VETERINARY QUARTERLY
2020, VOL. 40, NO. 1, 16-34
https://doi.org/10.1080/01652176.2020.1712495

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ N Checkforupdates‘

Etiology, epidemiology, pathology, and advances in diagnosis, vaccine
development, and treatment of Gallibacterium anatis infection in poultry:
a review

Dharanesha Narasinakuppe Krishnegowda® (), Kuldeep Dhama® (), Asok Kumar Mariappan?,
Palanivelu Munuswamy® @), Mohd. Igbal Yatoo® (), Ruchi Tiwari, Kumaragurubaran Karthik® @,
Prakash Bhatt® and Maddula Ramakoti Reddy?

®Division of Pathology, ICAR - Indian Veterinary Research Institute, Bareilly, India; bSher-E-Kashmir University of Agricultural
Sciences and Technology of Kashmir, Srinagar, Jammu and Kashmir, India; “Department of Veterinary Microbiology and
Immunology, College of Veterinary Sciences, UP Pandit Deen Dayal Upadhayay Pashu Chikitsa Vigyan Vishwavidyalay Evum Go-
Anusandhan Sansthan (DUVASU), Mathura, Uttar Pradesh, India; “Central University Laboratory, Tamil Nadu Veterinary and
Animal Sciences University, Chennai, Tamil Nadu, India; *Teaching Veterinary Clinical Complex, College of Veterinary and Animal
Sciences, GovindBallabh Pant University of Agriculture and Technology, Pantnagar, Uttarakhand, India

ABSTRACT

Gallibacterium anatis is a Gram-negative bacterium of the Pasteurellaceae family that resides
normally in the respiratory and reproductive tracts in poultry. It is a major cause of oophor-
itis, salpingitis, and peritonitis, decreases egg production and mortality in hens thereby
severely affecting animal welfare and overall productivity by poultry industries across
Europe, Asia, America, and Africa. In addition, it has the ability to infect wider host range
including domesticated and free-ranging avian hosts as well as mammalian hosts such as
cattle, pigs and human. Evaluating the common virulence factors including outer membrane
vesicles, fimbriae, capsule, metalloproteases, biofilm formation, hemagglutinin, and determin-
ing novel factors such as the RTX-like toxin GtxA, elongation factor-Tu, and clustered regu-
larly interspaced short palindromic repeats (CRISPR) has pathobiological, diagnostic,
prophylactic, and therapeutic significance. Treating this bacterial pathogen with traditional
antimicrobial drugs is discouraged owing to the emergence of widespread multidrug resist-
ance, whereas the efficacy of preventing this disease by classical vaccines is limited due to
its antigenic diversity. It will be necessary to acquire in-depth knowledge on important viru-
lence factors, pathogenesis and, concerns of rising antibiotic resistance, improvised treat-
ment regimes, and novel vaccine candidates to effectively tackle this pathogen. This review
substantially describes the etio-epidemiological aspects of G. anatis infection in poultry, and
updates the recent development in understanding the pathogenesis, organism evolution
and therapeutic and prophylactic approaches to counter G. anatis infection for safeguarding
the welfare and health of poultry.
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1. Introduction

Diseases in poultry, especially infections caused by
resident microbiota, not only severely affect animal
welfare, but also are the reason for devastating
losses in the poultry industry that are not easily
traceable. These microbes result in reduced growth
and loss in egg production, thus affecting meat and
egg yield in addition to causing mortality. Poultry
meat and eggs have become essential dietary com-
ponents globally, and there is also a huge growing
demand for poultry products (AVEC 2011; 2014). The
present poultry population worldwide is about 25
billion (FAOSTAT 2016). Currently, about 1500 billion
eggs and about 120 million tons of poultry meat are
produced annually throughout the globe. Still, the

demand for animal products including meat and
eggs is increasing along with increases in the global
human population and income. Despite enormous
growth in the poultry sector, poultry production is
still being hampered by numerous factors, with dis-
ease being a major one, causing high morbidity and
mortality. Undiagnosed diseases cause heavy losses
that go unnoticed due to the appearance of general
clinical signs and/or pathological changes common
to various pathogens (El-Adawy et al. 2018).
Septicemia is an important cause of death in poultry,
especially chicken, causing substantial economic loss
to the poultry industry across the globe. It is well
known that several bacterial pathogens such as
Escherichia coli, Pasteurella multocida, Salmonella
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spp., Staphylococcus aureus, Avibacterium paragallina-
rum, Ornithobacterium rhinotracheale, and Klebsiella
spp. are involved in causing septicemia (Fisher et al.
1998; Ewers et al. 2004; Abdul-Aziz et al. 2016). In
recent past, several reports of clinical cases in avian
and experimental studies in chickens revealed
Gallibacterium anatis to be an important bacterial
pathogen associated with septicemia (Bojesen et al.
2004; Neubauer et al. 2009; Jones et al. 2013; Paudel
et al. 2013; Elbestawy 2014; Paudel, Liebhart, Aurich,
et al. 2014; Paudel, Liebhart, Hess, et al. 2014; Paudel
et al 2015; Persson & Bojesen 2015).

G. anatis belongs to the Pasteurellaceae family
(Christensen, Bisgaard, et al. 2003; Bisgaard et al.
2009) and infects a range of avian host species
including chickens, turkeys, ducks, guinea fowls,
geese, pheasants, pigeons, peacocks and partridges
(Zellner et al. 2004; Rzewuska et al. 2007; Bojesen
et al. 2008; Persson & Bojesen 2015; Singh 2016) and
has also been reported in non-avian hosts including
cattle, horse, pigs, sheep, and rabbits (Kjos-Hansen
1950; Matthes et al. 1969; Janetschke & Risk 1970;
Kristensen et al. 2010). Recently, this bacterium has
also been isolated from an immunocompromised 26-
year-old woman, who developed bacteremia and
diarrhea, and in this case it was presumed that the
origin of infection was possibly food contaminated
by G. anatis (Aubin et al. 2013).

In chickens, G. anatis has been isolated from clinic-
ally healthy birds as part of the normal microbiota in
the upper respiratory (nasal and tracheal passages)
and lower genital (cloaca and vagina) as well as
digestive tracts (rectum) (Bojesen, Nielsen, et al. 2003).
Many etiological and epidemiological factors deter-
mine the pathogenicity of G. anatis in chickens
including the bacterial strain, route of infection, and
physiological status of host (Bojesen et al. 2008).
Host-related factors such as stress, immune status,
age, and hormones tend to play a significant role in
aggravating disease severity. Co-infection with other
pathogenic bacteria or viral agents causing respiratory
tract damage, or immunosuppression in the target
host, and abrupt change in environmental factors like
seasonal variations, cold stress, lack of biosecurity,
deficient nutrition, poor ventilation, and overcrowding
exacerbate this disease (Gilchrist 1963; Kohlert 1968;
Matthes et al. 1969; Bisgaard 1977; Shaw et al. 1990;
Mirle et al. 1991; Bojesen et al. 2004; Verbrugghe
et al. 2012; Paudel et al. 2015; Persson & Bojesen
2015; Paudel, Hess, et al. 2017; Paudel, Ruhnau, et al.
2017). Coinfection of G. anatis with infectious bron-
chitis virus (IBV) has been reported to increase the
rate of systemic infection by G. anatis (He-ping et al.
2012;; Mataried 2016), and mixed infection in associ-
ation with other bacterial pathogens such as E. coli, A.
paragallinarum, and Mpycoplasma gallisepticum may
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aggravate disease severity in chickens, resulting in
increased morbidity and mortality (Neubauer et al.
2009; Paudel, Hess, et al. 2017; Paudel, Ruhnau, et al.
2017; El-Hamid et al. 2018).

