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Chapter 1

The importance of avian physiology

John C. Wingfield

Department of Neurobiology, Physiology and Behavior, University of California, Davis, CA, United States

The 20th century saw many revolutionary advances in the
biological sciences. In 100 years, biology progressed from
cataloging and describing species to sequencing the human
genome. Along the way, astounding advances were made
in cell and molecular biology, biomechanics, physiology,
theoretical ecology, genetics, behavioral neurobiology, etc.
These and other areas of the biological sciences continue to
develop with Aves an important model group for links
between environment and gene expression (e.g., Konishi
et al., 1989). Environmental change including degradation,
population, public health, food and energy production,
education, and especially the public’s understanding of
science and technology are some of the most critical issues
facing science and society. All of these pertain to biology.
Technology and basic research in biological sciences have
the potential to address the above issues, but they cannot be
understood along traditional disciplinary lines. One enor-
mous hurdle awaits 21st century biological research: how
to integrate our knowledge of biology at all levels so we
can pave the way for a deeper and broader understanding of
how life on this planet works? This will also entail how to
feed a still burgeoning population and educate future gen-
erations of undergraduates while conserving as much of the
natural world as possible? If this were not enough, we must
also deal with potentially catastrophic environmental
problems resulting from climate change.

A major recurring problem with the spectacular success
biology has experienced is that individual investigators
have become so specialized and focused that in many cases
they have, understandably, lost track of other disciplines.
There is a growing consensus that biologists within disci-
plines have difficulty communicating with colleagues in
other branches of biology. Clearly, the problems we face in
the next decades will be solved only by taking broad
integrative approaches involving expansive, multidisci-
plinary collaborations. In other words, molecular biology or
theoretical ecology in isolation will not resolve problems
that involve populations, their component individuals, as

Sturkie’s Avian Physiology. https://doi.org/10.1016/B978-0-12-819770-7.00004-9
Copyright © 2022 Elsevier Inc. All rights reserved.

well as the complex interplay of physiology, behavior,
cells, and molecules by which individuals function and
interact. Management and control of these issues in relation
to natural resources will also be difficult unless there are
incentives to foster interdisciplinary research, integrate
education, and maximize our potential to address problems
by bringing to bear all of our knowledge in an effective
way. Citing a report from the National Academy of Sci-
ences, Jasanoff et al. (1997) assert that in the next decades,
young scientists will be impeded in their advancement
unless they are trained from an early age to diversify their
expertise and career objectives.

As an example of the need to integrate ecology,
behavior, and evolutionary biology with mechanisms at
physiological, genetic, cell, and molecular levels, we can
consider the functions of a differentiated cell in which
complex interactions of many proteins occur. These func-
tions can be modified by hormones that coordinate gene
activity among various cells and tissues of the organism
leading to the ultimate responses to internal and external
environmental signals. A critical question is then how do
hormones orchestrate transitions in morphology, physi-
ology, and behavior of individual organisms in relation to a
changing, and sometimes capricious environment? We can
imagine observing an ecosystem and focusing on certain
populations of individuals within it that have problems
dealing with change in the environment triggered by, for
example, human disturbance. It quickly becomes apparent
that some populations, and individuals within them, deal
with the environmental challenges better than others. It is
reasonable to then ask what aspects of their physiology,
behavior, and morphology are the causes of this failure, or
success, and what the cell, molecular, and genetic bases of
these differences might be. The investigation of interindi-
vidual variation will be another foundation for under-
standing how populations will evolve in response to
environmental change. It is relatively simple to construct
hypothetical scenarios whereby we traverse the spectrum of
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biological science from ecosystem to molecule in either
direction, but it is not so intuitively obvious how we do this
in practical terms. If such an interdisciplinary and integra-
tive approach can be achieved, it will be possible to
determine how we will deal with global changes already
underway and ultimately prepare future generations to cope
with ongoing changes.

Avian physiology has a long history of providing
models for integration of disciplines, and it will continue in
this role in the future (Konishi et al., 1989). In general,
there are exceptionally broad data bases for birds on ecol-
ogy and evolution across the globe. Match this with rapidly
developing tools at genomic, transcriptomic, and epigenetic
levels, then avian physiology is uniquely poised midway
along the spectrum from genes to environmental to explore
the molecular bases of adaptation and the integration of
ecological and evolutionary aspects at the interfaces of
morphology, physiology, and behavior. In addition, many
wild avian species are abundant and easy to study making
them ideal subjects for field observations and experiments
in their natural environment, as well as in laboratory
experimentation. Specific examples how avian physiology
has played a major role in the development and integration
of biological processes at many functional levels are dis-
cussed next.

1.1 Specific examples of the
importance of avian physiology

Avian physiology has its roots in over 100 years of research
on domesticated species, particularly the domestic fowl
(Gallus gallus) as presented in the original version of
Sturkie’s Avian Physiology (Sturkie, 1954). Over the de-
cades since there have been huge advances in avian phys-
iology focused primarily on the poultry industry and food
production. Then in the early 21st century, the chicken
genome was sequenced and annotated (e.g., Burt, 2005;
Burt and Pourquie, 2003). This opened up a new generation
of biological studies at many of the interfaces outlined
above, and was followed by sequencing the genome of a
songbird, the zebra finch, Taeniopygia guttata (Warren
et al.,, 2010). As technologies developed to sequence
genomes more quickly and cheaply, the genomes of many
other species have been sequenced as part of ambitious and
exciting projects to eventually sequence the genomes of all
the extant species of birds and some extinct ones as well
(e.g., Zhang et al., 2014). If successful, such an unprece-
dented data base will allow analyses at so many levels of
biological function. However, it should be borne in mind
that the computational technologies to analyze such enor-
mous amounts of data and integrate them with other diverse
and unique data bases on morphology, physiology,
behavior, and environment are huge challenges. Avian

physiology will be a central focus for such integration. The
examples given below are by no means all inclusive and
new concepts and research directions are inevitable.

1.1.1 Physiology and poultry production

Physiological functions of domestic fowl from reproduction
and growth to responses to diseases and stress such as
weather factors (especially heat) also triggered thorough
investigations of environmental biology and hormonal
control of these processes (see Sturkie’s Avian Physiology
revised editions from 1954 to 2020). The domestic fowl
and some other domesticated species (e.g., quail. duck,
turkey) provide phenomenally broad data bases of physi-
ology that rival those of mammals and fish. These in turn
provide endless opportunities for other studies on wild
species and gene-environment interactions—the founda-
tions of understanding adaptation to a changing world.

1.1.2 Physiological ecology and birds, marine,
freshwater, and terrestrial

Birds have played a central role in the development of
physiological ecology, especially building on the vast array
of data, techniques and tools made available from agricul-
tural research (Phillips et al., 1985; Konishi et al., 1989).
Avian physiological ecology is a thriving branch of biology
that has provided a framework for other emerging topics
such as environmental endocrinology, the regulation of
seasonal changes in physiology, and individual differences
and fitness. (e.g., Hau et al., 2010; Taff and Vitousek,
2016). Avian migration is a prime example of the integra-
tion of physiological systems that has benefitted enor-
mously from avian physiology in general (Newton, 2010;
Dingle, 2014; Ramenofsky and Wingfield, 2007). This has
fueled investigations of one of the most integrative bio-
logical processes—the evolution, ecology, morphology,
physiology, and behavior of movements across the envi-
ronment in general.

Fundamental and applied research on domestic fowl has
enriched development of avian physiology in relation to the
comparative biology of environmental stress (Romero and
Wingfield, 2016). All organisms must be able to cope with
perturbations of the environment that are largely unpre-
dictable, but require individuals to express facultative
physiological and behavioral responses to cope. The “stress
response” is common to most, if not all, organisms from
bacteria and plants to invertebrate as well as vertebrate
animals. Although the mechanisms involved vary funda-
mentally from plants to animals, they are well conserved
within the vertebrates making avian systems excellent
models. One aspect of climate change is the increase in
frequency, duration, and intensity of extreme weather



events such as unseasonal storms, hurricanes, and ty-
phoons. Understanding how some populations cope with
these unpredictable events and others do not will have
profound implications for understanding adaptation and
consequences for conservation and agriculture.

New emerging avian models such as the zebra finch,
great tit (Parus major, Santure et al., 2011), white-throated
sparrow (Zonotrichia albicollis, Tuttle, 2003), and dark-
eyed junco (Junco hyemalis, Ketterson and Atwell, 2016)
and others, provide field and laboratory contexts for
understanding physiological ecology as well as advancing
basic research in neurobiology such as the physiology
underlying behavioral patterns and avian song control
systems (see Konishi et al., 1989; Pfaff and Joéls, 2017).
These approaches using experiments both in the laboratory
and the field have allowed the beginning of investigations
of coping with climate change, shifts in habitat range,
urbanization etc. (e.g., Partecke et al., 2006; Fokidis et al.,
2009; Martin et al., 2010; Bonier, 2012; Caro et al., 2013;
Visser and Gienapp, 2019). Birds have become important
examples of models for conservation physiology (Wikelski
and Cooke, 2006; Madlinger et al., 2016). For example,
avian physiology is providing critical insights into one of
the most important aspects of conservation—the impact of
invasive species resulting from human activity as well as
range expansions and contractions that have important and
often devastating impacts on the survival of indigenous
species from plants to mammals.

Another spin-off from avian physiology is the use of
birds as sentinels of endocrine disruption—physiology,
morphology, and behavior (National Research Council,
1999; Dawson, 2000; Norris and Carr, 2006; Carere et al.,
2010). Although the responses of plants, invertebrates, as
well as vertebrates, in general, are all important foci to
document toxicology and endocrine disruption, the use of
birds as models, and their well-known physiology both in
the laboratory and field once again provide a useful model
for understanding how organisms respond to disasters such
as leakage of toxic chemicals, oil spills, etc. An example of
a remaining critical issue of endocrine disruption is how
organisms will cope with the now ubiquitous and global
distribution of chemical mixtures in varying concentrations
and how we may be able to ameliorate some of the effects
of endocrine disruption by broad ranging “clean up” pro-
grams to levels of chemicals that organisms can at least
tolerate?

1.2 Conclusions

Reading Sturkie’s original avian physiology text (Sturkie,
1954), it is astonishing to learn how avian physiology has
developed, expanded, and progressed in almost 70 years.
The contributions of avian physiology to agriculture,
biomedicine, veterinary science, and practice, as well as
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fundamental biology are vast. In the 21st century, with
technologies until recently unimagined, these contributions
will continue. What could not have been envisaged all
those decades ago is how avian physiology has helped
pioneer, initiate and develop new environmental aspects of
biological sciences such as morphology and behavior at the
interfaces with gene-environment interactions and coping
with global change from urbanization, endocrine disrupting
pollutants, and invasive species to the burgeoning effects of
climate change. There is no question that avian physiology
is very important and will continue to be at the cutting edge
of so many branches of biological sciences. It will continue
to influence not only basic research but also policy in
managing planet Earth for future generations.
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2.1 Introduction

All fields of biology have been greatly influenced by the
generation of complete genome assemblies. This impact is
most apparent with the findings and resulting applications
from the Human Genome Project (HGP), which has
transformed biomedical science (Green et al., 2015). Hop-
ing for a similar transformation in agriculture, a genome
assembly was first made for chicken in 2004 (International
Chicken Genome Sequencing Consortium, 2004). More
recently, as the feasibility and economics of generating a
genome assembly increased, the number of species across
all avian orders has increased dramatically (e.g., 48 were
produced and analyzed in the landmark Zhang et al. (2014)
paper), which strongly suggests that the field of genomics
will only grow in its ability to shape the future direction for
all fields of avian biology.

The original justification for having a genome assem-
bly was to get a complete “parts list” of elements that
contribute to an organism’s phenotype with the primary
goal being the identification and location of all genes.
However, it soon become readily apparent that genomes
were much more than just sequences that code for pro-
teins; protein-coding regions account for ~1% of the
human genome. Thus, current efforts have been focused
on finding other relevant functional elements, such as
noncoding elements that regulate when, where, and how
much specific genes and/or particular isoforms are
expressed. As these annotation efforts become more
complete, the power and utility of genomes to inform
other biological fields, like physiology, will become more
apparent and enhanced.

Besides providing an incredible resource, genome
assemblies and the field of genomics have fundamentally
changed how experimental biology is conducted. It is now
common to begin with discovery-based genomics science
to build agnostic large datasets to analyze, which contrasts
with traditional, reductionist hypothesis-based experiments.

Sturkie’s Avian Physiology. https:/doi.org/10.1016/B978-0-12-819770-7.00047-5
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For example, many studies now start with transcriptome
profiling (RNA sequencing) with the goal of generating
hypotheses on what relevant genes and pathways to
investigate further. Without genomics and its accompa-
nying tools and resources, this approach would not have
been possible. It is likely that this trend will only increase
as more genomes are sequenced and functionally under-
stood, along with the continuing development of more
empowering and economical genomic-based technologies,
and the desire to have and integrate multidimensional types
of data to help understand complex biological problems.
Having stated this, traditional experiments and the detailed
information that they provide at many levels are still critical
needs and inputs to truly empower avian genomes. In short,
genomics adds another powerful approach to understanding
biology.

Our target audience of this chapter is avian physiologists
who might not be aware of the field of genomics. Specif-
ically, we briefly summarize the current status of avian
genome assemblies with the focus on chicken, as this is the
most developed avian species to date, and common
approaches that focus on DNA-based genomics. Key refer-
ences are provided in each subsection to aid further reading.

2.2 Genome
2.2.1 Size

Eukaryotic genomes vary immensely, over 60,000-fold,
from as small as 2.3 Mb for Encephalitozoon intestinalis,
an intestinal parasite of humans and animals, to as large as
150 Gb found in the plant Paris japonica (Elliott and
Gregory, 2015). This range in genome size, which does not
correlate with organismal complexity (commonly referred
to as the C-value paradox), has been recognized for a long
time (Swift, 1950). However, genome size does seem to
correlate positively with cell size and negatively with cell
division rate (Elliott and Gregory, 2015). When considering
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only vertebrates, the size range (0.35—133 Gb) is less but
still large (333-fold) (www.genomesize.com). In contrast to
most other taxa, the interspecific variation for bird genome
size is quite narrow — 0.9 Gb for the black-chinned hum-
mingbird to 2.1 Gb for the ostrich; see Damas et al. (2019)
for a more comprehensive review. The likely explanation
for the relatively small genome size and stability of avian
genomes is the low occurrence of transposable elements
(TEs) and the loss of large segments that could counteract
any TE expansion, which is the main driving force for the
increase (Kapusta et al., 2017). Of interest to physiologists
is the observation that genome size variation within bird
species is associated with metabolism with smaller
genomes having higher metabolic rates (Gregory, 2002).

2.2.2 Karyotype

Avian species are unique in having fairly high number of
chromosomes. The majority of the species have 74 to 86
total chromosomes, which is equivalent to 37 to 43 pairs,
though the reported range is 40 to 126 chromosomes
(Griffin et al.,, 2007). The chicken karyotype is fairly
typical (Fig. 2.1). It possesses 39 pairs of chromosomes, 38
pairs of autosomes and the Z and W sex chromosomes;
unlike mammals, males are the homogametic sex (ZZ). An
unusual feature of avian chromosomes is the variation
in size distribution. Although arbitrarily defined as
(1) macrochromosomes—autosomes one to five plus the Z
chromosome are comparable in size to mammalian chro-
mosomes, (2) intermediate microchromosomes—autosomes
6 to 10 and the W chromosome are similar in size to smaller
human chromosomes, and (3) microchromosomes—all the

FIGURE 2.1 Mitotic metaphase chromosomes of a male (ZZ) chicken
illustrating macro- and microchromosomes and the sex chromosomes. The
cell shown was stained with the fluorochrome DAPI, which stains DNA
and the image then inverted to black/white. Chromosome pairs one to nine
and the Z are indicated by numbers. Figure contributed by M.E. Delany,
University of California, Davis, CA.

remaining autosomes (11 to 38). The microchromosomes
can be identified only through fluorescent in situ hybridi-
zation using specific probes (e.g., Romanov et al., 2005;
Delany et al., 2009; Zhang et al., 2011). Due to their small
size and the need for at least one recombination event during
meiosis, microchromosomes are more gene dense, GC-rich
in sequence content, and have higher recombination rates
compared to macrochromosomes (International Chicken
Genome Sequencing Consortium, 2004).

2.3 Genome assemblies
2.3.1 Chicken legacy genomes

Since the first assembled chicken genome in 2004 (Inter-
national Chicken Genome Sequencing Consortium, 2004)
that used Sanger sequencing efforts, improvements in qual-
ity have closely followed the technological advancements in
sequencing and mapping (Schmid et al., 2015). Furthermore,
multiple upgrades (Gallus_gallus-2.1, 4.0, 5.0, GRCg6a)
have greatly benefited from the better assembly of segmental
duplications (SDs) (Eichler et al., 2004), closure of scaffold
gaps, specialized approaches to resolve the complex
sequence structure of the avian sex chromosomes (Bellott
et al., 2018), and traditional bacterial artificial chromosome
(BAC) clonal sequencing efforts that have improved
sequence representation of chicken chromosome 16
(GGA16), which contains the major histocompatibility
complex (MHC) (Miller and Taylor, 2016). Many of the
genes, critical in governing immune responses, across spe-
cies are clustered, multigenic families containing individual
members that vary across haplotypes with intricate differ-
ences in sequence.

As with other vertebrate genomes, in chicken, a recur-
ring hurdle to accurate computational experimentation is
falsely collapsed or redundant SDs, repetitive elements and
fragmented sex chromosome assemblies, mostly due to the
organization of highly identical sequences that confuse de
novo assembly attempts at constructing simple bifurcating
graphs of each haplotype. Bellott et al. (2010) provide an
exemplary case of the difficulties encountered where
identification of a tandem array of four testis-expressed
genes that constitutes ~15% of the Z chromosome, one-
fifth of all chicken SDs and in total about a third of the
protein-coding genes on Z. Study of the W sex chromo-
some illustrates even more extreme heterochromatin
stretches and a tandemly arranged gene with 40 copies
(Bellott et al., 2017). It is well known that such duplications
are frequently missed (“over-collapsed”) in draft quality
assemblies that they are common sites of copy number
variation (CNV), and that such variation frequently have
major phenotypic consequences (Conrad et al., 2010).
Another example is that of the MHC-B complex in chicken
on GGA16 (one of the smallest microchromosomes), a
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region of great immunological importance with many gene
duplications and CNVs. Directed sequencing of selected
chicken BACs was critical to elucidate the partial organi-
zation of this region (Shiina et al., 2007), but in the future
extreme sequence lengths (>500 Kb), such as the outcome
of Oxford Nanopore sequencing technology, will be needed
for gap-free genome sequence characterization.

Over the years, genetic linkage maps comprised of
ordered and oriented molecular markers have helped to
guide the genome assembly chromosome build. However,
even though the consensus chicken genetic linkage map
contains 50 linkage groups (Groenen et al., 2000), several
microchromosomes were missing sequence marker align-
ments to a linkage group and still today chicken genome
references have not captured the full autosome composi-
tion. This is of primary importance to the avian genome
analysis process, especially given the high gene density per
microchromosome. Recently improved sequencing and de
novo assembly approaches or alternatively the use of
advancing cytogenetic techniques will be crucial in efforts
to assemble and assign these missing microchromosomes.
In the current reference, GRCgba, many of these unas-
signed sequences are likely found within the unplaced bin
of chicken assembly reference files. However, in GRCgo6a,
there are only 14 Mb of unplaced contigs and scaffolds
indicating there is also an inability to sequence or assemble
some of these microchromosomes.

Ideally, the goal is to have complete sequence repre-
sentation of all 40 chicken chromosomes, this includes Z
and W sex chromosomes, but, of course, today this is not
technically feasible for any vertebrate genomes, even
human, although a recent telomere to telomere assembly of
human X is encouraging (Miga et al., 2020). This study
also highlights the incredible amount of manual curation
that is needed to achieve this feat. Basically, automated
methods to stitch together complex sequence structures still
requires significant human intervention. Although the
reasons for the breaks in vertebrate assembly contiguity
“gaps” aren’t always apparent, the usual culprits are repeats
and base composition distortions, such as high GC homo-
polymers. In the chicken, we have observed assembly gap
edges including elevated GC content approaching 75% in
some regions and low-complexity sequences (International
Chicken Genome Sequencing Consortium, 2004). Collec-
tively this loss of sequence knowledge demonstrates more
work is essential to not limit impending experiments. Of
late, through longer read lengths, improved de novo as-
sembly algorithmic methods and evolving mapping tech-
nology the ability to close ~80% of existing spanned gaps
within assembled scaffolds, scaffolds defined as an ordered
collection of contigs, are feasible (Bickhart et al., 2017;
Koren et al., 2018).
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2.3.2 Future chicken genome assembly

A need to represent the genome variation that exists within
species has recently led to pangenome reference efforts
(Computational Pan-Genomics Consortium, 2018). In
chicken, a pangenome reference build must include main-
stream and rare breeds, as well as commercially selected
lines, both layers and broilers. De novo assembly methods,
continue to evolve rapidly, where best practice is now,
when possible, long-read sequencing of an F1 offspring and
use of short reads from the parents to near fully phase
haploid genomes of their offspring (Koren et al., 2018). In
fact, the success of this approach has been recently docu-
mented for 16 vertebrate genomes, including bird species
(Rhie et al., 2021). Assemblies created with this method
offer more accurate assessments of complex structural
variation (Kronenberg et al., 2018) and for some chromo-
somes gap-free starting points, such as human X that was
spanned telomere-to-telomere (Miga et al., 2020).

In chicken, the primary objectives are to reduce sequence
gaps and correct misassemblies that exist in the GRCg6a
reference. Currently single haplotype genome references for
an F; cross of a commercial layer (paternal) and broiler
(maternal) line are under construction using this technique.
Preliminary measures of sequence contiguity completeness
show NS50 contig “ungapped” lengths of 16 and 14 Mb in
paternal and maternal genomes, respectively. After iterative
scaffold builds with a long fragment physical map (Bio-
Nano) and chromosomal proximity ligation data, the near
theoretical chromosome NS0 scaffolds lengths of 60 and
89 Mb for paternal and maternal genomes is achieved,
respectively. Further curation of these single haplotype as-
semblies promises to advance chicken genetic research by
resolving much of the sequence structure presently frag-
mented and misappropriated in the GRCgb6a reference.

2.3.3 Genes

The original chicken genome assembly estimated there
were 20,000—23,000 protein-coding genes (International
Chicken Genome Sequencing Consortium, 2004). How-
ever, more recent estimates from the comparison of 48
avian genomes indicates the number for bird genomes is
lower at 15,000—16,000 (Zhang et al., 2014). Based on this
number, this would reflect a ~30% reduction compared to
the number found in mammals. At least 1241 of the loss in
genes can be explained by large segmental deletions during
the evolution of birds. However, ~70% of the lost genes
show paralogs suggesting functional compensation. In
addition, some of the gene loss may not be true but rather
the inability to detect genes in high GC-rich regions
(Bornelov et al., 2017).
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Avian genes are ~50% smaller than their mammalian
counterparts, mainly due to the shortening of introns and
reduced distances between genes, which helps to account
for the reduced size of avian genomes. Interestingly, with
respect to avian-specific highly conserved elements, most
are significantly associated with transcription factors asso-
ciated with metabolism. Having a complete list of genes in
many avian species has also enabled hypotheses on the
evolution of flight, diets, vision, and reproductive traits
(Zhang et al., 2014).

