- Maximum likelihood based phylogenetic tree of IBDV using a 356-nt fragment of the hvVP2
region. The GTR+I+G nucleotide substitution model was used. Each genogroup and the serotype 2 strains
are indicated with different colours. Nodes with aLRT support values above 0.75 are indicated with grey

circles.

Figure 2- Maximum likelihood based phylogenetic tree of IBDV using a 533-nt fragment of the VP1 gene.
The nucleotide substitution model was GTR+I+G. The cIBDV (G1), vaIBDV (G2) and G6 strains form a
clade indicated with a dotted rectangle. Nodes with aLRT support values above 0.75 are indicated with grey

circles.

Figure 3- Maximum likelihood based phylogenetic trees using a 3070-nt fragment of the IBDV genome
segment A (left) and a 2634-nt fragment corresponding to the IBDV genome segment B (right).

In both cases the GTR+I+G nucleotide substitution model was used. Each genogroup and serotype 2 strains
are indicated with colours according to the code detailed in the bottom of the figure. The monophyletic

group composed by cIBDV (G1) and valBDV (G2) strains is indicated with a dotted rectangle.

Figure 4- Maximum Clade Credibility Tree (MCCT) of the dIBDV (G4) strains using the hvVP2 region. To
the upper left is a graph representing the root location state posterior probabilities. The branches and nodes
are coloured according to the most probable location state following the code used in the graph. The tMRCA

1s indicated for the basal and other relevant nodes.

Figure 5- World map indicating the migration events estimated for the dIBDV strains. Coloured dots
indicate the different countries included in the analysis. Countries that were grouped in the same location
state are indicated with coloured ovals. Arrows’ colour and thickness represent the time and BF support,

respectively, of each migration event.
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44

45 Figure 1- Maximum likelihood based phylogenetic tree of IBDV using a 356-nt fragment of the hvVP2 region.
46 The GTR+I+G nucleotide substitution model was used. Each genogroup and the serotype 2 strains are
47 indicated with different colours. Nodes with aLRT support values above 0.75 are indicated with grey circles.
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Figure 2: Maximum likelihood based phylogenetic tree of IBDV using a 533-nt fragment of the VP1 gene.
The nucleotide substitution model was GTR+I+G. The cIBDV (G1), valBDV (G2) and G6 strains form a clade
indicated with a dotted rectangle. Nodes with aLRT support values above 0.75 are indicated with grey
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SEGMENT A

e MB6722.1 OH USA

il
AF362773.1 23082 UK

MO4I09 Unusguay

221201 Uruguay

Aehicken ARGIP3AN S Argentina
421101 Uruguay
Achicken/URY/2701/12 Uruguay
KT336459.1 0IBOVIUY/201412202 Uruguay
Uchicken/URY/1302/16 Uruguay
AY020185.1 Irwin Mouithrop USA
JF811920.1 A-BHB3 Brazll

MF269107 18012710 2 Algeria

K1198844.1 KK54 Thailand

EU184689.1 Gro-Pa/o8 Groatia

DOOBET Cut Germany.

AJ427340.1 KT1/99 India

KUBS1886.1 MB11 India

EF418034.1 GA-1 USA

KX502158 HBOY-1 China

DQI0ES21 .1 B87 China

DQ403248.1 Gt China

AJ310185 1 sirain CT

KC603937.1 1C-1BOV-Br Brazil

XB4034.1 P2 Germany

JO411012.1 90378 Hungary

AF184428.1 CEF84

AF489920.1 D78

EF646853.1 JICT

DQO8E175.1 TL200M China

AF321086.1 212000 China

AY368683,1 GLS USA
JX134453.1 GX-NNZ-11 China
AYAG2027.1 9108 USA
AF133904.1 variant E USA
AN111353.1 83180 vory Coast
India
MF95490 PKZ Pakistan
KF569805.1 HuB-1 China
AF362776.1 8D 3190 Bangladssh
JX682700.1 QL China
JX882711.1 ZZ-11 China
JX134485.1 GX-NN-L China
FJ595138.1 Y507 China
K198843.1 SK53 Thadand
KPB76467.1 [BD13HeBO1 China
KF569801.1 HeB10XS02 China
LMB51367.1 HuN11 China
GO451330.1 HLI-0504 China
EL184887.1 Cro-Poi00 Croatia
EUS05667.1 N8 China
JO403646 1 7741 USA
KF568803.1 SD1OLYD1 China
GQ166972.1 8-SD-RZ China
INS85203.1 CAHFS K6SS USA
JFG07703.1 2009CAHA25 USA
DGB27040.1 b lerael
DQB27042.1 ks Iscael
KUO58716 UPMOA4/190 Malaysia
KUS18686.1 UPMOBMF1 Malaysia
LMB51365.1 5HO9 China
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AYA48733 Gx China
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AF240686 1 DBA4S Netheriands
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SEGMENT B
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JFB11921.1 A-8H83 Brazi.
AY450321.1 108 USA
KJ198846.1 KKS4 Thalland
MFO80108 150127/0.2 Algeria:
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AF362772.1Gu1 Germany
J04T1013.1 0378 Hungary-
AF194420.1 CEFo.
EFE46854.1 J1C7 Japan.
DQ206922.1 BA7 China:

P2 Germany
i Pi2 Pakistan———
AYB3B385.1 GZi% China
AY¥705383.2 G China:

ST

JQ403647 1 741 USA
AJB20090.2 02015.1 Venezuela:
IX682710.1 O China:
IXE82712.1 Z2-11 China.
JX134486.1 GX-NN-L China:
KJ198B45.1 8KS3 Thalland
KF§60802.1 HeB10XS02 China:
GQu51331,1 HLJ-0504 China:
LIE51368.1 HUN11 China:

AYD99457.1T08 Nigenia
AM111354 .1 88180 Ivory Coast
MFBB9112 150133/3.2 Algeria:
MFSB3110 150128/4.1 Algeria:
AB368871.1 KMRG-48 Tanzania
AF362770.1 BD 3099 Bangladesh
KUS18887.1 UPMOBMF | Malaysia:
KUBS&717 UPMO4/180 Malaysia
MFE6114 150136/1.1 Algeria-
AF527040.1 UPMI7/61 Malaysia
AFS27036.1 UPMB41273 Malaysia
Q449693 1 HUB-1 China.
AJ4S5EI7.1 KT1/99 India:
48707.1 OKYM Japan:
EUS05673.1 NE China
EU184888.1 Cro-Poidd Croatia.
FJ60S139.1 YSOT China
GQ166971.1 B-SD-RZ China
KF568804.1 SD1OLY01 China-
DQ118374.1 TL2004 China.
LMES1366.1 SHQ China:
AFDU2844.1 HKAG China:
DO168E18.1 242000 China.
EL184685.1 Cro-igi02 Croalia
MHE44847 DD1 Russia:
AM167581.1 04432 France.
Q8270411 mb Israel.
DOS2T043 1 ks Isras
AF322445.1 TASIK Indonesia
AJ318897.1 UK UK
HGA74564.1 89163 France.
AF240857.1 DB948 Netheriands

'T T

=]

Serotype 2

vvIBDV (G3)

45 Figure 3: Maximum likelihood based phylogenetic trees using a 3070-nt fragment of the IBDV genome

46 segment A (left) and a 2634-nt fragment corresponding to the IBDV genome segment B (right).

47 In both cases the GTR+I+G nucleotide substitution model was used. Each genogroup and serotype 2 strains

are indicated with colours according to the code detailed in the bottom of the figure. The monophyletic
group composed by cIBDV (G1) and valBDV (G2) strains is indicated with a dotted rectangle.
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Figure 4: Maximum Clade Credibility Tree (MCCT) of the dIBDV (G4) strains using the hvVP2 region. To the
upper left is a graph representing the root location state posterior probabilities. The branches and nodes are
coloured according to the most probable location state following the code used in the graph. The tMRCA is

indicated for the basal and other relevant nodes.
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27 Figure 5: World map indicating the migration events estimated for the dIBDV strains. Coloured dots indicate
28 the different countries included in the analysis. Countries that were grouped in the same location state are
29 indicated with coloured ovals. Arrows’ colour and thickness represent the time and BF support, respectively,
30 of each migration event.
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Supporting information 1- Primers and cycling conditions used for the complete genome amplification of the genogroup 4 strains.

Primer name

Sequence (5'- 3’)

Amplicon size (nt)

Genome Segment

F36 GGGACAGGCCGTCAAGGC 1192 A
P4 GCGACCGTAACGACAGATCC
A2f AGATGTCATGGTCAGCAAGTGGGA 1262 A
A2r2 GGGTGGAAGGTATGGWAGGTTGAGG
A3f TCAACGCCTATGGCGAGATTGAGA 1092 A
A3r GCGAACGGATCCAATTTGGGATGT
MBF AGTGGCTCCTCTTCTTGATGATTCTAC 1104 B
B1r TTGGACATCACGGGCCAGGT
B2f ATCAACCTCAAGTCATCAAGTGG 1162 B
B2r TGTTCAGGAGTGGGTAGTTC
B3f ATCTTGGGATCTATGTGCCG 946 B
B3r GGGTCTGGGGTTAGTGTC
Stage Initial denaturation | Denaturation Annealing Extension Final extension
Time 5 min 30 sec 30 sec 1:20 min 5 min
Temperature (°C) 95 95 60 72 72

Cycles

1

35

1
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Supporting information 2 - Recombinant segment A and B sequences detected by the RDP4 software.
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Genome Putative recombinant Putative major parent Putative minor parent Detecting Putative Probability
segment (accession number) (accession number) (accession number) programs breakepoints (MC Corrected)
KK1 K310 100056 23
(AF165150) (AF165149) (KU234528) 7 672 - 1789 7,710
PY12 THI14/ABT/MVC/India K310 7 1436 28x1023
(KX223749) (KU578104) (AF165149) ’
KSH K310 100056 20
(AF165151) (AF165149) (KU234528) 7 672 - 1789 L4 >10
RPM14/ABT/MVC/India IBDV80/Kaduna.NG/2011 MBI11 10
A (KU578102) (JX424079) (KU891986) 7 21822738 1,9x10
MDI14/ABT/MVC/India HYA15/ABT/MVC/India India/BGE15/ABT/MVC/2015 4 338 - 2017 70%10%
(KU558699) (KY020408) (KT870148) ’
HYA15/ABT/MVC/India CAHFS-785-SESW IC-IBDV-Br 8
(KY020408) (JF907702) (KC603937) 7 1386 - 1976 3.2x10
EDE14/ABT/MVC/India HYA15/ABT/MVC/India THI14/ABT/MVC/India 4 325 - 1311 41%10
(KU558697) (KY020408) (KU578104) ’
THI14/ABT/MVC/India UPMO8MF1 BD3/99 4
(KU578104) (KU516686) (AF362776) 4 369 - 1426 6,4 %10
HNO04 Soroa OKYM 61
(KC109815) (EF688065) (D49707) 3 436 - 2088 4.8 %10
MDI14/ABT/MVC/India VCN14/ABT/MVC/India PY12 38
(KU558700) (KU578101) (KX223750) 7 932- 1728 4,710
HYA15/ABT/MVC/India Ts SH99 2
(KY020409) (AF203880) (LM651366) 7 S VA 9,3 <10
VCN14/ABT/MVC/India Ts PY12 2
B (KU578101) (AF203880) (KX223750) 7 213550854 1,410
RPM14/ABT/MVC/India VCN14/ABT/MVC/India KT1/99 7 1212 - 1526 29% 102!
(KU578103) (KU578101) (AJ496637) ’
THI14/ABT/MVC/India VCN14/ABT/MVC/India PY12 _19
(KU578105) (KU578101) (KX223750) 7 9321570 6,510
PY12 Ts HuB-1 "
(KX223750) (AF203880) (GQ449693) 7 1970 - 2146 L1x10
CA-K785 Cu-1wt 7741 SEGB PROXIMAL 7
(JF907705) (AF362748) (JQ403647) 4 524 -890 4,210
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1