G. anatis, particularly the hemolytica biovar,
reported to cause oophoritis, salpingitis, peritonitis,
perihepatitis, liver necrosis, pericarditis, air sacculitis,
tracheitis, enteritis and septicemia in chickens
(Bisgaard 1977; Mushin et al. 1980; Shaw et al. 1990;
Mirle et al. 1991; Bojesen et al. 2004; Bojesen,
Vazquez, Gonzalez, et al. 2007; Neubauer et al. 2009;
Paudel et al. 2013). In egg-laying hens, reproductive
organs are chiefly affected, and this bacterium produ-
ces lesions including hemorrhagic oophoritis and rup-
ture of ovarian follicles (Hacking & Pettit 1974; Jones
et al. 1981; Neubauer et al. 2009; Jones et al. 2013;
Paudel, Liebhart, Hess, et al. 2014). G. anatis has been
considered as a primary organism associated with
lowered egg production, leading to 8-10% yield
reduction and found to cause mortality up to 73% in
experimentally immunosuppressed layer chickens
(Mirle et al. 1991; Jordan et al. 2005; Neubauer et al.
2009; Shapiro et al. 2013). In cockerels, this bacterium
causes epididymitis and leads to decreased semen
quality (Paudel, Liebhart, Aurich, et al. 2014). In young
chickens the lesions are systemic in nature (Zepeda
et al. 2010; Paudel et al. 2013; Zhang et al. 2019).

The wide prevalence of multidrug/antibiotic resist-
ance and considerable antigenic variation observed
among G. anatis strains are the foremost limitations
which lead to treatment failure with the use of anti-
microbials and hinder the prevention of this disease
by vaccination (Bojesen, Torpdahl, et al 2003;
Christensen, Bisgaard, et al. 2003; Bojesen, Bager,
et al. 2011; Bojesen, Vazquez, et al. 2011; Johnson
et al. 2013; Jones et al. 2013; Chavez et al. 2017; Hess
et al.2019). Apart from this, other aspects of this
pathogen such as virulence factors, pathogenesis, and
novel effective vaccine candidates and drugs are yet
to be explored in depth by examining recent advan-
ces in vaccines and therapeutics. Hence, in this review
we discuss the current status of G. anatis, with a focus
on future prospects. This review details this patho-
gen's culture characteristics, different routes of trans-
mission, associated virulence factors, epidemiology,
prevalence, host range, pathology, pathogenesis, and
advances in diagnosis, treatment, effective prevention
and control strategies, and vaccine development for
countering this important pathogen’s influence on
the poultry industry.

2, Etiology

Gallibacterium (bacterium of Chicken) is a member of
the Pasteurellaceae family (Pohl 1981; Christensen,
Bisgaard, et al. 2003; Bisgaard et al. 2009). This
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bacterium was first described as a “hemolytic cloaca
bacterium” in 1950 and has been found to be nor-
mally present in the cloacae of healthy chickens
(Kjos-Hansen 1950). Molecular methods like 16S
rRNA sequencing and DNA hybridization suggested
that the avian P. hemolytica and A. salpingitidis
complex belong to different genera within
Pasteurellaceae. Later, an identical bacterium was iso-
lated from several clinically affected poultry and was
identified as Actinobacillus salpingitidis, or Pasteurella
hemolytica or P. anatis (Harbourne 1962; Gilchrist
1963; Kohlert 1968; Janetschke & Risk 1970; Hacking
& Pettit 1974; Bisgaard 1977), before Gallibacterium
was classified into a separate and independent
genus in 2003 (Christensen, Bisgaard, et al. 2003).
Recent reclassifications included changing the name
of Pasteurella hemolytica within the Pasteurellaceae
family to Gallibacterium anatis biovar hemolytica
(Christensen, Bisgaard, et al. 2003; Swayne et al.
2013). Currently, the genus consists of seven species,
including 4 named species (Gallibacterium anatis, G.
melopsittaci, G. salpingitidis, and G. trehalosifermen-
tans), 3 genomospecies (1, 2, and 3), and unnamed
group V (Christensen, Bisgaard, et al. 2003; Bisgaard
et al. 2009).

G. anatis is a Gram-negative bacterium with pleo-
morphic cell morphology. It is a facultatively anaer-
obic, non-spore forming, and non-motile organism
(Christensen, Bisgaard, et al. 2003). G. anatis has
been divided into two phenotypically distinct biovars
based on their hemolytic properties: “hemolytica”
which causes B-hemolysis, and “anatis” as the non-
hemolytic variant. The phenotypic description was
done based on Bisgaard (1982) and isolates were
characterized subsequently.

2.1. Cultural and biochemical characterization of
Gallibacterium anatis

G. anatis mostly produces a wide B-hemolytic zone
with smooth, greyish, non-transparent, shiny colonies
on bovine blood agar. These colonies have a butyr-
ous consistency with a margin of 1.0-2.0mm in
diameter within 24-48 hours of incubation at 37°C
under aerobic conditions (EI-Adawy et al. 2018). They
do not produce endospores (Bisgaard 1982). G. ana-
tis is a mesophilic and facultatively anaerobic/micro-
aerophilic bacteria positive for catalase, oxidase, and
phosphatase tests, and is capable of nitrate reduc-
tion (Christensen, Bisgaard, et al. 2003). The
Gallibacterium anatis biovars are differentiated by
analyzing catalase, urease and indole test results,
ability to cause hemolysis, o;-nitrophenyl a-D-gluco-
pyranoside (ONPG) and p-nitrophenyl a-D-glucopyra-
noside (PNPG) tests and acid production without gas
formation from fermentation of various sugars, as

Table 1. Phenotypic characteristics of Gallibacterium anatis.
G. anatis biovar

G. anatis

Character haemolytica biovar anatis
Hemolysis + -
Production of acid from:

(=) D- Arabinose (+) -
(4-)L- Arabinose — —
Mannitol +

m-Inositol D D
(=) D- Sorbitol D D
(=) L- Fucose (+) —
Maltose D —
Trehalose D +
Dextrin D -

Characters are scored as: 4+, >90% of strains positive within 1-2 days;
(+), >90% of strains positive within 3-14days; —, <10% of strains
positive within 14 days; D, 11-89% of strains positive (Christensen,
Foster, et al. 2003; Singh 2016; Singh et al. 2016).

shown in Table 1 (Christensen, Bisgaard, et al. 2003;
Singh 2016; Singh et al. 2016).

2.2. Virulence factors of G. anatis

2.2.1. The RTX-like toxin GtxA

Gallibacterium toxin A (GtxA) is a secreted protein
responsible for the hemolytic activity of the G. anatis
biovar hemolytica, which causes hemolysis around
the colony on blood agar, producing a B-hemolytic
zone (Kristensen et al. 2010; 2011), and is the most
well characterized virulence factor (Figure 1). The
GtxA protein causes lysis of red blood cells (RBCs)
from a wide variety of hosts and is also leukotoxic,
which has been demonstrated experimentally in the
chicken macrophage cell line HD11 (Kristensen et al.
2010; Persson & Bojesen 2015). The GtxA protein
resembles RTX-toxins of the Pasteurellaceae family on
sequencing and the o-hemolysin (HIyA) from E. coli
(Frey & Kuhnert 2002; Shapiro et al. 2013). The GtxA
toxin has two domains, the C-terminus and N-ter-
minus. The C-terminus shares similarity with other
RTX toxins of related members of the Pasteurellaceae
family, and the N-terminus has less or no significant
matches when compared to sequences in databases.
Both the terminal domains are required for max-
imum hemolytic activities. GtxA may play a role in
pathogenesis, as a gtxA knockout mutant bacterium
exhibited attenuation of pathogenicity (Kristensen
et al. 2010; Pors et al. 2014). The N-terminal domain
is responsible for blood cell lytic action and leukoci-
dal action. It has weak homology to the Talin protein
and helps in protein interactions between the patho-
gen and host, involving intracellular cytoskeleton
proteins such as actin and vaculin (Kristensen et al.
2010). Actin helps cells in migration, recognition,
adherence, and phagocytosis. Actin also plays a
regulatory role in immune cell signaling and free
radical production. Therefore, binding of the GtxA
toxin to actin in host immune cells may change the
cell structure and hinder cellular signal transmission,
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Figure 1. Structure and activity of Gallibacterium toxin A. Gtx is a major virulence factor and is involved in hemolytic property

of the bacteria.

and in turn the bacterium can evade the host
immune system (Aktories et al. 2011). Besides
having hemolytic and leukocytic activity, the exo-
toxin GtxA induces an immune response (Bager
et al. 2014).

