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Abstract
The chicken has led the way among agricultural animal species in infectious disease control and, in particular, selection for genetic resistance. The generation of the chicken genome sequence and the
availability of other empowering tools and resources greatly enhance
the ability to select for enhanced disease resistance via genetic markers
and to understand more deeply the biological basis of host resistance.
In this review, we discuss how integrated genomic approaches are able
to identify specific genes and genetic markers associated with disease
resistance, give select examples of contemporary work involving various genomic strategies to identify disease resistance genes, and finish
by giving some final thoughts on predicted applications in the near
future.
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Marker-assisted
selection (MAS):
a method to select for
traits using genetic
markers

INTRODUCTION
Modern agriculture has been very successful in meeting the growing demands of consumers for
high-quality, safe, and affordable products. This trend is particularly evident in the poultry industry. As determined by the Food and Agriculture Organization (1), worldwide per capita
consumption of poultry meat has gone from 2.87 kg per year in 1961 to 12.62 kg per year in 2007,
a more than fourfold increase during this period. Furthermore, this dynamic growth trend is
projected to continue, with poultry overtaking pork as the main meat consumed worldwide
within the next five years.
Presently, several major issues confront the poultry industry in meeting the growing demands
of consumers. Control of infectious diseases and food safety is certainly at or near the top of the
list. Avian influenza, Salmonella, and Campylobacter are just a few of the pathogens well known
to the public that harm the poultry industry through bird morbidity and mortality, reduced public
confidence, and/or lost market accessibility via trade restrictions. Disease outbreaks, or the potential for them to occur, are enhanced by both high-density and free-range chicken rearing,
reduced genetic diversity from continued industry consolidation, and government restrictions
on chemoprophylactics to control pathogens. Changes in animal husbandry and new vaccines
have helped to alleviate some of the problems; however, improved or alternative control
measures are still needed to address current diseases and impede emerging threats.
The field of genomics offers a very exciting avenue for solving or ameliorating many of these
issues. Although still in its formative years, by identifying quantitative trait loci (QTLs) and genes
that control heritable traits of agricultural importance, it is possible to use refined knowledge
about existing biodiversity to genetically select for birds with superior agricultural traits, such as
improved disease resistance, via marker-assisted selection (MAS). For infectious diseases, MAS
would eliminate the exposure risk to elite flocks associated with handling a hazardous pathogen,
which traditionally is needed to select for more disease-resistant birds. The release of the chicken
genome sequence in 2004 (2) and additional improvements since then toward finishing the assembly have only increased the power of this discipline. The ultimate goal is to address the longstanding, major biological question of how genetic variation explains the observed phenotypic
(i.e., connecting genotype-to-phenotype) variation.
This review provides information on the emergence of modern molecular genetics in poultry
and gives specific examples of how the employment of integrated approaches is yielding results
with high potential for enhancing genetic resistance to three different pathogens, while also preserving appropriate levels of production in commercial poultry. Although the focus is on chickens
and genetic resistance to disease in intensive production systems, the strategies, opportunities, and
challenges should be applicable to other species, including those with no or draft genome assemblies, which is becoming increasingly common owing to significant gains in next-generation
sequencing technologies.

POULTRY BREEDING AND DISEASE CONTROL
Poultry production has a long history of embracing and applying innovations to meet consumer
demands and improve profitability. Many key developments, especially since the 1950s, have
resulted in the highly efficient and specialized industry that exists and operates today. Of particular
note are the tremendous advancements in poultry breeding that have resulted in commercial
chickens with greater genetic potential. Specifically, the primary breeding companies, which are
responsible for genetic improvements in poultry, have been able to continually select for birds with
superior production and other agronomic traits. For example, a 2001 commercial broiler had an
average body weight of 3,946 g at 56 days of age, compared with 809 g for its 1957 counterpart
240

Cheng



Kaiser



Lamont

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

(3). Utilizing feeds typical for years 1957 and 2001, it was shown that 85–90% of this 4.87-fold
improvement is accounted for by genetics; the remaining 10–15% is due to nutrition. These genetic
gains are multiplied through the vertically integrated system of hatcheries, producers, and growers
to the consumer, with the net result being greater efficiency at all levels and lower commodity
prices. Other traits show similar gains, such as feed conversion rate (FCR), in which commercial
birds require 1.8 g or less of feed to gain 1 g of body weight; in comparison, FCR is ∼3.5 and 8 for
pigs and cattle, respectively (4, 5). In short, poultry is the most affordable source of animal-derived
protein, and its breeding methods are considered models for other animals.
Disease control and prevention was another critical factor in the dramatic growth of the
poultry industry. With the widespread distribution of poultry and high-intensity rearing, infectious diseases could be spread and transmitted rapidly, which resulted in considerable economic
losses. Consequently, the demand by growers (and consumers, for zoonotic pathogens) forced the
industry to control specific diseases, which has been implemented through a combination of
biosecurity, chemoprophylactics, and vaccines as well as selection for genetic resistance, the focus
of this review.

Single-nucleotide
polymorphisms
(SNPs): the most
prevalent type of
polymorphism and
genetic marker
Linkage disequilibrium
(LD): the nonrandom
association of alleles at
two or more loci

POULTRY GENETICS IN THE POST–GENOME SEQUENCE ERA
Just prior to the release of the chicken genome sequence in 2004, there was great excitement in the
field of molecular genetics for chickens and other animal agricultural species (e.g., cattle, swine,
sheep). The main cause was that, armed with molecular genetic maps composed of several
thousand markers (mainly PCR-based microsatellite markers), scientists then felt they had the
ability to survey the entire genome and identify QTLs that could account for most genetic variation
observed for traits, including multifactorial ones such as disease resistance. Numerous studies, in
chicken and other species, indicated strongly that these QTLs are real and account for a significant
portion of the genetic variation. Thus, there was great hope that the identification of the underlying
genes and causative polymorphisms would soon be in hand for use in animal breeding through MAS.
The advent of the genome sequence of red jungle fowl (2) only strengthened this expectation.
Not only did scientists have the “blueprint” for the chicken and knowledge of where most of the
genes lie in the genome, but newer discoveries and technologies continued to enhance the power of
genomics. Specifically, by sample sequencing three other diverse chickens (commercial broiler,
Chinese Silkie, and White Leghorn), a Beijing Genome Institute–led consortium identified approximately three million single-nucleotide polymorphisms (SNPs), which provided several orders
of magnitude more genetic markers (6). This identification, combined with the ability to genotype first thousands (7) then tens to hundreds of thousands of SNPs (8), it was economically
feasible to genotype thousands of genetic markers for QTL scans. As a result, with the ability to
scan the entire genome with hundreds to thousands of markers, 3,162 QTLs have been identified
in chicken from 158 publications (9).
Despite this success, it soon became apparent that the QTL mapping resolution was insufficient
for MAS for two main reasons: First, unless the individual QTL effects are large and the extent of
linkage disequilibrium (LD) very small, it is almost impossible to fine-map a QTL down to 5 cM or
less; with ∼23,000 genes and ∼3,000 cM in the chicken genome, on average, each cM of the
chicken genome encompasses ∼7 genes. Second, sufficient mapping resolution requires small LD
blocks, which in turn require more genetic markers. This can be achieved easily by using resource
populations that have accumulated more recombination events, such as advanced intercross lines
or commercial populations. However, increasing the number of genetic markers also requires
increasing the number of measured animals; theoretically, the number of phenotyped animals
should equal or exceed the number of genetic markers. Although commercial poultry-breeding
www.annualreviews.org
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Major
histocompatibility
complex (MHC):
a 242-kb region in the
chicken genome
containing 46 genes,
many of which are key
immune regulators and
are in high linkage
disequilibrium
Expression
quantitative trait loci
(eQTLs): loci and
candidate genes with
cis- and trans-acting
genetic influences on
gene expression
Allele-specific
expression (ASE):
a genomic method to
identify genes with
cis-acting regulatory
elements from RNA
sequencing data sets

companies have the resources to measure tens of thousands of birds for many traits, this is often not
true for traits related to disease resistance. Therefore, although possible, it is unlikely that a purely
genetics-driven approach will be powerful enough to map a QTL down to the single gene level,
let alone the causative mutation. The inability to achieve mapping resolution sufficient to identify
individual genes and to account for the majority of the genetic variation is not unique to chicken, as
evidenced by similar issues in human genetics, to which even greater genomic resources and efforts
have been devoted (10).
In addition, the inability to fine-map QTLs and results from other genomic approaches in
chicken and other species has led to numerous discussions questioning whether large-effect QTLs
truly exist. Prior to the identification of QTLs, the “infinitesimal model,” originated by Fisher (11),
postulated that traits were controlled by many loci of relatively small effect. If the infinitesimal
model is true, then it would make implementing MAS for complex traits much more difficult
than originally anticipated. However, the chicken major histocompatibility complex (MHC)
and other loci with large effects have been identified and undergone commercial selection,
suggesting a more balanced view of biological reality, which likely includes genes of both small
and large effects. Fortunately, several existing tools can augment purely genetics-driven efforts.
Those that explore the biology at the genome-wide scale (i.e., functional genomics) include but
are not limited to the following.

RNA Expression Profiling
Differences in gene expression (when, where, how much) are thought to be major contributors to
phenotypic variation. Typically through microarrays or RNA sequencing, one can identify genes
that are differentially expressed between two or more samples. For disease challenges, this is
a powerful approach to determine what genes and associated pathways are altered when the host
encounters a specific pathogen. Because RNA is being measured, information on when and where
to isolate the RNA is relevant when using animals, and these factors are not always clear at
the beginning of a study. A major limitation of this approach is the limited annotation of genes in
the chicken genome, especially those involved in the immune system, although this is improving.

Expression Quantitative Trait Loci
Although RNA expression profiling can provide substantial insights into biological functions and
pathways associated with complex traits such as disease resistance, it cannot distinguish the genetic basis for this variation in gene expression, because expression of all the genes downstream
from the causative variant potentially could be perturbed. To identify the genetic basis for expression variation, two approaches have been employed. The first is known as genetical genomics,
or eQTL (expression QTL). In this method, transcript abundance levels are treated as quantitative
traits for QTL mapping. This allows molecular genetics to be combined with transcript profiling,
usually through microarrays. As a result, elements (eQTLs) that control the expression of genes
with heritable expression variation can be identified. These eQTLs are further defined as cis or
trans based on the genomic position of the eQTL relative to the gene it regulates. Thus, cis eQTLs
are believed to identify genes that account for a portion of the genetic basis. Unfortunately, eQTLs
suffer from the same mapping resolution issues inherent to QTL mapping.

