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ABSTRACT
1. Infectious diseases have a large impact on poultry health and economics. Elucidating the
pathogenesis of a certain disease is crucial to implement control strategies.
2. Multiplication of a pathogen and its characterisation in vitro are basic requirements to perform
experimental studies. However, passaging of the pathogen in vitro can influence the pathogenicity,
a process targeted for live vaccine development, but limits the reproduction of clinical signs.
3. Numerous factors can influence the outcome of experimental infections with some importance
on the pathogen, application route and host as exemplarily outlined for Histomonas meleagridis,
Gallibacterium anatis and fowl aviadenoviruses (FAdVs).
4. In future, more comprehensive and detailed settings are needed to obtain as much information
as possible from animal experiments. Processing of samples with modern diagnostic tools provides
the option to closely monitor the host–pathogen interaction.
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Introduction

Robert Koch (1843–1910)
was a physician and micro-
biologist who made eminent
contributions to understand
important bacterial diseases
in humans like tuberculosis,
cholera and anthrax. In his
innovative discoveries, he
focused on the characterisa-
tion of the microorganisms
in vitro and in vivo. These
observations led to the for-
mulation of postulates which
describe the basic require-
ments for a microorganism

and its link to certain causalities (Gradmann, 2014). They
are regarded as the gold standard to summarise principle
investigations ranging from the isolation of a pathogen
from a diseased host and its pure cultivation until re-isola-
tion following induction of the disease in susceptible hosts.
For his achievements, he was awarded with the Nobel Prize
in Physiology and Medicine in 1905.

Since their discovery, the knowledge about microorgan-
isms and their interaction with the host extended substan-
tially, arguing for a revision and modification of the original
postulates. Specifically, endemic microorganisms that
induce disease only under certain conditions hardly ever
comply with the postulates. Rigorousness and exclusive
application of the postulates were already questioned by
Robert Koch himself, because he noticed that some infec-
tious bacteria can appear as a commensal but the context
between pathogen–host and environment were not the
main focus at that time.

Good health is considered as a major principle to sustain
animal welfare in addition to good housing and feeding,
together with appropriate behaviour (European Food Saftey
Authority (EFSA), 2012). This is also of high importance to
support the prosperity and sustainability of production.
Robert Fraser Gordon published different articles about
the importance of diseases for the economy in poultry
production and he already claimed that not only mortality
needs to be considered in this context (Gordon, 1967, 1971,
1973). According to R.F. Gordon, “adverse effects on pro-
duction and reproduction, food conversion and body
weight and the costs for disease control and prevention”
contribute to economic losses. Research is mandatory to
address these challenges and as a consequence he set up
the Houghton Poultry Research Station which was solely
focused on poultry research (Gordon, 1973). Ever since,
infectious diseases in poultry have had a high impact on
health and production and the number of pathogens known
to influence health has increased constantly (Swayne et al.,
2013). However, for some microorganisms, the link between
pathogenicity and being a sole commensal is not that clear.
This is also supported by controversial results of animal
experiments reported in the literature. Some imponderabil-
ities, like the inoculum, the route of application and the
host are discussed in this article based upon infections of
chickens with Histomonas meleagridis, Gallibacterium ana-
tis and fowl aviadenoviruses (FAdVs). The main aim of this
paper is to highlight influences which contribute to the
pathogenicity in the field, and the necessity to address and
consider such features in experimental settings, in order to
strengthen the association with causation. Considering the
wide range of pathogens – from a parasite to a virus – it
remains obvious that not all necessary references can be
given for each individual subject in this review, which
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should not prevent the truth of the main conclusions
becoming clear.

Histomonas meleagridis

Taxonomy
H. meleagridis was originally regarded as an amoeba and
named Amoeba meleagridis (Smith, 1895). Extensive and
detailed morphological investigations revealed a close rela-
tionship but not identity to trichomonads and, therefore,
Tyzzer (1920) suggested a reclassification as H. meleagridis.
Later on, Dwyer (1972) did a series of studies in which he
investigated the antigenic relationship between H. meleagri-
dis, Entamoeba histolytica, Entamoeba invadens,
Dientamoeba fragilis and Trichomonas gallinae by fluores-
cent antibodies, gel diffusion and immunoelectrophoresis.
As an outcome of this research, a somewhat close relation-
ship between H. meleagridis and D. fragilis was noticed with
much fewer antigens in common with the Entamoeba spe-
cies. The close genetic relationship between D. fragilis and
H. meleagridis was also confirmed by genetic data via
sequencing of the small subunit rRNA sequence (Gerbod
et al., 2001). This was further elaborated by applying a
multilocus sequence approach considering three genes
with different levels of sequence identity and isolates from
different geographic regions, altogether identifying two gen-
otypes (Bilic et al., 2014). Consequently, considering ultra-
structural and molecular–phylogenetic studies, it was
concluded that H. meleagridis was a member of the family
Dientamoebidae, order Tritrichomonadida, class
Tritrichomonadea (Cepicka et al., 2010).

Field reports with focus on chickens
Histomonosis caused by H. meleagridis, was first described
in turkeys where it can be a fastidious disease (Cushman,
1893). In addition to turkeys, various other galliformes can
also be infected but the following sections will mainly focus
on infections and the appearance of histomonosis in
chicken, as the primary pathogenicity of H. meleagridis in
these birds is not clear. Instead, chickens are often consid-
ered as reservoir to spread the parasite. Additional and
more general aspects of the parasite and its biology can be
found in recently published reviews (McDougald, 2005;
Hess et al., 2015). Furthermore, the reviews of Lund
(1969) and Reid (1967) are highly recommended to obtain
a detailed overview on the earlier literature and the debate
about the aetiology of blackhead. The fact that hardly any
research was carried out after those reviews were published
until the twenty-first century makes them even more
valuable.