2.2.2. Outer membrane vesicles (OMVs)

Outer membrane vesicles (OMVs) are released by the
budding of the outer cell wall membrane from
Gram-negative bacteria, and hence consist mainly of
components of this membrane such as proteins, LPS,
and even periplasmic components and DNA
(Mashburn-Warren & Whiteley 2006; Kulp & Kuehn
2010; MacDonald & Kuehn 2012). G. anatis produces
OMVs, which are speculated to be involved in adher-
ence, colonization, biofilm formation, or binding and
removal of antibacterial substances (Bager, Persson,
et al. 2013). G. anatis potentially releases hemagglu-
tinin in OMVs, which is capable of agglutinating
avian erythrocytes (Zepeda et al. 2009; Ramirez-
Apolinar et al. 2012; Bager, Persson, et al. 2013;
Johnson et al. 2013; Bager et al. 2014). OMVs from G.
anatis induce a considerable immune response (Pors,
Pedersen, et al. 2016).

2.2.3. Fimbriae

G. anatis adheres to epithelial cells as well as other
cells in a wide range of hosts, including chickens
and other animals. Several pleomorphic fimbriae
have been identified and the predominant fimbriae
belong to the F17-like family, which are grouped
into 1-3 different fimbrial clusters (Kudirkiene et al.
2014; Persson & Bojesen 2015). F17-like fimbriae help
bacteria adhere to host mucosal surfaces through
binding to N-acetyl-D-glucosamine receptors on host
cell surfaces (Klemm & Schembri 2000; Vaca et al.
2011; Lucio et al. 2012; Kudirkiene et al. 2014). The
protein adhesin helps in receptor identification and
binding (Lintermans et al. 1991; Bouguénec & Bertin
1999). The fimbria protein (FIfA) is very important for
virulence in vivo and it was demonstrated that an
fIfA knockout mutant (AflfA) was considerably atte-
nuated in the natural chicken host without adher-
ence properties (Bager, Nesta, et al. 2013).

2.2.4. Capsule

The bacterial capsule is usually composed of extra-
cellular polysaccharides (Willis & Whitfield 2013).
Some strains of Gallibacterium have a capsule that
contributes to virulence, as in P. multocida (Boyce &
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Adler 2000; Persson & Bojesen 2015). Bojesen,
Kristensen, et al. (2011) revealed a thin capsule on G.
anatis with the help of transmission electron micros-
copy, but usually the capsule disappears in subcul-
tures (Kjos-Hansen 1950). The capsule on G. anatis
has been described to play a role in host cell adhe-
sion, cell-cell interaction, and immune evasion
(Bojesen, Vazquez, et al. 2011; Singh et al. 2011;
Harper et al. 2012).

2.2.5. Metalloproteases

Zinc-containing metalloproteases (MP) help bacteria
catalyze peptide bonds in proteins or peptides in
addition to helping in colony establishment, nutri-
tion, protection from the host immune system, and
bacterial transmission to blood circulation. These
enzymes also act on antibodies and complement fac-
tors to further down regulate immune function
(Miyoshi & Shinoda 2000). The MPs from G. anatis
are reported to degrade avian IgG, thereby media-
ting immune evasion (Garcia-Gomez et al. 2005;
Chavez et al. 2017).

2.2.6. Biofilm formation

Like many bacteria, G. anatis can also form a biofilm,
which mainly comprises of proteins, polysaccharides,
nucleic acids, and amyloid proteins (40%) (Costerton
et al. 1999; Larsen et al. 2007; Lépez-Ochoa et al.
2017). Amyloid proteins are responsible for interacting
with various host proteins, such as fibronectin, fibrino-
gen, laminin and plasminogen and altering the host’s
homeostasis (Epstein & Chapman 2008; Lopez-Ochoa
et al. 2017). Based on biofilm formation capabilities,
G. anatis strains can be divided into weak, moderate,
and strong groups (Johnson et al. 2013). Biofilm for-
mation is responsible for persistence of infection and
disease chronicity, in addition to decreasing sensitivity
to antibiotics (Costerton et al. 1999; Donlan &
Costerton 2002; Persson & Bojesen 2015).

2.2.7. Hemagglutinin

There are few strains of G. anatis that can cause
erythrocyte agglutination (Zepeda et al. 2009;
Ramirez-Apolinar et al. 2012) and the presence of a
potent hemagglutinin in the OMVs was reported
(Bager, Persson, et al. 2013; Johnson et al. 2013).
Agglutination has been demonstrated in RBCs from
broiler chickens, layer hens, quails, rabbits, and pigs
using a few subsets of Gallibacterium strains.
However, most strains agglutinate rabbit erythro-
cytes. Some Gallibacterium strains can agglutinate
either avian or mammalian erythrocytes, or both
(Zepeda et al. 2009). Recently, a 65-kDa hemagglu-
tinin protein was identified that can bind biotiny-
lated fibrinogen from sheep or pig, and hence can
interact with the basement membrane of tissues.

This hemagglutinin protein has also been found in
biofilms, and therefore may play a role in the patho-
genesis of G. anatis (Montes-Garcia et al. 2016).

2.2.8. Other putative factors involved in virulence
Elongation factor-Tu (EF-Tu), one of the most abun-
dant proteins in bacterial cells, can cross react with
anti-curli polyclonal serum and is also present in bio-
films (Furano 1975). This protein is released through
vesicle formation (Meneses et al. 2010; Dallo et al.
2012; Bergh et al. 2013). EF-Tu from G. anatis pos-
sesses amyloid properties, and hence is involved in
pathogenesis (Lopez-Ochoa et al. 2017). The G. ana-
tis genome also possess clustered regularly inter-
spaced short palindromic repeats (CRISPR), which is
considered as bacterial innate defense mechanism
and degrades invading foreign nucleic acids
(Johnson et al. 2013). Integrative Conjugative
Elements (ICEs) have been recognized in the genome
of G. anatis. ICEs contain antibiotic resistance genes
which can excise and become integrated into the
genome, which in turn transfers antimicrobial resist-
ance to other bacteria (Wozniak et al. 2009; Johnson
et al. 2011; 2013). Strains of G. anatis may contain
up to four plasmids of different sizes. However,
whether these plasmids possess genes encoding
antimicrobial resistance and other putative virulence
factors is unknown and need further investigation
(Christensen, Bisgaard, et al. 2003; Persson & Bojesen
2015). The small colony variants (SCV) are seen in
primary cultures of G. anatis and have varying hemo-
lytic activity (Greenham & Hill 1962; Harbourne 1962;
Janetschke & Risk 1970), and are related to pro-
tracted persistence, repeated infections, and emer-
gence of resistance to antimicrobial agents (Proctor
et al. 2006). The genes cps16A which encodes glyco-
syltransferase, cps16B which encodes HyaE/hyaluroni-
dase, and c¢psi6F which encodes UDP-glucose
6-dehydrogenase have been noted to have a role in
G. anatis virulence (Bossé et al. 2017).