Allele-Specific Expression Screens
An alternative to eQTL is allele-specific expression (ASE). With ASE, each allele is measured for
genes that are heterozygous as judged by a marker polymorphism (e.g., a SNP). When allelic
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imbalance or differential expression is observed, then a polymorphic cis-acting element must be
present for that gene, “since allelic variation is by definition reflective of cis-acting influence” (12,
p. 452). In fact, this is a primary strength of the ASE approach. As both alleles are present in
a diploid cell, if the alleles respond differentially, then this must be a result of a cis-acting effect. Key
advantages of ASE over eQTL are that: (a) separation of an overall gene expression signal into
allelic components significantly increases sensitivity and adds power; (b) because both alleles of
the gene are in the same cell of an individual, monitoring the expression of each allele controls
for issues such as differences in cellular composition, sampling, RNA quality, or environmental
effects; and (c) genes influenced by cis-acting elements are readily identified because they must
account for some or all of the allelic imbalance. The final and most crucial advantage of the ASE
approach is that, because genetic factors that influence transcriptional regulation in cis are
generally in close proximity to the gene itself, identification of a cis-acting regulatory element
essentially identifies a specific gene or locus that contains the polymorphism leading to the allelic
imbalance. In other words, identification of a SNP exhibiting ASE essentially identifies a highconfidence candidate gene (genetic factor) with expression differences that may account for the
complex trait.
The rationale for integrating both genetics and functional genomic approaches is that the
strengths of each system can be combined to yield results of higher confidence. Given the large
volume of data produced by genomics, each method provides an additional screen to limit the
number of targets to verify and characterize in future experiments. The following examples
represent the primary efforts that have employed integrative genomic approaches to identify
specific disease-resistance genes as well as to provide fundamental biological information.

MAREK’S DISEASE
Rationale for Enhanced Genetic Resistance
Marek’s disease (MD) is a T cell lymphoma disease of domestic chickens induced by Marek’s
disease virus (MDV), a naturally oncogenic, highly contagious, and cell-associated a-herpesvirus
(13, 14). The disease is characterized by a mononuclear infiltration of the peripheral nerves,
gonads, irises, various viscera, muscles, and skin. Partial or complete paralysis is a common
symptom of MD owing to accumulation and proliferation of tumor cells in peripheral nerves.
During the 1960s, as the industry converted to high-intensity rearing, MD generated tremendous
economic losses. Since the 1970s, MD has been controlled by vaccination and improved animal
husbandry. However, even with vaccines, estimated annual losses worldwide from MD owing to
meat condemnation and reduced egg production are $1–2 billion (15). Although vaccination
prevents the formation of lymphoma and other MD symptoms, it does not prevent MDV infection, replication, or horizontal spread (16). Moreover, even though available vaccines protect
chickens against the disease, MD still remains a threat owing to increasingly frequent outbreaks
caused by highly virulent strains of MDV combined with the incomplete immunity that is
elicited by vaccination (17–19). Thus, to break the cycle of MDV evolving to higher virulence,
knowledge supporting the development of new strategies for control of MD is needed. For
this reason, increasing genetic resistance to MD is highly desirable.

Pre–Genome Sequence Efforts
Genetic differences in resistance to fowl paralysis, assumed to be MD, have been reported for 70
years (20). Although genetic resistance to MD is complex and controlled by many genes, the MHC
www.annualreviews.org
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(also known in the chicken as the B complex because of its linkage with the B blood group) is clearly
a major locus. Prior to modern genomics, the MHC was shown to be associated with MD resistance (21). Cole’s (22) selection of the B-G (class IV) locus through blood-typing resulted in
dramatically different MD incidences (7% and 94% in Cornell lines N and P, respectively), which
clearly demonstrates that it is possible to enhance genetic resistance to MD given the right selective
pressure and without the need for DNA-based markers. Because no differences between the two
lines are observed during the first week of infection, MHC resistance may result from factors other
than the number or type of target cells present early after infection (23, 24).
In addition to the MHC, other genetic factors exert a major influence on MD resistance. For
example, Avian Disease and Oncology Laboratory (ADOL) inbred line 6 and 7 chickens share the
same B 2 haplotype (25) but differ greatly in resistance to MD. In contrast to MHC-controlled
resistance, non-MHC genetic resistance can be related to the number of target cells. Spleen and
thymus cells from line 6 birds are infected with less MDV than similar cells from line 7 (26, 27). The
sizes of the primary lymphoid organs (thymus and spleen) and the number of lymphocytes in line 6
chickens are also significantly smaller than in line 7 chickens (28–30).
Apart from a few candidate gene studies [e.g., Rfp-Y (31), vitamin D receptor (32)], most
efforts to identify MD resistance genes have used genome-wide QTL scans with microsatellite
markers. Two studies utilized ADOL lines 6 (MD resistant) and 7 (MD susceptible). Vallejo et al.
(33) and Yonash et al. (34) identified 14 QTLs (7 significant and 7 suggestive) where, collectively, the QTLs explained up to 75% of the genetic variance. Interestingly, by measuring not
only disease incidence but also disease-related traits, the QTLs could be grouped by trait type.
Some QTLs were associated almost exclusively with viremia levels and the remaining QTLs
with disease, survival, tumor incidence, nerve enlargement, and other disease-associated traits,
which suggests that disease resistance occurs at least at two levels: initial viral replication and
cellular transformation. Similarly, Bumstead (35) mapped a single significant QTL on chromosome 1 that had conserved synteny with the mouse CMV1 locus, which controls resistance
to murine cytomegalovirus, another herpesvirus. Ly49H is the causative gene for CMV1
resistance, and the encoded protein is a receptor on natural killer cells that interact with
MHC class I (36).
Two other studies used commercial layer (egg-type) lines that allowed for larger populations
and industrially relevant results. Using microsatellites genotyped on DNA pools from selected
individuals, McElroy et al. (37) identified 17 markers of the 81 screened to be associated with
length of survival post-MDV infection. Heifetz et al. (38) identified 15 QTLs on two consecutive
backcross (BC) populations; however, only 5 of the QTLs were common to both BC populations.
The second BC hatch showed an MHC association, although the B 2 allele was unexpectedly
found to confer susceptibility. The interaction of the MHC with other background genes had been
observed previously (39).
To complement the QTL scans, gene expression profiling using microarray technology has
been integrated. The rationale is that gene expression profiling will identify genes and pathways
involved in MD resistance, which, combined with genetic mapping, can reveal positional candidate genes (40). In other words, positional candidate genes are those that have a genetic association
and are identified as being relevant through gene expression analyses. Gene profiling has been
conducted to identify differentially expressed genes between MD-resistant and -susceptible lines
after MDV challenge (40, 41); among MHC-congenic lines of chickens following inoculation with
different MD vaccines; in chicken embryo fibroblasts (CEF) infected with MDV (42); and in CEF
transformed with Meq, the likely MDV oncogene (43). Several genes and pathways are consistently associated with either MD resistance or MDV infection, and the results suggest that chickens
with immune systems that are more stimulated by MDV infection are more susceptible. Because
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MDV is thought to infect only activated lymphocytes, chickens with immune systems that are more
responsive may present more targets for MDV to infect and later transform.
MDV-chicken protein-protein interactions provided additional evidence that genes are associated with MD resistance. Niikura et al. (44) screened for MDV-chicken protein-protein
interactions using a two-hybrid screen confirmed by an in vitro binding assay and identified
nine such interactions. Of particular interest were growth hormone (GH1) (45), stem cell
antigen 2 (SCA2) (46), and MHC class II b chain (B-LB), because the transcripts for each gene
were differentially expressed between MD-resistant and -susceptible birds following MDV
infection, and there is an association with MD resistance. Also, GH1 allele frequencies have
changed in response to selection for MD resistance (47), which supports growth hormone as
an MD-resistance gene. Novel upregulation of both MHC class II, following MDV infection
(48), and vitamin D receptor (VDR), which modulates MHC class II cell surface expression and
is associated with MD resistance (32), further supports MHC class II b chain as a candidate
gene for MD resistance.
Protein profiling using mass spectrometry, a powerful technique that can query the proteome,
was conducted on UA-01 cells, a MDV-transformed cell line (49). Prior work had indicated that
MD tumors overexpress CD30 and, thus, might be a natural model for human T cell lymphomas
(50). Bioinformatic analysis of the data indicates that MD tumor cells have a pattern that is
consistent with other tumors and are probably derived from regulatory T cells. More importantly,
the prometastatic integrin and ERK/MAPK signaling pathways were predominant, which suggests
that these pathways are important for transformation and migration of MD tumors. Similar
studies by Liu et al. (51) have cataloged the spectrum of MDV proteins expressed.