2

431 Supporting information 3- Path Sampling (PS) and Stepping Stone Sampling (SSS) results
5

6 Results for the cIBDV, valBDV, vvIBDV and dIBDV dataset:
7

8 Model_combination PS SSS

?o ST _CON -5704.9397  -5707.2310
1 ST_EXP -5695.8961 -5697.6983
12 ST_BSP -5678.0107  -5679.1045
13 UL _CON -5687.1749 -5689.3008
14 UL_EXP -5669.5453 -5672.4014
}2 UL_BSP -5665.1117  -5668.9324
17 UE_CON -5678.6735 -5682.4613
18 UE_EXP -5671.8421 -5673.9026
19 UE_BSP -5670.3124  -5672.6360
20

21

22

23

24 Results for the dIBDV dataset:

25

26 Model_combination PS SSS

i ST_CON -3281.9427  -3282.5176
29 ST_EXP -3276.2670 -3278.8701
30 ST _BSP -3275.5633 -3278.6602
31 UL _CON -3275.7529 -3276.5377
gg UL_EXP -3275.0905 -3275.6862
34 UL BSP -3266.0810 -3269.2277
35 UE_CON -3277.0515 -3278.1063
36 UE_EXP -3265.9373 -3267.7965
37 UE_BSP -3273.7567 -3274.5712
38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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ABSTRACT

Infectious bursal disease virus (IBDV) is the causative agent of a highly contagious
immunosuppressive disease affecting young chickens. The recently described “distinct IBDV”
(dIBDV) genetic lineage encompasses a group of worldwide distributed strains that share
conserved genetic characteristics in both genome segments making them unique within
IBDV strains. Phenotypic characterization of these strains is scarce and limited to Asiatic and
European strains collected more than 15 years ago. The present study aimed to assess the
complete and comprehensive phenotypic characterization of a recently collected South
American dIBDV strain (1/chicken/URY/1302/16). Genetic analyses of both partial genome
segments confirmed that this strain belongs to the dIBDV genetic lineage and that it is not a
reassortant. Antigenic analysis with monoclonal antibodies indicated that this strain has a
particular antigenic profile, similar to that obtained in a dIBDV strain from Europe (80/GA),
which differs from those previously found in the traditional classic, variant and very virulent
strains. Chickens infected with the South American dIBDV strain showed subclinical infections
but had a marked bursal atrophy. Further analysis using Newcastle disease virus-immunized
chickens, previously infected with the South American and European dIBDV strains,
demonstrated their severe immunosuppressive effect. These results indicate that dIBDV
strains currently circulating in South America can severely impair the immune system of
chickens, consequently affecting the local poultry industry. Our study provides new insights
into the characteristics and variability of this global genetic lineage and is valuable to
determine whether specific control measures are required for the dIBDV lineage.
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Research Highlights

A South American strain of the dIBDV lineage was phenotypically characterized.
The strain produced subclinical infections with a marked bursal atrophy.
Infected chickens were severely immunosuppressed.

The dIBDV strains are antigenically divergent from other IBDV lineages.

Intr ion
troductio immune system of young chicks and leads to an

increased susceptibility to other infectious diseases,
and poor vaccine responses (Allan et al., 1972; Fara-

Infectious bursal disease (IBD) is a highly contagious
viral infection that causes severe economic losses in

the global poultry industry. Its aetiologic agent is infec-
tious bursal disease virus (IBDV), which belongs to the
genus Avibirnavirus within the family Birnaviridae
(Dobos et al., 1979). The virus performs a lytic replica-
tion cycle in developing B lymphocytes of the bursa of
Fabricius and other lymphoid and non-lymphoid tis-
sues (Burkhardt & Miiller, 1987; Abdul et al., 2013).
The resulting B lymphocyte depletion affects the

gher et al., 1974; Rosenberger & Gelb, 1978).