3. Transmission

Horizontal dissemination via the respiratory route is
the most likely route of transmission and it has been
widely accepted (Bisgaard 1977). Another route of
entry is through vertical transmission. This phenom-
enon has recently been demonstrated experimentally
in embryonated eggs (Wang, Pors, Olsen, et al. 2018)
and occurs either through the trans-ovarian/oviduct
route or the trans-eggshell route but there is no dir-
ect evidence for natural vertical transmission in vivo
(Persson & Bojesen 2015). Recently, trans-eggshell
penetration and multiplication of G. anatis has been
documented experimentally and demonstrated to be
highly embryo pathogenic in embryonated chicken
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Figure 2. Various modes of transmission of Gallibacterium anatis. Horizontal, vertical and venereal transmission was reported.
Vertical transmission of Gallibacterium was found in experimentally infected hens.

eggs (Wang, Pors, Olsen, et al. 2018). Different modes
of transmission of G. anatis are depicted in Figure 2.

G. anatis has been noted in four-day-old poultry
birds by quantitative PCR (qPCR) (Huangfu et al. 2012)
and also been isolated from the egg yolks and ovar-
ian follicles of adult hens ten days after intranasal
inoculation, supporting the vertical transmission
hypothesis (Kohlert 1968; Janetschke & Risk 1970;
Shapiro et al. 2013; Paudel, Liebhart, Hess, et al.
2014). G. anatis causes epididymitis and affects semen
quality, consistent with the presumed venereal trans-
mission (Paudel, Liebhart, Aurich, et al. 2014). In nat-
ural cases, reproductive tract organs are affected
mostly through ascending infections (Bojesen, Nielsen,
et al. 2003; Neubauer et al. 2009). Septicemia occurs
when bacteria, under a favorable environment, gain
access to the vascular system in natural habitats
(Hacking & Pettit 1974; Shaw et al. 1990; Neubauer
et al. 2009; Zepeda et al. 2010; Paudel et al. 2013;
Paudel, Liebhart, Hess, et al. 2014).

4. Epidemiology, prevalence, and host range

Gallibacterium have been reported across the world,
such as European countries including Switzerland,

Denmark, Germany, Norway, England, Sweden, Czech
Republic and Austria (Mraz et al. 1976; Bisgaard
1977; Mirle et al. 1991; Neubauer et al. 2009; Jones
et al. 2013); African countries like Nigeria, Egypt,
Morocco (Addo & Mohan 1985; Elbestawy et al.
2018; Nassik et al. 2019); Asian countries including
China, Taiwan, Iran, Syria, India and Japan (Suzuki
et al. 1996; Guo 2011; Huangfu et al. 2012; Singh
2016; Singh et al. 2016; Ataei et al. 2017; Zhang
et al. 2017; Singh et al. 2018); American countries
such as the USA, Canada, Colombia, Peru and
Mexico (Hacking & Pettit 1974; Shaw et al. 1990;
Bojesen et al. 2008; Mendoza et al. 2014; Paudel,
Liebhart, Aurich, et al. 2014; Paudel, Liebhart, Hess,
et al. 2014; Chavez et al. 2017); and Australia (Jordan
et al. 2005). G. anatis, particularly biovar hemolytica,
has recently gained importance due to its ability to
cause both respiratory and reproductive infections,
and its occurrence in countries on various continents
including Europe, Asia, America, and Africa
(Neubauer et al. 2009).

G. anatis was previously noted as a normal inhab-
itant of the respiratory tract (Bisgaard 1977) and a
common part of the microbiota in the lower genital
tract of poultry (Bisgaard 1993; Bojesen, Nielsen,
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et al. 2003). The G. anatis was also reported in nor-
mal (Harry 1962; Bisgaard 1977; Mushin et al. 1980;
Bojesen, Nielsen, et al. 2003) and affected chickens,
and other animals like cattle and pigs (Gerlach 1977;
Bisgaard & Dam 1981; Bisgaard 1993; Lin et al. 2001;
Christensen, Bisgaard, et al. 2003; Jordan et al. 2005;
Bisgaard et al. 2009). G. anatis has been isolated
from various domestic and non-domestic birds as
well (Mushin et al. 1980; Bisgaard 1993; Bojesen,
Nielsen, et al. 2003, Rzewuska et al. 2007; Singh
2016; Singh et al. 2016; 2018). Sorour et al. (2015)
reported G. anatis infection from ducks as well. This
bacterium has also been reported in other domestic
animals such as horse, sheep, and rabbits (Kjos-
Hansen 1950; Matthes et al. 1969; Janetschke & Risk
1970; Kristensen et al. 2010).

5. Pathogenesis

G. anatis infection produces no specific clinical signs
or gross lesions. Based on previous pathological find-
ings and recent investigations where G. anatis has
been isolated, it was found that G. anatis is able to
colonize the upper respiratory tract without causing
significant clinical signs (Paudel et al. 2013; Paudel,
Liebhart, Aurich, et al. 2014; Paudel, Liebhart, Hess,
et al. 2014). Several virulence factors have been iden-
tified in G. anatis as detailed in earlier sections.
These bacteria utilize adherence and invasion as
their initial virulence mechanisms. Adherence is fol-
lowed by colonization. Adhesion occurs between
bacterial adhesins and receptors on host cells. Once
bacteria establish firm adhesion to host cell surfaces,
they multiply rampantly and begin synthesizing viru-
lence factors. Previous studies showed that G. anatis
adheres to chicken oropharyngeal and oviduct epi-
thelial cells during the disease process, and this
adhesion has been considered critical for colonizing
epithelial surfaces (Vaca et al. 2011; Lucio et al. 2012;
Bager, Persson, et al. 2013; Zhang et al. 2017). The
highly virulent strains of G. anatis have shown higher
adherence to primary chicken oviduct epithelial cells
(PCOECs) and up regulated production of inflamma-
tory cytokines (IL-6, TNF-a, and IFN-y), indicating the
induction of inflammation and a possible mechanism
for inducing tissue injury (Zhang et al. 2017). Many
specific virulence factors produced by G. anatis,
including IgG-degrading proteases, capsule in some
strains, hemagglutinin, GtxA, OMVs, fimbriae, metal-
loproteases, biofilm, EF-Tu, CRISPR, and ICEs, which
might influence pathogenicity have been identified
(Bojesen et al. 2004; Garcia-Gomez et al. 2005;
Christensen et al. 2007; Zepeda et al. 2009;
Kristensen et al. 2010; Lépez-Ochoa et al. 2017).
Under immunosuppressive conditions, this opportun-
istic pathogen invades the blood circulation causing

septicemia which evokes inflammation in different
organs leading to pericarditis, perihepatitis, hepatic
necrosis, oophoritis, follicular hemorrhage and rup-
ture, follicular degeneration, salpingitis, peritonitis,
enteritis, and inflammation of upper respiratory tract
(Harbourne 1962; Gilchrist 1963; Kohlert 1968;
Janetschke & Risk 1970; Hacking & Pettit 1974;
Bisgaard 1977; Gerlach 1977; Addo & Mohan 1985;
Majid et al. 1986; Shaw et al. 1990; Mirle et al. 1991;
Suzuki et al. 1996; Neubauer et al. 2009). Mixed
infections with other microorganisms such as bac-
teria, mycoplasma, and viruses (Gilchrist 1963;
Matthes et al. 1969; Shaw et al. 1990), hormonal
influences (Kohlert 1968; Gerlach 1977), age
(Janetschke & Risk 1970; Bisgaard 1977), seasonal
changes (Mirle et al. 1991), (cold) stress (Matthes &
Loliger 1976; Rzewuska et al. 2007), and immune
impairment (Bojesen et al. 2004) are the predispos-
ing factors that enhance the pathogenicity of G. ana-
tis. A previous investigation showed that G. anatis
was the most common single bacterial infection in
chickens with reproductive tract disorders (Mirle
et al. 1991). Experimental infections with G. anatis in
cockerels showed decreased semen quality, reduced
sperm density, altered total motility, and loss of
membrane integrity (Paudel, Liebhart, Aurich,
et al. 2014).