Post–Genome Sequence Efforts
Given the difficulty of purely genetics-driven approaches to identify high-confidence candidate
genes, alternative efforts have been employed. MacEachern et al. (52) incorporated a genomewide ASE screen for chicken non-MHC genes that respond to MDV infection. In this study, using
an RNA sequencing data set, SNPs were first identified, and then the ratio of the two alleles
in uninfected and MDV-infected animals was determined. If the expression ratio changed in
response to viral infection, it indicated that there was a cis-acting regulatory element affecting the
expression of the gene, thus identifying a genetic element in the gene containing the SNP.
In brief, ADOL lines 6 (MD resistant) and 7 (MD susceptible) were intermated to produce F1
progeny. Half of the progeny were challenged with MDV at 2 weeks of age. At 1, 4, 7, 11, 13, and
15 days postinfection (dpi), 12 birds from each treatment group were euthanized, and RNA from
the spleen was isolated. To get a genome-wide and unbiased survey of all the expressed genes and
an indication of ASE, replicate RNA pools from a single time point (4 dpi) were sequenced using an
Illumina GA. This resulted in  11 million mapped reads per treatment group with a total of > 1.7
Gb surveyed. Statistical analysis revealed that 5,360 (in 3,773 genes) of the 22,655 high-quality
SNPs identified exhibited statistically significant allelic imbalance; gene expression was detected
for 12,696 genes. To validate and extend the results, 1,536 selected SNPs were screened on RNA
samples from all 456 F1 birds using Illumina GoldenGate arrays. Allelic imbalance was confirmed
in 861 (70%) of the 1,233 working assays. Infection was found to greatly impact the expression of
alleles from these genes over time, and significant differences in ASE were detected between
infected and uninfected individuals at all time points. The identified genes and pathways (e.g., cell
proliferation, apoptosis) are consistent with what is thought to be the case for MD genetic resistance. Thus, it was concluded that ASE is a powerful approach to identify regulatory variation
responsible for differences in transcript abundance. Experiments are currently underway to
www.annualreviews.org
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answer the major question, which is whether the SNPs showing ASE are also associated with MD
genetic resistance.
Smith et al. (53) also profiled gene expression in line 6 and 7 birds following MDV infection.
RNA was isolated at 2, 3, and 4 dpi to concentrate on the innate immune response. As is typical for
microarray-based studies, several genes and pathways were altered in comparing the two lines of
chickens. Most interesting, however, was the enrichment of HIC1 binding sites in the promoters of
genes that were repressed in response to viral infection. HIC1 is a transcription factor that drives
antitumor mechanisms. This would suggest that MDV is actively suppressing antitumor mechanisms. This type of analysis would not have been possible without the chicken genome sequence.
Furthermore, by conducting association analyses in MD resource populations, it was shown that
IRG1 has a potential role in MD susceptibility.
A direct approach to identify MD resistance genes and pathways takes advantage of the fact
that MDV Meq, the viral oncogene, is also a bZIP transcription factor. Thus, one can employ
chromatin immunoprecipitation using antibodies directed against Meq, followed by nextgeneration sequencing, to identify the regions in the chicken genome to which Meq binds. Integrating DNA microarrays to compare cells expressing Meq with those that do not theoretically
allows one to identify all the genes directly regulated by Meq. Furthermore, motif analysis of the
Meq-bound sites provides opportunities to account for ASE between lines 6 and 7. Preliminary
results using this strategy have been reported (54).
To summarize, through a combination of genetic and functional genomic approaches, a large
number of candidate genes have been identified, which confirms the multigenic nature of MD
genetic resistance. Experiments are under way to determine if MAS based on thousands of candidate genes and SNPs can select for and against MD resistance as well as to provide information
on how transferable the genetic markers are across various populations (H.H. Cheng, manuscript
in progress).

Salmonella
Rationale for enhanced genetic resistance. The importance of Salmonella as both a poultry and
a food-safety pathogen, along with the recognition early in the twentieth century of a heritable
basis for host resistance to Salmonella (55), has resulted in a long history of investigation into the
genetics and genomics of resistance to Salmonella in chickens. Depending upon the bacterial
species, Salmonella can either be highly pathogenic or cause virtually no response in the host.
Salmonella enterica serovars Gallinarum and Pullorum, both of which cause systemic salmonellosis, lack flagella and therefore are not recognized effectively by Toll-like receptor 5 (TLR5)
such that there is no strong inflammatory response to help limit the infection to the gut (56). The
inflammatory reaction induced by Salmonella Typhimurium and Salmonella Enteritidis (SE)
often limits the infection to the gastrointestinal tract, where it may establish a carrier state and
become a potential source of poultry-product contamination.
Birds with subclinical salmonellosis may remain in production flocks and transmit the zoonotic
bacteria into the food chain (57). Chicks infected with Salmonella upon hatching can be colonized
persistently, and the bacteria can infect table or hatching eggs laid by adult hens (58). SE accounts
for over three-fourths of the cases of food-borne salmonellosis (59). Chicken consumption is
a major risk factor in SE infections (60). Over one million cases of human infection with Salmonella
species occur each year in the United States alone (61). In addition, reduced growth and reproductive performance can occur as a result of microbial infection, even at subclinical levels (62).
Poultry resistance to Salmonella has provided a durable example of the integration of diverse
genetic and genomic approaches to elucidate the host genes, networks, and QTLs associated with
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resistance. The essential first stage in such studies is to determine that a genetic basis does indeed
underlie the traits of interest; this establishes the feasibility of identifying the specific genetic
components controlling resistance and thereby the potential to enhance host resistance by genetic
or genomic selection. Complex disease phenotypes often are divided into well-defined components
of the response, each of which typically has higher heritability than the total response. Heritability
of chick survival after Salmonella challenge ranged from 0.14 to 0.62 (63); number of bacteria in
internal organs, 0.02–0.29 (64); cecal carrier state, 0.06–0.20 (65); and spleen and cecal contamination, 0.13–0.47 and 0.24–0.53, respectively (66).
The estimated heritabilities of parameters of response to Salmonella, as well as the differences
between distinct genetic lines of chickens (67), strongly suggest that there is partial genetic control
of most response phenotypes and, therefore, that genetic selection to improve resistance to
Salmonella carrier state and salmonellosis is feasible. Genetic selection can be based on variation
in genomic structural or expression-level variation (63, 68–70). However, studies to date suggest
that many genes are associated with genetic control of response to Salmonella, and the effect of
most individual genes is rather small (see 71–75).
Candidate gene studies: structural polymorphisms. Strategies used to identify the genetic control
of resistance to Salmonella have spanned the spectra from gene-centric to genome-wide and from
variation in structure to variation in expression. They have also capitalized on the strengths of
using varied population structures, including inbred and congenic lines, diverse genetic populations, and outbred commercial lines. Outbred populations possess extensive phenotypic diversity for traits such as morphology, behavior, and disease susceptibility, predominantly owing to
underlying genetic diversity. Understanding the relationship between DNA sequence polymorphism and the variability observed for complex traits will increase opportunities for predicting
disease risk and also, in the case of livestock, allow selective breeding programs to maximize
improvement for the trait of interest. Both commercial and inbred lines of chickens differ in innate
immune responses to pathogen challenge. This correlates with disease resistance, and the differential responses are under genetic control (67, 76–78).
Early candidate gene studies on the molecular basis of Salmonella resistance in chickens effectively used a comparative approach by examining the role of major loci that control resistance of
mice to Salmonella Typhimurium infection. One-third of the differential resistance in mortality
after Salmonella infection in a BC of inbred chicken lines was associated with variation in the
natural resistance–associated macrophage protein 1 (NRAMP1, now termed SLC11A1 as
a member of the solute carrier gene family) and tenacin C (TNC, which was used as a marker for the
nearby lipopolysaccharide, or LPS, locus, known to control response to LPS in mice) (79).
Successful investigation of these biological candidate genes led the way to identification of other
positional and biological candidate genes. Located near the TNC locus is TLR4 (formerly LPS),
which encodes the receptor that binds LPS, a major component of gram-negative bacterial
membranes such as Salmonella. TLR4 was associated with response to Salmonella in chickens
(80,81). Associations with both SLC11A1 and TLR4 have subsequently been demonstrated
across a wide range of Salmonella-response phenotypes and chicken populations (72–75).
Many biological candidate genes have been associated with host response to Salmonella. A
major biological candidate gene region, the MHC, was selected for investigation because of
its association with many other disease-resistance traits. Once again, specialized experimental
populations served as an effective target of study; B-complex (MHC) congenic lines revealed
differences in mortality and morbidity after Salmonella challenge (82), and polymorphism in
MHC class I genes was associated with other Salmonella-response traits in experimental line
crosses (83, 84).
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Other candidate genes have been identified by their hypothesized roles in important pathways
of host response to Salmonella. Cytokines are essential communication molecules secreted by
immune system cells and other tissues. They serve a primary role in modulating pro- and antiinflammatory responses and in directing appropriate adaptive immune responses. Genetic variants
in cytokines and related genes have been associated with numerous Salmonella-resistance phenotypes (85–87). The antimicrobial b-defensin peptides serve in the innate immune response
against bacteria (88). Structural variants in several b-defensin genes were associated with bacterial
load in the cecal content or spleen tissue after Salmonella challenge (89). Apoptosis, or programmed cell death, is an important functional feature of the immune system, and genes in
apoptotic pathways (CASP1 and IAP1) have been associated with Salmonella persistence in
internal organs in both experimental crosses and commercial broilers (85, 90).
Experiments that test associations between candidate genes and Salmonella resistance can
seldom reject the possibility that the causal gene could be a nearby, rather than the specific, gene
tested because of LD between the tested marker and nearby genes. Therefore, additional supporting lines of evidence, including verification in independent populations, either by gene expression data or with genome-wide QTL scans, add confidence to the detected gene-resistance
phenotype associations. In addition to studies of tissues from animals infected with Salmonella,
insights into resistance mechanisms can be gained by intensive analysis of isolated, relevant cell
types and in vitro systems. For Salmonella infections, heterophils and macrophages are key responder cell types.
Expression variation: targeted genes to global arrays. Gene-targeted studies of mRNA expression changes associated with Salmonella infection in chickens have focused on three main
gene families: TLRs, cytokines, and b-defensins. The TLRs are pattern-recognition receptors
(PRRs) that initiate immune response after detection of pathogen-associated molecular patterns.
After SE challenge, TLR4 expression differed between chicken lines with different levels of
resistance to Salmonella (91). Diverse genetic lines of chickens exhibit different expression
patterns of up- and downregulation of TLR2, TLR4, and TLR5 in the spleen in response
to Salmonella infection (92). Downregulation, rather than the expected upregulation, of
TLR5, which recognizes bacterial flagella, supposedly has the beneficial effect of protecting
host cells from overstimulation (93). Expression of TLR15, an avian-unique TLR, differed
in heterophils isolated from broiler breeder chicken lines that differ for resistance to
Salmonella (94).
Salmonella infection induces expression of multiple chemokines, cytokines, and their receptors
in a variety of chicken tissues. After Salmonella infection, distinct chicken breeds express different
profiles of expression in the spleen or cecum, including IL10, IL12A, IL12B, IL18, CCLi2, and
CXCLi2, which may explain some of the general breed differences in immune response (95, 96).
Comparing four lines of broilers, including two parental lines and their F1 crosses, the heterophils
from the two phenotypically resistant lines, after isolation and treatment with SE, had higher levels
of expression of the proinflammatory cytokines IL6, IL8, and IL18 and lower levels of the antiinflammatory TGFB4 than the two susceptible lines (97). Responses to SE of heterophils from lines
that had undergone commercial selection for meat or egg production differed from those of
heterophils from an unimproved line, which had increased expression of pro- (IL6 and GM-CSF)
and anti-inflammatory (IL10 and TGFB4) cytokines (98). Macrophages isolated from blood of
resistant and susceptible lines of chickens produced cytokines with different kinetics and levels,
including more rapid and higher levels of IL18 in the resistant line, which suggests that Th1
adaptive immunity is important in protective responses (99). Although studies conducted with
a variety of genetic lines, challenge species of Salmonella, timing, and cells or tissues show some
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variation in results, IL1a, TNFa, IFNG, IL12, IL15, and IL18 generally appear to be associated
with a protective role, and IL4 and IL10 with inhibition of host defenses against Salmonella.
Because antimicrobial peptides are an important component of the innate immune response to
pathogens, the rapid expression of avian b-defensin (AvBD) genes after infection is likely important in resistance. Expression of AvBD genes in leukocytes was increased significantly within 6
h in response to Salmonella Typhimurium infection of broilers (100). Inbred chicken lines differing
in cecal bacterial carriage showed marked differences in expression of AvBD1 and AvBD2, with
higher expression in the line with the lower bacterial carriage (91). Salmonella infection interfered
with AvBD2 expression in the cells from a susceptible, but not a resistant, line (101). Collectively,
these studies reinforce the concept of an important role of the b-defensins in Salmonella resistance
in chickens.
Although it is rapidly being replaced by sequencing-based technologies, large-scale expression
profiling using microarrays has been a powerful tool to identify genes and biological pathways
associated with Salmonella infection phenotypes. A broad picture of the transcriptional differences
that occur in response to Salmonella infection, or between resistant and susceptible phenotypes,
can serve to direct future, targeted studies of gene function to identify the causal genes of Salmonella resistance. Both immune-centric and global expression microarrays have been used.
Immune-centric arrays are produced by selective placement of probes from immune system genes
or are produced from tissues relevant to the immune response. This approach increases the
likelihood that a large percentage of the included elements will be involved in response to infection
with Salmonella. Global arrays broadly represent all gene categories and have the potential to
discover novel pathways not identified previously with resistance phenotypes. Global arrays can
also serve as consistent platforms across studies of diverse physiological traits and therefore help to
integrate information about gene networks that interconnect many biological functions.
Studies have been conducted on Salmonella response and a variety of tissues or cell types using
immune-centric microarrays. Both infection status and genetic line have major impacts on differences in gene expression. In a study of intestinal tissue from two broiler lines, genes of the innate
immune system and wound healing were upregulated after Salmonella infection (102). The lines,
however, differed in expression of genes involved in inflammation, acute phase response, fibrinogen system, and actin-polymerization pathways. In a related study, line-specific responses to
Salmonella included genes related to T cell activation and macrophage function (103). Transcriptional profiles of the HD11 chicken macrophage cell line after SE infection were assayed
on a 5K microarray generated from activated macrophages/monocytes (104). The chemokine
ah294 (CCL5 or RANTES) had the highest expression, and IL6 and antiapoptotic genes were
also upregulated. Genes associated with cell proliferation, adhesion, and transcription were
downregulated.
Using a chicken 13K cDNA global array with transcripts derived from 24 tissue and cell sources
(105), many cytokines, chemokines, and genes related to apoptosis and T cell functions were
significantly differentially expressed in spleen between SE-inoculated and noninoculated chicks, as
well as between chicks with high and low bacterial burden (106). With the same microarray,
diverse genetic lines of birds were shown to preferentially use different biological systems in their
early, innate response to Salmonella infection. One line predominantly used immune response;
another line, apoptosis and nonimmune cellular responses; and the third line, immune defense
mechanisms (S.J. Lamont & H. Zhou, unpublished data).
Heterophils from relatively resistant and relatively susceptible commercial broiler lines exposed to SE in vitro were evaluated for transcriptional profile using a 44K global array (107). The
susceptible line had more downregulated immune-function genes than the resistant line. Immunerelated genes that were upregulated in the resistant line included members of the TLR-signaling
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pathway and genes that activate T helper cells. Analysis of the chicken HD11 macrophage cell line
after stimulation with Salmonella-derived endotoxin, using the same 44K array, showed that the
NFKBIA, IL1B, IL8, and CCL4 genes were induced. Expression of the intracellular PRR NLRC5
(a NOD-like receptor family member) was also induced, which signified the first demonstration of
its potential function in the response to Salmonella in chicken macrophages (108).
Although varied experimental designs and microarray platforms have generated varied results,
some consistent pictures emerge from use of this experimental approach regarding important
pathways associated with response to Salmonella. Strong candidates for genetic control of
Salmonella in poultry, as identified through large-scale transcriptional profiles, include TLR,
cytokine, and antimicrobial b-defensin genes, as well as genes involved in T cell function and
apoptosis.
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QTLs: from genomic regions to genes. Identification of QTLs for response to Salmonella has
progressed over time, from the use of low-density microsatellite markers; through moderatedensity SNP panels (8); to the current, routine genotyping of over one-half million SNPs. The
increasing marker density allows increasingly fine mapping of the QTL location, which facilitates
identification of the specific causal genes or nucleotides underlying the QTL.
The most prominent example of QTL mapping is the identification of SAL1. Mariani et al.
(109) identified a significant linkage between spleen colonization with Salmonella and genetic
markers on chromosome 5 and named the QTL SAL1. Subsequent fine-mapping of the SAL1
region revealed two strong functional candidates for Salmonella response: AKT1 (protein kinase
B, or PKB) and CD27 binding protein (SIVA) (76). Fine-mapping of heterophil functional response
to Salmonella in a highly advanced intercross strongly supported the SAL1 QTL position containing AKT1 and SIVA and suggested heterophil function as a specific mechanism to explain the
host-resistance properties that map to this region (110).
Many QTL regions associated with resistance to Salmonella carrier state, antibody response,
or salmonellosis have been identified through genome scans located widely throughout the
genome (69, 77, 111–114). This large QTL number supports the highly polygenetic nature of the
host response, but QTLs with effects as large as 37% of the phenotypic variance in carrier state
have been identified (111). Some QTLs are in regions known to contain immune-response genes,
such as the MHC (111), or in regions in which previous studies have identified associations of
gene SNPs with Salmonella-response phenotypes (82, 83). Locations of QTLs have also been
verified from experimental to commercial populations (115), which demonstrates the effectiveness of using experimental populations to identify QTLs of value in commercial application.
QTLs associated with response to both SE and Escherichia coli have also been identified (116),
suggesting that some QTLs are associated with general properties of response to bacteria, which
may make them especially useful in selection for improved resistance. The convergence of
multiple lines of evidence for genomic control of host resistance to Salmonella, using independent populations and different strategies, strengthens confidence in the true existence of
these QTL associations and encourages detailed study of these genomic regions to identify the
causal mutations.