IBDV has a non-enveloped icosahedral capsid con-
taining a double-stranded RNA genome with two seg-
ments, designated A and B (Miiller et al., 1979).
Segment A (3.3 kbp) encodes a polyprotein that is
self-cleaved to release the capsid protein VP2, the
viral protease VP4, the ribonucleoprotein VP3 and
four peptides necessary for viral entry and assembly
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(Sanchez & Rodriguez, 1999; Lejal et al., 2000; Da
Costa et al., 2002; Chevalier et al, 2005; Luque et al,
2009). A 5-terminal overlapping open reading frame
encodes the non-structural protein VP5 (Mundt
et al., 1995). Segment B (2.9 kbp) encodes the RNA-
dependent RNA polymerase VP1 (Spies et al., 1987).

Two viral serotypes (1 and 2) are currently known
but only the serotype 1 causes disease in chickens
(McFerran et al., 1980; Ismail et al., 1988). According
to antigenic and pathogenic characteristics, serotype
1 was traditionally subdivided into classic, antigenic
variant and very virulent strains. The classic strains
were first detected in North America, causing high
morbidity and mortality before specific vaccines were
developed to partially control the disease (Cosgrove,
1962; Snedeker et al., 1967; Edgar & Cho, 1976). Classic
attenuated strains cause less severe effects than typical
“classic virulent” strains (Giambrone & Clay, 1986;
Mazariegos et al., 1990), and have been used as live
attenuated vaccines since the mid-1970s. Variants
with antigenic changes in the neutralizing epitopes of
VP2 were detected in North America in the early
1980s (Rosenberger et al., 1985). These antigenic var-
iants were able to evade the maternal immunity
induced by classic-type vaccines and produced subcli-
nical infections with marked immunosuppression
(Rosales et al., 1989; Sharma et al., 1989). Very virulent
strains were first reported in Europe in the late 1980s
and caused extremely severe clinical signs, gross and
microscopic lesions, and immunosuppression with
unusual high mortality (Chettle et al., 1989; van den
Berg et al., 1991). The very virulent strains are antige-
nically similar to the classic strains, but they can break
through high levels of maternally-derived antibodies
(van den Berg et al., 1996).

IBDV strains can be also distinguished by the
affinity profile of different panels of monoclonal anti-
bodies (mAbs) and by sequence analysis of the partial
viral genome (Snyder et al, 1992; Eterradossi et al.,
1997; Le Nouén et al, 2005). Phylogenetic analysis
using sequences corresponding to the hyper-variable
region of VP2 (hvVP2 region) can be used to dis-
tinguish the genetic lineages corresponding to most
antigenically significant strains and also identify new
lineages that usually comprise less phenotypically
characterized strains (Ignjatovic & Sapats, 2002; Her-
nandez et al., 2015; Lupini ef al., 2016). A recent com-
prehensive analysis proposed a new classification
scheme of IBDV strains into genogroups, which is
expected to improve the current somewhat confusing
nomenclature (Michel & Jackwood, 2017; Jackwood
et al., 2018). According to this new scheme, the classic,
antigenic variant and very virulent strains correspond
to Genogroup 1, Genogroup 2 and Genogroup 3,
respectively.

The recently described “distinct IBDV” (dIBDV)
lineage is a major lineage that is highly genetically

divergent from traditional IBDV subtypes (Hernandez
et al., 2015). This corresponds to the Genogroup 4
according to the new proposed nomenclature. This
lineage includes strains collected in the last four dec-
ades from several countries of South and North Amer-
ica, Asia and Europe (Shcherbakova et al., 1998; Kwon
et al., 2000; Tkuta et al., 2001; Jackwood et al., 2001;
Domanska et al., 2004; Jackwood & Sommer-Wagner,
2007; Ojkic et al., 2007; Jeon et al., 2009; Hernandez
et al., 2015; Vera et al, 2015; Michel & Jackwood,
2017; Yamazaki et al., 2017). In the past, dIBDV con-
stituted the majority of IBDV strains identified in Bra-
zil and Canada (Tkuta et al, 2001; Ojkic et al., 2007).
More recent epidemiological reports have indicated
that dIBDV strains circulate at high frequency in poul-
try farms from Argentina and Uruguay (Hernandez
et al., 2015; Vera et al., 2015).

Five Hungarian and Polish dIBDV strains collected
from 1977-1981 were analysed using a panel of eight
mAbs in an AC-ELISA assay and showed unique anti-
genic profiles (Domanska et al., 2004). These Polish
strains, besides two dIBDV strains collected in 1994
and 2002 from Asia, caused subclinical infections
with bursal atrophy and underlying immunosuppres-
sion (Minta et al, 1985a, 1985b; Jeon et al, 2009;
Yamazaki et al., 2017). All these studies were per-
formed with European and Asiatic strains collected
many years ago.

The present study assesses a complete and compre-
hensive genetic and phenotypic characterization of a
currently circulating dIBDV strain from South Amer-
ica in order to provide updated insights into the
characteristics and variability of this global genetic
lineage.

Materials and methods
Ethic statements

All bird experimental infections were conducted in
agreement with national regulations on animal welfare
and after approval of the protocols by the host labora-
tory ethical committee (permit number AP AFIS#4945-
20 16041316546318 v6, ethical Committee registered at
the national level under no. C2EA-16).

Virus strains

The dIBDV strain 1/chicken/URY/1302/16 was col-
lected in South America (Uruguay) in 2016 from an
outbreak occurring in a single poultry farm. Bursae
of 25-day-old broilers exhibiting mild respiratory clini-
cal signs were obtained and stored at —80°C. The
absence of other common viral pathogens (infectious
bronchitis virus, chicken anaemia virus and avian reo-
virus) was confirmed by RT-PCR or RT-qPCR (Xie
et al., 1997; Callison et al., 2006; Techera et al., 2019).