6. The disease
6.1. Clinical manifestations

6.1.1. Clinical signs associated with naturally
affected poultry

The clinical signs of G. anatis infection are non-spe-
cific and multiple systems are affected. Even though
G. anatis is classified under Pasteurellaceae, because
of its opportunistic pathogenicity, this species was
not assumed to be a major concern in poultry farm-
ing. The clinical signs and lesions are nonspecific
and confounding, as with other bacterial diseases. G.
anatis became known as an intriguing agent when it
was isolated from clinically affected broiler and
breeder flocks. This pathogen has the ability to col-
onize the upper respiratory tract of broilers and
cause no symptoms or mild respiratory signs like
rales, coughing, cold, dyspnea, shaking heads, mild
swelling of head, and nasal discharge, whereas other
signs like diarrhea, anorexia, and general emaciation
have also been reported (Bojesen et al. 2008; El-
Adawy et al. 2018; Elbestawy et al. 2018). G. anatis
causes a 3-18% decrease in egg production (Jones
et al. 2013). In breeders, G. anatis infection is associ-
ated with a cumulative mortality rate ranging from
0.06 to 4.9% (Elbestawy et al. 2018). Osuna Chavez
et al. (2017) recently collected twenty-three isolates
of G. anatis from commercial laying hens which had



respiratory and reproductive clinical signs in the
Sonora region of México. Similarly, in Iran, G. anatis
was isolated from birds that exhibited reproductive
problems (Ataei et al. 2017). In Egypt, G. anatis was
isolated from 26% of cases of ducks which had
respiratory symptoms and systemic infection/septi-
cemic disease. A recent study carried out by El-
Hamid et al. (2018) in Egypt found that 23% of
chicken flocks which had respiratory and reproduct-
ive problems were positive for G. anatis.

6.1.2. Clinical signs exhibited in experimentally
infected poultry

Upon experimental infection with G. anatis in layer
hens, whitish diarrhea has been observed from 7 to
24 dpi with a drop in egg production of 66% and
47% after the first and third weeks post-infection,
respectively. In later phases, there was gradual rise
in egg production, but it was still significantly lower
than egg production in the uninfected group
(Paudel, Liebhart, Hess, et al. 2014). No clinical signs
or gross lesions were noted in experimentally
infected G. anatis specific pathogen-free (SPF) cock-
erels. However, the consistency of semen from
infected birds was markedly altered in comparison
to that from uninfected control groups (Paudel,
Liebhart, Aurich, et al. 2014). The clinical signs were
found to be exaggerated when G. anatis was coin-
fected with A. paragallinarum in SPF white leghorn
chickens. The infected birds showed nasal discharge
along with infraorbital sinus swelling. The same
experiment showed more severe respiratory signs in
the coinfection group when compared to symptoms
in single-infection and non-vaccinated chickens
(Paudel, Hess, et al. 2017). In embryonated eggs, G.
anatis infects the developing embryo by penetrat-
ing through the eggshell and can cause mortality,
which is usually higher in E. coli co-infected eggs
(Wang, Pors, Olsen, et al. 2018). In another experi-
mental infection study in commercial broiler chick-
ens, G. anatis infection resulted in depression,
respiratory rales, coughing, sneezing, conjunctivitis,
teary eyes, reduced feed and water intake, and
reduced body weight in the infected group com-
pared to the wuninfected group (El-Hamid
et al. 2018).

6.2. Gross pathology

6.2.1. In naturally affected poultry

G. anatis affects the urogenital, gastrointestinal, and
respiratory systems in chickens (Ataei et al. 2019).
This bacterium has been involved in septicemia,
inflammation of ovaries and fallopian tubes, follicle
degeneration, and enteric, peritoneal, and respiratory
tract infections (Bojesen et al. 2004). Although G.
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anatis is a normal inhabitant of the respiratory and
reproductive tract, under favorable conditions it
causes reproductive and  systemic  problems
(Neubauer et al. 2009; Jones et al. 2013; Sorour et al.
2015; Ataei et al. 2017; Chéavez et al. 2017). The
organism could be detected in joints, wattles, lungs,
abdomen, heart, and other visceral organs including
brain tissue (El-Adawy et al. 2018). A previous report
described that amid 141 birds from 31 layer flocks
necropsied for reproductive problems, birds from 6
affected flocks were positive for G. anatis infection
and these suspected birds presented lesions such as
peritonitis (21%), hemorrhagic ovaries (18%), ovary
regression (40%), hemorrhagic oviducts (12%), non-
functional oviducts (31%), deformed follicles (28%)
and broken follicles (16%). In few birds, fibrinous
perihepatitis (3) and pericarditis (2) were also
observed (Neubauer et al. 2009).

6.2.2. In experimentally infected poultry

A range of gross pathology features has been
described in experimental G. anatis infections in
layer hens, including ruptured follicles, hemorrhagic
follicles, pericarditis, multifocal hepatic necrosis, egg
degeneration, peritoneal infection, and inflammation
and cheese-like deposits in the abdomen (Paudel,
Liebhart, Hess, et al. 2014). The severity of gross
lesions is reported to vary depending on the strain
of G. anatis, and has been shown experimentally.
Strain 7990 (biovar 3), obtained from clinically
affected Mexican chickens, upon experimental infec-
tion produced focal or widespread inflammation of
the peritoneum, resulting in serous purulent fibrin-
ous fluid exudation, enlarged blood vessels in the
ovary, oviduct, and peritoneum and also associated
with purulent oophoritis. Further, some experimental
studies reported ovary regression and deformation
along with exudative focal to diffuse salpingitis in
chicken (Paudel et al. 2013; Pors, Skjerning, et al.
2016). The gross lesions such as mild catarrhal tra-
cheitis, congestion of lungs, air sacculitis, pericarditis,
accumulation of cheese-like material in the tracheal
lumen, ascites, and liver congestion were also
reported in experimental infections (El-Hamid et al.
2018). An overview on the pathogenesis and clinical
signs of G. anatis infection in poultry is depicted in
Figure 3.

6.3. Histopathology

At present, no reports are available on G. anatis pro-
duced microscopic lesions in naturally affected chick-
ens, but there are several experimental reports of
histopathology induced by this bacterium.
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6.3.1. Respiratory organs

Microscopic lesions including necrosis, infiltration,
inflammation, and exudation in the respiratory tract
were produced upon experimental nasal inoculation
of G. anatis in chickens, indicating tropism for ele-
ments of the respiratory tract such as the trachea,
lungs, and air sacs. It has been reported that the
most severe lesions have been associated with the
G. anatis CCM 5976 strain. The lesions consisted of
multifocal necrosis with lymphocytic infiltration in
the subepithelial lamina of the tracheal epithelium,
and moderate inflammation with exudation of fibrin,
lymphocytes, and heterophils in the air sac. In the
lungs, bronchial goblet cell hyperplasia and hyper-
plasia of the bronchial lymphoid nodules were
reported (Zepeda et al. 2010). In another experimen-
tal G. anatis or G. anatis - A. paragallinarum co-infec-
tion study in chickens, histopathological findings in
the infraorbital sinus and nasal turbinates observed
were infiltration of inflammatory cells, predominated
by mononuclear cells and heterophils, increased
mucosal thickness, and necrosis and sloughing of
epithelium (Paudel, Ruhnau, et al. 2017). Few other
similar recent experimental G. anatis infections in
commercial broiler chickens reported the enhanced
activity of goblet cells, hyperplasia of the epithelial

lining, and inflammatory cell infiltration in tracheal
tissue. Severely congested pulmonary blood vessels,
hemorrhages, inflammatory cell infiltration, thrombus
formation of large blood vessels with perivascular
hemorrhage, atrial fusion, fibrinous exudate with
RBCs in the lumen, and interstitial pneumonia with
granulomatous lesions have been described in lung
tissue. In air sacs, focal epithelial hyperplasia, epithe-
lial degeneration, thickening of the membrane due
to edema, and inflammatory cellular infiltration were
reported (Elbestawy 2014; El-Hamid et al. 2018).