Campylobacter
Rationale for enhanced genetic resistance. Campylobacter is the leading cause of acute enteritis in
humans, and infections may be complicated by severe sequelae, including inflammatory neuropathies and reactive arthritis. In the United Kingdom, there were 65,000 laboratory-confirmed
cases of human infection in 2009 (a 17% rise over the preceding year), and eight times as many
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cases are estimated to be unreported (117). It is thought that 20–30% of cases result from handling
or consuming contaminated broiler meat, and up to 80% of cases are attributable to the chicken
reservoir as a whole (118). Campylobacter was detected in 65% of chicken samples on retail
sale in the United Kingdom during 2007–2008 (119), and a pressing need exists for strategies to
reduce entry of Campylobacter into the food chain. That on-farm control of Campylobacter is
required to reduce the incidence of zoonosis is widely acknowledged.
Campylobacter may be a part of the normal avian gut flora owing to the asymptomatic carriage
of the bacteria (i.e., essentially a commensal); therefore, at first consideration resistance to colonization would seem unlikely. However, increasing evidence suggests that, rather than being
a commensal of the chicken, Campylobacter is actually a very accomplished pathogen. Campylobacter jejuni can colonize up to 108 colony-forming units per gram of intestinal content, has
the ability to invade the intestinal mucosa (120), and generates an antibody response during
colonization (121). Campylobacter induced proinflammatory cytokines and chemokines in
a chick epithelial cell model (122), and infection of chickens with Campylobacter induced a rapid
influx of heterophils (the avian functional equivalent of the mammalian neutrophil) into the gut
and the production of proinflammatory cytokines and chemokines in the intestinal epithelium
(123). Such data indicate that Campylobacter can induce typical innate immune responses, although these are time- and magnitude-limited compared with similar responses induced by
Salmonella serovars. The surface of Campylobacter is decorated with a plethora of carbohydrate
moieties that may enable it to evade activation of avian innate immunity and thereby colonize
poultry by stealth. Bacterial pathogens associated with enteric fever use such strategies (124),
and it is noteworthy that C. jejuni can sometimes be found in deep muscle and visceral organs.
C. jejuni may evade detection by avian TLR5, because mutant strains lacking genes responsible
for glycosylation of the flagella elicit stronger proinflammatory cytokine responses in chick ceca
and exhibit defects in intestinal persistence relative to the parent strain (125). Salmonella
Typhimurium strains expressing the C. jejuni proteins CjaA or Peb1A elicit protection against
intestinal colonization of chickens by C. jejuni (126), which suggests that immune control of
C. jejuni in the avian intestines may be feasible.
Host variability in Campylobacter colonization of the chicken intestine was observed in young
chicks over twenty years ago (127), and resistance to cecal colonization by C. jejuni is significantly
influenced by the chicken host lineage (128). Boyd et al. (128) examined the ability of C. jejuni to
colonize the intestines of four different inbred lines for 2–3 weeks postinoculation on the day of
hatch. There was a consistent ten- to one hundred–fold difference between the four inbred lines in
the number of C. jejuni present in the cloaca or in the ceca; the greatest differences were detected
between line N, which carried relatively high bacterial levels, and line 61, which carried relatively
low numbers of bacteria. The MHC apparently was not a major factor in determining the resistance. The difference in numbers of colonizing bacteria was observed as early as 24 h after
challenge and was still present at the end of the experiment. The effect appears independent of
bacterial strain and age of bird; it was evident with both strain 14N and strain 81176 in newly
hatched line 61 versus line N chicks (128) and in birds challenged at three weeks of age with strain
11168H. Reciprocal BC experiments between lines N and 61 revealed that the difference in
bacterial numbers was heritable (128), which suggests the possibility of identifying the genes
responsible by genetic mapping and candidate gene analysis.
Genome-wide and functional genomic scans. Despite associations between several Campylobacter genes and colonization (129), little is known about host gene associations with resistance to
Campylobacter colonization. In our recent study (P. Kaiser, J. Howell & M. Fife, unpublished
data), we used lines 61 (resistant) and N (susceptible) in a BC experimental design. A total of 1,243
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SNP markers, fully informative for the two lines, were used in a genome-wide screen for the
identification of QTLs associated with levels of Campylobacter gut colonization in the first few
dpi. Analysis of log-transformed cecal bacterial levels between the parental lines revealed a significant difference on all four dpi (P < 0.05). Four QTLs were identified through analysis of the BC
(F1xN) population. These included one genome-wide significant QTL on chromosome 11 at ∼12
Mb and a QTL on chromosome 7 at ∼28 Mb, which was highly significant at the chromosomewide level. Two further QTLs on chromosomes 12 and 27, at ∼18 Mb and ∼1 Mb, respectively,
were also significant at the chromosome-wide level.
Four QTLs for resistance to colonization with Salmonella Typhimurium were identified in
a similar BC between lines 61 and N (77). Three of them were at different genomic locations than
the four QTLs identified in this study; the fourth was at the distal end of chromosome 12,
overlapping significantly with the QTL identified at the distal end of chromosome 12 in this
study. The 1-LOD-drop intervals of the two chromosome 12 QTLs cover approximately 3.5
Mb, although the QTLs could extend to the end of chromosome 12 (20.5 Mb). This is a
comparatively gene-poor region of the chicken genome, with only 75 genes annotated, as well
as one microRNA and one novel small nucleolar RNA. Among these there are several interesting
candidate genes, including some involved in signaling leading to transcription and others with
a more intriguing potential role in resistance to bacterial infection. For example, interleukin-1
receptor-associated kinase-like 2 (IRAK2) is one of two serine/threonine kinases that associate
with the IL1 receptor upon stimulation, and it plays a role in upregulation of NF-kB. NF-kB
signaling has a role in the induced innate responses to both Salmonella and Campylobacter
infection in mammals, driving production of the proinflammatory cytokines IL1b, IL6, IL8, and
TNFa. Infection of chickens with Salmonella (130, 131) or Campylobacter (121, 123) drives the
production of IL1b, IL6, and IL8, presumably through NF-kB. Other genes in this region whose
products have a role in signaling are PP4R2 (serine/threonine-protein phosphatase 4 regulatory
subunit 2); RYBP (RING1 and YY1 binding protein), a repressor protein for transcription
factors; and LRIG1 (leucine-rich repeats and immunoglobulin-like domains 1), which interacts
with receptor tyrosine kinases of the EGFR family. Caveolin 3 (CAV3) plays a crucial role in
endocytosis but also provides a scaffold for signaling molecules. Leiomodin 3 (LMOD3) is an
actin filament nucleator. Finally, GHRL encodes the peptide hormones ghrelin and obestatin,
which in mammals are thought to be produced in the cells lining the stomach and small intestine (132). Though the influence of obestatin on Campylobacter is unknown, the stressrelated catecholamine hormone noradrenaline activates growth, motility, and invasion by
C. jejuni (133), and it is plausible that other examples of such interkingdom signaling exist.
Polymorphisms in any of the genes identified could influence susceptibility to colonization by
either Salmonella or Campylobacter.
Li et al. (134–136) used the complementary approach of whole-genome gene expression
analysis by microarray to compare responses to Campylobacter infection between two parental
commercial lines of chickens that also differ in resistance to Campylobacter colonization (137).
They demonstrated differential responses between the lines and between infected and noninfected
birds. In the spleen, more genes were differentially expressed in response to infection in the resistant
line than in the susceptible line. Specifically, genes for lymphocyte activation, differentiation, and
humoral responses were upregulated in the resistant line, whereas genes for regulation of
erythrocyte differentiation, hemopoiesis, and RNA biosynthesis were all downregulated in the
susceptible line. An interaction analysis between genetic lines and treatment demonstrated distinct
defense mechanisms between lines: the resistant line upregulated genes involved in apoptosis and
cytochrome c release from mitochondria, whereas the susceptible line responded by downregulating genes involved in both functions (137).
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CONCLUDING THOUGHTS: CHALLENGES AND OPPORTUNITIES
Steady progress clearly has been made in identifying the genetic determinants of resistance for
several poultry diseases as well as in gaining a greater understanding of the underlying biology.
This progress will continue using the methods mentioned, as well as new ones, which are difficult
to predict though they are usually adopted readily and have major impact. Of particular interest is
the implementation of genomic selection, in which genetic markers evenly spaced throughout the
genome are able to capture the majority of the genetic variation for complex traits (138). Owing to
its promise, all major poultry-breeding companies are evaluating this new and exciting method,
which is equal, if not superior, to best linear unbiased prediction, the current state-of-the-art
method for breeding (139, 140; H.H. Cheng, unpublished data). Although selection for enhanced
disease resistance is one of the most discussed advantages for genomic selection, many scientific
(e.g., analysis) and logistical (e.g., SNP chip cost) problems must be resolved before it can be
implemented on a routine basis.
It is also becoming apparent that biology is much more complex than long thought. Fields such
as epigenetics, RNA modification, alternative splicing, and microRNAs indicate that complete
biological knowledge will require in-depth information at multiple levels. Thus, efforts must be
made to annotate the chicken genome at a level similar to that of human and other model
organisms (141). Similarly, the interplay of nutrition and gut microbes is becoming increasingly
important in understanding not only gut function but also overall host immune responses (142).
These metagenomic studies offer the potential to identify specific determinants of environmental
factors for complex traits, may partially explain the growth-promoting action of antibiotics, and
provide new and fertile avenues for enhancing disease resistance.
In closing, it is an extremely exciting period for biologists. New findings and technologies are
bringing closer the ever-elusive goal of bridging from genotype to phenotype. Ultimately, combining existing and new technologies should allow for precise and economical genetic selection of
poultry for enhanced disease resistance, which will lead to enhanced animal welfare, productivity,
and food safety.