The dIBDV strain 80/GA was isolated in 1980 in
Europe (Poland) and was included for comparative
purposes. The genetic, antigenic and pathogenic
characteristics of this strain, including its immunosup-
pressive effect, have been already published (Minta
et al., 1985a, 1985b; Domanska et al., 2004).

Reference strains F52/70 (classic virulent), 89163
(very virulent) and 94432 (atypical very virulent)
were used for inter-strain comparison and as con-
trols (Bygrave & Faragher, 1970; Eterradossi et al.,
1992; Eterradossi et al., 1998). NDV strain Hertz/33
was used for challenge in the immunosuppressive
assay.

Genetic characterization of the South American
dIBDV strain

A specific qPCR assay was used to identify the South
American strain as belonging to the dIBDV lineage
(Tomas et al., 2017). Further genetic characterization
was carried out through partial VP2 and VP1 analyses.
Total RNA was extracted directly from infected bursae
using the Quick-RNA™'  MiniPrep kit (Zymo
Research, Irvine, CA, USA). Reverse transcription
was carried out using the RevertAid™ H Minus First
Strand ¢cDNA Synthesis kit (Thermo Scientific, Han-
over, MD, USA) with random hexamer primers. A
492-bp fragment within the hvVP2 region and a 594-
bp fragment corresponding to a partial sequence of
the VP1 gene were amplified. All amplifications were
carried out using an Arktik Thermal Cycler (Thermo
Scientific) with previously published primers and
cycling conditions (Hernandez et al., 2006). PCR pro-
ducts were purified using the DNA Clean & Concen-
trator ' M-5 kit (Zymo Research) and submitted for
bidirectional sequencing (Macrogen Inc, Seoul, South
Korea). Sequences were assembled and edited with
the Lasergene SeqMan Pro software 15.0.1 (DNAS-
TAR). Two datasets corresponding to the partial VP2
and VP1 coding sequences were generated including
the South American strain and representatives of
other previously described genetic lineages. Sequence
alignments were performed using the MUSCLE algor-
ithm implemented in MEGA 7.0 software (Kumar
et al., 2016). The hvVP2 alignment encompassed a
374-bp region of segment A, and the VP1 alignment
corresponds to a 543-bp region of segment B. Best-fit
nucleotide substitution models were selected under
the Akaike information criterion using jModelTest2
(Guindon & Gascuel, 2003; Darriba et al., 2012). Maxi-
mum-likelihood trees, with an approximate likelihood
ratio test (aLRT) for internal nodes support, were
inferred using the PhyML 3.0 software (Guindon
et al., 2010). Phylogenetic trees were visualized and edi-
ted with the TreeGraph2 software and the iTOL v4
online tool (Stover & Miiller, 2010; Letunic & Bork,
2016).
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Virus isolation and titration

Bursae of Fabricius from birds infected with the South
American strain were homogenized and treated with
1,1,2-trichlorotrifluoroethane for virus extraction as
previously described (Eterradossi et al., 1992). The
strain was reinoculated into five specific pathogen-
free (SPF) chickens maintained in confined facilities
(ANSES, Ploufragan, France). Bursae from the inocu-
lated chickens were harvested 4 days post infection
and used to prepare primary viral stocks.

Remaining strains were obtained from viral stocks
maintained in facilities of the OIE reference laboratory
Ploufragan, France. Virus titration was carried out
using primary bursal cell cultures as previously
described (Soubies et al., 2018) for the pathogenicity
assay, and SPF embryonated chicken eggs for the
immunosuppression assay. In both procedures, 10-
fold serial dilutions were used as inoculum with eight
replicates each. Nine- to eleven-day-old embryonated
chicken eggs were used and inoculated by the chorio-
allantoic membrane (CAM) route. Titration of NDV
strain Herts/33 was performed as described for IBDV
using intra-allantoic inoculation of 9-day-old embryo-
nated chicken eggs. Titres were calculated by the Reed
& Muench method and were expressed as tissue culture
infectious dose 50% (TCIDs) and embryo infectious
dose 50% (EIDsq), respectively (Reed & Muench,
1938).

Antigenic characterization

The antigenic profile of the South American strain was
determined by using a previously described antigen-
capture ELISA (AC-ELISA) (Eterradossi et al., 1997).
Briefly, IBDV antigens were captured in standardized
amounts using an anti-IBDV chicken polyclonal
serum and detected with a panel of eight IBDV-specific
neutralizing mAbs. Binding of the mAbs to the virus
particle is expressed as the percentage of the binding
of a polyclonal reference reagent (percentage and bind-
ing are positively correlated). European dIBDV strain
80/GA was included in the analysis for comparative
purposes. Strains F52/70 and 94432 were used as refer-
ences for classic virulent and atypical very virulent
antigenic profiles, respectively.