Soon after the first description in turkeys, histomonosis
was described in chickens (Chester and Robin, 1900) and
Bayon and Bishop (1937) reported the appearance in var-
ious laying chicken flocks in England without presenting
further clinical data. Exceptionally high mortality of 50%
was reported in broilers, reflecting very much the disease
in turkeys (Eveleth, 1943). Following those initial reports,
the disease in chickens disappeared due to an increase of
biosecurity with the exception of a few case reports in
pullets with mortalities up to 10% in cases of co-infection
with Eimeria (Schulze, 1975; Müller, 1990; Homer and
Butcher, 1991). The availability of effective drugs, mainly
arsenicals, nitrofurans and imidazols, was helpful to

prevent or minimise losses (Liebhart et al., 2016).
Furthermore, the introduction of cage systems for layers
contributed to the disappearance of the disease. This chan-
ged with the recent introduction of new legislation in
Europe banning the major anti-parasitic drugs and an
increasing number of layers kept in alternative housing
systems (Hafez, 2001; Kaufmann-Bart and Hoop, 2009;
Stokholm et al., 2010). Low biosecurity is also reported
as a reason for the occurrence of histomonosis in broilers
(Ganapathy et al., 2000; Cortes et al., 2004; Popp et al.,
2011). In addition to such single case reports, the devel-
opment of enzyme-linked immunosorbent assay (ELISA)
systems for monitoring antibodies offered the chance to
perform more comprehensive epidemiological studies.
Whereas Grafl et al. (2011) were able to demonstrate a
link between the level of biosecurity and the prevalence in
Austrian layers such a connection was not confirmed by
Van Der Heijden and Landman (2011) who found a high
infection rate in Dutch layer chickens independent of the
housing system. The DNA of the parasite was detected by
polymerase chain reaction (PCR) in 42% of organ or
environmental samples taken from turkey, chicken or pea-
cock flocks in Germany with a higher prevalence during
the summer (Hauck et al., 2010). A much less pronounced
seasonality was noticed in Vietnamese chicken samples
with a slightly higher number of samples tested positive
from dry areas in comparison with rainy ones (Nguyen
et al., 2015). However, the study highlighted the differ-
ences between applied diagnostics as the presence of
macroscopic lesions did not always coincide with the
detection of parasitic DNA and vice versa.

In addition to caecal and liver lesions, an infection at the
end of rearing can have an impact on egg production which
reached standard targets only at 22 weeks of life (Gerth
et al., 1985). An influence on laying performance was also
reported by Esquenet et al. (2003) who noticed a drop in
egg production of 9% between weeks 57 and 59 and an
increase in weekly mortality of 0.8% resulting in a total loss
of 6% due to histomonosis. The authors reported that
pathomorphological lesions were mainly observed in the
caeca with microscopic necrosis in livers. This is similar to
other studies in chickens (Homer and Butcher, 1991;
Stokholm et al., 2010) and helps to explain the somewhat
lower mortality in comparison with turkeys. Co-infections
with Escherichia coli have also been described (Müller, 1990;
Stokholm et al., 2010) which can complicate the clinical
outcome and indicate that lesions in the caeca due to H.
meleagridis might pave the way for E. coli. However, multi-
locus sequence typing and plasmid profile analysis of E. coli
isolates indicated that colibacillosis appearing in combina-
tion with histomonosis should be regarded as a primary
disease (Olsen et al., 2011).

Interestingly, histomonosis was recently also reported
in broiler breeders during rearing (weeks 16 and 19) and
production (weeks 25–44) (Dolka et al., 2015). In rearing
birds various clinical signs were noticed with an increase
of mortality reaching 5% for 2 weeks following a total
mortality in the flock of 1.05% until onset of the disease.
The described cases indicate that the disease can also
occur in more bio-secure breeding stock and it contra-
dicts, together with the above-mentioned reports, the
assumptions that chickens are solely a reservoir for the
pathogen.
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Experimental studies focusing on the pathogen
Of all three organisms described in this review, H. melea-
gridis is by far the most complicated one, with consequence
on the clinical picture and the reproduction of lesions in
experimental studies. This is mainly due to the complex life
cycle of the parasite and a so far unresolved interaction of
the parasite and bacteria. The frequent appearance of other
protozoan parasites in the gut of chickens and turkeys is of
relevance for the preparation of a defined inoculum as well
as for the application of diagnostic procedures.

Due to the fact that the disease is most severe in turkeys,
the majority of experimental studies were performed in
these birds in order (i) to investigate the pathogenesis, (ii)
to determine the value of intervention strategies and (iii) to
apply different diagnostic techniques. A detailed review on
experimental studies with H. meleagridis was recently pub-
lished by Hauck and Hafez (2013). The authors compiled
data about the various routes of infection applied to repro-
duce the disease in turkeys and chickens, from contami-
nated litter to eggs or other stages of Heterakis gallinarum
towards in vitro grown parasites. Applying eggs harbouring
H. meleagridis goes back to the initial observation that the
ceacal worm H. gallinarum is an important intermediate
host for the protozoan parasite (Graybill and Smith, 1920).
However, the fact that lesions induced by H. meleagridis
established a less favourable environment for the caecal
worm together with the observation that certain feed com-
ponents can influence the interaction between both para-
sites in vivo indicates a complicated relationship (Lund,
1958; Daş et al., 2011). If unprotected parasites are used,
the rectal route is the most reliable one due to the low
tenacity of the parasite, already noticed in the early studies
of Tyzzer (1934). Oral infection of chickens with cultures of
H. meleagridis is possible but most effective if birds have
been starved for a certain time and an alkali is given to
neutralise the negative consequences of a low pH in the
alimentary tract (Horton-Smith and Long, 1956).