2.3.4 Transposons and endogenous viral
elements

Avian genomes have a relatively low amount of TEs. In
chicken, the most abundant TE is chicken repeat 1 (CR1), a
long interspersed nucleotide element that with 200,000+
copies, comprises over 80% of all interspersed repeats in
the chicken genome (International Chicken Genome
Sequencing Consortium, 2004). A complete CR1 element
is 4.5 kb in length, however, more than 99% of CR1 ele-
ments are truncated from their 5’ end, which is necessary
for retrotransposition. Short interspersed nuclear element
transposons are extremely rare, which contrasts to all other
vertebrate genomes.

With respect to endogenous viral elements, analysis of
48 avian genomes has shown that there are five families of
endogenous viruses—Retroviridae, Hepadnaviridae, Circo-
viridae, Parvoviridae, and Bornaviridae (Cui et al., 2014).
However, over 99+% of these are endogenous retroviruses
(ERVs), and the copy number of these elements range from
132 to 1032. There is great interest in ERVs as they are
likely to contribute to evolution of gene expression and,
thus, contributing to complex traits including ones for
physiology. In humans, there are ~110,000 ERVs that
contain over 300,000+ transcription factor binding sites
(Buzdin et al., 2017). As many chicken ERVs are found in
promoters and introns, they are likely to play a similar role.

2.3.5 Genome browsers

The chicken genome can be queried multiple ways using
the major established genome browsers: Ensembl (https://
useast.ensembl.org/index.html), NCBI (https://www.ncbi.
nlm.nih.gov), and UCSC (https://genome.ucsc.edu/). Each
genome browser offers a gateway to varied data types and
search abilities for your sequence of interest. For example,
using the UCSC genome browser any chicken chromosome
can feature Ensembl or NCBI gene annotation, aligned
mRNAs, conserved sequence chains against other verte-
brates, simple repeats, CRISPR targets, and much more
(Fig. 2.2). One can display a gene of interest, for example,
the T cell receptor CD3E, and evaluate all putative targets
for editing its gene structure as well as surrounding genes

and their associated functional features. Future iterations of
these browsers and new ones, such as FAANGMine.org for
exploring sequence structures associated with gene regu-
lation, will be of great value for researchers seeking
information to design functional experiments in poultry.
Another portal created by the Genome Reference Con-
sortium (GRC; https://www.ncbi.nlm.nih.gov/grc) exists to
report errors in the underlying chicken genome reference by
the community. The GRC will ensure this resource con-
tinues to attain higher levels of reference quality and
reporting accessibility with its readily useable web inter-
face. All these public access points bode well for the
continued use of this resource and advancing the knowl-
edge of avian genome biology.

2.4 Connecting genome sequence to
phenotype

2.4.1 Connecting genotype to phenotype

As discussed previously, a major driving force for gener-
ating genome assemblies was to accelerate the power of
biology, and especially in the ability to identify the ele-
ments that define the makeup of an organism. Put another
way, for few exceptions, while every cell in a chicken has
the same DNA sequence, these cells vary greatly in many
biological attributes primarily due to differences in gene
expression. Couple this existing variation with genetic
variation, then one begins to understand how the genome
contributes to the wide diversity of traits observed within
and between bird species. A mechanistic understanding of
these processes can be harnessed to solve many important
questions such as improvement of health, growth, repro-
duction, etc.

In the following sections, we briefly discuss the major
approaches used to identify features in avian genomes that
define trait variation observed in organisms.

2.4.2 Genome wide association study

It’s been known for a long time that many traits have a
genetic basis. A prime example is the tremendous progress
made by poultry breeders to improve agronomic traits.
However, prior to the genome sequence, identifying the
underlying causative gene or genes was a very difficult
task. Two contributing reasons for the lack of precision
were (1) most traits are complex and controlled by many
genes, each of which have can only have a small effect, and
(2) there was a lack of known genetic markers that could
survey the majority of the chicken genome.

The second deficiency was largely removed with the
advent of the chicken genome assembly. More specifically,
by sequencing additional chickens, millions of single
nucleotide polymorphisms (SNPs) were identified that
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FIGURE 2.2 A UCSC Genome browser representation of GRCgba chromosome 24. (A) regional overview at 44 kb window size that highlights the
T cell receptor gene CD3E with other annotation tracks, (B) a higher resolution overview (4.9 kb) of the CD3E gene where the track is shown for CRISPR

gene editing targets in this gene are represented by multicolor boxes.

could serve as genetic markers (International Chicken
Polymorphism Map Consortium, 2004). Combined with
affordable arrays that could determine the genotype tens to
hundreds of thousands genetic variants, it was now feasible
to survey the entire chicken genome. Studies that survey
large numbers of birds with SNP chips are known as
genome wide association studies or GWAS, for short; for
more comprehensive reviews, see Ulitterlinden (2016),
Dehghan (2018), Tam et al. (2019). As a result, currently
Animal QTLdb (animalgenome.org) lists 11,818 trait as-
sociations from 318 publications for chicken alone.

A typical GWAS experiment to dissect a complex trait
requires thousands, if not tens of thousands of individuals,
to have both genotype data from SNP chips and phenotypic
data. Then statistical analysis is used to determine whether
each SNP contributes to the trait of being studied. GWAS
power is greatly enhanced by having more individuals
surveyed and accurately measured phenotypes.

Like any genomic screen, the primary objective of
GWAS is to identify candidate genes to interrogate further.
Stated differently, while GWAS has revolutionized the
genetic analysis of complex traits, any associated SNP is
unlikely to be causative and only linked to the underlying

causative genetic variant. Thus, further experimentation is
needed to validate and better refine the association in order
to identify the relevant gene or regulatory element.
Besides identifying trait associations, large-scale geno-
typing efforts can have other applications. One that might
be more relevant to surveying avian diversity is the ability
to define population structure. One of the first examples in
birds was the study to examine whether heavily selected
chicken populations were losing alleles (Muir et al., 2008).

2.4.3 Resequencing

Another major technological advancement that greatly
impacted genomics was the development of next generation
sequencing (NGS); for reviews on the NGS technologies,
impact, and history see Koboldt et al. (2013), Goodwin
et al. (2016), Heather and Chain (2016), Levy and Myers
(2016), Slatko et al. (2018). Largely driven by the needs of
the HGP, NGS is defined by highly parallel methods that
produce extremely large amount of data. Existing platforms
can easily provide reads that, when combined, cover the
entire chicken genome many fold times at economical
costs. With the widespread distribution of sequencing
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machines, like SNP chips, NGS has enabled almost all
laboratories to conduct large-scale sequencing efforts. This
power continues to increase with the continuing declines in
costs and, in particular, the increasing capability of “long
read” platforms. And compared to SNP arrays, NGS allows
for the interrogation of the entire genome and provides
single base resolution. On the other hand, this increased
power and sequence information comes at a cost mainly
with the increased need for computational biology skills.
The great challenge in resequencing is in interpreting
the results. This is because there are a large number of
polymorphisms between any two individuals, of which
only a small fraction will be associated with the trait of
interest. For this reason, most resequencing efforts have
been most successful in identifying genes of large effect,
e.g., dermal hyperpigmentation (Dorshorst et al., 2011),
polydactyly (Dunn et al., 2011), comb phenotypes (Wright
et al.,, 2009; Dorshorst et al., 2015), sex-linked barring
(Schwochow Thalmann et al., 2017), and talpid 2 (Chang
et al., 2014). Typically, these efforts relied on mapping the
mutations to a locus or having comparative knowledge
from similar mutations in other organisms, which was then
further characterized by whole genome resequencing.
Analysis of the data revealed likely causative alleles.

2.4.4 Annotation

Functional characterization of genetic variants is often
required to move from statistical association to causal
variants and genes, especially in the noncoding genome.
Recent studies have revealed that regulatory mutations in
the noncoding regions are one of major drivers of pheno-
typic variations in complex traits (e.g., She and Jarosz,
2018). Therefore, functional annotation of regulatory ele-
ments in the chicken genome is essential in understanding
biological mechanisms of physiological traits. In order to
functionally annotate regulatory elements of genes, one
must know the locations and functions of various sequence
features such as promoters, enhancers, insulators, and
silencers. In the past few years, the International Functional
Annotation of Animal Genomes Consortium (FAANG.org)
has developed core assays and bioinformatic pipelines that
can be used to annotate these regulatory elements in the
genomes of farm animals including chicken (Andersson
et al., 2015; Giuffra et al., 2019).

Assays for characterizing chromatin accessibility and
posttranslational histone modification can be used to
identify and annotate regulatory elements. These post-
translational histone modifications can affect chromatin
accessibility and gene expression. Chromatin immunopre-
cipitation sequencing (ChIP-seq) has been widely used to
characterize histone modifications such as methylation and
acetylation. For example, assays for histone H3 lysine 4
trimethylation (H3K4me3), H3 lysine 27 trimethylation

(H3K27me3), H3 lysine 27 acetylation (H3K27ac), and H3
lysine 4 monomethylation (H3K4Mel) have been utilized
to characterize chromatin state (ENCODE Project
Consortium, 2012). An abundance of H3K4me3 correlates
with promoters of active genes (Bernstein et al., 2002;
Santos-Rosa et al., 2002; Xiao et al., 2012), while increased
levels of H3K27me3 are associated with promoters of
inactive genes (Heintzman et al., 2007). H3K27ac is a mark
of active regulatory elements, and may distinguish active
enhancers and promoters from their inactive counterparts
(ENCODE Project Consortium, 2012). H3K4mel is a mark
of regulatory elements associated with enhancers and other
distal elements, but also enriched downstream of tran-
scription starts (ENCODE Project Consortium, 2012). High
levels of H3K27ac and H3K4mel are associated with
enhancer regions and also correlate with areas of chromatin
accessible sites (Greer and Shi, 2012). Insulators also play
an essential role in regulating gene expression. The
insulator-binding protein CCCTC-binding factor (CTCF) is
the main insulator protein (Ong and Corces, 2014) for an-
imal species. Chromatin accessibility provides a direct
interpretation of epigenetic state, since chromatin organi-
zation and transcription factor binding together dictate the
impact of regulatory elements on gene expression, deter-
mining cell-specific expression patterns and cell fate (Riv-
era and Ren, 2013). Assay for transposase-accessible
chromatin (ATAC-seq) can be used to profile chromatin
accessibility. Using the histone marks and CTCF binding
sites in concert with ATAC-seq and RNA-seq can provide
an unprecedented view of regulatory elements in the
chicken genome. Active and inactive regulatory elements
including promoters, enhancers, and insulators can be
identified and annotated based on combinations of the as-
says above (Table 2.1).

Based on these assays of eight tissues in chickens, our
results suggest that chicken genome has about half of the
number of active regulatory elements including enhancers
and promoters compared to mammals such as cattle and
pig, especially on the number of enhancers, which may be
due to same size of the chicken genome, one third that of a
typical mammal (Kern et al., 2021).

2.4.5 CRISPR

Clustered, regularly interspaced, short palindromic repeats
(CRISPR) is another revolutionary tool for genomic
research that has very quickly become an indispensable tool
for use in many organisms. Originally discovered in bac-
teria as a defense mechanism against invading viruses,
CRISPR loci express small RNAs that complement viral
genome sequences and when combined with associated
CRISPR-associated nucleases (Cas) result in the enzymatic
cleavage of both strands of the targeted viral DNA. Thus,
only two components are required for DNA cleavage:
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TABLE 2.1 Identification of promoter, enhancer, and insulator elements based on activation marks on ATAC-seq
and ChlIP-seq.

Activation marks
Regulatory element ATAC-seq H3K4me3 H3K27me3 H3K27ac H3K4me1 CTCF
Active promoter + + = L - 4/—
Inactive promoter - -+ = + 4/—
Active enhancer + +/— 4/ 4 + 4/—
Inactive enhancer + +/— +/— - + /-
Insulator + - = = +
+, indicates peaks on the marks; —, indicates no peaks on the marks; +/—, indicated poised peaks on marks depends on tissues, developmental or physio-

logical status.

(1) an RNA molecule, called guide RNA (gRNA), which
includes 17—20 bases that are complementary to the target
DNA and (2) a Cas nuclease.

Recognizing the simplicity of the system, innovative
scientists (Jinek et al., 2012; Cong et al., 2013) harnessed
this system for widespread use in many other organisms
including avians that allows for a programmable endonu-
clease, a feat that was previously difficult, if not impossible
to achieve (Adli, 2018). After inducing double-stranded
breaks in the genome, the resulting DNA damage must
be repaired either by nonhomologous end-joining (NHEJ)
or homology-directed recombination (HDR), resulting in a
modified sequence. NHEJ can be used to cause small,
random indel mutations, while HDR can generate precise
replacement of targeted DNA or insertion of novel trans-
gene cassettes up to many Kb in length. Given the power
and simplicity of the system and different Cas proteins,
there are many other new uses that are being employed
including the ability to regulate gene expression, modify
epigenetics, etc (Pickar-Oliver and Gersbach, 2019). In
short, CRISPR allows for all groups to conduct gene edit-
ing and more in their cells or organism of interest.

With respect to avian systems, there are likely to be at
least two key uses in the immediate future. The first is
validation of the function of predicted genomic sites by
knocking out the hypothesized DNA sequence and
observing the phenotype. While this method is most
amenable to cell lines (e.g., Chavali and Gergely, 2015),
there are several reports on the deletion of various genes
associated with chick development (e.g., Veron et al., 2015;
Williams et al., 2018). The ultimate goal is to observe
bioengineered birds (reviewed by Chojnacka-Puchta and
Sawicka, 2020), which has recently been achieved using
CRISPR to demonstrate that chickens lacking the receptor
for avian leukosis virus subgroup J are resistant to viral
infection (Koslova et al., 2020).

Another major approach that has not been reported yet
for chickens is to use CRISPR in genomic screens. As
stated by Neff (2020), genomic screens are comprised of

three components: (1) the perturbation, (2) the model, and
(3) the assay. With barcoded gRNAs and pooled cells,
perturbations are clean and thorough as one can knockout
the gene in every cell. The key is to have relevant cell types
and ability to measure relevant phenotypic changes asso-
ciated with loss of function.

2.5 Conclusions

Since the generation of the chicken genome assembly in
2004, the pace of genomics continues unabated. Due to the
continued decline in sequencing costs and technologies, the
ability to produce genome assemblies in other avian species
or members within a species has grown immensely (Jarvis
et al., 2014). These improvements have and will continue to
greatly enhance of the power of genomics. Having stated
this, the challenge is how to get parallel increases in other
fields such as physiology. Although obtaining and
accurately measuring many phenotypes is a difficult and
time-consuming process, this new information will surely
spur massive gains in our fundamental knowledge of
genome structure, genetic variation, gene regulation,
genome evolution, and many other areas of study.
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Abbreviations

ACTH Adrenocorticotropic hormone gene
ADRB2 Beta 2 adrenergic receptor gene

ALD Anterior latissimus dorsi

BDNF brain-derived neurotrophic factor gene
cDNA Complementary DNA

CGA Glycoprotein hormones, alpha subunit gene
DIO2 Thyroid hormone deiodinase 2 gene
DNA Deoxyribonucleic acid

ESTs Expressed sequence tags

FSH Follicle-stimulating hormone gene

FSHB FSH beta subunit gene

FSHR FSH receptor gene

GLUT! Glucose transporter 1 gene

GRMS8 Type 8 glutamate receptor gene

LH Luteinizing hormone

LHB LH beta subunit gne

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase
miRNA Micro-RNA

MR mineralocorticoid receptor gene

mRNA Messenger RNA

NFkB Nuclear factor kappa B gene

NPYR5 Neuropeptide Y receptor type 5 gene
PLD Posterior latissimus dorsi

POMC Proopiomelanocortin gene

PPARY Peroxisome proliferator-activated receptor gamma gene
RNA Ribonucleic acid

RNAseq Massively parallel sequencing of RNA
TTR Transthyretin gene

VIP vasoactive intestinal peptide gene

3.1 Introduction

How does the brain integrate environmental cues to control
behavior, vocalization, and reproduction? How do the
endocrine tissues respond to internal and external signals to
coordinate physiological responses? What governs immune
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cell responses to pathogens? What are the mechanisms
underlying muscle differentiation and development? How
do hepatic, gastrointestinal, and adipose tissues respond to
mediate nutrient uptake and metabolism? How does the
cardiovascular system adjust to systemic and environmental
needs? These questions have been asked by physiologists
for decades. Multiple approaches have been taken to
advance our knowledge in these areas. With the sequencing
of the genomes for multiple avian species and the devel-
opment of genome-wide tools for analysis of mRNA levels,
physiologists have begun to address these still open ques-
tions on a genomic scale. Transcriptomics, also known as
transcriptional profiling and functional genomics, involves
large-scale and in many cases genome-wide analysis of
mRNA levels in samples using DNA microarrays and
massively parallel sequencing of RNA (RNAseq). The
discussion below will highlight some of the efforts by avian
physiologists to apply transcriptomics to the open questions
noted above.

3.2 Early efforts

The first major effort in transcriptional profiling in avian
species occurred with the chicken. A dramatic increase in
the number of expressed sequence tags (ESTs) for chicken
submitted to GenBank occurred between 1999 and 2002,
prior to the release of the chicken genome sequence in
2004. During that four-year period, the number of ESTs for
the chicken increased from a few hundred to more than
400,000. Assembly of these ESTs allowed for the pro-
duction of more than a dozen DNA microarray platforms.
Details on the production of these microarrays have been
reviewed in detail (Cogburn et al., 2007; Gheyas and Burt,
2013). In 2001, three papers were published that marked
the beginning of transcriptomics in birds (Liu et al., 2001;
Morgan et al., 2001; Neiman et al., 2001). These first avian
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cDNA microarrays contained cDNAs representing
approximately 2000 genes expressed in lymphoid tissues
that were printed on nylon membranes. Several other
tissue-specific cDNA microarrays were developed in the
following few years (Bailey et al., 2003; Carre et al., 2000;
Cogburn et al., 2003, 2004; Ellestad et al., 2006), and two
groups produced cDNA microarrays representing more
than half the expressed genes in the chicken (Burnside
et al., 2005; Cogburn et al., 2004). These systems-wide
cDNA microarrays were followed by oligonucleotide ar-
rays representing the majority of expressed genes in the
chicken (Affymetrix, ARK-Genomics/Operon, Agilent).
Within five years of the foundation of functional genomics
in the chicken and shortly after the release of the chicken
genome sequence, tools were established for near genome-
wide analysis of mRNA levels in chicken samples. Sub-
sequent to these early efforts in the chicken, similar projects
established resources for genomics studies in the zebra
finch (Li et al., 2007) and Northern bobwhite quail (Rawat
et al., 2010). These genomics tools were rapidly put to use
in studies of physiological systems, which will be discussed
below.

Early studies on transcriptomics in birds frequently
resulted in long lists of genes that were either up-regulated
or down-regulated in one set of samples relative to another.
While these lists represented candidate genes for potential
involvement in physiological responses, they did not add
substantially to our understanding of the gene interactions
mediating those responses. Many studies used hierarchical
clustering, heat maps, or self-organizing maps to group
genes based on their expression patterns in responses to
treatments or during time-course studies. Examples of
heat map and SOMS clustering are presented in Figs. 3.1
and 3.2, respectively. The rationale used was that genes that
respond with similar patterns are likely regulated by shared
mechanisms or even common transcription factors. More
recent transcriptomic studies have placed differentially
expressed genes into known or predicted gene networks
and pathways based on reports in the literature (see
example in Fig. 3.3). One commonly used pathway analysis
software is Ingenuity Pathway Analysis. Taking multiple
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FIGURE 3.1 Heat map illustrating effects of fasting or feeding of newly
hatched chickens on mRNA levels in the hypothalamus. Hypothalamic
mRNA samples were analyzed using cDNA microarrays, and the results
were clustered. Shown is a cluster of genes for which mRNA levels were
increased (red) in response to fasting. Among these were DIO2 and neu-
ropeptide Y receptor type 5 (NPYRS5). The data presented have been
published previously (Higgins et al., 2010), but not in this format.
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FIGURE 3.2 Self-organizing maps (SOMS) clustering of mRNA levels
in the anterior pituitary gland during embryonic development. Pituitary
gland mRNA samples from embryonic days 12, 14, 16, and 18 were
analyzed using cDNA microarrays, and the results were clustered into
SOMS based on mRNA level profiles during development. Cluster 2 (C2)
outlined in yellow contains 15 genes whose expression increased on
embryonic day 16. Growth hormone (GH) was among the genes in this
cluster. These results have been published previously in a different format
(Ellestad et al., 2006).

approaches to analyze transcriptomic results can lead to a
broader understanding of the cellular pathways, gene net-
works, and transcriptional regulation of gene expression
involved in physiological processes.

3.3 Nervous system

Vocalization in songbirds is part of the courtship ritual and
an important neuroscience model for speech in humans and
for sexual dimorphism in the central nervous system.
However, the genes involved in establishing differences in
vocalization between male and female songbirds were not
known. Using microarray technology, differences in hy-
pothalamic gene expression in response to territorial
intrusion were found between the spring and autumn in
free-living song sparrows (Mukai et al., 2009). Among the
genes that were differentially expressed between the sea-
sons were genes involved in thyroid hormone regulation
and action, including genes encoding for the alpha subunit
of thyroid-stimulating hormone (CGA) and transthyretin
(TTR), supporting a role for thyroid hormones in modu-
lating hypothalamic control of territorial aggression during
seasonal reproduction. Gene express ion in the high-vocal
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FIGURE 3.3 Network of genes that were differentially expressed in the hypothalamus of chickens genetically selected for high or low-body fat.
Hypothalamic RNA samples from the two genetic lines were analyzed using cDNA microarrays, and the results were further analyzed using Ingenuity
Pathway Analysis software. Genes involved in glycolysis and oxidative phosphorylation were among those that were differentially expressed in the
hypothalamus of the fat and lean chickens. Additional details on these finding can be found in a previous publication (Byerly et al., 2010).

center (HVC) of zebra finches and canaries was similarly
characterized (Li et al., 2007). Relative to a whole-brain
reference RNA sample, expression of 190 genes was
greater in the high vocal center of both zebra finch and
canaries, suggesting that these genes might function in
controlling vocalization. Genes expressed specifically
within the song control nucleus (HVC) were also identified
in the Bengalese finch using microarrays (Kato and
Okanoya, 2010). In a more comprehensive study, micro-
array analysis of the basal ganglia identified thousands of
genes differentially expressed in area X of singing zebra
finches (Hilliard et al., 2012). Microarray analysis was also
used to identify genes located on the Z chromosome that
are expressed within the song control nucleus of the male
zebra finch that are involved in cell survival (Tomaszycki
et al., 2009), supporting their role in formation of the
sexually dimorphic nucleus involved in masculinization of
song. A similar microarray analysis of gene expression in
the telencephalon of zebra finch and whitethroat indicated
that most of the genes differentially expressed in males
were linked to the Z chromosome (Naurin et al., 2011).
However, only half of these were differentially expressed in

males of both passerine species. Transcriptional profiling of
the auditory lobe of zebra finches identified genes whose
expression changed with the introduction of a novel song
and reverted upon habituation of the birds to the introduced
song (Dong et al., 2009; London et al., 2009). Interestingly,
RNAseq revealed micro-RNAs (miRNA) in the auditory
forebrain responsive to song that target genes whose
expression changes with song (Gunaratne et al., 2011),
indicating that expression of miRNAs likely contributes to
song in birds.