SUMMARY POINTS
n The poultry industry needs to enhance genetic resistance for infectious diseases to enhance
animal health and welfare, for profitability, to maintain consumer confidence, and as
a means to augment current animal husbandry and vaccines.
n With the chicken genome sequence and powerful tools (e.g., high-density SNP chips, nextgeneration sequencing), the field of genomics can identify genes and genetic markers that can
be used to increase genetic resistance or improve vaccinal response to specific pathogens.
n Owing to the difficulty of identifying specific genes that account for disease resistance
using QTL-mapping efforts alone, integrated genomic approaches (e.g., transcript profiling to provide candidate genes for use in association studies) are required.
n Owing to its simplicity and power, allele-specific expression (ASE) screening is one of the
more promising approaches to identify candidate genes. It is especially amenable for
disease resistance studies because it compares RNA derived from two states only (uninfected versus infected birds).
n Integrated efforts to identify disease resistance for Marek’s disease, Salmonella, and
Campylobacter have successfully identified many genes and other strong candidates as
well as provided information on the biological pathways involved in the response to the
pathogens.
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n If breeding values of markers for disease resistance are determined, then genomic
selection of unchallenged individuals using markers spaced throughout the genome will
become an attractive method for poultry-breeding companies to select for enhanced
disease resistance.
n Given the power and precision of next-generation sequencing, enormous data sets will
be produced that will provide increasing insights into complex traits such as disease
resistance. However, there will be significant bioinformatic challenges to properly
handling and analyzing the data.
n To address the increasing complexity of disease resistance, the majority of chicken genes
must be experimentally annotated using functional data from chickens.
n New technologies, like those developed in the past (e.g., PCR, automated sequencing,
microarrays), will continue to play important but unpredictable roles in genomics.
n As always, phenotype remains key and is often the rate-limited step. Many disease
problems in the poultry industry are not caused by single pathogens but rather are
syndromes caused by multiple pathogens and exacerbated by stress or nutritional
challenges. Defining which phenotypes to measure in these complex challenges to
quantify disease resistance will require a deeper understanding of their pathology.

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS
The authors greatly appreciated all the members of the poultry community for contributing
resources and information freely amongst the group.
LITERATURE CITED
1. Food Agric. Organ. Stat. Div. (FAOSTAT). 2012. http://faostat.fao.org
2. Int. Chick. Genome Seq. Consort. 2004. Sequence and comparative analysis of the chicken genome
provide unique perspectives on vertebrate evolution. Nature 432:695–716
3. Havenstein GB, Ferket PR, Qureshi MA. 2003. Carcass composition and yield of 1957 versus 2001
broilers when fed representative 1957 and 2001 broiler diets. Poult. Sci. 82:1509–18
4. Clutter AC. 2011. Genetics of performance traits. In The Genetics of the Pig, ed. MF Rothschild, A
Ruvinsky, pp. 325–54. Wallingford, UK: CAB Int. 2nd ed.
5. Moore SS, Mujibi FD, Sherman EL. 2009. Molecular basis for residual feed intake in beef cattle. J. Anim.
Sci. 86:E41–47
6. Int. Chick. Polymorph. Map Consort. 2004. A genetic variation map for chicken with 2.8 million single
nucleotide polymorphisms. Nature 432:717–22
7. Muir WM, Wong GKS, Zhang Y, Wang J, Groenen MAM, et al. 2008. Review of the initial validation
and characterization of a 3K chicken SNP array. World’s Poult. Sci. J. 64:219–25
8. Groenen MAM, Megens H-J, Zare Y, Warren WC, Hillier LW, et al. 2011. The development and
characterization of a 60K SNP chip for chicken. BMC Genomics 12:274