The necessity of live bacteria to successfully infect chick-
ens and turkeys is a further complication to studying the
host–pathogen interaction. Doll and Franker (1963)
described that only 1 out of 12 gnotobiotic turkeys was
successfully infected with bacteria-free heterakis eggs har-
bouring H. meleagridis, whereas nearly all conventional
turkeys died. The authors hypothesised that a heat-labile
factor released from the bacteria is necessary for the growth
of the parasite and to establish an infection in the host.
Bradley and Reid (1966) noticed that E. coli on its own was
helpful to support the infection of the turkeys, whereas
killed bacteria or bacterial filtrate were insufficient. The
situation in chickens seems even more complex as a more
diverse range of bacteria is needed in order to reproduce the
disease compared with turkeys (Springer et al., 1970). Based
on surgically ex vivo inoculated caeca, the authors demon-
strated that the infection of chickens was less consistent
than in turkeys and the authors even speculated that some
non-cultivable bacteria might be needed to induce the dis-
ease. Their conclusion that bacteria are more essential to
complete the development of H. gallinarum is a further
indication for the complexity of the infection process. The
fact that H. meleagridis could only be isolated from liver
lesions in the presence of bacteria, as summarised by
Goedbloed and Bool (1962), illustrates further this unre-
solved and complex interaction.

Interactions between H. meleagridis and caecal bacteria
are also very relevant for in vitro cultivation, a prerequisite
to obtain a standardised inoculum for infection experiments.
Bishop (1938) already regarded the cultivation of histomo-
nads free of bacteria to induce the disease as a crucial test to
unambiguously prove the aetiology, except a virus might be
symbiotically present in the culture. Adding antibiotics to the
culture medium, Delappe (1953) noticed the difficult balance
between bacteria and parasite in vitro. Increasing the anti-
biotics might kill the bacteria with negative consequences on
growth of the parasite, similar to overgrowth of bacteria,
necessitating changes in serum and glucose levels (Devolt,
1950). An axenic culture was so far only once reported by
Lesser (1961), achieved by replacing caecal bacteria with
hamster liver and a mix of certain metals, altogether a rather
complicated substrate. All other cultures used for in vivo
studies consisted of H. meleagridis and a non-defined bacter-
ial mixture, a so-called xenic culture. Frequent co-infection of
birds with other protozoa can further complicate the estab-
lishment of a defined inoculum. In this context,
Tetratrichomonas gallinarum, Parahistomonas wenrichi and
Blastocystis spp. can be mentioned. Although they resemble
certain morphological similarities, PCRs combined with
sequencing can be used for precise discrimination from H.
meleagridis and to elucidate the phylogenetic relationship
(Bilic et al., 2014).

Summarising the reports above, it is very obvious that
various factors – in addition to the primary pathogen – can
contribute to the pathogenicity and the outcome of in vivo
trials. This does not exclude that general observations and
conclusions can be drawn from individual studies but it
limits the comparison. Considering the difficulties of demon-
strating an unambiguous host–pathogen interaction, it is not
surprising that the true aetiology of blackhead remained
under debate for a long time, due to the difficulties and
inability of fulfilling Koch’s Postulates, despite the fact that
numerous experimental studies were available indicating the
importance of H. meleagridis as an etiological agent of histo-
monosis. However, in 1967 – following half a century of
intense research – Reid (1967) summarised all possible the-
ories and highlighted the importance of improved laboratory
methods to confirm the true aetiology of noticed lesions.

In order to obtain a more defined and standardised inocu-
lum for experimental trials, we applied micromanipulation
with which defined cultures of different protozoan parasites
were established.Multiplication by binary fission enabled us to
grow up a whole stock from a single cell. Using such a xenic
clonal culture, numerous infection studies were performed
and various diagnostic procedures were developed (reviewed
by Hess et al., 2015). In addition, re-isolation of live parasites
from cloacal swabs was implemented in all trials, enabling the
investigation of the transmission dynamics. Consequently, it
could be demonstrated that sentinel turkeys or chickens
already excreted live parasites 2 d postinfection which ques-
tions cloacal drinking as the sole route of lateral transmission
in the absence of any vector (Hess et al., 2006). Sequential
culling of animals revealed new data about the pathogenesis of
histomonosis in turkeys and chickens. The development of a
monoxenic clonal culture not only confirmed earlier studies
about the importance of E. coli for the in vitro growth but also
demonstrated that pathogenicity itself is solely triggered by the
parasite as long as successful infection can be established
(Ganas et al., 2012). Beside this, the main aim of our studies
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was to test the consequences of in vitro passaging on the
pathogenicity of H. meleagridis and the development of a
possible live vaccine. It was not only possible to demonstrate
that H. meleagrids could be attenuated in vitro, something
questioned by Lund et al. (1966), the efficacy of these attenu-
ated parasites to protect against a severe challenge in turkeys
and chickens could also be shown (reviewed by Liebhart et al.,
2016). Finally, the availability of monoxenic clonal cultures
with different levels of pathogenicity offers certain potential to
enter into the “omics” era of histomonas research.