6.3.2. Liver and spleen

Microscopic lesions in the liver have been docu-
mented in several experimental infections with
selected strains of G. anatis in chickens. These lesions
include multifocal lymphocytic and heterophilic infil-
tration amidst multifocal necrosis, hyperplasia of bile
ducts, and discrete granulomatous nodules (Bojesen,
Christensen, et al. 2003; Bojesen et al. 2004; Zepeda
et al. 2010; Paudel et al. 2013; Elbestawy 2014; El-
Hamid et al. 2018). In a few other similar experi-
ments, splenic tissues from chickens intravenously
inoculated with bacteria showed basophilic bacterial
microcolonies along with necrotic splenocytes and
eosinophilic material in the ellipsoids (Bojesen,



Christensen, et al. 2003; Bojesen et al. 2004; Zepeda
et al. 2010; Paudel et al. 2013; Paudel, Liebhart, Hess,
et al. 2014).

6.3.3. Reproductive organs

Inflammatory cell infiltration into the follicles is usu-
ally noticed in G. anatis infection in laying birds.
Experimental nasal inoculation of G. anatis in layer
hens induced lesions in the oviduct including intra-
follicular and/or perifollicular infiltration. The lesions
were either mild or severe. The infiltrating cells
included heterophils and mononuclear cells (Paudel,
Liebhart, Hess, et al. 2014). Experimental infection
with G. anatis (isolate 06-7484-1 TR) in chicks
resulted in lymphocytic infiltration in the testes
along with degenerative changes in seminiferous
tubules on the 28th dpi (Paudel et al. 2013). Similar
experiments conducted in SPF cockerels revealed
multifocal aggregation of mononuclear cells in inter-
stitial regions of the epididymis at different time
intervals (Paudel, Liebhart, Aurich, et al. 2014).

7. Diagnosis

Numerous methods are being evaluated for the
diagnosis of G. anatis, such as phenotypic and cul-
tural characterization, biochemical tests, MALDI-TOF,
conventional species-specific PCR, qPCR and also
gross and microscopic pathologic examination in
infected chickens. The distribution of this organism
to various visceral organs can be demonstrated by
immunohistochemistry and in situ hybridization
using specific antibodies and probes, respectively. G.
anatis-induced inflammation in chickens can be diag-
nosed by detecting some acute-phase proteins like
ovo-transferrin (OTF), and also by quantifying inflam-
matory mediators. The pro-inflammatory cytokines
usually observed are TNF-a, IL-6, and INF-y
(Christensen, Foster, et al. 2003; Bojesen et al. 2008;
Alispahic et al. 2011, 2012; Huangfu et al. 2012; Roy
et al. 2014; Wang, Pors, Olsen, et al. 2018). Further,
other genotypic methods used for strain character-
ization include DNA-DNA hybridization, pulsed-field
gel electrophoresis (PFGE), amplified fragment length
polymorphism (AFLP), 16S rRNA analysis, and
sequencing genes such as infB, recN, and rpoB
(Bisgaard 1977, 1993; Bojesen, Torpdahl, et al. 2003;
Christensen, Foster, et al. 2003; Bisgaard et al. 2009).

7.1. Hemagglutination assay

G. anatis can agglutinate erythrocytes from broiler
chickens, layer hens, quails, rabbits, and pigs. Fresh
erythrocyte suspensions as well as glutaraldehyde-
fixed broiler chicken erythrocytes can be used
(Thayer & Beard 1998; Soriano et al. 2002). The
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hemagglutinating activity can be determined with a
suspension of 1% glutaraldehyde-fixed chicken eryth-
rocytes in PBS containing 0.01% thimerosal by the
microdilution method/microtiter plates using purified
protein or G. anatis (Zepeda et al. 2009; Montes-
Garcia et al. 2016).

7.2. Hemolysis and cytotoxicity assay

The GtxA toxin is mainly responsible for hemolysis
and cytotoxicity (Kristensen et al. 2011). A hemolysis
assay can be performed using bovine blood. In tris-
sodium chloride (TN) buffer (10mM Tris-HCl, 0.9%
NaCl, pH 7.5), the blood is washed repeatedly until
the fluid layer become colorless. Then, the washed
erythrocytes are incubated with sterile bacterial cul-
ture supernatant at a 1:1 ratio at 37°C for 1h. The
amount of released hemoglobin upon hemolysis is
quantified at 540 nm by ELISA (Rowe & Welch 1994;
Kristensen et al. 2010). The cytotoxicity assay can be
performed by seeding HD11 cells in 96-well plates,
adding bacteria or filter-sterilized bacterial culture
supernatant, followed by overnight incubation at
37°C and 5% CO, (Kristensen et al. 2010).

7.3. Confocal immunofluorescence microscopy

G. anatis culture samples prepared from the mid-
logarithmic growth phase (Bager, Nesta, et al. 2013)
are fixed with paraformaldehyde on glass slides,
blocked with BSA, and incubated with anti-FIfA
immune serum. Rhodamine RedX-conjugated goat
anti-rabbit secondary antibodies are used for detec-
tion. Then, the slides are mounted using suitable
mounting agents such as ProLong Gold antifade
reagent and images are captured using laser scan-
ning microscopy, and analysis done using suitable
software (Bager, Nesta, et al. 2013).

7.4. Immunogold electron microscopy

For this method, G. anatis is cultured to the mid-
logarithmic phase and the obtained cells are
processed with PBS. Twenty microliters of G. anatis
suspension is dispensed on nickel grids coated with
Formvar-carbon. The cells are then fixed for 15 min
in paraformaldehyde. Anti-FIfA immune serum floats
these nickel grids, followed by floating on a second-
ary antibody that has been conjugated to gold par-
ticles. These grids are examined using a transmission
electron microscope (Bager, Nesta, et al. 2013).

7.5. Serology for ovotransferrin

Acute-phase proteins (APPs) are considered to be
good markers. They have important potential for
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Table 2. List of primers for PCR of Gallibacterium anatis.

Gene Sequence 5'-3'

16S rRNA TATTCTTTGTTACCARCGG (19)
&23S RNA  GGTTTCCCCATTCGG (15)

References

Bojesen, Vazquez,
Robles, et al. 2007

gtxA TGCGCAAGTGCTAAATGAAG Paudel et al. 2013
GGATAATCGTTGCGCTTTG

fIfA CACCATGGGTGCATTTGCGGATGATCC Bager, Nesta,
TATTCGTATGCGATAGTATAGTTC et al. 2013

gyrB CGATTGTGTCCGTTAAAGTGC Wang et al. 2018
TGCAAACGCTCACCAACTG

diagnosis and prognosis, as their levels in sera are
influenced by inflammation-related events (Olfert
et al. 1998). Ovotransferrin (OTF) is considered one
of the positive biomarkers among APPs in chicken,
and is considered as an imperative diagnostic bio-
marker for a few selected bacterial infections. OTF
can increase 2-fold to > 10-fold during inflammation
in chickens, and OTF elevation has been reported in
infections caused by E. coli in chicken (Xie, Huff,
et al. 2002; Xie, Newberry, et al. 2002; Murata et al.
2004). Specific chicken APP concentrations can be
quantified efficiently by ELISA (Laursen et al. 1998;
Panheleux et al. 2000). Recently, chicken OTF-ELISA
has been used for evaluating serum OTF concentra-
tions as an APP in experimental G. anatis infections
of brown layer chickens (Roy et al. 2014).

7.6. Immunohistochemistry (IHC)

Recently, immunochemistry has been used for evalu-
ating the adherence to and invasion of G. anatis
pathogens in host primary chicken oviduct epithelial
cells (PCOECs) using anti-G. anatis polyclonal serum
raised in rabbits and HRP-labelled goat anti-rabbit
antibodies. This IHC assay demonstrated that G. ana-
tis pathogens were able to attach epithelial cells
without invasion (Zhang et al. 2017).