254

Cheng



Kaiser



Lamont

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

9. Natl. Anim. Genome Proj. Animal Quantitative Trait Locus Database. Version 17. http://www.
animalgenome.org/cgi-bin/QTLdb/index
10. Maher B. 2008. The case of the missing heritability. Nature 456:18–21
11. Fisher RA. 1918. The correlation between relatives on the supposition of Mendelian inheritance. Trans.
R. Soc. Edinb. 52:399–433
12. Stamatoyannopoulos JA. 2004. The genomics of gene expression. Genomics 84:449–57
13. Churchill AE, Biggs PM. 1967. Agent of Marek’s disease in tissue culture. Nature 215:528–30
14. Nazerian K, Burmester BR. 1968. Electron microscopy of a herpes virus associated with the agent of
Marek’s disease in cell culture. Cancer Res. 28:2454–62
15. Morrow C, F Fehler. 2004. Marek’s disease: a world-wide problem. In Marek’s Disease, ed. F Davison,
V Nair, pp. 49–61. London: Elsevier Academic Press
16. Purchase HG, Okazaki W. 1971. Effect of vaccination with herpesvirus of turkeys (HVT) on horizontal
spread of Marek’s disease herpesvirus. Avian Dis. 15:391–97
17. Witter RL, Sharma JM, Fadly AM. 1980. Pathogenicity of variant Marek’s disease isolates in vaccinated
and unvaccinated chickens. Avian Dis. 24:210–32
18. Schat KA, Calnek BW, Fabricant J, Abplanalp H. 1981. Influence of oncogenicity of Marek’s disease
virus on evaluation of genetic resistance. Poult. Sci. 60:2559–66
19. Osterrieder N, Kamil JP, Schumacher D, Tischer BK, Trapp S. 2006. Marek’s disease virus: from miasma
to model. Nat. Rev. Microbiol. 4:283–94
20. Asmundson VS, Biely J. 1932. Inheritance and resistance to fowl paralysis (Neurolymphomatosis
gallinarum): I. Differences in susceptibility. Can. J. Res. 6:171–76
21. Briles WE, Stone HA, Cole RK. 1977. Marek’s disease: effects of B histocompatibility alloalleles in
resistant and susceptible chicken lines. Science 195:193–95
22. Cole RK. 1968. Studies on genetic resistance to Marek’s disease. Avian Dis. 12:9–28
23. Addinger HK, Calnek BW. 1973. Pathogenesis of Marek’s disease: early distribution of virus and viral
antigens in infected chickens. J. Natl. Cancer Inst. 50:1287–98
24. Fabricant J, Ianconescu N, Calnek BW. 1977. Comparative effects of host and viral factors on early
pathogenesis of Marek’s disease. Infect. Immun. 16:136–44
25. Hunt HD, Fulton JE. 1998. Analysis of polymorphisms in the major expressed class I locus (B-FIV) of the
chicken. Immunogenetics 47:456–76
26. Gallatin WM, Longenecker BM. 1979. Expression of genetic resistance to an oncogenic herpesvirus at
the target cell level. Nature 280:587–89
27. Powell PC, Lee LF, Mustill BM, Rennie M. 1982. The mechanism of genetic resistance to Marek’s disease
in chickens. Int. J. Cancer 29:169–74
28. Fredericksen TL, Gilmour DG. 1981. Chicken lymphocyte alloantigen genes and responsiveness of
whole blood cells to concanavalin A. Fed. Proc. 40:977
29. Lee LF, Powell PC, Rennie M, Ross LJN, Payne LN. 1981. Nature of genetic resistance to Marek’s
disease. J. Natl. Cancer Inst. 66:789–96
30. Zhang HM, Hunt HD, Kulkarni GB, Palmquist DE, Bacon LD. 2006. Lymphoid organ size varies among
inbred lines 63 and 72 and their thirteen recombinant congenic strains of chickens with the same major
histocompatibility complex. Poult. Sci. 85:844–53
31. Wakenell PS, Miller MM, Goto RM, Gauderman WJ, Briles WE. 1996. Association between the Rfp-Y
haplotype and the incidence of Marek’s disease in chickens. Immunogenetics 44:242–45
32. Praslickova D, Sharif S, Sarson A, Abdul-Careem MF, Zadworny D, et al. 2008. Association of
a marker in the vitamin D receptor gene with Marek’s disease resistance in poultry. Poult. Sci.
87:1112–19
33. Vallejo RL, Bacon LD, Liu HC, Witter RL, Groenen MA, et al. 1998. Genetic mapping of quantitative
trait loci affecting susceptibility to Marek’s disease virus induced tumors in F2 intercross chickens.
Genetics 148:349–60
34. Yonash N, Bacon LD, Witter RL, Cheng HH. 1999. High resolution mapping and identification of new
quantitative trait loci (QTL) affecting susceptibility to Marek’s disease. Anim. Genet. 30:126–35
35. Bumstead N. 1998. Genomic mapping of resistance to Marek’s disease. Avian Pathol. 27:S78–81

www.annualreviews.org



Chicken Genetic Disease Resistance

255

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

36. Webb JR, Lee SH, Vidal SM. 2002. Genetic control of innate immune responses against cytomegalovirus: MCMV meets its match. Genes Immun. 3:250–62
37. McElroy JP, Dekkers JCM, Fulton JE, O’Sullivan NP, Soller M, et al. 2005. Microsatellite markers
associated with resistance to Marek’s disease in commercial layer chickens. Poult. Sci. 84:1678–88
38. Heifetz EM, Fulton JE, O’Sullivan NP, Arthur JA, Cheng H, et al. 2009. Mapping QTL affecting resistance to Marek’s disease in an F6 advanced intercross population of commercial layer chickens. BMC
Genomics 10:20
39. Hartmann W. 1989. Evaluation of “major genes” affecting disease resistance in poultry in respect to their
potential for commercial breeding. Prog. Clin. Biol. Res. 307:221–31
40. Liu HC, Cheng HH, Sofer L, Burnside J. 2001. A strategy to identify positional candidate genes conferring Marek’s disease resistance by integrating DNA microarrays and genetic mapping. Anim. Genet.
32:351–59
41. Sarson A, Wang Y, Kang Z, Dowd S, Lu Y, et al. 2009. Gene expression profiling within the spleen of
Clostridium perfringens–challenged broilers fed antibiotic-medicated and non-medicated diets. BMC
Genomics 10:260
42. Morgan RW, Sofer L, Anderson AS, Bernberg EL, Cui J, Burnside J. 2001. Induction of host gene
expression following infection of chicken embryo fibroblasts with oncogenic Marek’s disease virus. J.
Virol. 75:533–39
43. Levy AM, Gilad O, Xia L, Izumiya Y, Choi J, et al. 2005. Marek’s disease virus Meq transforms chicken
cells via the v-Jun transcriptional cascade: a converging transforming pathway for avian oncoviruses.
Proc. Natl. Acad. Sci. USA 102:14831–36
44. Niikura M, Liu HC, Dodgson JB, Cheng HH. 2004. A comprehensive screen for chicken proteins that
interact with proteins unique to virulent strains of Marek’s disease virus. Poult. Sci. 83:1117–23
45. Liu HC, Kung HJ, Fulton JE, Morgan RW, Cheng HH. 2001. Growth hormone interacts with the
Marek’s disease virus SORF2 protein and is associated with disease resistance in chicken. Proc. Natl.
Acad. Sci. USA 98:9203–8
46. Liu HC, Niikura M, Fulton J, Cheng HH. 2003. Identification of chicken stem lymphocyte antigen 6
complex, locus E (LY6E, alias SCA2) as a putative Marek’s disease resistance gene via a virus-host protein
interaction screen. Cytogenet. Genome Res. 102:304–8
47. Kuhnlein U, Ni L, Weigend S, Gavora JS, Fairfull W, Zadworny D. 1997. DNA polymorphisms in the
chicken growth hormone gene: response to selection for disease resistance and association with egg
production. Anim. Genet. 28:116–23
48. Niikura M, Kim T, Hunt HD, Burnside J, Morgan RW, et al. 2007. Marek’s disease virus upregulates major histocompatibility complex class II cell surface expression in infected cells. Virology
359:212–19
49. Buza J, Burgess S. 2008. Different signaling pathways expressed by chicken naïve CD4þ T cells, CD4þ
lymphocytes activated with staphylococcal enterotoxin B, and those malignantly transformed by
Marek’s disease virus. J. Proteome Res. 7:2380–87
50. Burgess SC. 2004. Marek’s disease lymphomas. In Marek’s Disease: An Evolving Problem, ed.
F Davison, V Nair, pp. 98–111. San Diego, CA: Elsevier Acad.
51. Liu HC, Soderblom EJ, Goshe MB. 2006. A mass spectrometry-based proteomic approach to study
Marek’s Disease Virus gene expression. J. Virol. Methods 135:66–75
52. MacEachern S, Muir WM, Crosby S, Cheng HH. 2012. Genome-wide identification and quantification
of cis- and trans-regulated genes responding to Marek’s disease virus infection via analysis of allelespecific expression. Front. Livest. Genet. 2:113
53. Smith J, Sadeyen JR, Paton IR, Hocking PM, Salmon N, et al. 2011. Systems analysis of immune
responses in Marek’s disease virus-infected chickens identifies a gene involved in susceptibility and
highlights a possible novel pathogenicity mechanism. J. Virol. 85:11146–58
54. Cheng H, MacEachern S, Subramaniam S, Muir WM. 2012. Chicks and single-nucleotide polymorphisms: an entrée into identifying genes conferring disease resistance in chicken. Anim. Prod. Sci.
52:151–56
55. Roberts E, Card LE. 1926. The inheritance of resistance to bacillary white diarrhea. Poult. Sci. 6:18–23