Gallibacterium anatis

Taxonomy
The genus Gallibacterium is classified within the family
Pasteurellaceae Pohl 1981. It contains 4 species namely G.
anatis, Gallibacterium melopsittaci, Gallibacterium trehalosi-
fermentans and Gallibacterium salpingitidis, three genomos-
pecies 1, 2 and 3 and an unknown taxon (group V)
(Christensen et al., 2003; Bisgaard et al., 2009). Prior to this
assignment as a separate entity, G. anatis was formerly
known as avian Pasteurella haemolytica, Actinobacillus sal-
pingitidis or Pasteurella anatis. Consequently, changes in
terminology need to be considered when performing litera-
ture searches.

Field reports
First field reports date back to 1950 when Kjos-Hanssen
(1950) reported the isolation of a Pasteurella-like organism
from the oviduct of hens with egg peritonitis, which was
named “cloacal bacteria”. Salpingitis, peritonitis, degenera-
tion of the ovary and oviduct, haemorrhagic follicles and a
drop in egg production with varying mortality were also
mentioned in later reports from the field (Hacking and
Pettit, 1974; Jones and Owen, 1981; Mirle et al., 1991;
Neubauer et al., 2009; Jones et al., 2013). In these reports,
the bacterium was often isolated together with E. coli,
although pure cultures were also noticed, especially from
the reproductive tract, in combination with macroscopic
lesions.

Various field studies described the presence of G. anatis
in the upper respiratory tract. In a survey performed in
Israel, 97% of 322 healthy chickens from 23 flocks carried
the organism in the tracheal flora, whereas a much lower
prevalence was noticed in turkeys, geese, ducks and wild
birds (Mushin et al., 1980). Jones et al. (2013) considered G.
anatis as a primary pathogen of the respiratory tract with
similar lesions as P. multocida. Performing extensive bac-
teriological investigation of 10 organs from 3–8 birds/flock,
positive birds were detected in 30 flocks with only one flock
recorded negative (Neubauer et al., 2009). Earlier on it was
demonstrated that G. anatis was much more widespread in
chicken flocks housed under lower biosecurity with broiler
grandparents being negative and the vast majority of tra-
cheal samples obtained from layers kept under organic
conditions were found to be positive (Bojesen et al., 2003).

Beside lesions in the reproductive tract, necrotic and
inflammatory changes in liver, intestine, heart and kidney
were also noticed in connection with the isolation of G.
anatis (Greenham and Hill, 1962; Harbourne, 1962; Harry,
1962; Hacking and Pettit, 1974; Addo and Mohan, 1985). In
a recent case report, G. anatis was described in context with
a hepatitis in layers, an unusual pathology attributed to the

infestation of the free range birds with Ascaridia galli (Jung,
2012).

However, based on the fact that G. anatis was isolated
from diseased and healthy chickens, different authors ques-
tioned the primary pathogenicity of the bacterium and
suggested that it should be regarded rather as a commensal.

Experimental studies focusing on the infection route
First experimental studies with G. anatis were performed in
1-d-old chicks up to 15-week-old pullets (Matthes et al.,
1969; Bisgaard, 1977; Gerlach, 1977; Mushin et al., 1980).
The main focus was to elucidate whether the infection
induces clinical signs, most likely respiratory symptoms,
due to the frequent isolation of bacteria in the upper
respiratory tract in field surveys. However, no clinical
symptoms were noticed following intranasal or intratra-
cheal infections. It was also noticed that G. anatis was
unable to exacerbate clinical symptoms of infectious bron-
chitis virus in a co-infection model, although single
infected groups were not reported (Bisgaard, 1977).
Invasive (subcutaneous, intramuscular and intraperitoneal)
and non-invasive (intranasal and intratracheal) infections
were carried out in those earlier studies with very diverse
outcomes. Most severe lesions were noticed in a study
described by Matthes et al. (1969) who reported high mor-
tality following intravenous or intraperitoneal infection
with prominent macroscopic lesions. Similarly, Gerlach
(1977) reported high mortality with haemorrhagic enteritis
but attributed it to the young age of the birds as 1-d-old
chicks were used. The studies had in common that no
detailed laboratory investigations were performed.
Following intratracheal infection, the bacteria did not
obtain access to internal organs but no time point post-
infection was mentioned and only three birds/group were
used (Mushin et al., 1980). In contrast, re-isolation was
successful from heart and liver after intranasal infection
(Matthes et al., 1969). Overall, it was concluded in those
earlier studies that G. anatis is part of the physiological
tracheal flora in chickens and additional influences might
be needed to induce any adverse effects. This was sup-
ported by frequent isolations from the upper respiratory
tract in field studies, as mentioned above, but it neglected
field reports that the bacteria were also isolated from repro-
ductive tract lesions.

Following the initial studies, almost no experimental
infections were reported until Bojesen et al. (2004) per-
formed a study with a detailed experimental design, includ-
ing sequential killing of birds between 3 and 24 h
postinfection, after intraperitoneal or intravenous infection.
Intraperitoneal infection was applied by the same research
group in other studies, in order to mimic a peritoneal
infection due to ascending bacteria from the cloaca via the
oviduct, a hypothesis well known from E. coli infections in
layers (Bager et al., 2013; Pedersen et al., 2015; Pors et al.,
2016). Testing certain deletion mutants, and/or the efficacy
of recombinant proteins to be used as vaccine candidates,
fibrinous and purulent peritonitis were noticed, similar to
previous studies and expected due to the route of infection.
As sexually mature birds were used, oophoritis and salpin-
gitis were also recorded with G. anatis isolated from the
reproductive tract. However, in these studies commercial
birds were used that were already carrying G. anatis prior to
infection, which complicates further conclusions on
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primary aetiologies, although it might be close to a clinical
situation considering the widespread distribution of the
bacteria with an increasing age of the birds.