7.7. Fluorescent in situ hybridization (FISH)

This diagnostic tool is very effective in determining
the dissemination of G. anatis and elucidating its
pathogenesis in experimental as well as natural infec-
tions. It has been efficiently demonstrated by using a
cyanine dye 3.18-labelled in situ hybridization probe
(GAN850) that targets the 16S-rRNA of Gallibacterium.
This hybridization technique has been used and eval-
uated for understanding pathogenic alterations in
spleen and liver tissues of experimentally infected
chickens (Bojesen, Christensen, et al. 2003, 2004).

7.8. MALDI-TOF MS (matrix-assisted laser
desorption/ionization time-of-flight mass
spectrometry)

MALDI-TOF MS has been a useful application for
identifying G. anatis (El-Adawy et al. 2018). This

technique is used to identify biomarkers based on
the size of proteins/peptide molecules by producing
fingerprint spectra. These are abundantly present
and are products of housekeeping genes having
numerous functions. They include ribosomal proteins
or DNA- or RNA-binding proteins (Claydon et al.
1996; Suh & Limbach 2004). MALDI-TOF MS requires
smaller sample sizes, takes less time for sample ana-
lysis, and can process a large number of samples
simultaneously, and therefore has great potential for
routine laboratory use (Carbonnelle et al. 2011).

The 66 reference strains of Gallibacterium were
analyzed by MALDI-TOF MS whole-cell fingerprinting
and 4 recognized Gallibacterium species were rapidly
and accurately identified and differentiated with the
future possibility of G. genomospecies Ill as a fifth
species. Furthermore, one clonal lineage of G. anatis
has been noted by this approach in many flocks
(Alispahic et al. 2011, 2012).

7.9. Polymerase chain reaction (PCR)

7.9.1. Conventional Gallibacterium-specific PCR
Many bacterial pathogens, including members of the
family Pasteurellaceae, may pose differential diagno-
sis problems based on phenotypic and cultural
characterizations. To overcome misdiagnosis, unam-
biguous genotypic diagnostic tools like PCR have
been developed and widely used. An unique 16S to
23S rRNA internal transcribed spacer sequence (ITS)
in Gallibacterium compared to other members of
Pasteurellaceae can be used in PCR-based diagnosis
(Gurtler & Stanisich 1996; Christensen, Foster, et al.
2003; Bojesen, Vazquez, Robles, et al. 2007).
Oligonucleotide primers (Table 2) for 16S rRNA gene
was based on 99 sequences (Benson et al. 2004),
that represent all Gallibacterium and members of
Pasteurellaceae that are related to it are routinely
used for conventional PCR. The primer 1133fgal
(5’-TATTCTTTGTTACCARCGG) is specific for
Gallibacterium, but not other Pasteurellaceae mem-
bers. The 23S rRNA gene sequence primer 114r
(5'-GGTTTCCCCATTCGG) has widely been used as a
reverse primer (Lane 1991). Further, many investiga-
tions have been carried out to identify Gallibacterium
using internal transcribed spacer (ITS)-PCR), which
yields three specific amplicons of approximately 789,
985, and 1032 bp (Neubauer et al. 2009; Singh 2016;
Singh et al. 2016; Ataei et al. 2017; Wang, Pors,
Olsen, et al. 2018). In many cases, identifying this
group of bacteria on a phenotypic basis is difficult,
hence, classification based on the gene sequence of
the beta-subunit of DNA-dependent RNA-polymerase
(rpoB) can be useful in those cases (Korczak et al.
2004; Christensen et al. 2007).



PCR can also be performed to detect some of the
virulent genes like the GtxA-encoding gene (gtxA)
and the fimbrial gene (fifA) (Sorour et al. 2015). The
specific amplification can be done by using primers
targeting these sequences. For the gtx-N terminus
and fIfA, the primers GalNtxF-TGCGCAAGTGCTA
AATGAAG, GalNtxR-GGATAATCGTTGCGCTTTG (Paudel
et al. 2013) and 1162F-CACCATGGGTGCATTTG
CGGATGATCC, 1162R-TATTCGTATGCGATAGTATAGT
TC, have been used, respectively (Bager, Nesta,
et al. 2013).

7.9.2. Real-time quantitative PCR (qPCR)

The species-specific identification of G. anatis can be
done by utilizing real-time quantitative PCR (gPCR)
(Huangfu et al. 2012; Wang et al. 2016). This tech-
nique can also help quantifying G. anatis (Wang
et al. 2016; Wang, Pors, Bojesen, et al. 2018). The
gyrase subunit B gene (gyrB) contains a sequence
that is specific to G. anatis. It is highly conserved,
and is present in prokaryotes in the form of a single-
copy gene (Gellert et al. 1976; Stetler et al. 1979;
Hsieh & Brutlag 1980; Liu et al. 1980). The protein
gyrB is important for the function of DNA gyrase, a
DNA replication enzyme, as it encodes the ATPase
domain of this enzyme. Thus, gyrB is considered a
biomarker for diagnostic tests (Huang 1996; Dauga
2002). This gene can be amplified using specific pri-
mers (Forward CGATTGTGTCCGTTAAAGTGC, Reverse
TGCAAACGCTCACCAACTG) and TagMan probes
(FAM-CCACTACACTTTTCACTTCGG AAGAAACCAG-
BHQ) (Wang et al. 2016). This qPCR assay developed
by Wang et al. (2016) is assumed to be highly spe-
cific, sensitive, and reproducible. It has a detection
rate of 97% compared with that of conventional PCR
(78%) and culture (34%). Another gPCR developed
by Huangfu et al. (2018) that targets gtxA gene
showed a better detection rate than gPCR based on
gyrB gene. In general, qPCR needs lower concentra-
tion of DNA template and in addition to that it takes
less time and is cost effective as compared to con-
ventional PCR and phenotypic identification (Wang
et al. 2016).

7.9.3. Loop-mediated
(LAMP) PCR assay

Recently, real-time LAMP was developed and vali-
dated for G. anatis. This method appeared to be
rapid and specific for G. anatis. This assay requires 6
sets of primers that amplify the sodA gene, a con-
served region in G. anatis. In LAMP-PCR, isothermal
amplification was performed at 63 °C for 60 min, and
this method can detect as low as 0.2561 pg of DNA
in 34 min. This test has been described as highly sen-
sitive for G. anatis. Its high specificity has diagnostic
value for G. anatis detection. This method is faster

isothermal amplification
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and cheaper than quantitative PCR (Stepien-Pysniak
et al. 2018).

7.10. Fluorescence-activated cell sorting
(FACS) analysis

The bacterial cells which express the fimbriae/anti-
gen can be detected through FACS. G. anatis can be
harvested from cultures in liquid brain heart infusion
(BHI) by centrifugation during the mid-logarithmic
growth phase. Then, the bacterial cells are fixed with
1% paraformaldehyde and suspended in a solution
of 1% BSA in PBS. Samples with a bacterial cell
count of about 2.5 x 10° are poured into the wells of
round-bottom 96-well plates. Anti-FIfA immune
serum is added to wells and the plate is incubated.
Common fluorescein isothiocyanate (FITC)-conju-
gated goat anti-rabbit secondary antibodies work
just like a stain and help in detection. Anti-FIfA pre-
immune serum can be utilized as a negative control
(Bager, Nesta, et al. 2013).