The central nervous system plays an essential role in
regulating metabolism, growth, and body composition.
However, the full complement of genes expressed within
the central nervous system that function in regulating these
processes is not known. Transcriptomics has been used to
identify genes and gene networks involved in these pro-
cesses. Transcriptional profiling of the telencephalon of the
white-crowned sparrow during the migratory and nonmi-
gratory seasons revealed differences in expression of genes
involved in glucose transport, including glucose transporter
1 (GLUTI) (Jones et al., 2008). These findings support an
increased need by the nervous system for glucose during
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the migratory season. In a study in which metabolism of
newly hatched chickens was perturbed by fasting, micro-
array analysis revealed that fasting altered expression in the
hypothalamus of genes involved in the regulation of
metabolic rate, including thyroid hormone deiodinase 2
(DIO2) and proopiomelanocortin (POMC; Fig. 3.1), sug-
gesting hypothalamic modulation of metabolic rate in order
to compensate for decreased feed intake (Higgins et al.,
2010). Genes not previously associated with hypothalamic
regulation of feed intake and metabolism were also iden-
tified, including the beta 2 adrenergic receptor (ADRB2)
and the type 8 glutamate receptor (GRMS). Functional re-
lationships between ADRB2, GRMS8, and POMC were
confirmed in cultures of hypothalamic neurons, and effects
were dependent on whether the neurons were derived from
chicks that were previously fed or fasted. In two other re-
ports, hypothalamic gene expression was profiled in genetic
lines of chickens divergently selected for high or low-body
fat (Byerly et al., 2010) or high or low-body weight (Ka
et al., 2011). Differences in expression of genes associated
with glucose sensing, transport, and metabolism were
detected in the hypothalamus of birds selected for low or
high-body fat, suggesting that differences in hypothalamic
regulation of body fat in birds might involve the capacity of
the hypothalamus to sense and metabolize glucose
(Fig. 3.3). In contrast, selection for body weight did not
affect hypothalamic expression of genes known to regulate
feed intake and metabolism, even though the high body
weight birds are hyperphagic. These studies demonstrated
how involvement of novel gene pathways within the central
nervous system in physiological processes can be identified
using transcriptomics.

The central nervous system plays an integral role in
stress responses. In an effort to define divergent mecha-
nisms regulating long-term responses to stress occurring
during embryonic and early posthatch development, corti-
costerone was administered to Japanese quail during pre- or
postnatal development, and the effects on gene expression
within the hippocampus and hypothalamus was assessed at
adulthood using RNAseq (Marasco et al., 2016). Results
indicated that effects depended on the developmental age of
corticosterone treatment and on the region of the brain.
Corticosterone-treated birds exhibited increased levels of
mRNA for brain-derived neurotrophic factor and mineral-
ocorticoid receptor (MR) in the hippocampus and
corticotrophin-releasing hormone and serotonin receptors
in the hypothalamus. Interestingly, mRNA levels in the
hippocampus for the thyroid hormone transporter 77R were
increased in response to prenatal but not postnatal
corticosterone treatment. Conversely, levels of mRNA for
the serotonergic system were up-regulated in the hypo-
thalamus following postnatal but not prenatal corticoste-
rone treatment. These findings indicate that early life stress
can have prolonged effects within the central nervous

system and that the effects are brain region and develop-
mental stage dependent.

Maternal care of offspring is coordinated by the central
nervous system, with particular involvement of the hypo-
thalamus. Neuroendocrine regulation of brooding behavior
in birds has been studied extensively. However, details on
the molecular regulation of brooding behavior remain
elusive. Transcriptional profiling of the hypothalamus of
laying and brooding Muskovy ducks was performed using
RNAseq analysis (Ye et al., 2019). Genes in the dopami-
nergic and serotonergic pathways, along with the principle
regulator of prolactin secretion vasoactive intestinal peptide
(VIP), were up-regulated in brooding birds. In contrast,
genes in the glutamatergic pathway were down-regulated in
brooding birds. Interestingly, DIO2 and TTR mRNA levels
were decreased in the hypothalamus of brooding ducks,
implicating a potential role for thyroid hormones in the
transition from laying to brooding states. Not all avian
species brood their young. Some species are brood para-
sites, laying their eggs in the nests of another species to be
brooded by the host. In a comparison of brood parasitic
and nonparasitic blackbirds, transcriptional profiling of
the preoptic area of the brain was conducted using RNAseq
(Lynch et al., 2019). Two brood parasitic Icterids, brown-
headed (Molothrus ater) and bronzed cowbirds (Moloth-
rus aeneus), were compared with juvenile and adult
red-winged blackbirds (Agelaius phoeniceus), a nonpara-
sitic Icterid. Gene expression profiles for the parasitic birds
more closely resembled those of the juvenile nonparasitic
birds than the adult nonparasitic birds. These findings raise
the intriguing possibility that the evolution of brood para-
sitism in birds might have involved a failure of the preoptic
area to transition from the juvenile state to the reproduc-
tively mature state, a neotenic phenomenon.

3.4 Endocrine system

Transcriptomics has been used to characterize gene
expression within endocrine tissues and the responses to
hormonal treatments in birds. In one of the first microarray
analyses in birds reported, transcriptional profiles were
defined within the pineal gland of chicks during a light-dark
circadian cycle (Bailey et al., 2003). Expression of hun-
dreds of genes in the pineal gland oscillated during the
light-dark cycle, including genes involved in melatonin
synthesis. Importantly, this transcriptomics analysis
revealed many genes associated with immune responses,
stress responses, and hormone binding, suggesting other
roles for these genes within the pineal gland or for the pi-
neal gland within these other physiological systems. A
similar analysis was subsequently performed in the chick
retina (Bailey et al., 2004). Although some overlap in
oscillating gene expression was found between the retina
and the pineal gland, distinct differences were also noted,
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suggesting that differences might exist in circadian regu-
lation at the molecular level within the two tissues. Effects
of thyroid hormone and growth hormone on hepatic gene
expression have been characterized in the chicken using
microarrays (Wang et al., 2007b). Dozens of thyroid hor-
mone- and growth hormone-regulated genes were identi-
fied. Interestingly, cross talk between the two systems was
noted, as thyroid hormone status affected mRNA levels for
growth hormone receptor and insulin-like growth factor
binding protein 1. Microarrays were used to characterize
the response of the avian adrenal gland to adrenocortico-
tropic hormone (ACTH). Injection of ACTH increased
mRNA levels for several steroidogenic genes but also
genes with other functions, such as transcription, cell di-
vision, and electron transfer (Bureau et al., 2009). The ef-
fects of insulin  immunoneutralization  through
administration of antiserum to insulin were evaluated in the
chicken (Simon et al., 2012). Microarray analysis of mRNA
samples from liver and muscle revealed that expression
levels for more than 1000 genes were affected by decreased
insulin levels or the elevated glucose levels associated with
insulin immunoneutralization. The results demonstrated the
wide range of effects of insulin on two of its target tissues.
Microarrays were used to characterize changes in gene
expression in the pituitary gland during chicken embryonic
development (Ellestad et al., 2006). Numerous genes were
identified with expression profiles that suggested involve-
ment in differentiation of pituitary thyrotrophs, somato-
trophs, and lactotrophs (Fig. 3.2). Effects of glucocorticoids
on pituitary gene expression were also identified using
cDNA microarrays. Treatment with corticosterone of
chicken embryonic pituitary cells affected mRNA levels for
hundreds of genes, and these were placed into networks of
affected genes (Jenkins et al., 2013). The results were also
used to identify putative glucocorticoid receptor targets in
the chicken, demonstrating the power of pathway and
network analysis of transcriptional profiles.

3.5 Reproductive system

Development and function of the reproductive system in-
volves gonadal differentiation and hormonal effects on
reproductive tissues, including testes, ovary, and oviduct.
However, the full extent of the genetic mechanisms un-
derlying these processes is not known. A number of studies
have been reported in which investigators used tran-
scriptomics to shed light on the underlying mechanisms
controlling development and function of the reproductive
system in birds. A comparison of gene expression in the
shell glands of juvenile and laying chicken hens using
cDNA microarrays identified hundreds of genes that are
differentially expressed in the mature shell gland (Dunn
et al., 2009). Similar transcriptional profiling of the uterus
of the chicken using cDNA microarrays revealed genes

expressed specifically in the magnum or the isthmus (Jon-
chere et al., 2010). Among these were genes encoding for
antimicrobial proteins and ion transporters, respectively,
supporting their role in antibacterial properties of the egg
albumen and for eggshell formation. An analysis of the
effects of a synthetic estrogen on gene expression in the
oviduct demonstrated that estrogen affects expression of
genes associated with epithelial differentiation and tissue
remodeling (Song et al., 2011), consistent with the dramatic
effects of estrogens on oviduct size and glandular devel-
opment. Microarrays were used to identify genes expressed
specifically within the germinal disk of the developing
oocyte (Elis et al., 2008). These genes are likely to play a
role in oocyte maturation or early embryonic development.
Other genes found to be expressed in the granulosa cells are
more likely involved in follicular maturation. Within the
developing gonad of the chicken, miRNAs that were spe-
cific to the testes or ovary were identified using microarrays
(Bannister et al., 2009), suggesting a role for miRNA
expression in gonadal differentiation. One reproductive
organ that is often overlooked is the pigeon crop that pro-
duces “crop milk” for the nutritional supply of offspring. A
comparison of gene expression in nonlactating and
lactating pigeon crop using oligonucleotide arrays identi-
fied genes that are differentially expressed in the lactating
crop (Gillespie et al., 2011). Genes associated with extra-
cellular matrix receptors, adherens tight junctions, and Wnt
signaling were found. This finding supported hyperplasia
and cellular release into the crop lumen in the formation of
pigeon crop milk.

Several studies using transcriptional profiling of the
hypothalamo-pituitary-ovarian axis have been reported.
Transcriptional profiling of prehierarchical, preovulatory,
and postovulatory ovarian follicles in the chicken using
RNAseq identified genes involved in adherens junctions,
apoptosis, and steroid biosynthesis (Zhu et al., 2015).
RNAseq analysis was conducted on small white, large
white, and small yellow ovarian follicles of laying and
broody Zhedong white geese (Yu et al., 2016). Differen-
tially expressed genes identified included many involved in
hormone responses, follicular development, autophagy, and
oxidation. Interestingly, those related to autophagy were
up-regulated in ovarian follicles from broody hens, indi-
cating that autophagy might play a significant role in
follicular atresia associated with broodiness. RNAseq
analysis of individual small yellow follicles with different
levels of mRNA for the follicle-stimulating hormone (FSH)
receptor (FSHR) was used to identify a novel mechanism
for follicular recruitment (Wang et al., 2017). The Wnt
signaling pathway was significantly up-regulated in the
follicles with the highest levels of FSHR expression. Wnt4
was shown to stimulate proliferation of follicular granulosa
cells and increase granulosa cell FSHR mRNA and
decrease anti-Miillerian hormone mRNA levels, while FSH
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was found to increase Wnt4 mRNA. These findings, based
initially on transcriptional profiling, suggest that Wnt4
plays an important role in follicle selection in the chicken
ovary. Transcriptomic analysis using RNAseq was per-
formed on the hypothalamus and anterior pituitary gland of
domestic turkey hens producing high or low numbers of
eggs in a reproductive season. Pathway analysis of the
differentially expressed genes revealed differences in thy-
roid hormone and estradiol signaling between the two
groups of hens (Brady et al., 2020). Treatment of pituitary
cells in culture confirmed that T3 suppressed mRNA levels
for the beta subunits of luteinizing hormone (LHB) and
FSH (FSHB), with the effect being greater for cells from the
high egg-producing hens. In contrast, treatment with E;
increased mRNA levels for LHB and FSHB, with the effect
being more pronounced for cells from the low egg-
producing hens than the high egg-producing hens. These
findings indicate that differences in thyroid hormone and
estradiol signaling might account, in part, for differences in
egg production rates. Moreover, they highlight how tran-
scriptional profiling can uncover novel mechanisms gov-
erning physiological processes.

3.6 Immune system

Differences exist in immunological responses to pathogens
among individuals in a species. However, the genes
expressed within cells of the immune system that account
for responses to pathogens and differences in responses
among individuals are not entirely known. Microarray
analysis was used to study gene expression in one
lymphoid organ, the spleen, of susceptible and resistant
lines of chickens in response to Campylobacter jejuni
infection (Li et al., 2012b). Not surprisingly, expression of
genes for lymphocyte activation and humoral responses,
including immunoglobulin heavy and light chains, was
increased following infection in the resistant line. Surpris-
ingly, expression of genes related to erythropoiesis and
apoptosis was affected in the susceptible line. These dif-
ferences in genetic responses within the spleen to
Campylobacter jejuni infection could contribute to sus-
ceptibility or resistance of individual birds to infection. In a
similar study, transcriptional responses of the spleen to
Escherichia coli infection were profiled (Sandford et al.,
2011). Immunological pathways including cytokine
signaling and Toll-like receptors were affected by E. coli
challenge, and the magnitude of transcriptional changes
was correlated with the severity of infection. Surprisingly,
immunization prior to E. coli challenge had no significant
effects on transcriptional profiles in response to E. coli.
Similarly, transcriptional profiling of macrophage re-
sponses to Salmonella-derived endotoxins revealed effects
on expression of genes for multiple cytokines and Toll-like
receptors (Ciraci et al.,, 2010). In an earlier study of

macrophage responses to lipopolysaccharide (LPS) or
E. coli, downstream targets of the Toll-like receptor
pathway were affected (Bliss et al., 2005). Transcriptional
profiling of cecal gene expression in Salmonella-challenged
neonatal chicks followed by pathway analysis revealed that
expression of genes associated with the nuclear factor
kappa B (NFkB) complex and apoptosis were affected by
Salmonella administration (Higgins et al., 2011). In each of
these studies, other genes not previously associated with
immune responses were identified that might play a role
in immunological responses to pathogens. In an analysis
of miRNA expression within the spleen and the bursa of
Fabricius of embryonic chicks, divergent expression of
numerous miRNAs was noted, suggesting that these miR-
NAs might play diverse roles in the functions of the various
tissues of the immune system (Hicks et al., 2009).

3.7 Muscle, liver, adipose, and
gastrointestinal tissues

Multiple tissues are involved in nutrient absorption, meta-
bolism, and partitioning into tissues for animal growth or
energy storage. Among these are the intestine, liver, skel-
etal muscle, and adipose. However, all of the genes
expressed in these tissues to regulate growth and nutrient
partitioning are not known. In a comparison of skeletal
muscle from slow-growing layer and fast-growing broiler
chickens, transcriptional profiling using microarrays
revealed differences in expression of genes encoding for
muscle fiber proteins and regulators of satellite cell prolif-
eration and differentiation (Zheng et al., 2009). Genes
associated with slow muscle fibers were expressed at a
greater level in breast muscle of layer than broiler chickens,
while mRNA levels for genes associated with satellite cell
growth were greater in muscle of broiler than layer
chickens. In a similar analysis of gene expression in muscle
types, microarray analysis was used to identify differen-
tially expressed genes between the anterior latissimus dorsi
(ALD) and posterior latissimus dorsi (PLD) muscles of
turkeys (Nierobisz et al., 2011). Expression of genes
encoding for extracellular matrix proteins was greater in the
slow twitch, red ALD muscle than in the fast twitch, white
PLD. In contrast, expression of genes involved in glycol-
ysis was greater in the PLD than ALD. In a comparison of a
random-bred turkey line with a line selected for increased
body weight, microarray analysis of mRNA levels in breast
muscle revealed alterations in expression of genes associ-
ated with extracellular matrix, apoptosis, Ca®>" signaling,
and muscle function. Transcriptomics has been used to
identify genes associated with meat quality of chicken
breast muscle. Genes associated with lipid and carbohy-
drate metabolism were associated with meat quality (Sibut
et al., 2011). In a similar study aimed at identifying genes
involved in deposition of intramuscular fat in chickens,
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transcriptional profiling of breast muscle from broiler
chickens and a slow-growing Chinese breed using DNA
microarrays revealed differential expression of genes
involved in lipid metabolism and muscle development (Cui
et al., 2012). DNA microarrays for chicken were also used
to study pectoralis gene expression in juvenile and sea
acclimated king penguins (Teulier et al., 2012). Genes
associated with lipid metabolism were up-regulated, while
genes associated with carbohydrate metabolism were
down-regulated in older, sea acclimated penguins.

High environmental temperatures impair growth per-
formance in chickens, but the molecular mechanisms
involved have not been elucidated. Microarray analysis of
gene expression in breast muscle of chickens exposed to
chronic heat stress revealed changes in expression of genes
involved in protein turnover, tumor necrosis factor
signaling, and mitogen-activated protein kinase (MAPK)
signaling (Li et al., 2011). Effects of acute and chronic heat
stress on gene expression in the liver of broiler chickens
were compared using RNAseq (Lan et al.,, 2016). The
transcriptomic results indicated that acute heat stress had a
greater impact on the broiler liver than chronic heat stress.
Moreover, pathway analysis resulted in a novel network
that combined the heat shock protein genes with immune
response genes. In another study examining effects of heat
stress on liver function in broiler chickens, transcriptomic
and metabolomic analyses were combined (Jastrebski et al.,
2017). Both analyses indicated that glycogenolysis and
gluconeogenesis were elevated in the liver in response to
heat stress. RNAseq was used to compare effects of acute
and chronic heat stress on cardiac and skeletal muscle in
two indigenous chicken ecotypes, from the lowland and
highland regions of Kenya (Srikanth et al., 2019). The p53
and PPAR signaling pathways were enriched in both low-
land and highland chickens, while MAPK signaling and
protein processing in the endoplasmic reticulum were
enriched only in the more heat-sensitive highland chickens.
These results indicate that the ecotypes activated or sup-
pressed different genes, demonstrating different underlying
mechanisms in heat stress responses between the two
ecotypes.

Domestic turkeys and broiler chickens have been bred
for increased feed conversion and muscle growth. In studies
aimed at identifying mechanisms responsible for differ-
ences in feed efficiency in broiler chickens, transcriptional
profiling of breast muscle mRNA levels using microarrays
indicated that an up-regulation of genes involved in
anabolic processes and energy sensing and a down-
regulation of genes involved in muscle fiber development
and function are associated with high-feed efficiency
(Bottje et al., 2012; Kong et al., 2011). Excessive deposi-
tion of body fat in commercial poultry leads to decreased
conversion of feed into muscle for meat. However, the
genetic mechanisms involved in accumulation of body fat

in poultry are not known. Transcriptional profiling of adi-
pose tissue from chicken lines divergently selected for low
or high-body fat revealed that genes involved in lipid
metabolism and endocrine function were differentially
expressed between the genetic lines (Wang et al., 2007a).
Genes identified included lipoprotein lipase (LPL), fatty
acid binding protein, thyroid hormone-responsive protein
(Spoti4), and leptin receptor. In a more comprehensive
study of a different pair of chicken lines genetically
selected for low or high-abdominal fat, microarray analysis
of adipose tissue was used to identify genes and gene
networks involved in the observed differences in adiposity
(Resnyk et al., 2013). Many genes involved in adipogenesis
and lipogenesis were up-regulated in the fat line. Again,
many genes involved in endocrine signaling were also
differentially expressed between the two genetic lines,
including TTR, DIO1, DIO3, Spoti4, and chemerin. These
findings suggest that differences in adiposity among indi-
vidual birds might be related to differences in endocrine
regulation of adipocyte differentiation and growth and lipid
metabolism.

Lipogenesis in birds occurs primarily in the liver, and
this process is regulated by the energy needs of the animal.
Transcriptional profiling of newly hatched chicks that were
fed or fasted revealed that the metabolic perturbation of
fasting delayed the up-regulation of lipogenic genes in the
liver (Richards et al., 2010). Expression of one gene that
encodes for a transcription factor that regulates expression
of the lipogenic genes, peroxisome proliferator-activated
receptor gamma was also delayed, supporting coordinated
regulation of lipogenesis. A similar analysis of transcrip-
tional responses of the liver to fasting of older chickens has
also been reported (Désert et al., 2008). In this study,
fasting resulted in up-regulation of genes involved in
ketogenesis, gluconeogenesis, and fatty acid beta-
oxidation, while genes involved in fatty acid synthesis
were down-regulated. These findings demonstrated the
coordinated regulation of genes involved in nutrient parti-
tioning by the liver in response to the metabolic perturb-
ance of fasting.

Development of the intestine has also been studied us-
ing transcriptomics. Transcriptional profiles of the duo-
denum during embryonic development of the turkey were
characterized using microarrays (de Oliveira et al., 2009).
Results indicated that expression of peptidase and lipase
genes (LPL) decreased toward hatch, while expression of
genes encoding for peptide and glucose transporters
(e.g., PEPTI and SLC5AP) increased toward hatch. Tran-
scriptional profiles of the chicken jejunum were character-
ized during the first three weeks after hatch (Schokker et al.,
2009). Microarray analysis indicated that genes involved in
morphological and functional development were highly
expressed immediately after hatch, while expression
declined during later juvenile development.
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3.8 Cardiovascular system

Chicken embryos are a widely used model for studies of
cardiac development. As such, much is known about
development of the heart in chickens. However, the com-
plex relationships among genes necessary for cardiac
development are not known. Gene expression profiling of
early embryonic heart tissues was used to identify genes
associated with cardiac development (Buermans et al.,
2010). Results from this analysis included components of
Wnt signaling. In another microarray analysis of heart
development, differences in gene expression between the
left and right ventricle were defined (Krejci et al., 2012).
Not surprisingly, the set of differentially expressed genes
included genes associated with cardiac cell differentiation,
heart development, and morphogenesis. However, many
other genes not associated with these processes were also
identified, providing a novel list of candidate genes for
future research on the mechanisms underlying cardiac
development. The cardiovascular system acclimates to life
at higher altitudes and the associated hypoxia. However,
the genes involved in cardiac acclimation in birds are not
known. Microarray analysis of gene expression in the heart
of the Tibetan chicken and chickens not adapted to life at
high altitudes has been performed (Li and Zhao, 2009).
Results provided a list of candidate genes that might
function in chronic acclimation to high altitudes. Although
not part of the cardiovascular system, microarray analysis
of pectoral muscle was performed on rufous-collared
sparrows sampled at 2000 and 4000 m above sea level in
the Andes Mountains (Cheviron et al., 2008). Differentially
expressed genes included those involved in oxidative
phosphorylation and oxidative stress. Interestingly, none of
the genes identified remained differentially expressed when
high altitude and low-altitude birds were allowed to accli-
mate to life at sea level, supporting functional involvement
of the candidate genes identified in acclimation of the birds
to high altitudes.