First studies in 12-week-old specific pathogen-free (SPF)
chickens were reported by Zepeda et al. (2010), who
demonstrated efficient intranasal infection. Although a
wide dissemination of the bacteria in pullets and micro-
scopic lesions was noticed, no samples were taken from the
reproductive tract. In continuing studies, the same route of
infection was used and with this it was possible to confirm
that bacteria are widely disseminated in the organism with
lesions in the reproductive tract of 4-week-old SPF chickens
(Paudel et al., 2013). This research indicated that the intra-
nasal route of infection was very suitable to mimic the
clinical situation. Based on this study, two further separate
experimental trials in mature SPF chickens, hens and cock-
erels, were performed (Paudel et al., 2014a, 2014b).
Macroscopic and microscopic lesions in the reproductive
tract were successfully induced and the infection resulted in
a drop in egg production due to severe folliculitis in addi-
tion to egg peritonitis. Such conditions reflect very closely
the field situation and question the view that infection of
layers occurs via the oviduct. The intranasal infection of
cockerels confirmed the predilection of G. anatis for the
reproductive tract also for male birds, with consequences on
semen quality. Histology and re-isolation of G. anatis com-
pleted the laboratory investigations and confirmed the
pathogenic nature of the bacterium together with the poten-
tial of being vertically transmitted.

Despite the fact that clinical signs and macroscopic
lesions could be successfully reproduced in SPF birds,
mimicking a natural infection, numerous questions remain.
Genetically different strains exist with major differences
about the absence or presence of certain virulence factors
and the consequences on pathogenicity are so far only
established for some strains (Persson and Bojesen, 2015).
Following infection by the nasal route, the bacterium has to
pass the mucosal barrier in order to reach the ovaries/testes
as G. anatis is less prevalent in internal organs, a phenom-
enon currently not understood. Furthermore, additional
host and pathogen-driven influences for the recognised
pathologies need to be considered. At least two studies
reported the consequences of immunosuppression leading
to a higher load of bacteria in internal organs (Bojesen et al.,
2004; Paudel et al., 2015). However, as those treatments
were introduced prior to infection, the impact of immuno-
suppression on latent carriers remains to be resolved.

Fowl aviadenoviruses (FAdVs)

Taxonomy
FAdVs are non-enveloped, double-strand DNA viruses which
belong to the genus Aviadenovirus within the family
Adenoviridae (Harrach et al., 2011). They are separated into 5
different species (FAdV-A to FAdV-E) with 12 different sero-
types (Hess, 2000). The grouping into 5 different species was
originally suggested by Zsak and Kisary (1981) who digested the
DNA of the 12 FAdV serotypes with restriction enzymes and
obtained 5 different patterns, identical to the later species A–E.

In the older literature, the family Adenoviridae was split
into two genera only, Mast- and Aviadenovirus, reflecting
the origin of those viruses, either from mammals or birds.
The latter ones were further separated into three different

groups (I–III) to address genomic and biological differences
between FAdVs, the haemorrhagic enteritis virus of turkeys
(HEV) and the egg drop syndrome virus (EDSV). Although
substantial differences between members of the three
groups (e.g. host specificities, pathogenesis and antigenicity)
were already known for some time, the complete sequence
of the EDSV genome demonstrated a closer phylogenetic
relationship to viruses isolated from mammals in compar-
ison with FAdV questioning the existing taxonomy (Hess
et al., 1997). In the actual taxonomy, characterised by gen-
era containing viruses from different animal species, such
similarities are considered and prioritised over the origin
and host.

Field reports
Based on the existing field reports, FAdVs can induce three
different diseases, adenoviral gizzard erosion (AGE), hydro-
pericardium-hepatitis syndrome (HHS) and inclusion body
hepatitis (IBH) (Hess, 2013). Comprehensive epidemiologi-
cal studies in which genomic analyses were performed indi-
cate that certain species/serotypes can be isolated from a
specific disease (Schachner et al., 2016). Whereas AGE is
mainly reported in connection to FAdV-1 (species A), viru-
lent strains of FAdV-4 (species C) induce HHS and various
serotypes of FAdV-D and FAdV-E are etiological agents of
IBH. Although such epidemiological studies indicate a link
between aviadenoviruses and a certain disease, it needs to
be mentioned that FAdVs are also present in clinically
healthy birds with mixed infections of different serotypes
again confirmed in recent reports (Kaján et al., 2013;
Niczyporuk, 2016). This underlines the importance of pre-
cise laboratory investigations in order to establish a robust
link between detection of virus and disease. Various FAdVs
can be isolated from a wide range of birds, ranging from
poultry species to wild birds, indicating low host specificity.
Like in chickens, FAdV infections in other bird species
might occur without clinical signs but the appearance of
virulent FAdV-4 in pigeons and ducks in coincidence with
severe clinical signs and high mortality indicates the risk of
such a spread (Naeem and Akram, 1995; Hess, 2013; Chen
et al., 2016).