8. Therapy and prophylaxis

Although G. anatis infection can generally be treated
with antimicrobials, some non-responsive cases and
recurrence have been reported (Bojesen, Vazquez,
et al. 2011; Singh et al. 2016; El-Adawy et al. 2018;
Hess et al. 2019). Multi-drug resistant strains of G.
anatis are frequently reported and these strains
show resistance to sulfonamides, novobiocin, tylosin,
clindamycin, tetracycline, and penicillin (Jones et al.
2013; Singh 2016; Singh et al. 2016; El-Adawy et al.
2018; Elbestawy et al. 2018). Bojesen, Vazquez, et al.
(2011) reported the majority of G. anatis strains
(65%) to be multidrug resistant in an in vitro study
and only two strains were found to be susceptible to
all antibiotics/drugs tested. Resistance to mainly
tetracycline (92%) and sulfamethoxazole (97%) was
shown among field strains tested. The genes tet (B),
tet (H), and tet (L), which are responsible for tetra-
cycline resistance, have been identified in G. anatis
(Bojesen, Vazquez, et al. 2011). In India, Singh (2016)
reported that G. anatis is susceptible to gentamicin,
chloramphenicol, azithromycin, nitrofurantoin, ampi-
cillin, imipenem, meropenem, and ertapenem. El-
Adawy (2018) reported susceptibility of G. anatis to
apramycin, florfenicol, and neomycin, but resistance
to clindamycin, sulfathiazole, and penicillin.
Approximately 93% of field strains tested were
reported to be resistant to sulfamethoxine, 93% to
spectinomycin, 87% to tylosin, and 80% to oxy-
tetracycline. Since antibiotic susceptibility of strains
constantly changes, regular in vitro evaluation of
the isolates is needed (Elbestawy et al. 2018). A
report by Chavez (2017) described marked
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G. anatis + Avibacterium paragallinarum killed vaccine
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Figure 4. Different vaccine platforms available against G. anatis infection in poultry.

resistance to penicillin, tylosin, lincomycin, ampicil-
lin, enrofloxacin, oxytetracycline, norfloxacin, and
cephalexin; yet sensitive to ceftiofur (73%) and
florfenicol (68%). A recent antimicrobial investiga-
tion by Hess et al. (2019) reported that 96% iso-
lates from layer flocks had multidrug resistance to
different antibiotics, wherein majority of isolates
were resistant to tetracycline (89%), tylosin (95%),
enrofloxacin (58%), nalidixic acid (77%) and sulfa-
methoxazole (77%). Various genes have been iden-
tified as being responsible for resistance of G.
anatis to antibiotics. Resistance to tetracycline has
been conferred by the tet (31) gene in G. anatis
(Bojesen, Bager, et al. 2011; Shi et al. 2019). The
development of widespread antibiotic resistance
(Bojesen, Torpdahl, et al. 2003; Bojesen, Nielsen,
et al. 2003; Bojesen, et al. 2011a; Johnson et al.
2013), leads to ineffective treatment. Zeolites,
which are aluminosilicate minerals, have been
recently found to be effective in reducing about
97% of G. anatis microbes in poultry when supple-
mented in feed (Prasai et al. 2017). In a recent
experimental study, the specific chicken egg yolk
antibody produced against recombinant N-terminal
of GtxA showed considerable protection against

disease in G. anatis-challenged chickens, resulting
in less severe lesions in the peritoneum, liver, and
duodenum (Zhang et al. 2019).

Flocks co-infected with other bacterial or viral
infections and immunosuppressive agents should be
protected by adopting appropriate prophylactic,
therapeutic and control measures such as timely vac-
cination, selective antimicrobial therapy and strict
biosecurity measures (He-Ping et al. 2012;; Paudel
et al. 2015; Mataried 2016; Paudel, Hess, et al. 2017;
Paudel, Ruhnau, et al. 2017; El-Hamid et al. 2018).
Any stress that reduces bird resistance to infection
must be ameliorated. Trans-eggshell transmission
due to fecal contamination of hatching eggs must
be prevented by regular cleaning and disinfection of
floor and nest material (Paudel, Liebhart, Hess, et al.
2014; Wang, Pors, Olsen, et al. 2018). The evolution
of multidrug resistant strains, greater antigenic vari-
ation and inefficient clearing of organisms by the
infected host are major constrains in preventing
the disease.

G. anatis possesses many proteins with immuno-
genic potential and important among these putative
vaccine candidates are GtxA, FIfA, Gab_2156,
Gab_1309, and Gab_2312. Recombinant proteins



such as GtxA-N, GtxA-C, FIfA have been identified as
potential vaccine candidates in the recent past
(Bager, Nesta, et al. 2013; Bager et al. 2014; Pedersen
et al. 2015; Pors, Skjerning, et al. 2016). Recent
attempts to generate multivalent and combined vac-
cines have enabled the prevention of a broad range
of diseases using a single vaccination. A killed vac-
cine (Volvac® Boehringer Ingelheim, Ingelheim,
Germany) developed using G. anatis and A. paragalli-
narum was reported to protect the immunized birds
after experimental challenge (Paudel, Hess, et al.
2017). Laying hens immunized with OMV of G. anatis
showed decreased lesion severity and higher titers
of OMV-specific IgY in serum (Pors et al. 2016b).
Chavez et al. (2017) mentioned that the effective
immunization against G. anatis in chickens is also in
practice in Mexico. Administration of OMVs and the
fimbrial protein FIfA have been reported to provide
considerable protection against G. anatis infection,
indicating that these antigens could serve as poten-
tial future vaccine candidates against G. anatis
(Persson et al. 2018).

A polytopic complex vaccine candidate has been
evaluated for vaccination potential against G. anatis.
This in-silico study explored four immunogenic pro-
teins such as Flfa, GTxA, Gab_1309, and Gab_2348
for epitope detection and prediction, and reported
that these proteins are immunogenic and could gen-
erate an efficient immune response (Ataei et al.
2019). Different types of vaccines for preventing G.
anatis infection in poultry are presented in Fig. 4.

9. Conclusion and future perspectives

G. anatis infection is an under-diagnosed or ignored
cause of production loss and mortality in poultry.
This opportunistic Gram-negative bacterium has
hemolytic, leukocytic, and many other virulence fac-
tors that damage respiratory and reproductive tracts
under disease-favoring environments such as
immunosuppressive conditions and presence of co-
infections. G. anatis causes localized as well as sys-
temic infections that lead to rales, coughing, dys-
pnea, diarrhea, defective and decreased egg
production, poor growth, emaciation, and death.
These clinico-pathological signs are common to
many other diseases of poultry, therefore proper
diagnosis  requires  both  conventional and
advanced tests.

Advanced diagnostic and identification methods
such as MALDI-TOF MS, FISH, gPCR, conventional
PCR and sequencing can be used for rapid and pre-
cise diagnosis together with routine cultural or bio-
chemical assays. Currently, antibiotics are the main
therapeutics widely employed for treating G. anatis
infection in poultry. However, the issue of antibiotic

VETERINARY QUARTERLY 29

resistance with commonly used antibiotics including
penicillin, macrolides, and tetracyclines has given rise
to major concern, although this pathogen is still sen-
sitive to novel antibiotics like ceftiofur or florfenicol.
The host-pathogen interactions during co-infections
need to be studied in depth to elucidate the patho-
genic potentials of different G. anatis biovars.

Various immunogens are being explored for their
vaccination potential including conventional anti-
gens GtxA, OMVs, fimbrial antigen (FIfA), capsules, or
the newly identified EF-Tu, CRISPR, and recombinant
proteins (GtxA-N, GtxA-C, FIfA). Few vaccines have
been developed and are being evaluated. However,
for a long-term solution, proper understanding of
the disease, revealing more details about the viru-
lence factors and pathogenesis, deciphering the
molecular mechanisms of pathogenicity, identifying
the resistance genes in G. anatis that are responsible
for inducing antimicrobial resistance, tackling anti-
genic diversity by identifying effective vaccine candi-
dates, and exploring advanced therapeutic options
are crucial for designing better prevention and con-
trol strategies against this disease to counter losses
due to outbreaks of this bacterial infection.
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