3.9 Hurdles and future developments

One hurdle facing comparative physiologists in performing
transcriptomics on nonmodel species is a lack of genomics
resources. These include an assembled and well-annotated
genome sequence. However, the number of avian
genomes sequenced continues to grow, making functional
genomics possible for investigators interested in nonmodel
and wild species. Furthermore, the advent of RNAseq
makes it possible to perform transcriptional profiling in
species for which no DNA microarrays exist. With
declining costs of RNAseq, this transcriptomics approach is
now the preferred analysis for most studies of gene
expression in physiological systems. A number of in-
vestigators have used RNAseq for characterization of

mRNA and miRNA levels in the chicken (Goher et al.,
2013; Hicks et al., 2010; Kang et al., 2013; Nie et al., 2012;
Wang et al., 2011). Importantly, RNAseq has been used in
nonmodel species to sequence and annotate the tran-
scriptome in the dark-eyed junco (Peterson et al., 2012) and
song sparrow (Srivastava et al., 2012), identify genes
involved plumage coloring in ducks (Li et al., 2012a), study
gene dosage compensation in the European crow (Wolf and
Bryk, 2011), compare gene expression between the black
carrion crow and the gray coated crow (Wolf et al., 2010),
and identify genes differentially expressed between the
ovaries of laying and broody geese (Xu et al., 2013). These
studies using RNAseq were among the first transcriptomics
studies in nonmodel avian species, and they demonstrate
the utility of RNAseq for transcriptional profiling in
physiological systems of any avian species. However, one
major hurdle remains for comparative physiologists. Rela-
tively few of the thousands of animal genomes now
sequenced are well annotated. Prediction and annotation of
genes in most genomes is based on sequence homology.
With more than 10,000 avian species characterized, the
possibilities for incorrect annotation of differentially
expressed genes and, therefore, interpretation of transcrip-
tional profiling results, are potentially equally as large as
the number of species. Similarly, most commonly used
pathway tools are based on the functions of genes deter-
mined from studies in mice and humans. Investigators and
readers should use caution when interpreting transcriptomic
results in avian species that have not been confirmed
experimentally.
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Abbreviations

ACAA2 acetyl-CoA acyltransferase 2

ACE angiotensin I converting enzyme

ACOX1 acyl-CoA oxidase 1

AGR2 anterior gradient homolog 2

APEX ascorbic acid peroxidase

ATP adenosine triphosphate

AvBD10, AvBD9 avian B-defensin 10, avian B-defensin 9

BCO bacterial chondronecrosis with osteomyelitis

BirA bifunctional ligase/repressor A

Cas9 CRISPR associated protein 9

CD cluster differentiation

CECs chicken embryo cells

¢GMP-PKG cyclic guanosine 3', 5’-monophosphate-protein
kinase G

CORT corticosterone

CPT1A carnitine palmitoyltransferase 1A

CRMP2 collapsin response mediator protein 2

CST3 Cystatin C

DNA deoxyribonucleic acid

elF-2/elF4 eukaryotic initiation factor 2

EOC epithelial ovarian cancer

FHN femur head necrosis

FSH follicle stimulating hormone

GaHV-2 Gallid herpesvirus 2

H5N1 hemagglutinin type 5 and neuraminidase type 1

HIF-1 alpha hypoxia-inducible-factor-1 alpha

HPLC high-performance liquid chromatography

Iba57 Iron-sulfur cluster assembly factor

ICATS isotope coded affinity tags

IFN interferon

IPA ingenuity pathway analysis

iTRAQ isobaric tags for relative and absolute quantification

LC liquid chromatography

LC-MS liquid chromatography tandem mass spectrometry

MALDI matrix assisted laser desorption/ionization

MALDI-TOF-MS matrix-assisted laser desorption ionization time of
flight mass spectrometry

MD Marek’s disease

MDYV Marek’s disease virus
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Meq MDYV EcoQ protein

mRNA messenger ribonucleic acid

MS mass spectrometry

mTOR mechanistic target of rapamycin

MudPIT multidimensional protein identification technology

NMR nuclear magnetic resonance

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction

PGAMI1 phosphoglycerate mutase 1

pI isoelectric point

qPCR quantitative polymerase chain reaction

QTL quantitative trait locus

RNA ribonucleic acid

RP reversed-phase

SCX strong cation exchange

SDS-PAGE sodium  dodecyl
electrophoresis

SILAC stable isotope labeling with amino acids in cell culture

SLC25A5 Solute carrier family 25 member 5

SM spaghetti meat

SPINK?7 serine peptidase inhibitor kazal type 7

T-cells thymus cells

T-reg thymus cell regulatory

TD tibial dyschondroplasia

Th thymus cell helper

TSPO translocator protein

VEGFA vascular endothelial growth factor A

VLDLR very low density lipoprotein receptor

WB wooden breast

WS white striping

XIC extracted-ion chromatogram

sulfate  polyacrylamide  gel

4.1 Introduction

Whereas genomics provides and analyzes the entire set of
functional elements encoded in a genome, and tran-
scriptomics studies gene expression by measuring RNA
levels, proteomics analyzes protein expression, modifica-
tion, structure, localization, interaction, and function.
Having a completed genome sequence of an organism is a
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key step toward understanding how that organism is built
and maintained, and thus its complex biology. This in-
formation is stored in the genome in the form of genes,
which are transcribed into RNA, and RNA is translated
into proteins. The entire set of RNA transcripts and pro-
teins encoded by the genome is called transcriptome and
proteome, respectively (Velculescu et al., 1997; Wilkins
et al., 1996). Although genes provide instructions, pro-
teins are the functional units of almost all biological
processes and the principal structural building blocks of
all living organisms. Systems-level understanding of cell
physiology is thus inevitably based on understanding the
multifaceted interplay of gene expression and protein
functional networks. An individual’s genome sequence
(with the exception of some regions dedicated to the
adaptive immune system) is static, its epigenome (the
methylation patterns on DNA) less so, and the tran-
scriptome and proteome are extremely dynamic. These
latter two differ from cell to cell, and change dramatically
according to conditions that cells are exposed to. The
transcriptome is more complicated than the genome
because of both frame-shifting and alternative splicing.
The proteome is even more complex because most pro-
teins are co- and posttranslationally modified (Walsh,
2006). More than 200 different types of protein modifi-
cations are documented in vertebrates, and more than one
of these modifications routinely occurs on most proteins
(Walsh, 2006). Measurement of the proteome is also more
challenging than that of the transcriptome because the
dynamic range of proteins in tissues is higher than of
transcripts, and can span over 11 orders of magnitude in
body fluids (Anderson and Anderson, 2002), and most
importantly, from a technical perspective, there is no
equivalent of the polymerase chain reaction (PCR) for
proteins—we must use very expensive machinery to
directly identify proteins. Although mRNA quantities
measured by quantitative (q)PCR, microarrays, or
sequencing are often used as surrogates for protein
quantities, and indirectly, protein activity, there is no or
little correlation between mRNA and levels of its corre-
sponding protein (Gygi et al., 1999a; Cullen et al., 2004;
Nagaraj et al., 2011; Marguerat et al., 2012). This means
that the presence or quantities of proteins in biological
samples cannot be satisfactorily estimated solely through
their mRNA levels. In addition, posttranslational modifi-
cations often profoundly affect protein activities. Though
arguably less sensitive, proteomics methods are more
specific for determining what is happening at the protein
level—they can identify and quantify protein amounts and
posttranslational modifications as well as be combined
with other omics data to produce a complete biological
picture of the organism or physiological state in question.
Proteomics thus provides a direct measure of the pre-
dominant functional units responsible for cellular

behavior. Although not absolutely essential, a sequenced
and structurally annotated genome greatly facilitates pro-
teomics. The more accurate the genome assembly and
annotation, the more accurate the proteomics methodolo-
gies can be; this extends to the individual—the most ac-
curate proteomics experiments will be done using the
individual’s own genome sequence and, to be more ac-
curate still, the transcriptome that corresponds to the
proteome. Conversely, proteomics can be used to improve
the structural annotation of genomes (Nanduri et al., 2010;
Jaffe et al., 2004). Red jungle fowl (Gallus gallus), the
major wild ancestor of the domestic chicken, was the first
avian and nonmammalian amniote to have its genome
sequenced (International Chicken Genome Sequencing
Consortium, 2004). The chicken is the principal non-
mammalian vertebrate animal model for studying devel-
opment, infectious disease, immunology, oncogenesis,
and behavior. It is also one of the most important agri-
cultural species for production of meat and eggs. Until
additional avian complete genomes became available, the
chicken genome served as de facto model bird genome,
and most of the proteomics studies have utilized this
model to study various aspects of bird biology. Complete
or draft genomes of several other avian species have
become available, including several lines of domestic
chicken (Gallus gallus domesticus), zebra finch (Taenio-
pygia guttata), domestic turkey (Meleagris gallopavo),
collared flycatcher (Ficedula albicollis), pied flycatcher
(Ficedula hypoleuca), large ground finch (Geospiza
magnirostris), scarlet macaw (Ara macao), mallard duck
(Anas  platyrhynchos), ground tit (Pseudopodoces
humilis), Puerto Rican parrot (Amazona vittata), and
budgerigar (Melopsittacus undulatus) (Ellegren et al.,
2012; Warren et al., 2010; Oleksyk et al., 2012; Dalloul
et al., 2010; Rands et al., 2013; Rubin et al., 2010; Huang
et al., 2013; Cai et al., 2013; http://aviangenomes.org/,
2013). The turkey, duck, and domestic chicken were
sequenced because they are economically important
(Dalloul et al., 2010; Rubin et al., 2010; Rao et al., 2012).
These species are also used as biomedical models, which
is the reason that the zebra finch, scarlet macaw, and
Puerto Rican amazon were sequenced—they are important
in neuroscience for studying their behavioral, cognitive,
and speech abilities (Warren et al., 2010; Oleksyk et al.,
2012; Seabury et al., 2013). Darwin’s finches are model
organisms to study of various aspects of evolution and
development (Rands et al., 2013). Flycatchers are impor-
tant models for speciation (Ellegren et al., 2012), and the
genome of the ground tit provides new opportunities to
study adaptation mechanisms to extreme conditions (Cai
et al., 2013). Collectively, the availability of these addi-
tional genomes is opening up new vistas for genome-wide
research and studies of various aspects of bird biology
both on the RNA and protein levels. It is expected that
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large-scale analysis of the avian genome, transcriptome,
and proteome will increase our understanding of complex
molecular processes that determine phenotype.

4.2 Protein identification and analysis

Although traditional protein biochemistry focuses on
studying properties of individual proteins, proteomics en-
compasses nearly any type of technology that enables
studying proteins on a large scale. There have been
numerous tools developed for identification of proteins,
including two-hybrid systems (Fields and Song, 1989),
protein/peptide microarrays (Haab, 2003; Panse et al.,
2004), nuclear magnetic resonance (NMR) spectrometry,
and mass spectrometry (MS)-based approaches (Fenn et al.,
1989). The two-hybrid systems and peptide/peptide
microarrays had limited applicability which although was
alleviated through analytical capabilities of MS, resulted in
more MS-based approaches taking over. MS, and
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occasionally NMR, are now being utilized in conjunction
with bioinformatics for larger pathway annotations in high-
throughput protein profiling and analysis (Aslam et al.,
2017). NMR is less sensitive than MS; however, it benefits
from more stable spectrometer, an absence of spectrum
quenching, and its ability to use in a large range of ex-
periments (Dona et al., 2016). The versatility of MS and
modifications to its ionization method has made MS the
most commonly used technique in large-scale proteomic
and high-throughput analysis. In addition to its versatility,
MS has also the ability to handle the difficulties associated
with the complex and dynamic nature of proteomes (Han
et al., 2008). MS simplifies and accelerates the analysis and
characterization of proteins. MS-based proteomics refers to
approaches that use MS for identifying, characterizing, and/
or quantifying proteins in biological samples (Fig. 4.1).
Mass spectrometers are used to detect, identify, and quan-
tify small molecules based on their mass and charge (m/z)
ratios with high precision, sensitivity, and speed. Many

FIGURE 4.1 The workflow of
mass  spectrometry-based  prote-
omics. The goal of proteomics is
physical (protein identity, modifi-
cations, structure, localization) and
functional  (protein interactions,
composition of protein complexes)
characterization of the proteome.
Proteomics denotes the collection of
diverse technologies that enable the
study of proteins on a large scale. In
current proteomic research, mass
spectrometry (MS) plays prime and
indispensable role because several
thousand proteins can be rapidly
analyzed, correctly identified, and
accurately quantified in a single
MS-based experiment. Proteins
(A) are typically too large for ac-
curate mass determination by mass
spectrometry, therefore, they are
first digested into peptides (B),
which are then analyzed by a mass
spectrometer. The obtained peptide
masses, peptide (tandem) mass
spectra (C), are then searched
against predicted peptide masses
derived from DNA or protein
sequence databases by using one or
several different mass spectral
search algorithms and their amino
acid sequence is determined. The
amino acid sequence of an identified

500 1000 1500 2000

m/z

peptide is often unique to its parental protein, and such peptides are used for unambiguous identification of proteins that were present in the analyzed
sample. In addition to protein identification, MS enables accurate relative or absolute quantification of proteins. As a result, MS is commonly used to
identify proteins that are qualitatively and/or quantitatively differentially expressed between studied conditions. The obtained proteomic information is
integrated with existing knowledge and/or data from other large-scale studies (mnRNA profiling, siRNA screens) to better understand cell or tissue biology
at the system level. For example, protein expression levels are compared with mRNA levels (D), and differences in protein expression are analyzed in the
context of biological pathways or interaction networks (E) in effort to identify the underlying causalities and mechanistic principles that give rise to a

studied phenomenon or phenotype.
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excellent reviews have been written that cover instrumen-
tation and principles of protein identification by MS (Yates
et al., 2009; Yates, 1998; Steen and Mann, 2004; Cottrell,
2011), and we will not replicate this information. Rather,
we will introduce the key methods. A typical biological
sample contains extremely complex proteomes. Because
mass spectrometers can analyze only a limited number of
different peptides at a time, the sample complexity must be
reduced before MS. This has been historically done on the
protein level by gel electrophoresis and more commonly
done on the peptide level by various chromatography
techniques.

4.2.1 Historical to current techniques

Two-dimensional (2D) polyacrylamide gel electrophoresis
(PAGE) was the first technique that allowed truly complex
proteomic analysis and was instrumental for the develop-
ment of proteomics (O’Farrell, 1975; Rabilloud et al.,
2010). 2D PAGE is the most widely used technique in gel-
based proteomics; it simply deconvolutes a protein mixture
in two dimensions. Proteins are first separated in the first
dimension by their isoelectric point (pI), and then in the
second dimension according to their -electrophoretic
mobility (which is a function of molecular weight and
charge of a protein) in a polyacrylamide gel. Separated
proteins are then stained and appear as spots in the gel. The
amount of protein in a spot is determined by measuring the
spot volume. This quantification is used as a screening
process to select a limited number of corresponding spots
that contain different amounts of protein on related gels.
This technique is very useful for comparing two samples
that have similar protein expression profiles in order to find
proteins that differ between the samples in their expression
levels or posttranslational modifications (Rabilloud et al.,
2010). The major advantage of this method is that it is
intrinsically quantitative. The major drawbacks are the
limited capacity of protein separation; poor reproducibility
of 2D gels; and low sensitivity, dynamic range, and
throughput. Although efforts to overcome some of the
shortcomings inherent to gel-based approaches resulted in
the development of improved 2D gel methods, such as 2D
fluorescence gel electrophoresis (Unlu et al., 1997), gel-free
chromatographic approaches, which offer a number of
advantages over gel-based methods, now completely
dominate the field of proteomics. One of the most common
approaches being multidimensional high-performance
liquid chromatography (HPLC). Multidimensional HPLC
quickly became the technique of choice for large-scale
proteomic studies. Here, in contrast to gel-based ap-
proaches, the entire analyzed proteome is first digested, and
the resulting peptides are then separated by multidimen-
sional HPLC and further analyzed by MS. Digestion of a
protein mixture generates a highly complex mixture of

peptides, in which the connection between the peptide and
the originating protein is lost. Peptides detected and iden-
tified by MS are then used to infer the presence of all
original proteins in the sample, which is the principle of the
“shotgun” proteomics named by an analogy to shotgun
DNA sequencing. Multidimensional HPLC combines
several separation steps to improve resolution of complex
mixtures of peptides. One of the most popular multidi-
mensional separation methods utilizes strong cation ex-
change and reversed-phase (RP) chromatography to
separate peptides in two dimensions: first peptides are
separated based on charge, and then on hydrophobicity
(Washburn et al., 2001). This separation method is the basis
of the shotgun proteomic strategy known as multidimen-
sional protein identification technology (MudPIT)
(Washburn et al., 2001). Another important chromato-
graphic technique that is often used in gel-free approaches
is affinity purification. Selective enrichment affinity mate-
rials are either used to enrich for peptides that contain
certain posttranslational modifications, such as phosphor-
ylation (Ficarro et al., 2002; Cao and Stults, 1999) or
glycosylation (Geng et al., 2000; Durham and Regnier,
2006), or peptides that contain a specific selectable amino
acid residue, such as cysteine (Wang and Regnier, 2001) or
histidine (Wang et al., 2002). Affinity-enriched peptide
mixtures are usually directly (online) or offline transferred
to RP HPLC columns and further analyzed by MS. Gel-free
approaches overcome many of the drawbacks that are
inherent to gel-based methods (for example, proteins with
extreme size, pl, or hydrophobicity are amenable for
analysis); but more importantly, they allow a large number
of proteins to be identified and quantified in a high-
throughput manner and short time. The ability for high-
throughput proteomics to detect low-abundance proteins
was heavily investigated as it was a major drawback
compared to gel-based approaches. Techniques on the front
end of MS analysis that improve sensitivity include frac-
tionation, affinity enrichment, and immune-depletion,
depending on the sample (Shi et al., 2012). Improvements
in statistical modeling of liquid chromatography tandem
mass spectrometry (LC-MS/MS) in the MS-spectrum count
label-free quantitative proteomic approach have also
resulted in improved detection and attenuated bias toward
low-abundance proteins (Lee et al., 2019). Recently, a
combined approach of nanoparticles and MS, called
Nanoproteomics, has shown to be an antibody-free, scal-
able and reproducible strategy to enable analysis of low-
abundance proteins directly form samples such as serum
(Tiambeng et al., 2020).

4.3 Quantitative proteomics

In addition to protein identification, mass spectrometry can
quantify proteins in complex biological samples. The



proteome of a cell is highly dynamic and expressed proteins
often change their locations, interactions, and modifications
in response to different stimuli. The goal of quantitative
proteomics is to obtain a snapshot of a proteome at a
particular time. Accurate quantification of proteins is
important for understanding of physiological or patholog-
ical phenomena, and for identification and modeling of
functional networks. Traditionally, protein quantification
has been based on the 2D PAGE approaches, but several
gel-free methods allow accurate protein quantification
solely by MS. Methods of quantitative proteomics are
classified into two major categories: those that use stable
isotopes and those that do not. The most popular stable
isotope-labeling techniques either label peptides with
isobaric tags for relative and absolute quantitation (TRAQ)
(Ross et al., 2004), or label proteins metabolically by
incorporation of stable isotope labels with amino acids in
cell culture (Ong et al., 2002) or enzymatically with
isotope-coded affinity tags (Gygi et al., 1999b). Protein
quantification by label-free approaches is based on the
observation that the chromatographic peak area for any
given peptide in an LC run (Bondarenko et al., 2002;
Chelius and Bondarenko, 2002) and the number of tandem
MS spectra of a given peptide (Liu et al., 2004) are pro-
portional to peptide concentration in the analyzed sample.
Thus, relative quantification by label-free approaches can
be done by measuring and comparing the intensities of
precursor ions, or by counting and comparing the number
of tandem MS spectra derived from a particular protein in
different experiments.

4.4 Structural proteomics

A protein’s function is determined by its structure. The
major goals of structural proteomics are to elucidate the
three-dimensional (3D) protein structures and to determine
the relationship between protein structure and function.
Traditionally, static 3D protein structures are determined by
X-ray crystallography (Sherwood et al., 2011) or NMR
spectroscopy (Wuthrich, 1990). However, experimental
determination of protein structure by these methods re-
mains a difficult and laborious task in vitro but can be
improved upon by utilizing current software for predictive
models (Sherwood et al., 2011; Hyung and Ruotolo, 2012;
Nealon et al., 2017). Alternatively, protein structures can be
predicted computationally by homology modeling or ab
initio (Flock et al., 2012). However, and despite decades of
intensive research, these approaches do not always produce
reliable models (Flock et al., 2012). Hydrogen-deuterium
exchange (Wales and Engen, 2006), covalent labeling
(Chance, 2001), or chemical cross-linking (Young et al.,
2000; Petrotchenko and Borchers, 2010) have been coupled
with MS to emerge as viable methods to probe 3D protein
structure. Protein foot-printing methods modify the surface
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of the protein that is exposed to the solvent by exchanging
amide protons with heavier deuterium atoms (Wales and
Engen, 2006) or by different covalent modifications (Stocks
and Konermann, 2009). The labeling changes the molecular
weight of a protein, and this enables MS to identify the
modified sites. Protein foot-printing methods are used to
investigate protein conformation in solution. Chemical
cross-linking covalently couples parts of a protein(s) that
are close in space under native conditions. Subsequent MS
analysis identifies the location and identity of the cross-
linked sites, which provides important clues about the
structural topology of the protein or protein complexes
(Young et al., 2000; Petrotchenko and Borchers, 2010).
Determining interacting partner proteins has become of
increasingly high interest and poses additional challenges
and is especially time consuming in in-vitro models. Pre-
dictive protein interaction software enables predictive
models that alleviate the difficulty of protein interaction
prediction in vitro. A fusion of experimental and predictive
models allows the use of sparse experimental data to pro-
duce more accurate protein interactions. Numerous bio-
informatic software have been developed to aid in
predictive modeling approaches to protein structure and
protein interactions, and there are extensive reviews
covering the differences and uses of the software (Pagadala
etal., 2017; Nealon et al., 2017; Aslam et al., 2017). Spatial
proteomics is a relatively new method of determining
proteins in the vicinity of a bait without a high affinity
between interactors as long as they are in a defined region.
Current techniques include an engineered version of
ascorbic acid peroxidase (APEX) fused to proteins or
involved in epitope tagging of Cas9. APEX fusion results
in a hydroxyl radical when hydrogen peroxide and phenoxy
biotin are added, labeling protein. In conjunction with
Cas9, proteins surrounding a gene found using the Cas9
guide RNA can be labeled. Another strategy is BiolD
which uses biotin ligase enzyme BirA for similar data
(Yates, 2019; Kim and Roux, 2016; Myers et al., 2018).

4.5 Application of proteomics in avian
research

Until recently, red junglefowl, the ancestor of domestic
chickens, was the only avian species with a sequenced
genome (2004) (International Chicken Genome Sequencing
Consortium, 2004). Because proteomics greatly depends on
a complete and well-annotated genome sequence, most of
the proteomics studies in birds have been done on this
animal model. Since then, the complete genomes of zebra
finch (2010) (Warren et al., 2010), turkey (2011) (Dalloul
et al., 2010), and two flycatchers (2012) (Ellegren et al.,
2012) have been sequenced and assembled and many more
are underway (Oleksyk et al., 2012; Rands et al., 2013;
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Rubin et al., 2010; Huang et al., 2013; Cai et al., 2013;
Seabury et al., 2013). The increasing number of sequenced
avian genomes expands the range of unique bird phenom-
ena that can be studied on a global protein level, but more
importantly, makes it possible to study avian proteomes
directly through their genomes, obviating the need for
cross-species peptide matching. A number of proteomic
studies have been done to study various aspects of bird
biology including egg production, embryogenesis, devel-
opment, metabolism, behavior, cognition, immunity, can-
cer, disease, and infection.