Clinical signs due to FAdV are mainly noticed in young
birds up to 5 weeks of age. Since the first description by Yates
and Fry (1957), vertical transmission of FAdV from breeders
to progeny is of special importance for spreading FAdV and
the induction of disease in progenies (Toro et al., 2001; Grgic
et al., 2006; Grafl et al., 2012). An impact on breeder perfor-
mance with reduced egg production and hatchability was
reported in cases of vertical transmission or due to infection
with virulent FAdV-4 (Christensen and Saifuddin, 1989; Abe
et al., 1998; Kim et al., 2008; Grafl et al., 2012). Introduction
of FAdVs into a flock can also occur via horizontal transmis-
sion, but very often the source of entrance could not be
resolved due to the fact that no accurate samples were avail-
able. Serum samples are of special importance to determine
the infectious status of breeders and to prove vertical trans-
mission in a serum neutralisation test using the virus from
the diseased progenies.

Based on field data and experimental infections (see
below), it was the general perception for a long time that
a co-infection with an immunosuppressive virus (either
infectious bursal disease virus (IBDV) or chicken anemia
virus (CAV)) was needed for clinical manifestation of an
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FAdV-induced disease, mainly IBH and HHS. However,
earlier reports about IBH in New Zealand had already
indicated that IBH can be a primary disease which was
confirmed in a series of more recent reports of IBH out-
breaks in Canada, Australia and Japan (Christensen and
Saifuddin, 1989; Gomis et al., 2006; Nakamura et al., 2011;
Steer et al., 2011). In addition, the prevalence of FAdV does
not coincide with the presence of IBDV or CAV (Eregae
et al., 2014). However, as immunosuppression is an impor-
tant trigger for IBH and HHS, special care should be taken
to protect birds accordingly.

First reports about IBH date back to 1963 when
Helmboldt and Frazier (1963) described inclusion bodies
in chicken livers with unknown significance. Later on, var-
ious studies aimed to isolate the relevant agent and FAdVs
were isolated and typed by different research groups
(reviewed by McFerran and Adair, 1977). A larger number
of IBH outbreaks were reported from Canada (Pettit and
Carlson, 1972) and Iraq (Al-Sheikhly and Mutalib, 1979)
based on histological diagnosis until the disease was
reported from New Zealand (Saifuddin et al., 1992) and
Australia (Erny et al., 1991), predominantly caused by
FAdV-8. Single case reports were published until about
10 years ago when the number of outbreaks in geographi-
cally different areas worldwide increased substantially
(Gomis et al., 2006; Ojkic et al., 2008a, 2008b; Lim et al.,
2011; Nakamura et al., 2011; Steer et al., 2011; Choi et al.,
2012; Kaján et al., 2013; Maartens et al., 2015; Zhao et al.,
2015; Niczyporuk, 2016; Schachner et al., 2016).

The clinical picture of IBH is characterised by sudden
onset of mortality in 1–5-week-old birds. Mortality varies
greatly between 1% and 30%, indicating that numerous
factors might influence the disease. The majority of field
cases were reported from broilers with severe hepatitis
noticed during post-mortem investigations, sometimes
accompanied with an atrophy of the bursa of Fabricius.
Histological changes in the kidneys and inclusion bodies
in the pancreas have also been noticed together with hypo-
glycaemia (Goodwin et al., 1993; Wilson et al., 2010).

In 1987, HHS was first described in Pakistan and later on
in other Asian and Arabian countries and some parts of
Middle and Latin America (Anjum et al., 1989; Hess et al.,
1999). Clinical signs and pathomorphological lesions of HHS
are similar to IBH, except that they are more severe. In
addition, hydropericardium is noticeable characterised by a
straw-coloured fluid in the pericardial sac. Exceptionally,
clinical signs with 6.4% mortality in 35-week-old broiler
breeders were reported (Abe et al., 1998). Several reviews
are available describing the clinical signs together with patho-
morphological and histological lesions (Ganesh and
Raghavan, 2000; Balamurugan and Kataria, 2004; Asthana
et al., 2013). Mixed pathologies, especially for HHS and
IBH, are frequently reported but the presence of a hydroper-
icardium in combination with a somewhat higher mortality
is a strong indication for HHS. Circulating virulent FAdV-4
viruses inducing mixed pathologies of HHS and/or IBH have
been reported from various Asian countries (Lim et al., 2011;
Mittal et al., 2014; Zhao et al., 2015).

AGE is a rather new disease mainly noticed in broilers,
although Grimes et al. (1977) already reported AGE in the
context of an FAdV infection during an IBH outbreak without
further investigations. Later on, Tanimura et al. (1993) noticed
gizzard erosions with haemorrhages in the proventriculus of

10-week-old pullets. Inclusion bodies were demonstrated in
the gizzard together with degeneration and desquamation of
the keratinoid layer and necrosis of the epithelium. Clinically,
AGE can already be differentiated from HHS and IBH due to
the somewhat lower mortality. A slightly elevated mortality
with higher selection rate was reported but the disease might
go unnoticed, despite the fact that 50% of the birds can have
lesions at the slaughterhouse leading to a higher condemna-
tion rate (Ono et al., 2001, 2003; Grafl et al., 2012). The disease
has so far been reported from Europe and Asia, with the
majority of reports identifying FAdV-1 as etiological agent.
As FAdV-1 is very widespread and as gizzard erosions can
have various aetiologies (Gjevre et al., 2013), specific diagnos-
tic methods should be applied to characterise FAdVs and to
demonstrate the virus in the pathomorphological lesions. In
addition, demonstration of specific antibodies is helpful to
confirm the aetiology.