Characterization of acute pathogenicity

Acute pathogenicity assessment was performed using
6-week-old SPF White-Leghorn chickens (ANSES)
maintained in biosafety level 2 isolators. On the first
day, chickens were weighed and divided into three
groups of comparable sex and weight. Chickens were
identified by coloured rings on their legs. One group
of five chickens was mock-inoculated by the intranasal
route with sterile culture medium (uninfected controls)
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and housed in a positive-pressure filtered air isolator.
Two other groups containing 13 and 15 chickens
were inoculated with 10%° TCIDs, (South American
isolate) or 10%! TCIDs, (very virulent 89163), respect-
ively. Clinical signs were recorded daily for 10 days
using a symptomatic index ranging from 0 (no clinical
sign) to 3 (severely affected or dead bird) (Le Nouén
et al., 2012). Five birds belonging to both virus-inocu-
lated groups were euthanatized at 4 days post infection
(dpi) to determine gross lesions and record body and
bursa weights. The same procedure was performed at
21 dpi with the surviving birds from the infected and
uninfected groups. Additionally, serum samples were
taken at 21 dpi and screened for antibodies against a
panel of avian viruses that included IBDV, avian
influenza virus, infectious laryngotracheitis virus,
avian adenovirus CELO, avian metapneumovirus,
infectious bronchitis virus, chicken anaemia virus and
avian reovirus as previously described (Soubies et al.,
2017). Bursa to body weight (BBW) ratios were calcu-
lated with the formula BBW ratio = bursa weight (g)/
body weight (g).

Evaluation of immunosuppression

Two groups of 13 one-day-old chicks were infected by
the eye drop route with 10* EIDs, of either South
American or European dIBDV strains. Two other
groups composed of 15 one-day-old chicks were main-
tained uninfected and used as unvaccinated and vacci-
nated controls. At day 15, all groups except the
unvaccinated control group received one dose of New-
castle disease virus (NDV) live vaccine (Zoetis, Poulvac
Hitchner B1) by the eye drop route. At day 30, blood
samples were taken from all chicks for NDV serology
using haemagglutination inhibition (HI) test.
Additionally, three chicks per group were euthanized
for necropsic examination. All remaining chicks were
then injected intra-muscularly with 2 x 10° EIDs, of
the NDV virulent strain Herts/33. Clinical signs were
followed and mortality was recorded daily for 15 days.

Statistical analyses

Statistical differences were evaluated using the R version
3.4.4 software (R Core Team, 2014). BBW ratios as well
as HI log2 titres were compared using the unpaired ¢-
test for two groups of data or the one-way ANOVA fol-
lowed by Tukey’s test when more than two groups of
data were compared. Mortality percentage differences
were evaluated using Fisher’s exact test. Values of P <

0.05 were considered statistically significant.

Accession numbers

The new sequences corresponding to the hvVP2 region
and the partial VP1 gene were submitted to the

Genbank database with the accession numbers
MH981945 and MH981946, respectively.

Results
Genetic characterization

The South American (1/chicken/URY/1302/16) and
European (80/GA) strains form a dIBDV phylogenetic
group (Genogroup 4) based on the hvVP2 nucleotide
sequence together with other strains from South Amer-
ica, Europe and Asia (Figure 1). The same clustering is
observed with the partial sequence of VP1 region but
fewer strains are analysed as segment B is less fre-
quently studied. The remaining observed lineages cor-
respond to classic virulent, classic attenuated, variant
and very virulent strains.

The amino acid sequences of the hvVP2 region of
the South American and European dIBDV strains are
highly conserved and have the signature T272, P289,
1290 and F296. Additionally, they have a few common
amino acid changes (e.g. similar substitutions at pos-
itions 222 and 254) and the only differentiating
amino acid is at the position 299 (Supplementary
material S1A).

The amino acid sequences of VP1 differ at residue
145 (Supplementary material S1B); European strains
have N, which is also present in some classic virulent,
classic attenuated and variant strains, whereas the
South American dIBDV strains have S. Both dIBDV
strains have the P243 VP1 marker.

Antigenic characterization

The classical virulent strain F52/70 had high reactivity
with all eight mAbs tested, while the atypical very viru-
lent strain 94432 lacked reactivity to mAbs 3 and 4, and
had a reduced binding affinity with mAbs 5 and 6
(Table 1). South American and European dIBDV
strains showed the same antigenic profile. They both
lacked binding sites for mAbs 3, 4 and 5, and had a
reduced binding affinity with mAbs 1 and 8.

Characterization of acute pathogenicity

No mortality or clinical signs were observed in both
uninfected control group and chickens infected with
the South American dIBDV strain (Figure 2(A,B)).
The reference very virulent strain 89163 caused
46.7% mortality (7/15) and typical signs of acute infec-
tious bursal disease, including ruffled feathers, diar-
rhoea and prostration, and had the highest
symptomatic index value of 1.67 at 3 dpi.

At 4 dpi, the mean BBW ratios of the very virulent
and South American dIBDV strain were 3.76% and
2.45%, respectively; this difference was not statistically
significant (P > 0.05). At 21 dpi, the uninfected control
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Figure 1. Phylogenetic inferences deduced from nucleotide sequences corresponding to the partial hvVP2 region (left) and the
partial VP1 gene (right). Main genetic lineages are indicated with shaded boxes. The names of the corresponding genogroups
are indicated within brackets. Both trees were inferred using the maximume-likelihood method with the GTR + |+G nucleotide sub-
stitution model. Approximate likelihood ratio test support values are shown for relevant nodes. South American and European

dIBDV strains analysed in this study are indicated with bold letters and black circles.

had the largest mean value (3.42%), while the very viru-
lent and South American dIBDV strains had signifi-
cantly lower values (0.48% and 0.85%, respectively)
(Figure 2(C)). Serological analyses assessed at the end
of the experiment evidenced the presence of antibodies
against IBDV and the lack of antibodies against seven
other viral pathogens in the infected chickens (data
not shown).