4.5.1 Proteomics of egg physiology, embryonic
development, and reproduction

A number of studies have focused on initial description and
functional characterization of proteomes of different avian
tissues, anatomical structures, or entire organs. The avian
egg is a reproductive cell and a highly elaborate biological
structure that protects and nourishes the developing em-
bryo. The major components of the egg—the crystalline
shell (Mann et al., 2006, 2007; Ahmed et al., 2017),
albumen (egg white) (Mann and Mann, 2011; D’ Ambrosio
et al., 2008; Mann, 2007; Sun et al., 2017), yolk (Farinazzo
et al., 2009; Mann and Mann, 2008; Liu et al., 2018), and
the vitelline membrane (Mann, 2008)—have been exten-
sively characterized by various proteomic approaches.
Recent work combining transcriptome, QTL, and proteome
data determined differentially expressed and significant
genes and proteins from six different bird species (chicken,
duck, goose, turkey, pigeon, and quail) in egg formation.
Eleven common differentially expressed proteins were
found in the egg white proteomes of all six species, but
numerous genes and proteins were found to be uncommon
in either the egg proteome of oviducts of the species (Zhang
et al., 2020a,b,c). This type of large-scale, multifaceted
research reveals key differences in proteomes across spe-
cies while also highlighting the conservation of certain
proteomes in egg formation. A key difference in Guinea
Fowl compared to chicken eggs is the hardness of shell. A
quantitative proteomic study using nano-LC-MS/MS
identified 149 proteins, nine unique to Guinea Fowl, in the
eggshell organic matrix at key stages of bio-mineralization.
61 of the proteins were found in the zone of microstructure
shift, 17 were abundant in all zones, and some were
involved in the control of calcite precipitation (Le Roy
et al., 2019). This study provides potential biomarkers for
selection of layers producing eggs with improved shell
mechanical properties and therefore enhance food safety
and potential decrease in vertical transmission of bacteria.
Proteins involved in eggshell brownness were investigated
via iTRAQ analysis with proteomics of the shell gland
epithelium of hens laying dark and light brown eggs. About
147 differentially expressed proteins with 65 upregulated in

light and 82 upregulated in dark egg layers. Functional
analysis indicated that light brown egg layers produced less
protoporphyrin IX for brownness, potentially via down-
regulated Iba57 and up-regulated SLC25A5 with down-
regulated TSPO (Li et al., 2016).

The chicken embryo is one of the most useful and
investigated comparative and biomedical models for
studying development, physiology, and pathogenesis. Pro-
teomics has been used to characterize the proteome of a
chicken embryonic cerebrospinal fluid (CSF) (Parada et al.,
2006). This study identified, among others, 14 proteins that
are also present in human CSF, and 12 of them are altered
in neurodegenerative diseases and/or neurological disor-
ders. Bon and co-workers identified and quantified selected
proteomes of three different heart tissues and studied them
at three different developmental stages (Bon et al., 2010).
By comparing the identified proteomes, it was possible to
study the changes in proteome expression and to identify
proteins that were specific for particular heart structures or
developmental stages. Grey et al. (2010) used an alternative
approach, based on MALDI tissue imaging MS, to study
spatial distribution of proteins in chicken heart structures
such as vessels, valves, endocardium, myocardium, and
septa. To better understand embryonic chicken bone for-
mation, Balcerzak et al. applied proteomics to identify
protein machinery of matrix vesicles, which is essential for
the formation of hydroxyapatite (Balcerzak et al., 2008).
Functional analysis of the matrix vesicle constituents sug-
gested what roles these proteins might have in the miner-
alization process. The embryonic development of skeletal
muscle has also been investigated in chicken using iTRAQ
analysis and protein interaction network analyses (Ouyang
et al., 2017). There were 19 up-regulated and 32 down-
regulated proteins in embryonic age 11 versus 16, 238
up-regulated and 227 down-regulated proteins in embry-
onic age 11 and day 1 of age. The differentially expressed
proteins were involved in pathways of protein synthesis,
muscle contraction, and oxidative phosphorylation. By
combining transcriptome data, results found 189 differen-
tially expressed proteins correlating to mRNA levels and
these proteins also were involved in muscle contraction and
oxidative phosphorylation. A recent study on haptic pro-
teins in embryonic and newly hatched chicks revealed 41%
of the 3409 differentially expressed proteins were involved
in metabolic processes and significant differences in haptic
proteins from embryonic development to hatching (Peng
et al., 2018). Most importantly, key factors controlling fat
deposition during chicken embryonic development were
elucidated to be ACAA2, CPT1A, and ACOXI. This study
also revealed an alternative model using chicken for human
obesity and insulin resistance. To better understand how
birds are prepared for transition from a fat-rich diet in ovo
to saccharide- and protein-based diet after hatch, Gilbert
et al. (2010) analyzed the proteome of chicken small



intestine at hatch and during the early posthatch period in
two different broiler lines (Gilbert et al., 2010). This study
identified differences in expression of digestion and
absorption-related proteins between different genetic lines.

A proteomic approach was also used to identify hypo-
thalamic biomarkers associated with high-egg production in
chickens (Kuo et al., 2005). Comparison of the hypotha-
lamic proteomes from two related chicken lines selected for
meat and high-egg production resulted in identification of
six proteins that differed in their expression between the
lines, and some of these proteins are involved in regulation
of gene expression, signal transduction, and lipid meta-
bolism. The heterogeneous nuclear ribonucleoprotein H3
was suggested as novel biomarker for high-egg production.
A contributing factor in egg production is follicle selection.
A study comparing transcriptome and proteome of small
yellow follicles and hierarchical follicles in laying hens
identified nine proteins and seven genes with VLDLR gene
and protein being higher in hierarchical follicles as well as
being stimulated by FSH in granulosa cells (Chen et al.,
2020b). This study has implications for both laying hens
and broilers as broiler breeders often undergo multiple
follicle selection (Hocking and Robertson, 2000). 2D
PAGE MS was used to compare expression profiles of
proteins in the oviduct in chicken hens of different ages
during the egg-laying period (Kim et al., 2007). The anal-
ysis revealed that anterior gradient homolog 2 (AGR2)
protein was among the most differentially expressed pro-
teins. Analysis of the mRNA showed that expression of
AGR-2 was limited to the magnum and isthmus of the
oviduct, and that this expression was approximately 900-
fold higher in the mature oviduct in comparison to the
premature one. Because AGR-2 is a secreted protein that
shows estrogen dependent expression, and egg laying is
strongly affected by estrogen, it was suggested that AGR-2
might be important for the development of the epithelial
cells in the oviduct during the egg-laying period in
chickens. 2D PAGE and MudPIT have been used to
discover genetic and molecular mechanisms that compro-
mise sperm mobility in chickens (Froman et al., 2011).
Analysis of the sperm proteome from chicken lines of low
or high-sperm mobility allowed deduction of a proteome-
based model that explained well the differences in sperm
mobility between lines, and confirmed the initial hypothesis
that defects in ATP metabolism and glycolysis are
responsible for premature mitochondrial failure, which re-
sults in sperm immobility. MALDI and top-down MS of
chicken spermatozoa and seminal plasma along with
comparative analysis using spectral count and XIC revealed
unique profiles of most fertile males compared to least
fertile male chickens (Labas et al., 2015). Over-represented
enzymes in the most fertile males were involved in energy
metabolism and respiratory chain activity and least fertile
males differed in proteins including acrosin, ACE,
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AvBD10, and AvBD9. Selection for higher fertility was
shown to impact proteomic profile of seminal fluid in white
leghorn males compared to the red junglefowl ancestor
(Atikuzzaman et al., 2017). 2DE and immunoassays were
conducted on the seminal fluid of pooled males from each
breed with statistics to cover intra- and intergroup vari-
ability. The results showed conserved proteins being serum
albumin and ovotransferrin, but clear enrichment of pro-
teins related to immune response regulation for sperm
survival in female reproductive tract including less proin-
flammatory cytokines and an abundance of immunomod-
ulatory/anti-inflammatory peptides. Taken together, these
studies demonstrate the diverse application of proteomics in
elucidating key pathways and proteins involved in avian
reproduction and development.

4.5.2 Proteomics of behavior and plumage

The zebra finch is the dominant animal model for studying
molecular mechanisms underlying learning, memory,
vocalization, and social behavior. A natural perceptual
experience, such as a sound of another bird singing, triggers
rapid changes in expression of specific genes in the audi-
tory region of the zebra finch brain (Mello et al., 1992).
Repeated exposure to the same song leads to stimulus-
specific habituation of the original response (Petrinovich
and Patterson, 1979). To understand the process of habit-
uation better, Dong et al. (2009) used DNA microarrays
and 2D PAGE MS approaches to analyze global changes of
gene expression at different stages in the development of
habituation. This study showed that exposure to a song
induces massive changes in gene expression, and that song
response habituation is not a simple loss of the original
responses but rather a change of neuronal responses
underpinned by a novel and different gene expression
profile. Analysis of protein expression showed that habit-
uation is accompanied by a decrease in expression of
cellular and mitochondrial proteins that are involved in
biosynthesis and energy metabolism. Neuropeptides are
signaling peptides found in neural tissue that modulate a
wide range of physiological and behavioral processes
including metabolism, reproduction, learning, and memory.
Xie et al. (2010) used a combination of bioinformatics, MS,
and biochemistry for prediction, identification, and locali-
zation of neuropeptidome of the zebra finch. Computational
analysis of the zebra finch genome predicted 70 putative
prohormones and 90 peptides derived from 24 putative
pheromones identified in the zebra finch brain by two
different MS approaches. The power of MS was further
used for localization of a subset of peptides in the major
song control nuclei of the zebra finch brain. Furthermore,
gene expression of a subset of pheromone genes was
anatomically mapped in selected zebra finch brain sections
by in situ hybridization.
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Birds display an enormous range of plumage colors, and
this diversity rivals or exceeds that of plants (Stoddard and
Prum, 2011). Still, bird plumage occupies only about 30%
of the possible colors that birds can see (Stoddard and
Prum, 2011). The molecular mechanisms that determine
and drive the development of this diversity are largely
unknown. The breeding plumage of male pied flycatchers
varies from a brown to dark black. Leskinen et al. (2012)
characterized and quantified the proteome of developing
pied flycatcher feathers to advance understanding of
physiological processes that underlay the variation in
pigmentation. In total, 294 proteins were identified in the
developing feathers. About 65 proteins were linked with
epidermal development and/or pigmentation in the devel-
oping feathers, and 23 proteins were associated with
pigment-containing organelles—melanosomes. The com-
parison of the brown- and black-specific proteomes
revealed several proteins and functional networks that
differed in expression between the two phenotypes and that
are candidates for further studies. The most pronounced
differences were detected in immunological signaling,
oxidative stress, energy balance, and protein synthesis
networks, and these differences might be responsible for
differential feather growth and color pigmentation. A recent
study tried to determine the molecular mechanism behind
Columbian plumage feathers in the H line of the “Yufen I”
commercial egg-layer (Wang et al., 2019). Both tran-
scriptome and proteome were utilized in the analysis with
209 genes and 382 proteins differentially expressed in two
locations. The melanogenesis pathway and melanin syn-
thesis were involved via nine proteins that were differen-
tially expressed. Melanogenesis, cardiomyocyte adrenergic,
calcium, and cGMP-PKG were all activated pathways in
Columbian plumage.

4.5.3 Proteomics of performance and

physiology

Food products derived from farm animals, birds, and fish
represent a significant part of the human diet. Under-
standing the nutrient metabolism, muscle accretion, and fat
deposition in food birds provides practical knowledge that
can be used to improve feed conversion efficiency, food
quality, and the health and welfare of animals. Animal feed
represents the major cost of poultry production. A balanced
poultry diet is reflected in optimal growth and production at
minimal nutrient expense. Because of the composition of
poultry diet, where corn and soybeans are used as major
sources of energy and proteins, respectively, some amino
acids become more limited than others. Corzo et al. (2005)
utilized the power of MS to understand amino acid re-
quirements in chickens. Blood plasma proteome from
chickens fed an adequate or lysine-deficient diet was
analyzed to identify potential biomarkers of dietary lysine

deficiency. The analysis revealed that lysine deficiency
might not result in a simple overall reduction of protein
synthesis in chickens fed with a lysine-deficient diet, but
rather in reduced anabolism of specific proteins. Corzo
et al. (2006) and Zhai et al. (2012) also evaluated the effect
of dietary methionine on breast muscle accretion in broiler
chickens (Corzo et al., 2006; Zhai et al., 2012). This study
showed that four canonical pathways related to muscle
development (citrate cycle, calcium signaling, actin cyto-
skeleton signaling, and clathrin-mediated endocytosis
signaling) were differentially regulated between chickens
that were fed with low- and high-methionine diets (Zhai
et al, 2012). In addition, this study suggested that a
methionine-rich diet preferably induced muscle accretion
by sarcoplasmic over myofibrillar hypertrophy. A recent
study concluded that changes in the diet composition can
have large impacts on protein origins leaving the ileum by
analyzing 160 Ross PM3 broilers fed either maize/soy-
based diet as reference or the addition of 20% raw soy-
meal to putatively cause changes in protein flow from the
ileum (Cowieson et al., 2017). The raw soy-meal addition
caused an increase in endogenous protein relative abun-
dance and decrease in protein from soy and no effect on
protein from maize. This study describes the ability of
proteomics to be used to determine changes in digestion
and secretion in chickens for a more in depth understanding
of diet effects on the digestive tract. The blood plasma is an
extremely complex tissue that contains thousands of
distinct proteins. It is also the most common tissue used in
diagnosis of disease and nutritional status. Several authors
analyzed blood plasma protein composition to gain better
understanding of protein dynamics during chicken devel-
opment (Huang et al., 2006) or for discovery of plasma
biomarkers that reflect nutritional conditions (Corzo et al.,
2004, 2006). Muscle meat food products derived from
birds, and in particular chickens, are important sources of
essential nutrients and energy intake in the human diet.
Proteomics has an obvious potential to study a broad range
of aspects related to the meat production including nutri-
tion, muscle formation, breed differentiation, meat quality,
and meat contamination (Paredi et al., 2013; Schilling et al.,
2017). Chicken strains selected for meat production show
dramatic growth rates and accelerated accretion of the
pectoralis (breast) major and minor muscles. The proteome
of the chicken pectoralis muscle has been extensively
profiled (Corzo et al., 2006; Zhai et al., 2012; Doherty
et al., 2004; Teltathum and Mekchay, 2009), and another
study identified over 5000 unique proteins in the pectoralis
muscle of studied birds (Zhai et al., 2012). A comple-
mentary study identified the proteome of the pipping
muscle, which is primarily used for breaking the egg’s
surface during hatching (Sokale et al., 2011). A recent
study identified the potential role of mitochondria in the
breast meat of feed efficient broilers through analysis of



152 differentially expressed proteins using IPA (Kong
et al.,, 2016). A complementary study involving the pro-
teogenomic analysis of breast meat in high-feed efficiency
broiler males found those birds showed enrichment of
ribosome assembly as well as proteasomes and autophagy
processes for quality control and nuclear transport and
protein translation compared to low-feed efficiency males
(Bottje et al., 2017). This study is also a basis for pheno-
typing feed efficiency from a proteogenomic perspective
and improving selection through a more well-defined
phenotype. The identified proteins, 676 in all, were
analyzed using the assigned Gene Ontology categories for
molecular function, biological process, or cellular compo-
nent. This analysis revealed which protein functions and
cellular activities are important for rapid development of
pipping muscle during embryogenesis.

McCarthy et al. (2006) analyzed the proteomes of the
supporting stromal and B cells isolated from the chicken
bursa of Fabricius, a unique bird organ and a common
experimental system for B-cell development (McCarthy
et al., 2006). Proteins were isolated from the two major
functional cell types of bursa by a sequential detergent
extraction procedure that increased proteome coverage and
helped to localize known and previously unknown proteins
to different cellular compartments. Functional modeling of
the identified proteins provided insights about signaling
pathways involved in programmed cell death, proliferation,
and differentiation. In a similar study, van den Berg et al.
(2007) applied whole organ proteomics to study frozen
spleen. To gain a better understanding of B-cell develop-
ment in the bursa of Fabricius, Korte et al. used a quanti-
tative 2D PAGE approach to study bursal proteomes from
the embryonic and posthatch developmental stages. They
showed that enzymes of the retinoic acid metabolism play a
crucial role in the early development of the primary avian
B-cell organ (Korte et al., 2013). Similar observations were
done in mammals, where vitamin A plays a similarly
important role in the development of secondary lymphoid
organs (van de Pavert et al., 2009). Proteomic analysis of
the Harderian gland showed that Harderian gland is a site of
active mucosal immunity also due to expression of he-
matopoietic prostaglandin D synthase (Scott et al., 2005),
which is necessary for production of prostaglandin D2, the
potent activator of inflammatory responses (Serhan et al.,
2008). Several proteomic studies have used chicken em-
bryos to study embryonic development of retina (Lam
et al., 2006; Mizukami et al., 2008; Finnegan et al., 2008,
2010), face (Mangum et al., 2005), CSF (Parada et al.,
2005, 2006), liver (Jianzhen et al., 2007), cardiovascular
system (Bon et al., 2010), and vasculature (Soulet et al.,
2013). Lam et al. (2006), Mizukami et al. (2008), and
Finnegan et al. (2008) used 2D PAGE to catalog the most
abundant proteins in young chicken retina and to identify
those that were differentially expressed between different
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stages of retina development (Lam et al., 2006; Mizukami
et al., 2008; Finnegan et al., 2008). These studies identified
known and novel proteins that play roles in early ocular
growth and neural development. The retinal dysplasia and
degeneration (rdd) chick was used as a model to identify
proteins that are differentially expressed during the onset of
degeneration of retina (Finnegan et al., 2010). Mangum
et al. (2005) studied the development of the first pharyngeal
arch, an embryonic structure that is crucial for the forma-
tion of the face, as a model for the craniofacial defects in
humans (Mangum et al., 2005). This study showed that
expression of molecular chaperones, cytoskeletal proteins,
and plasma proteins associated with vascularization was
altered the most between the different stages of craniofacial
development. Initial characterization of the zebra finch
retina and optic tectum, a major structure of the midbrain,
proteomes have been done using the one-dimensionl PAGE
approach coupled with MS (Sloley et al., 2007a,b). Because
these studies were done before the complete zebra finch
genome was available, potential zebra finch proteins had to
be identified by cross-species matching using the nonre-
dundant NCBI, Ensemble, and Swissprot protein databases.

4.5.4 Proteomics of disease, myopathy, and
infection

The recent explosion of animal and pathogen genomes has
not only enabled identification of genes involved in the
etiology and pathology of diseases (such as mutant gene
variants or virulence factors) but also has opened up the
door for proteomics to probe the pathogenesis and
pathogen—host interactions on a global protein level. Pro-
teomics has greatly improved understanding of diseases; it
has been very valuable in diagnostic marker discovery, and
it has a great potential in drug discovery. Despite its great
value, disease proteomics remains to be one of the least-
developed areas in avian research. Nevertheless, prote-
omics has been used to study the pathogenesis, etiology,
and pathology of several avian (infectious) diseases. In
addition, proteomics has been used to study various human
diseases on chicken experimental models (Andrews Kingon
et al., 2013).

4.5.4.1 Disease proteomics

The chicken is an ideal and unique animal model to probe
the etiology and progression of spontaneous human
epithelial ovarian cancer, largely because the domestic
chicken has a high prevalence of spontaneous ovarian
carcinomas. EOC remains the most lethal gynecologic
malignancy in part because early detection and therapeutic
strategies have been largely unsuccessful (Kurman and
Shih, 2010). Hawkridge et al. (2010) used this model to
study the onset and progression of EOC by a large-scale
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biomarker discovery effort involving longitudinal sample
collection and protein analysis by MS. Inter- and intra-
individual measurement of proteins identified ovomacro-
globulin (ovostatin) as a potential EOC biomarker because
its levels in plasma were undetected in a healthy indi-
vidual and significantly higher during later stages in an
EOC bird. Pulmonary hypertension syndrome, or ascites
syndrome, is a metabolic pathogenesis in meat-type
chickens that is manifested by the formation of ascites.
Ascites syndrome is one of the major problems in the
chicken industry, and is caused by cardiopulmonary
insufficiency during high-oxygen demands spurred by a
rapid tissue growth (Currie, 1999). Proteomic analysis of
the cardiac mitochondrial matrix proteomes of the ascites-
resistant and ascites susceptible line broilers suggested
that the mitochondria of susceptible chickens may respond
inappropriately to hypoxia (Cisar et al., 2005). A com-
plementary proteomic analysis of the hepatic proteomes of
healthy birds and those with ascites suggested that insuf-
ficient energy generation in the liver is responsible for
development of pulmonary hypertension syndrome (Wang
et al., 2012).

4.5.4.2 Proteomics of muscle myopathy

Understanding the mechanism behind serious metabolic
disorders is crucial for the development of treatment and
preventative strategies. In the modern broiler, major
metabolic disorders affecting producers and consumers are
muscle myopathies in the form of wooden breast (WB),
white striping (WS), and spaghetti meat (SM). In the case
of WB, Cai et al. (2018) found eight differentially
expressed proteins between normal and WB meat samples
with differences indicating increased oxidative stress in
addition to decreased glycolytic enzymes in WB muscle.
When analyzing five different genetic strains of broilers,
more abundant proteins in WB were involved in carbo-
hydrate metabolism, oxidative stress, cytoskeleton struc-
ture, and signaling with regulated pathways involved in
similar functions as well as cell death and survival and
cellular organization (Zhang et al., 2020a,b,c). Postmor-
tem proteomic analysis of WB affected tissue using 2D gel
electrophoresis revealed changes in protein degradation,
including desmin fragments, ovotransferrin chain A, and
troponin I chain I degradation (Zhang et al., 2020a,b,c).
Interestingly, some glycolytic proteins in WB showed
evidence of posttranslational modification, including
enolase, phosphoglucomutase-1, PGAM1, and pyruvate
kinase. A study using a hybrid LTQ-OrbitrapXL LC-MS/
MS compared proteomic profiles of normal breast and
breast meat affected by WS or WB (Kuttappan et al.,
2017). Using ingenuity pathway analysis (IPA) software,
the 800 differentially expressed proteins were associated
to biological pathways. IPA showed elF-2 signaling,

mTOR signaling, and regulation of eIF4 and p703°%
signaling were up-regulated in breast with severe myop-
athy compared to normal. The indication of increased
protein synthesis pathways could be due to rapid growth
and cellular stress due to degradation and attempted tissue
repair. Down-regulated pathways included glycolysis and
gluconeogenesis which coincided with higher pH. For
WS, SDS-Page and further analysis of chemical compo-
sition of WS meat showed higher fat and lower protein
content along with higher collagen and decreased protein
quality (Petracci et al., 2014). SM meat was also analyzed
in a similar study using SDS-PAGE and found that while
the proteome profile varied little from SM to normal, the
overall protein abundance was reduced as with other
myopathies (Tasoniero et al., 2020).