Experimental studies focusing on the type of bird
Although the field studies described above indicate a link
between certain FAdVs and disease, the fact that FAdVs are
also isolated from clinically healthy birds is a severe com-
plication to fulfil Koch’s Postulates. The mechanism behind
this is hardly understood and so far the genetic background
of FAdVs in context of pathogenicity was only targeted in a
single study highlighting the importance of the fibre protein
for pathogenicity of FAdV-E viruses (Pallister et al., 1996).
In the previous section, it was already outlined that IBH and
HHS are somewhat similar with regard to the appearance in
the field. Consequently, they share certain principles with
regard to experimental trials, also mentioned in the differ-
ent reviews cited above.

Soon after the first description of IBH in the field,
Clemmer (1965, 1972) reported an age resistance based
upon virus excretion, following oral infection of chickens,
at either 1-d-old or 45 d of age, with FAdV-1. The virus was
mainly confined to the gastrointestinal tract and no lesions
were noticed. Interestingly, he also noticed that birds
infected at 12 d of age were refractory to a second infection
33 d later. Age resistance was confirmed later on by several
authors who used different routes of infection, mainly intra-
muscular and subcutaneous at two different time points in
birds up to 21 d of age, in order to reproduce IBH (Cook,
1974b; Nakamura et al., 2000; Lim et al., 2011; Dar et al.,
2012). A very virulent FAdV-4 isolated from a broiler bree-
der hen suffering from HHS induced 70% mortality in 15-
month-old SPF hens, the oldest birds ever used in experi-
mental studies, with 100% mortality in 1-d-old birds inde-
pendent of the infection route (Nakamura et al., 1999).

A different dose of the same virus was used in various studies
to reproduce IBH (Erny et al., 1991; Mendelson et al., 1995;
Nakamura et al., 1999; Dar et al., 2012). Differences became
more significant as birds were getting older (> 1 week of age)
indicating a negative correlation between age and a lower viral
dose. However, virulent FAdV-E viruses given intranasally to 1-
d-old birds at a low dose of 5 TCID50 were able to induce IBH
(Erny et al., 1991). As an outcome of available studies, it can be
concluded that after 1 week of age an invasive route, most often
intramuscular, is needed to induce clinical signs characterised
by apathy, huddling of birds and mortality. This was also
demonstrated in the first study reproducing HHS in SPF chicks
with plaque-purified FAdV (Mazaheri et al., 1998). Initial
experiments to reproduce HHS were done in commercial
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broilers with a less well-characterised overall infectious status
(Anjum, 1990; Chandra et al., 1997). The application of organ
homogenates reflects the uncertainties at that time about the
true aetiology of HHS, although an adenovirus was already
demonstrated by electron microscopy.

Different to FAdV-1 mentioned above, other FAdV
strains were more widespread in the organism following
oral and intranasal infection of 1-d-old birds (Cook,
1983). Viruses could be recovered from the respiratory
system, gonads, liver, spleen, bursa of Fabricius and some
FAdVs were even recovered from the brain, although repli-
cation in the later tissue was questioned. Highest viral loads
were noticed in different parts of the digestive tract, either
proventriculus, caecum or ileum, which, together with the
ceacal tonsils are the organs of virus persistence, something
also noticed by measuring viral antigen by ELISA in numer-
ous organs (Saifuddin and Wilks, 1991). Based upon
detailed assessment of macroscopic and histological lesions,
virulent IBH viruses induce most severe changes between 4
and 7 d postinfection (Steer et al., 2015).

Co-infection experiments with either IBDV or CAV indi-
cated that reproduction of IBH depends on a compromised
immune system (Fadly et al., 1976; Von Bülow et al., 1986).
The importance of a fully functional immune system was also
confirmed in an experimental study demonstrating significant
differences between chemically immunosuppressed chickens
versus untreated birds (Nakamura et al., 2003). However,
infection of SPF birds with virulent FAdV-4 demonstrated a
severe impact of FAdV itself on lymphocyte subpopulations in
the thymus and bursa of Fabricius, although the true nature
and mechanism still need to be elucidated (Schonewille et al.,
2008). Furthermore, progenies investigated from intramuscu-
larly infected serologically negative layer breeders developed
microscopic lesions in the liver irrespective of a CAV co-
infection confirming the primary pathogenicity of FAdV
after vertical transmission (Toro et al., 2001).

In an earlier experimental study, Grimes et al. (1978)
noticed a necrotising pancreatitis, something also reported
from the field. In a recent study, detailed histological inves-
tigations of liver and pancreas together with an assessment of
clinical chemistry analytes were combined, altogether corre-
lating very well, which indicates that the pancreas is an
important target organ in IBH pathogenesis (Matos et al.,
2016b). As a consequence of this finding, we hypothesised
that the type of bird is of importance for the outcome of an
experimental infection. This was confirmed in another study
in which much more severe clinical signs in SPF broilers in
comparison with SPF layers, characterised by hypoglycaemia
and severe pathological lesions in the pancreas, were noticed
(Matos et al., 2016a). Such results might help to explain why
IBH outbreaks in fast-growing broilers, who are physiologi-
cally very different from layers, are more frequently reported,
as mentioned above. And it indicates that experiments per-
formed decades ago, although different kinds of SPF birds
were used (Cook, 1974a), are difficult to compare with cur-
rent studies, considering the substantial recent progress in
breeding and the accompanying change in bird metabolism.