Evaluation of immunosuppression

The absence of clinical signs combined with the
marked bursal atrophy at 21 dpi in chicks infected
with the South American dIBDV strain prompted us
to specifically evaluate the immunosppressive proper-
ties of this virus, in comparison with the European
dIBDV strain 80/GA (Minta et al, 1985b). Immuniz-
ation with NDV elicited high titres of neutralizing anti-
bodies in the control group (mean value: 5.3 log2) in

comparison with the unvaccinated group (mean titre:
<2.0 log2) (Figure 3(A)). These titres were significantly
lower (P <0.05) in groups inoculated with the South
American (mean value: 2.5 log2) or the European
virus (mean value: 2.6 log2), with only two out of 10
birds (South American strain) and five out of 10
birds (European strain) exhibiting an antibody
response, respectively.

Birds belonging to the vaccinated control group sur-
vived the challenge with the NDV virulent strain Herts/
33 and lacked any clinical sign of Newcastle disease
(Figure 3(B)). All unvaccinated birds succumbed to
the challenge with the NDV virulent strain Herts/33.
The cumulated mortalities of the dIBDV strains, 70%
(7/10) for the South American strain and 44.4% (4/9)
for the European strain, were statistically significantly
different compared to the vaccinated control (P<
0.05). Collectively, these data show that the South
American dIBDV  strain 1/chicken/URY/1302/16

Table 1. Antigenic characterization of the Uruguayan dIBDV strain by AC-ELISA. Light grey = reduced binding; black grey = lack of

binding.

% AC-ELISA reactivity® of
IBDV strain Mab 1 Mab 3 Mab 4 Mab 5 Mab 6 Mab 7 Mab 8 Mab 9
F52/70° 59 58 70 48 100 73 109 78
94432¢ 62 5 -1 25 18 95 92 44
80/GAC 32 -1 0 -1 101 96 23 91
1/chicken/URY/1302/16° 26 -1 0 0 105 90 26 73

“Calculated according to Eterradossi et al. (1997).
PMean percentage of two AC-ELISA assays.
“Percentage of one AC-ELISA assay.
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Figure 2. Pathogenicity of the South American dIBDV strain
compared to the European very virulent strain 89163. (A) Sur-
vival rate of 6-week-old SPF chickens infected intranasally with
each strain or mock-inoculated, during a 10-day period post
inoculation. (B) Mean symptomatic indexes of chickens
recorded within 10 days post infection. (C) Bursa to body
weight (BBW) ratios calculated 21 days post infection. Statisti-
cally significant differences (P < 0.05) between selected groups
are indicated with different lowercase letters.

interfered with NDV vaccinal response and demon-
strate the immunosuppressive potential of this IBDV
strain.

Discussion

The emergence of classic, variant and very virulent
strains are milestones in the evolutionary history of
IBDV that were immediately detected by the severity

5 BROBRKXX [ ) OO

NDV IH mean titer (log 2)

Number of birds
i

44%

Figure 3. Immunosuppressive effect produced by the South
American and European dIBDV strains. (A) HI mean titres
observed 15 days after administration of the NDV vaccine in
the vaccinated control group, European dIBDV strain (80/GA)-
infected group and South American dIBDV strain (1/chicken/
URY/1302/16)-infected group. Mean HI titres of unvaccinated
control group were also measured. The dotted line indicates
the positivity threshold. (B) Number of dead and alive chicks
15 days after infection with the NDV virulent strain Herts/33
for each group. Mortality percentages are shown. Statistically
significant differences (P < 0.05) between selected groups are
indicated with different lowercase letters.

of the clinical signs, mortality and histopathological
lesions in the affected flocks (Cosgrove, 1962; Chettle
et al, 1989; Snyder, 1990). Strain emergence was
strongly linked with changes in the genome that pro-
vide genetic identity to the strains and lead to their
classification in genogroups (shared genetic markers)
or lineages (common evolutionary origin) (Jackwood
et al., 2018). The characterization of lineages that
diverge from traditional strains provides useful infor-
mation to understand IBDV epidemiology and control.
Although most novel lineages are spatially and tem-
porally confined and should be more properly



considered as events of local differentiation, the dIBDV
lineage is widespread and has persisted for several dec-
ades (Domanska et al., 2004; Hernandez et al., 2015).
Here, we achieved a complete phenotypic characteriz-
ation of a dIBDV strain, recently collected from
South America, to get a comprehensive view of the
behaviour and impact of current dIBDV isolates for
the poultry industry. Importantly, several lines of evi-
dence support the absence of contaminating virus in
the initial field sample. This sample tested negative
by RT-PCR and RT-qPCR for chicken anaemia virus,
infectious bronchitis virus and avian reovirus. Further-
more, seroconversion of infected chickens at 21 dpi
was observed for IBDV but not for seven other com-
mon avian viral pathogens.