256

Cheng



Kaiser



Lamont

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

56. Chappell L, Kaiser P, Barrow P, Jones MA, Johnston C, Wigley P. 2009. The immunobiology of avian
systemic salmonellosis. Vet. Immunol. Immunopathol. 128:53–59
57. Doyle M, Erickson MC. 2006. Reducing the carriage of foodborne pathogens in livestock and poultry.
Poult. Sci. 85:960–73
58. Gast RK, Holt PS. 1998. Persistence of Salmonella enteritidis from one day of age until maturity in
experimentally infected layer chickens. Poult. Sci. 77:1759–62
59. Kramer TT, Reinke CR, James M. 1998. Reduction of fecal shedding and egg contamination of
Salmonella enteritidis by increasing the number of heterophil adaptations. Avian Dis. 42:585–88
60. Kimura AC, Reddy V, Marcus R, Cieslak PR, Mohle-Boetani JC, et al. 2004. Chicken consumption
is a newly identified risk factor for sporadic Salmonella enterica serotype Enteritidis infections in the
United States: a case-control study in FoodNet sites. Clin. Infect. Dis. 38:S244–52
61. Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, et al. 1999. Food-related illness and death in the
United States. Emerg. Infect. Dis. 5:607–25
62. Klasing KC, Korver DR. 1997. Leukocytic cytokines regulate growth rate and composition following
activation of the immune system. J. Anim. Sci. 75:58–67
63. Beaumont C, Chapuis H, Protais J, Sellier N, Menanteau P, et al. 2009. Resistance to Salmonella carrier
state: selection may be efficient but response depends on animal’s age. Genet. Res. 91:161–69
64. Girard-Santosuosso O, Lantier F, Lantier I, Bumstead N, Elsen J, Beaumont C. 2002. Heritability of
susceptibility to Salmonella enteritidis infection in fowls and test of the role of the chromosome carrying
the NRAMP1 gene. Genet. Sel. Evol. 34:211–19
65. Berthelot F, Beaumont C, Mompart F, Girard-Santosuosso O, Pardon P, Duchet-Suchaux M. 1998.
Estimated heritability of the resistance to cecal carrier state of Salmonella enteritidis in chickens. Poult.
Sci. 77:797–801
66. Beaumont C, Protais J, Guillot JF, Colin P, Proux K, et al. 1999. Genetic resistance to mortality of
day-old chicks and carrier-state of hens after inoculation with Salmonella enteritidis. Avian Pathol.
28:131–35
67. Barrow PA, Bumstead N, Marston K, Lovell MA, Wigley P. 2004. Faecal shedding and intestinal
colonization of Salmonella enterica in in-bred chickens: the effect of host-genetic background. Epidemiol.
Infect. 132:117–26
68. Swaggerty CL, Pevzner IY, He H, Genovese KJ, Nisbet DJ, et al. 2009. Selection of broilers with improved innate immune responsiveness to reduce on-farm infection by foodborne pathogens. Foodborne
Pathog. Dis. 6:777–93
69. Calenge F, Legarra A, Beaumont C. 2011. Genomic selection for carrier-state resistance in chicken
commercial lines. BMC Proc. 5(Suppl. 4):S24
70. Legarra A, Calenge F, Mariani P, Velge P, Beaumont C. 2011. Use of a reduced set of single nucleotide
polymorphisms for genetic evaluation of resistance to Salmonella carrier state in laying hens. Poult. Sci.
90:731–36
71. Lamont SJ, Dekkers JCM, Burnside J. 2008. Immunogenetics and mapping immunological functions. In
Avian Immunology, ed. F Davison, B Kaspars, KA Schat, pp. 223–40. San Diego, CA: Elsevier
72. Lamont SJ. 2008. Variation in chicken gene structure and expression associated with food-safety
pathogen resistance: integrated approaches to Salmonella resistance. In Genomics of Disease, ed. JP
Gustafson, G Stacey, J Taylor, pp. 57–66. New York: Springer
73. Lamont SJ. 2010. Salmonella in chickens. In Breeding for Disease Resistance in Farm Animals, ed. SC
Bishop, RFE Axford, FW Nicholas, JB Owen, pp. 213–31. Cambridge, MA: CAB Int.
74. Calenge F, Kaiser P, Vignal A, Beaumont C. 2010. Genes controlling variations for resistance to salmonellosis and to Salmonella carrier-state in fowl: a review. Genet. Sel. Evol. 42:11
75. Cheng H, Lamont SJ. 2013. Genetics of disease resistance. In Diseases of Poultry, ed. YM Saif, A Fadly,
J Glisson, I McDonald, L Nolan, D Swayne. Ames, Iowa: Blackwell. 13th ed. In press
76. Fife MS, Salmon N, Hocking PM, Kaiser P. 2009. Fine mapping of the chicken salmonellosis resistance
locus (SAL1). Anim. Genet. 40:871–77
77. Fife MS, Howell J, Salmon N, Hocking P, Vandiemen P, et al. 2011. Genome-wide SNP analysis
identifies major QTL for Salmonella colonisation in the chicken. Anim. Genet. 42:134–40

www.annualreviews.org



Chicken Genetic Disease Resistance

257

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

78. Kaiser P, Howell J, Fife M, Sadeyen JR, Salmon N, et al. 2008. Integrated immunogenomics in the
chicken: deciphering the immune response to identify disease resistance genes. Dev. Biol. 132:57–66
79. Hu J, Bumstead N, Barrow P, Sebastiani G, Olien L, et al. 1997. Resistance to salmonellosis in the
chicken is linked to NRAMP1 and TNC. Genome Res. 7:693–704
80. Beaumont C, Protais J, Pitel F, Leveque G, Malo D, et al. 2003. Effect of two candidate genes on the
Salmonella carrier state in fowl. Poult. Sci. 82:721–26
81. Leveque G, Forgetta V, Morroll S, Smith AL, Bumstead N, et al. 2003. Allelic variation in TLR4 is linked
to susceptibility to Salmonella enterica serovar Typhimurium infection in chickens. Infect. Immun.
71:1116–24
82. Cotter PF, Taylor RL Jr, Abplanalp H. 1998. B-complex associated immunity to Salmonella enteritidis
challenge in congenic chickens. Poult. Sci. 77:1846–51
83. Liu W, Miller MM, Lamont SJ. 2002. Association of MHC class I and class II gene polymorphisms with
vaccine or challenge response to Salmonella enteritidis in young chicks. Immunogenetics 54:582–90
84. Zhou H, Lamont SJ. 2003. Chicken MHC class I and II gene effects on antibody response kinetics in adult
chickens. Immunogenetics 55:133–40
85. Kramer J, Malek M, Lamont SJ. 2003. Association of twelve candidate gene polymorphisms and response to challenge with Salmonella enteritidis in poultry. Anim. Genet. 34:339–48
86. Malek M, Lamont SJ. 2003. Association of INOS, TRAIL, TGF-b2, TGF-b3, and IgL genes with
response to Salmonella enteritidis in poultry. Genet. Sel. Evol. 5:S99–111
87. Ghebremichael SB, Hasenstein JR, Lamont SJ. 2008. Association of interleukin-10 cluster genes and
Salmonella response in the chicken. Poult. Sci. 87:22–26
88. van Dijk A, Veldhuizen EJA, Haagsman HP. 2008. Avian defensins. Vet. Immunol. Immunopathol.
124:1–18
89. Hasenstein JR, Lamont SJ. 2007. Chicken Gallinacin gene cluster associated with Salmonella response
in advanced intercross line. Avian Dis. 51:561–67
90. Liu W, Lamont SJ. 2003. Candidate gene approach: potentional association of caspase-1, inhibitor of
apoptosis protein-1, and prosaposin gene polymorphisms with response to Salmonella enteritidis
challenge or vaccination in young chicks. Anim. Biotechnol. 14:61–76
91. Sadeyen JR, Trotereau J, Protais J, Beaumont C, Sellier N, et al. 2006. Salmonella carrier-state in hens:
study of host resistance by a gene expression approach. Microbes Infect. 8:1308–14
92. Abasht B, Kaiser MG, van der Poel J, Lamont SJ. 2009. Genetic lines differ in Toll-like receptor gene
expression in spleen of chicks inoculated with Salmonella enterica serovar Enteritidis. Poult. Sci.
88:744–49
93. Abasht B, Kaiser MG, Lamont SJ. 2008. Toll-like receptor gene expression in cecum and spleen of
advanced intercross line chicks infected with Salmonella enterica serovar Enteritidis. Vet. Immunol.
Immunopathol. 123:314–23
94. Nerren JR, Swaggerty CL, MacKinnon KM, Genovese KJ, He H, et al. 2009. Differential mRNA expression of the avian-specific toll-like receptor 15 between heterophils from Salmonella-susceptible and
-resistant chickens. Immunogenetics 61:71–77
95. Cheeseman JH, Kaiser MG, Ciraci C, Kaiser P, Lamont SJ. 2007. Breed effect on early cytokine mRNA
expression in spleen and cecum of chickens with and without Salmonella enteritidis infection. Dev.
Comp. Immunol. 31:52–60
96. Coble DJ, Redmond SB, Hale B, Lamont SJ. 2011. Distinct lines of chickens express different splenic
cytokine profiles in response to Salmonella enteritidis challenge. Poult. Sci. 90:1659–63
97. Swaggerty CL, Kogut MH, Ferro PJ, Rothwell L, Pevzner IY, Kaiser P. 2004. Differential cytokine
mRNA expression in heterophils isolated from Salmonella-resistant and -susceptible chickens. Immunology 113:139–48
98. Redmond SB, Chuammitri P, Palic D, Andreasen CB, Lamont SJ. 2009. Chicken heterophils from
commercially selected and non-selected genetic lines express cytokines differently after in vitro exposure
to Salmonella enteritidis. Vet. Immunol. Immunopathol. 132:129–34
99. Wigley P, Hulme SD, Rothwell L, Bumstead N, Kaiser P, Barrow PA. 2006. Macrophages isolated from
chickens genetically resistant or susceptible to systemic salmonellosis show magnitudinal and temporal

258

Cheng



Kaiser



Lamont

100.

101.

102.

103.

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

104.
105.
106.
107.

108.

109.

110.

111.
112.
113.
114.
115.
116.

117.
118.
119.
120.

differential expression of cytokines and chemokines following Salmonella enterica challenge. Infect.
Immun. 74:11425–30
Meade KG, Narciandi F, Cahalane S, Reiman C, Allan B, O’Farrelly C. 2009. Comparative in vivo
infection models yield insights on early host immune response to Campylobacter in chickens. Immunogenetics 61:101–10
Derache C, Esnault E, Bonsergent C, Le Vern Y, Quéré P, Lalmanach AC. 2009. Differential modulation
of b-defensin gene expression by Salmonella Enteritidis in intestinal epithelial cells from resistant and
susceptible chicken inbred lines. Dev. Comp. Immunol. 33:959–66
van Hemert S, Hoekman AJW, Smits MA, Rebel JMJ. 2006. Early host gene expression responses to
a Salmonella infection in the intestine of chickens with different genetic background examined with
cDNA and oligonucleotide microarrays. Comp. Biochem. Physiol. D Genomics Proteomics 1:292–99
van Hemert S, Hoekman AJW, Smits MA, Rebel JMJ. 2006. Gene expression responses to a Salmonella
infection in the chicken intestine differ between lines. Vet. Immunol. Immunopathol. 114:247–58
Lillehoj HS, Kim CH, Keeler CL Jr, Zhang S. 2007. Immunogenetic approaches to study host immunity to enteric pathogens. Poult. Sci. 86:1491–500
Burnside J, Neiman N, Tang J, Basom R, Talbot R, et al. 2005. Development of a cDNA array for chicken
gene expression analysis. BMC Genomics 6:13
Zhou H, Lamont SJ. 2007. Global gene expression profile after Salmonella enterica Serovar enteritidis
challenge in two F8 advanced intercross chicken lines. Cytogenet. Genome Res. 117:131–38
Chiang HI, Swaggerty CL, Kogut MH, Dowd SE, Li X, et al. 2008. Gene expression profiling in chicken
heterophils with Salmonella enteritidis stimulation using a chicken 44 K Agilent microarray. BMC
Genomics 9:526
Ciraci C, Tuggle CK, Wannemuehler MJ, Nettleton D, Lamont SJ. 2010. Unique genome-wide transcription profiles of chicken macrophages exposed to Salmonella-derived endotoxin. BMC Genomics
11:545–55
Mariani P, Barrow PA, Cheng HH, Groenen MM, Negrini R, Bumstead N. 2001. Localization to
chicken Chromosome 5 of a novel locus determining salmonellosis resistance. Immunogenetics
53:786–91
Redmond SB, Chuammitri P, Andreasen CB, Palic D, Lamont SJ. 2011. Genetic control of chicken
heterophil function in advanced intercross lines: associations with novel and with known Salmonella
resistance loci and a likely mechanism for cell death in extracellular trap production. Immunogenetics
63:449–58
Tilquin P, Barrow PA, Marly J, Pitel F, Plisson-Petit F, et al. 2005. A genome scan for quantitative trait
loci affecting the Salmonella carrier-state in the chicken. Genet. Sel. Evol. 37:539–61
Abasht B, Dekkers JCM, Lamont SJ. 2006. Review of quantitative trait loci identified in the chicken.
Poult. Sci. 85:2079–96
Hasenstein JR, Hassen AT, Dekkers JCM, Lamont SJ. 2008. High resolution, advanced intercross
mapping of host resistance to Salmonella colonization. Dev. Biol. 132:213–18
Calenge F, Vignal A, Demars J, Féve K, Menanteau P, et al. 2011. New QTL for resistance to Salmonella
carrier-state identified on fowl microchromosomes. Mol. Genet. Genomics 285:237–43
Calenge F, Lecerf F, Demars J, Feve K, Vignoles F, et al. 2009. QTL for resistance to Salmonella carrier
state confirmed in both experimental and commercial chicken lines. Anim. Genet. 40:590–97
Yunis R, Heller ED, Hillel J, Cahaner A. 2002. Microsatellite markers associated with quantitative trait
loci controlling antibody response to Escherichia coli and Salmonella enteritidis in young broilers. Anim.
Genet. 33:407–14
Dep. Environ. Food Rural Aff. 2009. Report DZ. http://www.defra.gov.uk.
Eur. Food Saf. Auth. 2010. Scientific opinion on quantification of the risk posed by broiler meat to
human campylobacteriosis in the EU. Eur. Food Saf. Auth. J. 8:1437
Food Stand. Agency. 2010. Annual Report of the FSA Chief Scientist 2009/10. London: Food Stand.
Agency. http://www.food.gov.uk/multimedia/pdfs/csr0910a.pdf
Knudsen KN, Bang DD, Andresen LO, Madsen M. 2006. Campylobacter jejuni strains of human and
chicken origin are invasive in chickens after oral challenge. Avian Dis. 50:10–14