The majority of experimental studies to reproduce AGE
were performed in SPF White Leghorn layers (Okuda et al.,
2001b, 2004; Nakamura et al., 2002; Ono et al., 2004, 2007;
Domanska-Blicharz et al., 2011). Whereas mortality was
only noticed in one study (Domanska-Blicharz et al.,

2011) all the others did not report severe clinical signs.
However, in all of those studies it was possible to induce
lesions in the gizzard similar to those described from field
outbreaks. Lesions were characterised by erosion of the
koilin layer accompanied with an inflammation or ulcera-
tion of the gizzard mucosa, which peaked around 10 d
postinfection. In all studies, such lesions were successfully
reproduced by oral infection with field isolates characterised
as FAdV-1, except in one study where a FAdV-8 strain was
applied and lesions in the gizzard were less severe (Okuda
et al., 2004). If intramuscular or intravenous application
were used, more severe lesions were noticed including the
induction of IBH with the FAdV-8 isolate.

Soon after the initial reproduction of AGE in SPF layers,
Okuda et al. (2001a) reproduced the disease in commercial
broilers due to the assumption that layer-type chickens
might be an inappropriate model. Despite the fact that the
commercial birds had maternal antibodies, which were no
longer present at 5 weeks of age, it was possible to induce
severe lesions and, different to SPF layers, a drop in body
weight gain. Such findings were confirmed by our own
investigations in SPF broilers, which showed a more pro-
nounced effect on body weight than commercial birds with
maternal antibodies (Grafl et al., 2013). Applying real-time
PCR, it could also be demonstrated that the viral load in the
gizzard was higher than in the liver, emphasising a certain
aberrant tissue tropism of FAdV-1. The finding that lesions
can also be induced in older birds up to 53 d of age,
completes the range of experimental data. Altogether, the
animal experiments in combination with the applied labora-
tory methods, especially the confirmation of FAdV-1 virus
in histological lesions from where it could be isolated, con-
firmed the aetiology of AGE and the fulfilment of Koch’s
Postulates. Furthermore, the results indicate that the patho-
genesis of AGE is somewhat different to IBH and HHS with
consequences on protection. The absence of lesions follow-
ing oral reinfection (Ono et al., 2004; Grafl et al., 2014)
highlights the importance of a local immune response and
closes the circle with the initial observation reported by
Clemmer 50 years ago (Clemmer, 1965).

Conclusions and outlook

Based on the work of Robert Koch at the end of the nineteenth
century, criteria were published which should be applied to
determine the pathogenic potential of a certain microorganism,
in order to define its status as a pathogen. The strength of such
criteria is reflected by the fact that they are named “Postulates”
and they still symbolise the basic principles of host–pathogen
interaction and act as a gold standard in infection biology.

Since the first description of parasites, bacteria and
viruses, laboratory techniques and methodologies have
improved considerably. Genetic tools and the whole panel
of techniques supplied by molecular biology and gene tech-
nology can nowadays be applied to characterise microor-
ganisms and their life cycle more precisely, taken together
these techniques are helpful to resolve and refine aetiolo-
gies. Despite this, the interaction of certain microorganisms
with the host is poorly understood and studies to clarify
functional aspects are still in their infancy. As a conse-
quence, numerous questions remain to be addressed in
order to resolve basic mechanisms influencing
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pathogenicity as summarised in this article and outlined in
the Figure for a parasite, bacterium and virus. H. meleagri-
dis is a good example of how complex the host–pathogen
interaction can be, considering that additional bacteria are
needed to establish infection and to reproduce the disease.
Resolving this interaction is also of vital importance for the
field, considering the use of antimicrobial substances with
(un-)targeted influence on the microbiota in vivo. As a
consequence of this, more attention has to be paid in the
future to include a broader range of parameters involved in
pathogenicity, including microbiota (Byrd and Segre, 2016).
Nevertheless, changes in husbandry and management pro-
cedures might influence the appearance of certain micro-
organisms and the severity of clinical signs, altogether not
in the focus of Koch’s Postulates.

In recent years, legislation and regulations about animal
experiments became stricter and ethical issues are of increasing
importance with the focus on three Rs, refinement, replacement
and reduction.Without doubt, certain animal experiments cited
above would never pass an ethical committee today or would
have been accepted for publication. Although regulations
became much stricter in recent years, and that one out of two
turkeys stolen in an initial animal experiment to reproduce
histomonosis (Graybill and Smith, 1920) seems bizarre, animal
research today– and in the future –will face constant challenges.
Harmonisation and standardisation of animal experiments has a
certain priority to compare results more accurately, keeping in
mind that certain variables will always remain. Exchange of
inocula and precise protocols would help to increase robustness
– and acceptance–of findings. Publishing of “negative” results is
not widely practiced due to the low acceptance in the scientific
community but it would help to prevent duplication of animal
experiments. Furthermore, the examples given here also high-
light the need for animal experiments as the pathogen–host
interaction cannot be substituted by in vitro technologies.
However, in order to improve the outcome of animal experi-
ments, the design and sampling schemes should be critically
reviewed in order to include different disciplines. Combining
expertise from different areas, infection biology, genetics, nutri-
tion and husbandry will largely fulfil this demand. Altogether, it
should help to elucidate aetiologies in a broader context, some-
thing not in the scope of Robert Koch in the nineteenth century.

Despite this, numerous difficulties will remain to mimic the
complex situation of a chicken house in an experimental setting.
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