4.5.4.3 Proteomics of infections

Some strains of the highly pathogenic avian influenza A
subtype HS5NI1 cause severe acute encephalopathy and
neurodegeneration in poultry and migratory birds. To
reveal the mechanisms that cause the observed neuro-
pathogenesis, Zou et al. (2010) used comparative prote-
omics to identify the proteins that were expressed
differently in the brains of healthy and H5NIl-infected
chickens (Zou et al.,, 2010). Among the differentially
expressed proteins were septin 5 and collapsin response
mediator protein 2 (CRMP2). Septin 5 is dysregulated in
Parkinson’s disease and CRMP2 in Alzheimer’s disease,
Down syndrome, and human T-cell lymphotropic virus
type I associated myelopathy (Vincent et al., 2005; Lubec
et al.,, 1999; Son et al., 2005). This suggests that these
proteins might also have a role in neurodegenerative pa-
thologies associated with influenza HSN1 infection. Gallid
herpesvirus 2 (GaHV-2) is an avian oncogenic herpesvirus
that causes a highly infectious and rapidly progressive
lymphomatous disease of chickens, Marek’s disease (MD).
GaHV-2 infects and transforms cells in all chicken geno-
types, but some chickens are genetically resistant to gross
lymphoma formation (Burgess and Davison, 2002). To
better understand the molecular mechanisms of differential
susceptibility to MD, spleen proteomes of MD susceptible
and MD-resistant chickens were analyzed using the 2D
PAGE MS approach (Thanthrige-Don et al., 2010). Among
the differentially expressed proteins identified in this study
were antioxidants; molecular chaperones; and proteins
involved in the activation and migration of T lymphocytes,
formation of cytoskeleton, protein degradation, and antigen
presentation; and some of these were implicated as poten-
tial factors in MD resistance. In a similar study, analysis of
the changes in the chicken spleen proteome induced by the
GaHV-2 infections revealed that protein expression was the
most altered during early stages of infection. Comparative
analysis showed that proteins that were differentially



expressed at different timepoints postinfection were
involved in a variety of cellular processes that are crucial
for the host response to GaHV-2 infection and pathogenesis
(Thanthrige-Don et al., 2009). To better understand how
GaHV-2 infection changes the host protein expression,
several proteomic profiling studies have been done to
determine the protecome of GaHV-2-lytically infected
chicken embryo cells (CECs) (Liu et al., 2006; Chien et al.,
2011, 2012; Ramaroson et al., 2008) compare the phos-
phoproteomes of mock- and GaHV-2-infected CECs
(Chien et al., 2011; Ramaroson et al., 2008); and quantify
protein expression changes caused by GaHV-2 infection
(Chien et al., 2012). Collectively, these studies revealed
GaHV-2 infection dramatically changes the protein
expression profile of infected cells. Overlaying quantitative
and phosphorylation data revealed that GaHV-2 infection
altered both protein expression and phosphorylation of
proteins from several cellular pathways, and among the
most affected processes were RNA transport, signal trans-
duction, initiation of translation, and protein degradation.
Perhaps the most interesting discovery of these studies is
that GaHV-2 causes unique phosphorylation of the trans-
lation initiation factor 4E-binding protein 1, which is
important for the assembly of the protein translation initi-
ation complex after virus infection. In a complementary
study, Buza and Burgess (2007) used MudPIT to profile the
proteome of the GaHV-2-transformed lymphoblastoid cell
line UAO1. Functional modeling of the UAOl proteome
showed that cells had a typical cancer phenotype. UAO1
cells were activated, differentiated, and proliferative, but
antagonistic to apoptosis, energy, quiescence, and senes-
cence. Identified cytokines, cytokine receptors, and related
proteins suggested that the UAQO1 proteome had a T-cell
regulatory (T-reg) rather than T-helper (Th)-2 phenotype.
MD, a CD4+ T cell lymphoma of chickens, and many
human lymphomas overexpress the Hodgkin’s disease an-
tigen CD30 (CD30hi). MD lymphomas, like its human
homologs, are formed by a minority of transformed
(CD30hi) and a majority of nontransformed (CD30lo) cells
(Burgess and Davison, 2002; Shack et al., 2008). Although
the GaHV-2 gene meq is the principal oncogene, which
acts as a transcription factor and transforms via the Jun
pathway (Levy et al., 2005; Mescolini et al., 2019), the
exact mechanism of neoplastic transformation and transi-
tion from CD30lo to CD30hi neoplastic phenotype is un-
known. As described in this review, most of the proteomics
work that has been done in aves has been descriptive, based
on differential expression. Kumar et al. (2012), though,
compared microRNA, mRNA, and protein levels and from
this data imputed functional models. As described by many
others in many different systems, there was poor overall
correlation between mRNA and protein expression (Gygi
et al., 1999a,b; Cullen et al., 2004). However, to identify
the key regulatory proteins responsible for neoplastic
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transformation, all gene products which were differentially
expressed in the same direction at both mRNA and protein
levels (i.e., concordant) were selected for further analysis,
and these did have an overall positive correlation. Those
gene products with the greatest mRNA and protein corre-
lation are known to be involved in human CD30-over
expressing lymphomas. When ranked into pentiles based
on protein expression levels, the Gene Ontology Biological
Processes of cell cycle and proliferation to programmed cell
death ratios were greatest in pentile 1. The authors then
identified the numbers of putative canonical MDV Meq
(the virus oncogene) binding sites in each of the 88
concordantly expressed genes’ promoters; and genes in
pentile 1 had the most Meq binding sites. Of the five
concordant genes previously implicated in lymphoma-
genesis in other species most were in pentile 1 suggesting
direct transcriptional regulation by Meq. In contrast, one
gene product, CST3 was likely regulated by a micro-RNA.
Recent proteomic MD research has revealed that MD vi-
ruses inhibit type I interferon in the thymus and bursa of
Fabricius infected chickens and that strains of varying
virulence affected type I IFNs differently (Sun et al., 2019).
Plasmodium gallinaceum is a protozoal avian malaria
parasite and the most relevant animal model of the human
parasite Plasmodium falciparum sexual stages zygote and
ookinete. The early stages of the P. gallinaceum life-cycle
occur in its definitive host, the mosquito, but this process is
largely unknown. To better understand the initial molecular
mechanisms of P. falciparum vector interaction, Patra et al.
(2008) used high-throughput proteomics to identify 966
orthologous proteins of P. falciparum present in the zygote
and ookinete proteomes (Patra et al., 2008). About 40% of
the identified proteins had hypothetical status, and the
majority of these were transmembrane or secreted proteins.
This suggests that these proteins might play important roles
in parasite—host interactions. Coccidiosis of fowl, an in-
testinal disease caused by a protozoal parasite Eimeria,
causes significant losses for the poultry industry. Plasma
proteome profiles of two different chicken lines infected
with one of three common Eimeria species were compared
by the 2D PAGE MS (Gilbert et al., 2011). About 46
proteins displayed significantly changed expression in
response to Eimeria infection. The differentially expressed
proteins were found to participate in innate immunity,
blood clotting, and iron and mitochondrial metabolism, and
these processes fit well within the host acute-phase re-
sponses that are initiated when a tissue is invaded by a
microorganism. Some of the identified proteins were sug-
gested as candidate biomarkers for early diagnosis of
Eimeria infection. A recent study investigating the inter-
action between Eimeria maxima and chicken jejunal
epithelial cells utilized shotgun LC-MS/MS and Western
blot analysis to reveal 35 annotated (Gene Ontology)
peptides, 22 of which were associated with binding activity
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and 15 with catalytic activity (Huang et al., 2018). This
revealed novel findings of host-parasite interaction on a
cellular level. Another protozoan parasite affecting poultry
is Histomonas meleagridis which causes histomonosis or
blackhead disease in poultry including turkeys. Proteomic
study involving virulent and attenuated strain of Histo-
monas showed increased metabolism, in vitro adaptation
and ameboid morphology pathways implicated in virulence
based on MS analysis of 49 protein spots (Monoyios et al.,
2018). Interestingly, MS also identified differential
expression of Escherichia coli DH5o proteins indicating
reciprocal interaction between two strains during mon-
oxenic cultivation. Salmonella enterica subspecies enterica
is a gram-negative enterobacterium and an important
pathogen that infects a broad range of vertebrate species
including chicken and man. The subspecies is routinely
divided into more than 2500 serotypes (serovars) based on
antigenic epitopes (Franklin et al., 2011). Salmonella
serovars differ in host range and pathogenic potential, but
molecular mechanisms underlying these differences are not
well understood. Several proteomic studies compared pro-
teomes of different avian Salmonella serovars and discov-
ered possible molecular mechanisms responsible for the
observed phenotypic differences (Encheva et al., 2005;
Osman et al., 2009; Sun and Hahn, 2012).

4.5.5 Proteomics of avian welfare

Consumer concern for animal health and welfare has risen
along with the popularity for chicken as a healthy protein
source (Powers, 2020). The poultry industry now faces
regulations as well as consumer preferences for birds raised
in nonstressful and enriching environments. The ability for
industry to measure and report factors that demonstrate
good animal welfare has been limited with the definition of
avian welfare itself left largely undefined. Proteomics has
been utilized to determine novel biomarkers for and mea-
surements of welfare in the modern broiler and other food
animals with the major stress indicators being cortisol,
creatine kinase, and lactate (Harkati et al., 2018; Sardi
et al., 2020; Marco-Ramell et al., 2016; Bozzo et al., 2018).
New research into improved techniques and specific
markers for stressors such as heat stress, immobility, fast-
ing, and ammonia exposure have been developed using the
avian model and proteomics.

In the case of heat stress, understanding the mechanism
behind physiological responses to heat stress in the high-
metabolic, temperature-intolerant broiler is key, especially
as global temperatures rise due to climate change. Proteo-
mic work has resulted in the identification of novel mo-
lecular signatures for a bird’s response to heat stress
through measuring GRP75, a member of the heat-shock
protein family (Dhamad et al., 2019). Another heat shock
protein marker for heat stress was investigated, and most

interestingly, was from a noninvasive source, the feather
(Greene et al., 2019). HSP70 protein was detectable in the
growing feather of heat-stressed Cobb500 broilers. This
study is a direct example of proteomic technique providing
noninvasive phenotypes and measures of welfare in the
poultry industry. A study analyzing the proteomic response
to heat stress in the avian hypothalamus revealed damage to
the hypothalamus and provocation of pathways involved in
attenuating protein destabilization and degradation and
improving cytoskeleton integrity, oxygen transport, and
neural development after acute heat stress (Tu et al., 2018).
A study investigating response to heat stress during trans-
portation found glycolysis pathway, calcium signaling, and
molecular chaperones in the breast muscle of heat-stressed
birds to be significantly different using iTRAQ proteomic
analysis (Xing et al., 2017). Heat stress analysis on other
tissues such as liver, spleen, and hypothalamus revealed
differentially expressed proteins related to immune
response, metabolism, and cellular processes including cell
death (Tang et al., 2015; Ma et al., 2019; Tu et al., 2018).
The ability for proteomic analysis to not only identify key
signatures of responses but also annotate key proteins to a
specified biological pathway makes advances in mecha-
nistic understanding of animal welfare possible.

Although the modern broiler is extremely heat-
intolerant, its high metabolism results in the fastest
growth of almost any other food animal. This rapid growth
is often associated with increased incidence of lameness
and impaired mobility which is a major concern for animal
welfare and health. Tonic immobility has been used to
investigate the potential modulation of emotional reactivity
on chronic stress-related behavior and physiological
dysfunction in animals and corticosterone (CORT) deliv-
ered in drinking water is an established model for chronic
stress in broilers. A study utilized these models conducted
2D gel electrophoresis and Western blot analysis of pro-
teins in the breast muscle. Analysis showed CORT treat-
ment, mimicking chronic stress, reduced growth of muscle
by suppressing protein synthesis, and long tonic immobility
had similar negative effects on muscle growth potentially
via glucose metabolism (Fu et al., 2014). This along with
similar studies demonstrates not only the physiological
implications of immobility, but also the effect of chronic
stress on health and performance (Hayward and Wingfield,
2004; Minvielle et al., 2002; Wang et al., 2013). A leading
cause of lameness and immobility is bacterial chon-
dronecrosis with osteomyelitis (BCO), also called femur
head necrosis (FHN). Currently, identification of BCO re-
quires necropsy of the femur head itself within the bird.
However, proteomic research seeks to not only understand
the mechanism behind this disorder but also identify a
biomarker for earlier and easier phenotyping of BCO. To
that end, a proteomic analysis used matrix-assisted laser
desorption ionization time of flight mass spectrometry



(MALDI-TOF-MS) and liquid chromatography/electro-
spray ionization-tandem mass spectrometry (LC-MS/MS)
to determine differential peptides in the plasma of FHN
affected versus healthy broilers. Fibrinogen- and fetuin-
derived peptides as well as alpha-1l-acid glycoprotein,
albumin, and SPINK7 were reduced in FHN affected birds
with gallacin-9, apolipoprotein Al, and hemoglobin being
elevated in the plasma of birds with FHN (Packialakshmi
et al., 2016). The results of this study suggest tissue
adhesion, proteolysis, and infection could be culpable for
FHN. Although the study provides the basis for circulating
biomarkers for FHN, more research is needed to determine
the significance of these differential peptides and their ef-
ficacy as biomarkers. Tibial dyschondroplasia (TD) is
another disorder which commonly causes lameness in fast-
growing broilers. A proteomic analysis of high altitude
Tibetan chickens, which have low incidence of TD,
compared to low-altitude broilers revealed increased
vascular distribution in the tibia accompanied by up-
regulated hypoxia-inducible-factor-1 alpha as well as
vascular endothelial growth factor A (VEGFA) and VEGF
receptors. Hypoxia exposure of low-altitude broilers
resulted in increased angiogenesis and upregulation of
similar factors. This study describes the potential role in
inhibition of angiogenesis in the pathology of TD and sets
the ground work for potential target pathways in selection
of broilers for resistance to TD.

A common practice in poultry production is fasting
and has raised concerns by animal welfare advocates
regarding detrimental effects on animal health not being
considered. About 24 hour fasting has shown to impact
broiler health by delaying growth and performance. A
study using 2D electrophoresis and MALDI-TOF on in-
testinal samples of fasted chickens revealed differences in
proteins related to fatty acid binding, stress response, and
ion transport (Simon et al., 2019). The results of this study
also revealed decreased intestinal absorption and differ-
ential expression of structural proteins. Studies of the
hypothalamus revealed fasting induced differentially
expressed enzymes involved in metabolic pathways be-
tween lines selected for low and high-body weights.
Oxidative phosphorylation, citric acid cycle, and carbon
metabolism were the major pathways connected to
differentially expressed proteins. Fasting responsive pro-
teins and their associated pathways were significantly
over-expressed in high weight selected broilers in
response to fasting (Liu et al., 2019). Taken together, these
studies support the welfare effects of fasting on broilers
and demonstrate proteomics capacity for identifying and
defining pathways involved in welfare of fasting birds.

Ammonia is a major component of haze and often
associated with certain management practices in the
poultry industry and is often a cause of animal welfare
concerns as birds are exposed to it low to the ground for
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long periods of time. Proteomics analysis in the thymus of
chickens exposed to NHj; had ultrastructural changes
and 66 differentially expressed proteins involved in im-
mune function, metabolic processes, and apoptosis. This
proteomics analysis demonstrated ammonia toxicity
mechanism in the thymus through immunosuppression,
metabolic disruption, and apoptotic effect (Chen et al.,
2020a). iTRAQ proteomic analysis revealed in a separate
study that 30 differentially expressed proteins in the liver
of ammonia exposed birds were related to nutrient
metabolism, immune and stress response, as well as
detoxification/biotransformation and transcriptional and
translational regulation (Zhang et al., 2015). This resulted
in differences in overall bird health and taken together,
these studies suggest potential target pathways for
measuring welfare in management related to ammonia
exposure.

4.6 Conclusions

One of the primary goals of biology is to understand how
organisms function on a molecular level. Because proteins
are the “makers of life,” understanding their functions is
central to understanding biology. Proteomics is an
extremely versatile and comprehensive platform to study
proteins on a large scale. It offers a broad range of tools that
can be used to determine the identity, structure, quantity,
and quality of expressed proteins in biological systems as
well as physiological responses to disease and environ-
mental stressors. Proteomic data have also shown to be
integral in the combined analysis of other omics technol-
ogies as the indicator of functional units in a given or-
ganism. Thus, while scientific questions in avian research
remain essentially the same, proteomics has the potential to
transform the form of biological inquiry.
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5.1 Introduction to metabolomics

Physiology is an emergent property produced from
continual and dynamic interactions between an organism
and its environment. The study of physiology relies on
readouts, such as hormone levels or physical pressures, to
monitor the inner workings of cells and tissues that main-
tain homeostasis. For centuries, these indicators of physi-
ological function were made one analyte-at-a-time. Over
the past few decades, however, revolutionary advances in
technology, bioinformatics, and instrumentation enabled
the development and use of “-omics” approaches, in which
an organism’s entire collection of genes, proteins, or other
molecular phenotypes can be queried simultaneously, and
with high sensitivity and throughput. Metabolomics refers
to the comprehensive analysis of an organism’s metab-
olome, the collection of small molecules, and intermediary
metabolites that cells use and produce to function. Because
the metabolome essentially records the results of upstream
processes, it can be thought of as an ultimate phenotype
that comprehensively capture’s a snapshot of an organism’s
physiological state (Figure 5.1, Cui et al., 2018).

The first metabolomics study can be traced back to
Linus Pauling in the late 1960s in which he used gas
chromatography (GC) with flame ionization detection to
monitor changes in the gut microbiota (Robinson et al.,
1973). While metabolites were successfully detected,
lengthy analysis times, lack of analytical resolution, and the
inability to confirm metabolite identities or elucidate
structures limited the overall utility of this technique. Still,
this emerging technology was instrumental in helping
Pauling and coworkers determine the inborn error in
metabolism that leads to human disease (Robinson et al.,
1973). Over the past two decades, advances in mass
spectrometric instrumentation, improvements in sensitivity
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and reductions in cost have enabled widespread adoption of
metabolomics, allowing researchers to monitor thousands
of metabolites concurrently (Emwas et al., 2019). Accord-
ingly the use of metabolomics has gained traction in a
variety of disciplines, with applications to both human and
animal physiology (Figure 5.2).

5.2 Methods of metabolomics
5.2.1 Instrumentation

The metabolome consists of small molecules (typi-
cally < 1500 Da) that span a range of polarities and struc-
tural types (Christians et al., 2016; Schrimpe-Rutledge et al.,
2016). This chemical complexity creates a unique analytical
challenge as compared to other -omics types, which tend to
measure molecules of similar composition and structure.
Metabolites can be divided into two major classes: polar
(water-soluble) and nonpolar (lipid-like). Lipidomics is often
used to describe the subclass of metabolomics methods that
measure lipid-based metabolites (Figure 5.3). At their core,
all metabolomics techniques rely on separation and mea-
surement science to analyze highly complex mixtures. The
most common metabolomics approaches are based on nu-
clear magnetic resonance (NMR) spectroscopy or mass
spectrometry (MS), each of which has its advantages as well
as intrinsic bias for detecting specific classes of metabolites
(Grzybek et al., 2019). A typical metabolomics workflow for
MS platforms is outlined in Figure 5.4.

5.2.1.1 Nuclear magnetic resonance
spectroscopy

NMR spectroscopy poses significant advantages for some
applications. NMR spectroscopy and imaging can quantify
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the most abundant compounds in a large variety of bio-
logical matrices, including biofluids, cells, or tissues, with
minimal need for sample preparation. Structural isomers (or
molecules with identical masses) can be differentiated and
identified by NMR, whereas this is still challenging with
MS. In addition, these techniques are nearly independent of

the user or instrument used, allowing reproducibly and easy
comparisons across platforms and studies (Emwas et al.,
2019). Although NMR is a highly quantitative technique, it
detects a fewer number of compounds due to metabolite
signal overlap and the low-dynamic range of the instrument
(Marshall and Powers, 2017).
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NMR remains the analytical technique of choice for
unknown structure identification, and the ability of two-
dimensional (2D) NMR spectroscopy to correlate atoms
belonging to the same compound greatly aids in these
endeavors. [sotope tracing experiments that add metabolites
or nutrients containing NMR active stable isotopes (typi-
cally '*C or '>N) to a sample allows the incorporation level
of the isotope into metabolites to be measured and can also
elucidate metabolic pathways as the dynamics of metabolite
transformation can be traced (Tiziani et al., 2011). An
interesting approach to isotope tracing is the combined
analysis by NMR and MS. Detection of this type provides
sensitive qualitative and quantitative information, exploit-
ing the benefits of both detection methods (Bingol and
Bruschweiler, 2015).

5.2.1.2 Mass spectrometry

MS-based metabolomics can detect many metabolites with
a dynamic range of at least five orders of magnitude using a
combination of chromatography, high-mass resolution,
and/or tandem MS (Marshall and Powers, 2017). Each MS
instrument consists of three main components: an ioniza-
tion source, a mass analyzer, and an ion detector. These
components allow the detection of various ions (i.e., mol-
ecules that have become charged), which are described by
their mass-to-charge ratio (m/z). Based on its properties, a
compound may ionize by the addition of a proton or loss of
an electron to give a positive ion or vice versa to give a
negative one. Modern instruments can switch between
these two modes to cover a broader analytical range.

Samples may undergo hard ionization, such as electron
ionization (EI), which causes fragmentation of the molecule
or soft ionization, such as electrospray or atmospheric
pressure chemical ionization (APCI), which keeps the mo-
lecular structure intact. Of the available soft ionization
sources, electrospray ionization (ESI) is most widely used
because of its ability to generate intact ions via addition or
removal of a proton and its analytical versatility over a broad
range of compounds, i.e., small molecules (including me-
tabolites), large molecules, surfactants, etc (Gross, 2004). In
the event, ESI is not conducive for a particular analysis, for
example, if ions formed during ESI are indicative of adducts
or if the analytes being analyzed are low-polarity, APCI is
often employed (Gross, 2004). Unlike ESI, APCI can
generate ions from molecules that do not readily undergo
acid-base reactions as ionization is accomplished by in-
teractions with high-energy reactant gas species that are
present in the corona discharge (Gross, 2004). As both
sources operate at atmospheric pressure and are easily
interchanged on most instruments, they are synergistic
ionization techniques that are well suited for use with liquid
chromatography (LC). On the other hand, most GC-MS
utilize EI that results in fragmentation of analytes,
although APPI and APCI sources for these instruments have
been recently developed (Powers and Campagna, 2019). The
fragmentation in most GC-MS metabolomics studies yields
data that must be matched to existing spectral libraries or
deconvoluted to predict structure and identify metabolites.
As many molecules possess similar m/z, the ability to
distinguish between these compounds is necessary for
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identification, and the chemical complexity of the metab-
olome highlights the utility of high-resolution mass
analyzers and/or tandem techniques (see below). Low-
resolution mass analyzers (such as quadrupoles or mass
filters) are only capable of distinguishing ions % 0.5 Da,
which does not provide the resolution needed to distinguish
among the thousands of compounds found a biological
matrix (Jang et al., 2018). Conversely, high-resolution mass
analyzers, such as ion cyclotron resonance, time-of-flight,
and Orbitraps can routinely provide resolutions down to
+0.01—0.001 Da, which is sufficient to differentiate many
molecules and isotopologues based on mass alone.