www.annualreviews.org



Chicken Genetic Disease Resistance

259

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

121. Myszewski MA, Stern NJ. 1990. Influence of Campylobacter jejuni cecal colonization on immunoglobulin response in chickens. Avian Dis. 34:588–94
122. Smith C, Kaiser P, Rothwell L, Humphrey T, Barrow PA, Jones MA. 2005. Campylobacter-induced
cytokine responses in avian cells. Infect. Immun. 73:2094–100
123. Smith C, Abuoun M, Cawthraw SA, Humphrey TJ, Rothwell L, et al. 2008. Campylobacter colonisation of the chicken induces a pro-inflammatory response in mucosal tissue. FEMS Immunol. Med.
Microbiol. 54:114–21
124. Tsolis RM, Young GM, Solnick JV, Bäumler AJ. 2008. From bench to bedside: stealth of enteroinvasive
pathogens. Nat. Rev. Microbiol. 6:883–92
125. Howard SL, Jagannathan A, Soo EC, Hui JP, Aubry AJ, et al. 2009. Campylobacter jejuni glycosylation island important in cell charge, legionaminic acid biosynthesis, and colonization of chickens.
Infect. Immun. 77:2544–56
126. Buckley AM, Wang J, Hudson DL, Grant AJ, Jones MA, et al. 2010. Evaluation of live-attenuated
Salmonella vaccines expressing Campylobacter antigens for control of C. jejuni in poultry. Vaccine 28:
1094–105
127. Stern NJ, Meinersmann RJ, Cox NA, Bailey JS, Blankenship LC. 1990. Influence of host lineage on cecal
colonization by Campylobacter jejuni in chickens. Avian Dis. 34:602–6
128. Boyd Y, Herbert EG, Marston KL, Jones MA, Barrow PA. 2005. Host genes affect intestinal colonisation
of newly hatched chickens by Campylobacter jejuni. Immunogenetics 57:248–53
129. Ziprin RL, Young CR, Byrd JA, Stanker LH, Hume ME, et al. 2001. Role of Campylobacter jejuni
potential virulence genes in cecal colonization. Avian Dis. 45:549–57
130. Kaiser P, Rothwell L, Galyov EE, Barrow PA, Burnside J, Wigley P. 2000. Differential cytokine expression in avian cells in response to invasion by Salmonella typhimurium, Salmonella enteritidis and
Salmonella gallinarum. Microbiology 146:3217–26
131. Withanage GSK, Kaiser P, Wigley P, Powers C, Mastroeni P, et al. 2004. Rapid expression of
chemokines and pro-inflammatory cytokines in newly hatched chickens infected with Salmonella
enterica serovar Typhimurium. Infect. Immun. 72:2152–59
132. Gourcerol G, St-Pierre DH, Taché Y. 2007. Lack of obestatin effects on food intake: Should obestatin be
renamed ghrelin-associated peptide (GAP)? Regul. Pept. 141:1–7
133. Cogan TA, Thomas AO, Rees LE, Taylor AH, Jepson MA, et al. 2007. Norepinephrine increases the
pathogenic potential of Campylobacter jejuni. Gut 56:1060–65
134. Li X, Swaggerty CL, Kogut MH, Chiang HI, Wang Y, et al. 2010. Gene expression profiling of the
local cecal response of genetic chicken lines that differ in their susceptibility to Campylobacter jejuni
colonization. PLoS ONE 5:e11827
135. Li XY, Swaggerty CL, Kogut MH, Chiang HI, Wang Y, et al. 2011. Caecal transcriptome analysis of
colonized and non-colonized chickens within two genetic lines that differ in caecal colonization by
Campylobacter jejuni. Anim. Genet. 42:491–500
136. Li X, Swaggerty CL, Kogut MH, Chiang HI, Wang Y, et al. 2012. Systemic response to Campylobacter
jejuni infection by profiling gene transcription in the spleens of two genetic lines of chickens. Immunogenetics. 64:59–69
137. Li X, Swaggerty CL, Kogut MH, Chiang H, Wang Y, et al. 2008. The paternal effect of Campylobacter
jejuni colonization in ceca in broilers. Poult. Sci. 87:1742–47
138. Hayes B, Goddard M. 2010. Genome-wide association and genomic selection in animal breeding.
Genome 53:876–83
139. Wolc A, Arango J, Settar P, Fulton JE, O’Sullivan NP, et al. 2011. Persistence of accuracy of genomic
estimated breeding values over generations in layer chickens. Genet. Sel. Evol. 43:23
140. Fulton JE. 2012. Genomic selection for poultry breeding. Anim. Front. 2:30–36
141. ENCODE Proj. Consort. 2011. A user’s guide to the Encyclopedia of DNA Elements (ENCODE). PLoS
Biol. 9:e1001046
142. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. 2011. Human nutrition, the gut microbiome
and the immune system. Nature 474:327–36

260

Cheng



Kaiser



Lamont

Annual Review of
Animal Biosciences
Volume 1, 2013

Contents

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

After 65 Years, Research Is Still Fun
William Hansel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Cross Talk Between Animal and Human Influenza Viruses
Makoto Ozawa and Yoshihiro Kawaoka . . . . . . . . . . . . . . . . . . . . . . . . . 21
Porcine Circovirus Type 2 (PCV2): Pathogenesis and Interaction with
the Immune System
Xiang-Jin Meng . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Evolution of B Cell Immunity
David Parra, Fumio Takizawa, and J. Oriol Sunyer . . . . . . . . . . . . . . . . . . 65
Comparative Biology of gd T Cell Function in Humans, Mice,
and Domestic Animals
Jeff Holderness, Jodi F. Hedges, Andrew Ramstead,
and Mark A. Jutila . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Genetics of Pigmentation in Dogs and Cats
Christopher B. Kaelin and Gregory S. Barsh . . . . . . . . . . . . . . . . . . . . . . 125
Cats: A Gold Mine for Ophthalmology
Kristina Narfström, Koren Holland Deckman,
and Marilyn Menotti-Raymond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
Comparative Aspects of Mammary Gland Development and
Homeostasis
Anthony V. Capuco and Steven E. Ellis . . . . . . . . . . . . . . . . . . . . . . . . . . 179
Genetically Engineered Pig Models for Human Diseases
Randall S. Prather, Monique Lorson, Jason W. Ross,
Jeffrey J. Whyte, and Eric Walters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Accelerating Improvement of Livestock with Genomic Selection
Theo Meuwissen, Ben Hayes, and Mike Goddard . . . . . . . . . . . . . . . . . . 221

vi

Integrated Genomic Approaches to Enhance Genetic Resistance
in Chickens
Hans H. Cheng, Pete Kaiser, and Susan J. Lamont . . . . . . . . . . . . . . . . . . 239
Conservation Genomics of Threatened Animal Species
Cynthia C. Steiner, Andrea S. Putnam, Paquita E.A. Hoeck,
and Oliver A. Ryder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

Annu. Rev. Anim. Biosci. 2013.1:239-260. Downloaded from www.annualreviews.org
Access provided by Iowa State University on 11/11/15. For personal use only.

Phytase, A New Life for an “Old” Enzyme
Xin Gen Lei, Jeremy D. Weaver, Edward Mullaney, Abul H. Ullah,
and Michael J. Azain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
Effects of Heat Stress on Post-Absorptive Metabolism and Energetics
Lance H. Baumgard and Robert P. Rhoads Jr. . . . . . . . . . . . . . . . . . . . . 311
Epigenetics: Setting Up Lifetime Production of Cows by Managing
Nutrition
R.N. Funston and A.F. Summers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
Systems Physiology in Dairy Cattle: Nutritional Genomics
and Beyond
Juan J. Loor, Massimo Bionaz, and James K. Drackley . . . . . . . . . . . . . . 365
In Vivo and In Vitro Environmental Effects on Mammalian
Oocyte Quality
Rebecca L. Krisher . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
The Equine Endometrial Cup Reaction: A Fetomaternal Signal
of Significance
D.F. Antczak, Amanda M. de Mestre, Sandra Wilsher,
and W.R. Allen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
The Evolution of Epitheliochorial Placentation
Anthony M. Carter and Allen C. Enders . . . . . . . . . . . . . . . . . . . . . . . . . 443
The Role of Productivity in Improving the Environmental Sustainability
of Ruminant Production Systems
Judith L. Capper and Dale E. Bauman . . . . . . . . . . . . . . . . . . . . . . . . . . 469
Making Slaughterhouses More Humane for Cattle, Pigs, and Sheep
Temple Grandin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491

Contents

vii