The dIBDV strains from South America and Europe
share the same genetic (Figure 1, Supplementary
material SIA and S1B) and antigenic characteristics
(Table 1). The similar phylogenetic relationship
inferred from the nucleotide sequences of hvVP2 and
VP1 supports that dIBDV strains share similar evol-
utionary trends for both segments and are not reassor-
tants. The correlation of amino acid sequences and
mAD binding patterns evidences a direct link between
specific residues and antigenic properties (Vakharia
et al, 1994; Eterradossi et al., 1998; Letzel et al,
2007). The lack of reactivity with mAbs 3 and 4 is
related to changes within the major hydrophilic peak
A, particularly changes in residues P222 and G223
(Eterradossi et al., 1998). Thus, the Pro—Ser change
in position 222 may explain the lack of binding of
mAbs 3 and 4 in both dIBDV strains. The absence of
reactivity with mAb 5 is usually observed when G254
is mutated, although reduced levels of binding occur
in strains with an unaltered residue (Eterradossi
et al.,, 2004; Martin et al., 2007; Soubies et al., 2017).
The dIBDV strains analysed here have D254, which
may account for the lack of binding of mAb 5. Reduced
binding of mAb 1 has not been associated with any
amino acid alteration in hvVP2. It is possible that resi-
dues outside the hvVP2 region additionally affect the
antigenic behaviour (Domanska et al., 2004; Durairaj
et al., 2011). MAD 8 exhibits reduced binding affinity
when some mutations occur within Loop 7 (major
hydrophilic peak B); however, this is not the case for
1/chicken/URY/1302/16 and 80/GA strains (Eterra-
dossi et al., 1998, 2004). The reduced binding affinity
of the mAb 8 may also be caused by the Gly—Asp
change at residue 254 due to its spatial proximity
with the major hydrophilic peak B (Letzel et al,
2007). All these genetic and antigenic characteristics
are consistent with those reported by Domanska
et al. (2004) with a Polish dIBDV isolate.

The comparative antigenic profiles assessed here for
the dIBDV, classic virulent and very virulent strains, in
addition to previously obtained results for other strains
including antigenic variants (Eterradossi et al., 1998;
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Domanska et al., 2004), support that the dIBDV strains
are antigenically different from traditional strains.

The genetic characteristics and phenotypic behav-
iour of the South American strain analysed here are
similar to those observed in a strain collected in 1980
from another continent (Polish strain 80/GA); there
is only one amino acid mutation between these two
strains in the hvVP2 region analysed (at the position
299). Viral strains usually undergo different evolution-
ary processes driven by different forces, including vac-
cine pressures, which promotes the occurrence of
neutral and selective mutations and concomitant phe-
notypic modifications (Boni, 2008; Chong & Ikematsu,
2017). Thus, the conservation of the dIBDV strains
suggests that it has not been subjected to strong selec-
tive pressures or that it is unable to change its adaptive
peak in response to evolutionary forces.

Chickens infected with the South American dIBDV
strain showed subclinical infections but had a marked
bursal atrophy (Figure 2(A—C)). This is in agreement
with previous reports assessing the pathogenicity of
Asiatic and European dIBDV strains (Minta et al.,
1985a; Jeon et al., 2009; Yamazaki et al., 2017). Thus,
the absence of clinical signs seems to be an ancestral
characteristic of dIBDV strains that remained unal-
tered over time, explaining the reduced and sporadic
number of strains reported in normal clinical surveil-
lance through the years.

Virus-induced bursal atrophy is typically associated
with concomitant immunosuppression, and this was
demonstrated for the dIBDV strains analysed here.
The antibody levels induced by the NDV HD vaccine
were reduced by around 85% and, consequently,
there was a decreased protection against subsequent
challenge with NDV virulent strain Herts/33 (Figure
3(A,B)). The subclinical manifestation and induced
immunosuppression are characteristics shared by the
dIBDV and variant IBDV strains. However, genetic
analyses based on both genome segments and antigenic
analyses clearly show that the dIBDV and variant
strains represent different genetic lineages with differ-
ent antigenic profiles (Domanska et al., 2004; Hernan-
dez et al., 2015; Vera et al., 2015; Michel & Jackwood,
2017).

The economic impact of strains with subclinical
manifestation should not be underestimated. A recent
study quantified the economic losses generated by cir-
culating strains in the period 2007-2011 in Saskatche-
wan province, Canada, where variant and dIBDV
strains were prevalent (Zachar et al, 2016). The
authors concluded that the Saskatchewan poultry
industry is losing around 3.9 thousand tons of meat
per year, approximately 10% of its annual production.
Considering that Argentina and Brazil are among the
most important poultry producers, accounting for
17% of total world broiler meat production in 2017,
the impact of dIBDV in these countries might be
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very important and deserves a more thorough evalu-
ation (USDA, 2018).

The protection against dIBDV strains elicited by
currently used vaccines is not known. Current vaccines
do not include dIBDV strains in their formulation, and
may therefore have reduced protection. This is concor-
dant with the frequent identification of dIBDV strains
in Argentina and Uruguay despite continuous vacci-
nation with classic vaccine strains, and in Canada
despite the use of variant vaccine strains (Ojkic et al.,
2007; Hernandez et al., 2015; Vera et al., 2015). This
hypothesis is reinforced by the recent report of poor
cross-neutralization between the Japanese dIBDV
strain TY2 and the classic virulent strain K (Yamazaki
et al., 2017). In vivo protection assays should be done in
the future to determine the level of protection of com-
monly used classic and variant vaccines with dIBDV
strains.

In conclusion, the recent South American isolate
belonging to the dIBDV genetic lineage has a particular
antigenic profile, provokes a subclinical infection
which results in a marked bursal atrophy, and exhibits
significant immunosuppressive  properties. The
absence of clinical signs and mortality makes dIBDV
strains phenotypically similar to variant strains. How-
ever, the genetic and antigenic divergence support
that the dIBDV lineage has similar status to traditional
IBDV strains and its emergence should be also con-
sidered a major evolutionary event in the IBDV history.
More efforts are needed to detect and characterize
dIBDV strains worldwide in order to provide new
insights into their epidemiology and to determine
whether specific tools are needed to control this
IBDV lineage.
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