5.2.1.2.1 Separation

Despite its ability to resolve molecules based on mass, MS
struggles as a stand-alone technique in the analysis of
complex matrices due to the difficulty in ionizing and
measuring many ions at once. Chromatographic separation
is a synergistic technique that helps limit the complexity of
the sample as it is introduced into the MS, which greatly
aids in metabolite detection, quantitation, and identification
(Johnson et al., 2016). Chromatography operates on a
relatively simple basis: analytes dissolved in a mobile
phase are allowed to interact with a stationary phase, and
the affinity of a specific analyte for the stationary phase
over the mobile phase leads to longer retention within the
column. Differences in retention times among the metab-
olites are the foundation that provides separation. Though
some alternatives such as capillary electrophoresis exist, the
majority of metabolomics separation techniques rely on GC
or LC (Lains et al., 2019). GC has been considered a
workhorse in many laboratories since its implementation in
the 1950s (Skoog et al., 2007). As expected, GC is
particularly ideal for separation of thermally stable
compounds that readily volatilize (i.e., molecules with low-
boiling points). Therefore, GC analysis is generally used
only for analyzing sugars, amino acids, fatty acids, or
metabolites with compatible boiling points (Fiehn, 2016).
Derivatization is necessary for many of these metabolite
classes to aid in their volatilization to make them suitable
for GC analysis (Fiehn, 2016).

LC instrumentation has seen significant advancement
since its first use in the early 1900s, unlike GC which has
largely remained the same (Skoog et al., 2007). The sepa-
ration ability, sample efficiency, and broad applicability of
modern LC instrumentation has made it an ideal choice for
metabolomics analyses. Separations based on molecular
size, polarity, hydrophilicity, and many other chemical
properties are possible with modern columns. The most
common columns used in metabolomics are those that
separate a wide array of nonpolar and/or polar compounds,
namely reverse phase (RP) and hydrophilic interaction
liquid chromatography (HILIC), respectively. RP columns
consist of a nonpolar stationary phase, often an alkane such
as Cyg, Cg, or Cy, attached to silica particles enclosed in a

metal cylinder that can withstand high pressures (Huang
et al., 2018). Compound separation is usually afforded by
performing a gradient elution in which the mobile phase
begins as a polar solvent and progressively becomes more
nonpolar, thus allowing elution of compounds in
decreasing order of polarity. HILIC stationary phases are
generally more polar and rely on a mixture of chemical
interactions to afford retention. Standard phase solvent
gradients that progress from nonpolar to polar mobile
phases are commonly used with HILIC separation, and
studies have shown that the stationary phase particles
surround themselves with a thin layer of water that interacts
with the polar analytes to keep them retained longer that
nonpolar molecules (McCalley, 2017).

Though not complete opposites, RP and HILIC
methods of chromatography provide complementary sepa-
ration chemistries to one another. Recent studies have
utilized a technique called 2D-chromatography, in which
two columns are used sequentially for separation in a single
analysis. For example, this type of chromatography has
been used for simultaneous detection of metabolites from
both the metabolome and the lipidome, as well as metab-
olites that could not be separated using RP or HILIC alone
(Wang et al., 2017). Despite its complex implementation,
2D-LC and 2D-GC have recently risen in popularity
(Keppler et al., 2018).

5.2.1.2.2 Identification—targeted versus
untargeted mass spectrometric analysis

Due to advancements in mass spectrometric capabilities,
researchers can now either perform global analyses of the
entire small molecule content of a sample (untargeted
metabolomics/lipidomics) or focus on a predetermined set
of  molecules  (targeted  metabolomics/lipidomics)
(Schrimpe-Rutledge et al., 2016; Bingol, 2018).Tandem
MSs (e.g., the triple quadrupole) are used for targeted
analyses. A target list of parent/fragment mass ions (i.e.,
knowns) is programmed into the instrument for these ana-
lyses that often rely on selective reaction monitoring to
provide molecular identification. The use of a mass
analyzer that selects for a parent ion and a second mass
analyzer that selects for only fragments from a specific
molecule affords separation in the mass domain and
provides selectivity. These analyses are highly quantitative.
However, they will not detect compounds for which the
parent/fragment mass combination has not been pro-
grammed into the instrument, and these parameters are
typically determined by injecting standards for each analyte
of interest (Rabinowitz et al., 2011). This limits the ability
of these methods to find novel biomarkers of biological
activity, but data analysis is easier due to the lower number
of metabolites detected (usually several hundred or fewer)
and the high-confidence identifications.

Untargeted or global profiling experiments use a high-
resolution MS (e.g., time-of-flight or Orbitrap



instruments) to detect parent ions with a high-mass accu-
racy to aid in metabolite identification, and tandem MS
(MS/MS) is sometimes used to provide additional frag-
mentation data (Johnson et al, 2016). While global
profiling experiments rarely increase the number of known
compounds detected, they do allow for thousands of
compounds of unknown structure and identity to be
detected in a single analysis and provide an unbiased view
of a larger portion of the metabolome (Su et al., 2017).
However, compound identification can be difficult based on
matching retention time, compound mass, and in some
cases fragment mass, to a library of standards. This is
further complicated due to differing performance among
MS platforms and laboratories that often renders data
incomparable among studies and facilities. Global profiling
techniques are more labor- and analysis-intensive than
targeted approaches; nonetheless, global metabolomics/
lipidomics methods are the technique of choice for the
discovery of novel metabolites and biomarkers (Vuckovic,
2018).

5.2.1.2.3 Data processing

Abundance of each detected metabolite is represented in
raw data as a spectral peak, which must be aligned using
known m/z and retention time information before being
picked based on their intensities and peak shape. The m/z-
retention time pair are used for metabolite naming or
identification, and the intensity is proportional to concen-
tration. Targeted analyses have become relatively stream-
lined, since metabolite identification is easier and more
robust. Multiple software packages are available for data
processing, and their usage varies depending on the
approach (e.g., targeted vs. untargeted) (Jang et al., 2018).

5.2.2 Data analysis and interpretation

Regardless of whether NMR or MS is used, the core goal of
metabolomics is to convert metabolite identifications and
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abundance to novel biological insight (Jang et al., 2018).
The workflows used to accomplish this goal resembles
those used for other omics platforms, in which biological
signatures must be extracted from hundreds or thousands of
data points. Clustering methods, such as hierarchical
clustering and principle component analysis, are often used
as a first analytical step to visualize distinctness of metab-
olite profiles between experimental groups (Heinemann,
2019). Univariate methods, such as t-tests and ANOVA,
can be used to identify metabolites that differ statistically
between experimental treatments (Ernest et al., 2012).
Because of the hundreds of hypotheses that are typically
tested simultaneously in these analyses, correction for
multiple testing, for example using false discovery rate,
should be included (Scheubert et al., 2017). Classical tools
of statistics are often combined with multivariate analysis
methods that reduce the dimensionality of the data and
identify metabolites that most effectively discriminate
groups. Supervised methods, such as partial least squares
discriminant analysis (PLS-DA) and random forest, can be
used to classify samples into groups based on patterns of
metabolite abundance and to identify metabolites that are
most effective at discriminating groups (Liebal et al., 2020,
Figure 5.5).

Subsets of metabolites that emerge from these various
winnowing methods can then be mined for biological
insight and functional inference by mapping to known
metabolic pathways. Bioinformatic resources such as the
Kyoto Encyclopedia of Genes and Genomes Pathway
Database (www.genome.jp), MAVEN, Metlin, and the
Human Metabolome Database are highly valuable for
functional interpretation of metabolite datasets (Xia et al.,
2009; Clasquin et al., 2012; Guijas et al., 2018; O’Shea and
Misra, 2020). A recent review of metabolomics tools, da-
tabases, and resources summarized over 100 published and
nonpublished metabolomics tools and resources (O’Shea
and Misra, 2020). Metaboanalyst (metaboanalyst.ca), a web
server that contains a comprehensive set of analytical tools,
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FIGURE 5.5 Examples of various visualization tools used in data analysis and interpretation. Partial least squares discriminant analysis (PLS-DA) plots,
PLS-DA variable importance in projection scores, and cluster analyses including correlation plots and heat maps are common techniques to illustrate
statistical significance and fold changes in large datasets. Illustrations were produced using the toolkit provided in Metaboanalyst (metaboanalyst.ca).
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is particularly useful for quantitative and functional ana-
lyses of metabolomics datasets (Xia et al., 2009; Xia et al.,
2012, 2015; Chong et al., 2018). Metabolomics data are
often collected in the context of other physiological mea-
surements, or alongside global measures of gene expression
or other ’omics data types. Correlating metabolite abun-
dance to other phenotypes can add additional insight into
functional relationships and highlight metabolites that may
be particularly relevant to a specific trait. As several studies
that are summarized in the following section illustrate,
connecting metabolome with transcriptome data yields
synergistic insight that strengthens the biological value of
both data types. Ultimately, metabolome data can be
integrated into a systems biology approach, in which
multiple types of ’omics data are integrated with pheno-
typic measurements using tools of correlation (Voy and
Aronow, 2009; Voy, 2011). Genes, proteins, and metabo-
lites are assembled into interconnected networks and
mapped onto overlying phenotypes, providing mechanistic
insight into pathways that underlie physiological functions.
As discussed below, the emerging use of metabolomics and
integration of metabolome data has begun to advance the
study of avian physiology.

5.3 Applications of metabolomics to
avian physiology

Although use of metabolomics is becoming more wide-
spread, its application to avian physiology lags behind its
role in more intensively studied areas, such as human
disease. The majority of avian metabolomics studies to date
have focused on issues relevant to the poultry industry,
largely due to its economic importance and critical role in
feeding a global population. A metabolomics toolkit is
extremely well-suited to address these issues and physio-
logical questions, as metabolism is inherently tied to growth
and efficient utilization of feed that are critical for poultry
production. In particular, modern broiler (meat-type)
chickens are a metabolic marvel due to their incredible rates
of growth and efficient conversion of dietary energy to
tissue. The studies summarized below illustrate new insights
into avian physiology that continue to emerge from use of
metabolomics. In addition, they demonstrate the potential to
use this platform to identify biomarkers of disease processes
and desirable traits, using biological samples (e.g., serum)
that are minimally invasive to collect yet can yield a global
snapshot of a bird’s physiological state.

5.3.1 Growth and efficiency

The ability to efficiently convert feed to lean tissue is a
hallmark of modern broiler chickens. Commercial broiler
lines have been produced by intensive selection for growth
over the past several decades (Griffin and Goddard, 1994).

As a result, growth rates of broilers increased approxi-
mately fourfold from 1957 to 2005 (Havenstein et al., 2003;
Zuidhof et al., 2014). The efficiency with which broilers
convert feed to tissue mass improved in parallel, cutting the
amount of feed needed to support growth in half over the
same time period (Havenstein et al., 2003; Zuidhof et al.,
2014). Although the genetics and production environments
of commercial broilers are tightly controlled, heterogeneity
in feed efficiency still exists within flocks. Residual feed
intake (RFI) is used to describe an individual bird’s devi-
ation in actual feed intake from what is predicted, based on
the known relationship between weight of feed required per
unit of weight gain (Romero et al., 2009). A negative RFI
value reflects a higher than expected efficiency, while a
positive value indicates reduced efficiency. RFI is heritable,
making it a potential trait on which to select to improve
efficiency. Circulating metabolites can feasibly be used as
biomarkers of RFI, and some metabolites that are associ-
ated with higher feed efficiency in broilers have been
identified. However, given that feed intake is a key
component of RFI, it is difficult to discern metabolites that
are affected by differences in feed intake per se from those
that reflect intrinsic metabolic differences that underlie
variation in efficiency.

To uncouple feed intake from RFI, Metzler-Zebeli et al.
(2019) measured RFI and profiled serum metabolomes of
broilers under both ad libitum and modestly restricted
(85%) feeding. Serum metabolomes were profiled using a
targeted ESI- LC/MS approach and a commercial kit
(Absolute IDQ P180; BIOCRATES Life Sciences AG) that
enabled absolute quantification of 188 known metabolites
across various classes, including both small molecules and
lipids. Using a mixed-model ANOVA, metabolites that
were specifically affected by feed intake, RFI, and inter-
action of the two terms were identified. Feed efficiency was
specifically associated with differences in serum amino
acids. Levels of histidine, isoleucine, leucine, lysine, orni-
thine, proline, serine, threonine, and valines were lower,
while tyrosine was higher, in birds with low RFI, inde-
pendent of feed intake. Using a combination of PCA,
regression modeling, and relevance networks, these authors
identified metabolites that were specifically associated with
RFI, feed intake, and total body weight gain. The amino
acids isoleucine, lysine, valine, histidine, and ornithine
were most closely associated with variation in RFI, while
subsets of biogenic amines or glycerophospholipids were
sufficient to discriminate birds based on feed intake and
weight gain, respectively. This study illustrates the addi-
tional insight that can be gained when metabolomic data are
integrated with other physiological measures.

Although improvements in feed efficiency over the past
few decades have yielded remarkable advances in broiler
growth, competing demands for soy, corn, and other major
diet constituents make the cost of feed inputs increasingly



important. As for virtually any physiological trait, the
ability to completely digest feedstuffs varies significantly
between individual birds. Digestive efficiency contributes
to RFI by affecting the amount of energy and nutrients that
are extracted per unit of diet. Heritability estimates for
digestive efficiency range from 0.33 to 0.47, making it an
attractive target for genetic selection (Mignon-Grasteau
et al., 2004). However, measuring efficiency is labor-
intensive and low-throughput, requiring birds to be
housed and fed individually. Metabolomics was used to
identify biomarkers in serum that predict digestive effi-
ciency, and to understand the metabolic relationships that
contribute to efficiency in the digestive tract (Beauclercq
et al., 2018).This study utilized two lines of chickens that
had been derived through divergent selection for high (D+)
or low (D—) digestive efficiency over eight generations,
and for which various intensive measures of digestive
efficiency (e.g., use of starch, lipids, dry matter) were
measured from fecal samples. Metabolomes of both ileal
and caecal contents, as well as serum, were quantified using
NMR. Each sample type contained metabolites that
contributed to a model predicting digestive efficiency.
Although further effort is needed to validate biomarkers
from this study, it provides foundational information about
the metabolite pools that may reflect the capacity to fully
digest feedstuffs in chicken.

Crude protein is both a costly component of poultry
diets and an environmental concern due to emission and
runoff of nitrogen. However, lowering the total crude
protein content of diets without compromising growth is a
significant challenge. Supplementing diets with glycine, a
nonessential amino acid that can be reversibly metabolized
to serine, has been shown to prevent compromised growth
when crude protein levels are lowered, but the metabolic
basis for this protection is poorly understood (Dean et al.,
2006). To understand the metabolic basis for the growth
supporting effects of glycine, broilers were fed a total of 12
diets containing varying levels of glycine and crude protein
(Hofmann et al., 2019). Untargeted metabolomics of serum
highlighted a somewhat unexpected association of phos-
phatidylcholine and sphingomyelin, rather than specific
essential amino acids or glycine, with compromised growth
under low crude protein intake. This study highlights the
discovery potential of metabolomics when a platform
capable of profiling broad classes of metabolites is used.

In addition to adequate total protein levels, specific
amino acids must be optimized to support the unique
physiological demands of rapid growth in broilers. Argi-
nine is an essential amino acid that may have specific
benefits for broiler physiology through its role as the
precursor of nitric oxide (NO), an endogenous vasodilator.
Improving basal levels of vasodilation may benefit broilers
because tissue hypoxia contributes to development of
breast muscle myopathies that currently challenge the
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broiler industry (Greene et al., 2019). Zampiga et al. (2018)
tested the impact of dietary arginine supplementation on
incidence of myopathies and profiled the effects on the
breast muscle and serum metabolomes using NMR.
Arginine supplementation significantly increased both
circulating and tissue arginine content in broilers, con-
firming that local levels in muscle can be enhanced through
the diet. Although incidence of breast myopathies was not
affected by arginine supplementation, metabolite profiles
indicated that arginine significantly enhanced both protein
metabolism and energetic utilization of fatty acids, both of
which are important for growth.

5.3.2 Consequences of selection

Many genes are pleiotropic, and the fundamental
biochemical pathways that govern metabolism across tis-
sues are inextricably linked. It is therefore not surprising
that the intensive muscle growth of highly efficient broiler
chickens has come with unintended physiological conse-
quences (Griffin and Goddard, 1994). Metabolomics has
proven useful for providing key insight into the metabolic
tradeoffs that contribute to unintended and maladaptive
traits in broilers.

5.3.2.1 Accretion of excess body fat

Although muscle and adipose tissue have divergent effects
on body composition, selection for rapid growth inadver-
tently increased fat accretion in modern broiler chickens
(Havenstein et al., 2003). Deposition of fat beyond what is
physiologically necessary represents a waste of feed, the
costliest component of production, and produces a
byproduct with very little commercial value (Rauw et al.,
1998; Baéza et al., 2015). Strategies to efficiently selected
birds with a reduced tendency for fat accretion are therefore
valuable to the poultry industry. Metabolomics (NMR) was
employed to identify circulating biomarkers that could
predict susceptibility to fat accretion (Baéza et al., 2015).
Two lines of broilers (fat line and lean line) created using
divergent selection were fed low and high-fat diets from
three to nine weeks of age, creating a group of individuals
with wide-ranging levels of adiposity. Chemometric
methods identified metabolites that were associated with
variation in adiposity, which were then used to develop
regression models that predicted fat mass. A model con-
taining free fatty acids, glutamine, methionine, phospho-
lipids, cholesterol, and beta-hydroxybutyrate explained
74% of the variability in abdominal fat weight across the
study population. Beta-hydroxybutyrate was inversely
correlated with fat weight, indicating that increased levels
of fatty acid oxidation contribute to leanness in broilers.
Independent of diet, serum levels of glutamine, histidine,
and betaine could discriminate between fat line and lean
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line birds. This study demonstrates the biomarker potential
of metabolites to predict fat accretion in broilers.
Mechanistic studies of susceptibility to accrete fat in
broilers have largely focused on liver because of the clear
contribution of hepatic delivery of triglyceride. As in
humans, the liver is the primary site of de novo lipogenesis
in avians (Leveille et al., 1968; O’Hea and Leveille, 1968),
and divergent selection on serum VLDL levels yields birds
with significant differences in adiposity (Hermier, 1997). Ji
et al. investigated the role of adipose tissue in fat accretion
using a combination of adipose tissue metabolomics and
transcriptomics (Ji et al., 2014). To create a robust model of
leanness, two genetically distinct lean lines of chickens
(Leghorn (egg type) and Fayoumi (lean meat type)) were
compared to a commercial broiler line. Untargeted tissue
metabolomics using an LC/MS platform identified 47 (of
92 detected) metabolites that differed significantly in
abundance between the three lines. Several components of
the purine and pyrimidine metabolism pathway, which has
been associated with resistance to obesity in mice (Tague
et al., 2018), were significantly elevated in lean adipose
tissue. In addition, tissue from both lean lines contained
~ threefold more carnitine and acetylcarnitine than that of
broilers, as well as increased levels of several amino acids.
These changes in carnitine species corroborated parallel
gene expression profiling which identified fatty acid
oxidation in abdominal adipose tissue as a pathway asso-
ciated with leanness. This relationship is also consistent
with biomarkers of fatness identified by Baeza et al. (2015).
Insulin promotes adipocyte hypertrophy and fat accre-
tion in many species, but its influence on avian adipocytes
is unclear. Unlike in humans and most animals, the ability
of insulin to stimulate glucose uptake and induce fatty acid
synthesis in avian adipocytes is minimal (Tokushima et al.,
2005). Metabolomics and transcriptomics were integrated
in a study designed to clarify the effects of insulin in
chicken adipose tissue (Ji et al., 2012). Broiler chicks
(21 days of age) were fed ad libitum and administered an
anti-insulin antibody, to neutralize circulating insulin, or
vehicle for five hours. An additional group of chicks was
fasted for five hours to serve as a metabolic control. Effects
on the abdominal adipose tissue metabolome were deter-
mined using an untargeted LC/MS platform. No metabo-
lites associated with glucose utilization were affected by
insulin neutralization. However, tissue levels of free amino
acids and their metabolites were significantly more abun-
dant than in either the fed or fasted control groups. Fasting
significantly decreased tissue amino acid levels, which was
consistent with upregulation of genes that mediate amino
acid metabolism in the fasted group. Relevance networks
and hierarchical clustering demonstrated that many amino
acids and their metabolites were closely correlated with
expression of p85alpha, a regulatory subunit of phosphoi-
nositide 3-kinase, which plays an important role in

mediating insulin actions in adipose tissue (McCurdy et al.,
2012). This use of metabolomics uncovered a potential role
for insulin in regulating amino acid use, rather than glucose
metabolism, in avian adipose tissue.

5.3.2.2 Muscle myopathies

The extremely rapid growth of breast muscle that charac-
terizes modern broiler chickens may also be its Achilles
heel. Highly efficient broilers are susceptible to develop
degenerative muscle myopathies that compromise breast
meat quality and consumer appeal (Mazzoni et al., 2015;
Trocino et al., 2015; Kuttappan et al., 2016). Wooden
breast (characterized by hardened, firm breast tissue) and
white striping (fibrotic and lipid-laden regions that parallel
muscle fibers) are the two most common lesions
(Kuttappan et al., 2016). Both have arisen in the past
decade, and they afflict flocks with a high rate of incidence
worldwide (de Brot et al., 2016; Kuttappan et al., 2017).
Histologically, lesions are characterized by signs of myo-
degeneration and regeneration, and by infiltration of
fibroblasts, inflammatory cells, and adipocytes (Sihvo et al.,
2014; Soglia et al., 2016; Chen et al., 2019). Myopathies
are thought to develop in part when muscle growth out-
paces vascular development, resulting in localized hypoxia
and oxidative stress that disrupt cellular metabolism and
damage myofibers (MacRae et al., 2006; Mutryn et al.,
2015; Boerboom et al., 2018; Livingston et al., 2019).
Several studies have used metabolomics to understand the
metabolic basis for breast myopathies and to identify bio-
markers that could be used to detect at-risk birds within a
flock. An initial metabolomics investigation utilized a large
library of commercially available annotated standards to
quantify abundance of 282 compounds in breast muscle
(Abasht et al., 2016). Birds affected or not with wooden
breast were selected from two genetically distinct purebred
broiler lines and from one commercial flock, creating a
robust sample design. Random forest analysis was used to
identify metabolites that most effectively discriminated
affected from nonaffected tissue. The 30 top distinguishing
metabolites mapped onto multiple metabolic pathways,
including amino acid metabolism and oxidative stress.
Affected tissue exhibited features of altered glycogen
metabolism and glucose utilization. Tissue levels of
glycolytic intermediates as well as lactate and pyruvate
were significantly lower in affected birds, while compo-
nents of the pentose phosphate pathway were increased
compared to unaffected controls. The commercial platform
that was used also queried lipids, which revealed that
several fatty acids, phospholipids, signaling lipids
(e.g., eicosanoids), and by-products of fatty acid oxidation
were significantly elevated in affected wooden breast tis-
sue. Changes in the circulating metabolome also support a
role for aberrant fatty acid oxidation in this disorder. Both



carnitine and acetylcarnitine were among metabolites
shown to be significantly elevated in serum of broiler
affected with wooden breast compared to unaffected
controls (Maharjan et al., 2019). These findings from use of
metabolomics corroborate gene expression results and
further implicate aberrant glucose and fatty acid meta-
bolism as key factors in the etiology of wooden breast
lesions (Mutryn et al., 2015; Zambonelli et al., 2016;
Pampouille et al., 2018; Lake et al., 2019).

Breast muscle metabolomes have also been character-
ized in birds affected with white striping, the other major
myopathy in broilers. Boerboom et al. (2018) classified
white striping status of 51 broilers as either normal,
moderate, or severe, based on examination of breast muscle
at slaughter. Using a QTOF platform they measured
abundance of 599 metabolites in breast muscle, including
both lipids and small molecules. Upon comparing metab-
olomes of the three groups using ANOVA, 63 metabolites
differed significantly between normal, moderate, and severe
white striping status. Comparable to what was described for
birds affected with wooden breast (Abasht et al., 2016),
metabolome profiles highlighted fatty acid oxidation as a
pathway linked to the disorder. Affected breast tissue
contained higher levels of fatty acids and of certain carni-
tine esters, both of which are consistent with reduced fatty
acid oxidation. Using pathway enrichment tools, they also
found that the citric acid cycle, as well as glyoxylate,
galactose, and taurine metabolism were affected in white
striping. Wooden breast and white striping are described as
distinct disorders, each with its characteristic histological
features. However, both types of lesions can occur in the
same muscle sample, which suggests that they may be
different manifestations of the same underlying metabolic
dysfunction in high-efficiency broilers (Lorenzi et al., 2014;
Sihvo et al., 2014; Mutryn et al., 2015). In support of this
concept, some metabolite changes (e.g., higher levels of
taurine, malate, and certain fatty acids; imbalance in the
TCA cycle) were found in both wooden breast and white
striping. In addition, both studies related several of the
disrupted pathways to hypoxia, which has been linked to
extremely rapid growth in broilers (Livingston et al., 2019).

5.3.2.3 Ascites syndrome

Selection for rapid growth has also increased the suscep-
tibility of modern broilers to ascites syndrome, in which
excessive fluid accumulates in the peritoneal cavity from
transudation of fluid from the vascular system (Peacock
et al., 1989; Julian, 1993). In broilers, ascites is a conse-
quence of right ventricular failure that is secondary to
pulmonary hypertension. Pulmonary hypertension in
broilers arises from a mismatch between oxygen demand
and supply that is due to both metabolic demands of rapid
growth and a relative reduction in heart and lung mass that
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developed over the course of selection (Kalmar et al.,
2013). Eventually, right ventricular hypertrophy fails to
compensate for hypoxemia, and the consequent increase in
venous pressure drives fluid leak into the abdomen (Julian,
1993; Wideman et al., 2013). Mortality rates from ascites
syndrome can be significant, and are exacerbated by pro-
duction in low temperature or high-altitude environments
(Ruiz-Feria and Wideman, 2001). Genetic background
influences susceptibility/resistance to ascites, and herita-
bility estimates (reaching 0.44) indicate the potential to
select for resistance in commercial flocks (Lubritz et al.,
1995). Serum metabolome profiling was used to identify
biomarkers that could be used to identify birds resistant to
ascites (Shi et al., 2017). Resistance was associated with
increased abundance of various phospholipids. Species that
discriminated susceptible from resistant birds contained
choline, ethanolamine, serine, and inositol, and thus were
not restricted to a specific class of phospholipids. Shao
et al. used GC-MS to profile lung tissue metabolomes to
gain new biochemical clues into the pathogenesis of pul-
monary arterial hypertension in broilers (Shao et al., 2018).
Affected birds were identified based on relative increase in
right ventricular weight at slaughter. Clustering analyses
indicated that lung metabolites clearly differentiated
affected from unaffected birds. The set of metabolites with
the highest discriminatory signals, based on variable
importance in projection (VIP) values, was significantly
enriched in components of amino acid metabolism,
including increased lysine in lung tissue of birds affected
with PAH. Lysine is notable because it inhibits uptake of
arginine, which is the precursor for synthesis of the vaso-
dilator NO. In addition, this metabolite set included orni-
thine and urea, which can limit NO production by
competing with NO synthase for arginine. Insufficient
synthesis of NO has been linked to development of pul-
monary hypertension in broilers (Wideman et al., 2007).
Interestingly, metabolome profiles also reflected differences
in tissue fatty acid oxidation, just as hypoxia in breast
muscle is associated with effects on this pathway (Mutryn
et al., 2015; Abasht et al., 2016; Boerboom et al., 2018).
Levels of the beta oxidation end-product beta-
hydroxybutyrate were higher, and several fatty acids were
lower, in lungs of affected birds (Shao et al., 2018). These
similarities suggest that cellular hypoxia, through its impact
on fatty acid metabolism, may be a common denominator
to the consequences of rapid growth in broilers.

5.3.2.4 Heat stress/stress

Increased body size and the metabolic heat produced to
accommodate rapid growth make modern broiler chickens
more susceptible to heat stress (Deeb et al., 2002). Heat
stress occurs when birds are no longer able to counteract
elevated ambient temperatures and maintain a
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thermoneutral body temperature. Paradoxically, heat stress
suppresses feed intake but reallocates energy in a way that
increases fat deposition (Geraert et al., 1996). Lu et al. used
an experimental design that used pair-feeding to control for
reduced feed intake and identify specific effects of heat
stress on metabolism (Lu et al., 2018). Broilers were
exposed to sustained heat stress (housed at 32°C) from 22
to 42 days of age. Pair feeding was used to create a control
group that was housed under thermoneutral conditions
(22°C) but with intake matched to heat stress birds. A total
of 34 serum metabolites were identified as significantly
altered by heat stress, based on a combination on ANOVA
and OPLS-DA analyses. This set of metabolites was
enriched in components of the TCA cycle, and in alanine,
aspartate, glutamine, and tyrosine metabolism. Correlation
analyses linked the circulating abundance of several amino
acids, as well as pyruvate, with increased fat deposition in
heat-stressed birds. Heat stress has been shown to rapidly
alter hepatic lipid metabolism, which may contribute to
increased fat accretion. Broilers were exposed to cyclical
heat stress, in which ambient temperatures were increased
for four hours/day, for one week (Jastrebski et al., 2017).
Heat stress increased levels of glucose, glucose-6-
phosphate, and fructose-6-phosphate, as well as
components of gluconeogenesis, glycerol, and glycerol-3-
phosphate. Most free amino acids were decreased by heat
stress, which may be due to their use as substrates for
gluconeogenesis. Effects of heat stress on glucose meta-
bolism were corroborated by transcriptomics, which
revealed differential expression of several enzymes in the
glycolytic pathway. Stress in general has been shown to alter
the metabolome profiles of poultry. Broilers consuming
dexamethasone in their drinking water for four weeks
exhibited significant increases in serum glucose, fatty acids,
and amino acids, while components of the TCA cycle and
beta-hydroxybutyrate were lower than in controls (Lv et al.,
2018). In a related study, tissue metabolomes (liver, kidney,
and breast muscle) were profiled in leghorn chickens
consuming corticosterone in their drinking water for up to
12 days (Zaytsoff et al., 2019). This stress mimic signifi-
cantly altered lipogenesis in the liver, and exerted tissue-
specific effects on amino acid and glucose metabolism.

5.3.3 Mechanisms of antibiotic growth
promoters

In addition to selective breeding, antibiotic growth pro-
moters have contributed to the dramatic improvements in
broiler chicken growth and performance (Dibner and
Richards, 2005). When added to feed, subtherapeutic doses
of certain antibiotics increase gain and feed conversion
(Butaye et al., 2003). Despite their widespread use, the
mechanisms through which antibiotics promote growth is
not well understood. Because of the nature of antibiotics, an

intuitively sound mechanism is that they increase avail-
ability of energy to the host by reducing the population of
biota that scavenge nutrients in the gut (Visek, 1978). Ev-
idence to date from both poultry and other species indicate
that the mechanisms are more complex, and may result
from a combination of selective metabolite enrichment and
reduced gut inflammation, in addition to a net increase in
energy (Engberg et al., 2000; Niewold, 2007; Lu et al.,
2008; Khadem et al., 2014). Metabolomics as a platform is
well-suited to yield insight into the mechanisms through
which antibiotics promote growth. Gadde et al. (2018)
utilized the breadth of untargeted metabolomics to char-
acterize the effects of two widely used antibiotic growth
promoters, virginiamycin, and bacitracin, on the intestinal
metabolomes of broilers. Although both of these antibiotics
are effective in promoting weight gain, their antimicrobial
actions are distinct. Virginiamycin, a product of Strepto-
myces virginiae, inhibits bacterial protein synthesis by
binding to the 50S ribosomal subunit (Butaye et al., 2003).
Bacitracin is a combination of 10 peptides produced by two
Bacillus species inhibits bacterial growth by disrupting
lipid phosphorylation that is needed to synthesis of the
bacterial wall (Butaye et al., 2003). Broiler chicks were fed
either antibiotic from hatch to 21 days and compared to
chicks receiving no growth promoters. Contents of the
ileum were used for global metabolome profiling, and the
composition of the microbiome was characterized by 16S
sequencing. Both antibiotics had marked effects on the ileal
metabolome. Of the 706 metabolites that were identified in
ileal contents, 218 differed significantly between virgin-
iamycin and controls, while 119 were significantly affected
by bacitracin treatment. Although both increased weight
gain to a comparable extent (10.1% for bacitracin and 7.9%
for virginiamycin), gain was associated with distinct effects
on the metabolome. The authors used random forest clas-
sification to identify the 30 metabolites with the most sta-
tistically significant ability to distinguish each treatment
group. In comparison to controls, the metabolome of
virginiamycin-treated birds was characterized by metabo-
lites of amino acids (33%), fatty acids (30%), and nucleo-
sides (23%). In contrast, lipid metabolites were the
distinguishing feature of bacitracin metabolomes when
compared to either controls (57%) or the virginiamycin
group (66%). The lipid-enriched signature of bacitracin
may reflect its interactions with cellular lipids, which
confers its antimicrobial effects (Butaye et al., 2003).
Despite these unique signatures, several metabolic
pathways were commonly affected by both antibiotics,
suggesting that there are some shared effects for growth
promotion. Both bacitracin and virginiamycin significantly
increased the levels of several lysine and tryptophan
metabolites, including kynurenine, Kkynurenante, and
quinolinate, which play important roles in regulation of
inflammation (Chen et al., 2010). Changes in this pathway



also implicate effects on gut motility mediated through a
reduction in serotonin. Serotonin is the main neurotrans-
mitter used by the enteric nervous system, and a reduction
in serotonin would be expected to increase gut transit time,
allowing for enhanced nutrient and energy absorption from
the diet. Several purine and pyrimidine metabolites were
also commonly affected by both antibiotics, further
supporting the concept that they share some outcomes on
the intestinal metabolome.

A wide variety of plant-derived extracts show promise
as alternatives to antibiotic growth promoters. Plant struc-
tural components can serve as probiotics, and endogenous
phytochemicals can interact with the host immune and
metabolic systems to influence energy utilization and gut
health. Chen et al. (2020) combined microbial sequencing
with metabolomics to compare the effects of virginiamycin
to those of a plant essential oil (PEO) supplement in broiler
chickens. Both supplements increased the relative abun-
dance of bacteroidetes and decreased the abundance of
Firmicutes in cecal samples, but each exerted unique effects
at the genera level compared to control birds. Virgin-
iamycin and PEO also exerted distinct influence on the
cecal metabolome, with little overlap between the metab-
olites that were affected by each treatment compared to
controls. However, both supplements significantly enriched
the serum metabolomes in essential fatty acids, including
linoleic and linolenic acids. Magnolia bark has shown
promise in growth trials as a source of plant-derived
chemicals that augment growth and feed utilization in
broilers (Oh et al., 2018). Using a broad targeted metab-
olomics platform, Park et al. demonstrated diverse and
relatively rapid effects of magnolia bark supplementation in
broiler chicks (Park et al., 2020). Three weeks of supple-
mentation (from hatch to 21 days of age) were sufficient to
significantly alter the abundance of 278 metabolites in
chick ileal contents. This set of metabolites spanned
functional classes, including many components of macro-
nutrient metabolism, as well as many more novel
biochemicals and vitamin metabolites. Collectively, these
studies illustrate the potential to exploit metabolome
profiling to advance the search for new ways to enhance
growth and health in poultry.

Across species, intrinsic variation in gut microbiomes
influences growth and metabolism and is linked to inter-
individual differences in body composition (Ridaura et al.,
2013; Bergamaschi et al., 2020). Enterotype is used to
describe distinct microbial community structures that can
be detected in sets of individuals (Arumugam et al., 2011).
Yuan et al. (2020) classified 206 broilers into three enter-
otypes, based on 16S RNA sequencing, and then used
untargeted metabolomics to define and compare the
resultant metabolomes in the duodenum. A total of 24
metabolites differed significantly between the three enter-
otype groups, reflecting the impact of different community
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structures on nutrients available to the host. This set
included assorted sugars, as well as fatty acid metabolites
and glutathione. Using correlation, the authors connected
abundance of two specific genera, Ochrobactrum and
Rhodococcus, which were more abundant in enterotype 2,
with increased availability of simple sugars in the duo-
denum. Conversely, both were inversely correlated with
beta-hydroxybutyrate, suggesting that provision of sugars
by the microbiome may be associated with reduced
oxidation of fatty acids. Interestingly, fat accretion was
significantly higher in birds with this enterotype. The au-
thors proposed that these two genera may contribute to
increased weight gain by enhancing the bird’s ability to
utilize complex polysaccharides, which normally are poorly
digested by chickens.

5.3.4 Toxicology

Many chemicals found in the environment (e.g., bisphenol
A) can disrupt homeostatic metabolism and promote
disease in both animals and humans (Heindel et al., 2017).
The Deepwater Horizon oil spill exposed hundreds of avian
species in the Gulf of Mexico to markedly increased levels
of crude oil, resulting in large numbers of mortalities
(Barron, 2012). In addition, sublethal exposures persisted
for several months as the oil spread (Bursian et al., 2017).
Follow-on, controlled studies demonstrated that exposure
to sublethal levels of the same source of oil released during
this spill affected function of multiple tissues and
compromised energy balance (Bursian et al., 2017). Dorr
et al. (2019) used metabolomics to identify specific meta-
bolic pathways that are disrupted by sublethal oil exposure
and may impact survivability of birds in the wild. Double-
crested cormorants, a carnivorous aquatic bird that inhabits
the Gulf, were experimentally housed in water containing
oil collected from the Deep Water Horizon spill. Hepatic
and plasma metabolomes of exposed and control birds were
analyzed using NMR. Both sample types showed signifi-
cant alterations in amino acid metabolism and use of fatty
acids. Several branched chain, aromatic and essential amino
acids increased significantly after seven days of exposure
and remained elevated through completion at 22 days.
Despite increased mobilization of amino acids, which cor-
morants normally rely on energetically as a fish-eating
species, and sufficient glucose levels and feed intake,
metabolomes suggested that oil exposure significantly
increased fatty acid oxidation. Like amino acids, levels of
beta-hydroxybutyrate, an end-product of fatty acid
catabolism, increased significantly after only seven days
exposure and remained elevated throughout the study. In
addition, oil exposure altered the abundance of metabolites
of bile acids in liver, further indicating effects on lipid
metabolism. This use of metabolomics added a level of
phenotypic granularity to understanding the consequences
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of sublethal oil exposure in avians. Given the importance of
lipid metabolism during seasonal adaptations, migration, and
reproduction, this study provides an important foundation
for studies of avian physiology in native environments.
Significant effects of environmental chemicals on avian
lipid metabolism were also revealed in a separate study of
laying hens and their offspring. Metabolome profiling was
used to characterize the endogenous, tissue-specific meta-
bolism of alpha-cypermethrin, a pyrethroid class insecti-
cide, in laying hens (Liu et al., 2019). This class of
compounds is lipid soluble and thus can thus be readily
deposited in the yolk (Zheng et al., 2015). Avian embryos
in the wild are therefore susceptible to its teratogenic effects
(Uggini et al., 2012). Metabolome profiles of chicks that
were newly hatched from hens exposed to alpha-
cypermethrin exhibited significant effects on various lyso-
phospholipids, as well as pantothenate. Tissue-specific
differences in the time course and products of alpha-
cypermethrin were also identified. This study highlights
that metabolomics can serve dual purposes in toxicological
studies by profiling both xenometabolites that are produced
from breakdown of environmental chemicals and the
corresponding disruptions to endogenous metabolomes.

5.4 Conclusions

Although metabolomics entered the ’omics field later than
other players, rapid advances in technology and availability
have accelerated its implementation in efforts to understand
avian physiology. Its continued application to studies of
both chickens and other species is expected to expand the
global understanding of health, disease, and environmental
adaptations? in avians.
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6.1 Overview of mitochondria
6.1.1 Introduction

Mitochondria generate 90% of the energy in the form of
adenosine triphosphate (ATP) within a cell by oxidative
phosphorylation earning it the title of “powerhouse of the
cell.” The process of oxidative phosphorylation from the
respiratory or electron transport chain (ETC) activity was
first reported by Kennedy and Lehninger (1949). Energy
production, however, is just one of many roles orchestrated
by mitochondria. Mitochondria are the only organelle
outside the nucleus with a discrete pool of DNA (mito-
chondrial, mtDNA). This distinction lead to the accepted
theory of endosymbiotic origin of mitochondria in which an
a-Proteobacteria took up a commensal residence within a
eukaryotic cell with more recent evidence of co-evolution
of an extant eukaryotic cell (Gray et al., 1999). Accord-
ing to Lehninger (1965), Rudolf Albert van Kolliker, a
Swiss cytologist, first described mitochondria in 1857 and
gave them the name of sarcosomes having a distinct
granular structure surrounded by a membrane. Later,
(Benda, 1898) renamed the structure the mitochondrion; a
derivation from Greek for thread (mitos) and grain
(chondrion) and the standard name for the organelle since
the 1930s (Lehninger, 1965). The synthesis and import of
nuclear (n)-encoded proteins that represent 98% of all
mitochondrial protein is tightly coordinated with the syn-
thesis of mtDNA-encoded proteins that is followed by the
coordinated assembly needed for fully functional
mitochondria. Mitochondria play a vital role in pro-
grammed cell death (apoptosis) and mitochondrial gener-
ated reactive oxygen species (ROS) at low levels is
important in signal transduction whereas higher ROS gen-
eration makes the mitochondria a major site of endogenous
oxidative stress. Mitochondria are dynamic organelles that
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change morphology and composition in response to phys-
iological signals, e.g., variations in nutrition, O, levels, and
metabolic demand (Aw and Jones, 1989). Mitochondria are
not static structures (Hoppins et al., 2007) and undergo
fusion and fission processes that are driven in part by the
energetic status of the cell, e.g., Liesa and Shirihai (2013).
Mitochondria also possess hormone receptors that have
profound relevance on mitochondrial function (see reviews
by Wyrutniak-Cabello et al. (2001), Chen et al. (2005),
Psarra et al. (2006)). The first report of mitochondrial
hormone receptors in avian muscle cells was provided by
Lassiter et al. (2018).

6.1.2 Physical description

Under the electron microscope, mitochondria appear bean-
shaped with striations that are visible due to folding of the
inner mitochondrial membrane called cristae, which is
where the ETC is located. Electron tomography revealed
mitochondria as long tube-like structures that weave
throughout the cytosol (Mannella, 2000). Sections of the
mitochondrial membrane are contiguous with the endo-
plasmic and sarcoplasmic reticulum that facilitate shuttling
of molecules such as ATP and ADP between the mito-
chondria and cytosol (Scheffler, 1999; Sharma et al.,
2000). Mitochondria have an inner membrane that sur-
round the mitochondrial matrix and an outer membrane
that encloses an intramembranous space (Figs. 6.1 and
6.2). Cytochrome ¢, located in the intramembranous
space, is critical for cellular respiration and for initiating
normal cell turnover (apoptosis). Most mitochondrial
proteins are found in the matrix and are associated with
(a) the Kreb cycle, (b) B-oxidation of fats, (c) synthesis of
heme proteins, and (d) iron-sulfur proteins prevalent in the
ETC. Mitochondrial DNA is also present in the matrix.
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FIGURE 6.1 Overview of mitochondria. A stylized mitochondria with some of mitochondrial processes discussed in the text is presented. The
mitochondria have both an outer (OMM) and inner (IMM) mitochondrial membrane with the electron transport chain (ETC) (I, II, IIL, IV, V) located on
the IMM. The ETC toward the top shows electrons moving from succinate, an intermediate of the Kreb’s Cycle, to Complex II, III, and IV. The ETC on
the bottom shows NADH-linked energy substrates with electrons entering the ETC at Complex I. Electrons are passed between Complex II and III, and
Complex I and III by coenzyme Q (CoQ). Cytochrome C (cyt ¢) shuttles electrons from complex III to Complex IV. The movement of electrons down the
respiratory chain is accompanied by pumping of protons (H+), in the intramembranous space that sets up a proton motive force that drives ATP synthesis
when protons flow through ATP synthase (Complex V). ATP is transported out of the mitochondria for use by the cell through the adenine nucleotide
translocase (ANT) on the inner membrane and the VDAC on the outer membrane. A mitochondrial NOS produces NO that can compete with oxygen for
the active site on cytochrome c oxidase. Protons may also move through the membrane at sites other than the ATP synthase in a process called proton leak.
Proton leak dissipates the proton motive force without synthesis of ATP but can also attenuate formation of reactive oxygen species (ROS). Electrons (e—)
that leak from the ETC can react with oxygen to form superoxide (O, ) that is normally converted to hydrogen peroxide (H,O,) by manganese superoxide
dismutase (MnSOD). In the presence of free metal ions, H,O, can be converted to the highly reactive hydroxyl radical (OH ). Collectively, superoxide,
H,0, and OH™ are called ROS and can cause oxidative damage to cellular structures (e.g., proteins, lipids, DNA). ROS can react with NO to produce
reactive nitrogen species that can damage these structures also. Glutathione (GSH) is an important endogenous antioxidant that is imported from the
cytosol into the mitochondria. The active thiol in GSH is used to reduce lipid peroxides or H,O, to water or lipid alcohols with the concomitant formation
of oxidized glutathione (GSSG) that can be recycled to GSH reductase (GR) that utilizes reducing equivalents from NADH. Unlike cells, mitochondria
cannot export GSSG and elevations in GSSG in mitochondria can lead to protein disulfides (protein-SSG) formation. This can be particularly detrimental
to ETC activity due to the presence of reactive thiol groups in these proteins. The ETC is comprised of nuclear and mitochondrially encoded (mtDNA)
proteins. The nuclear encoded proteins must be transported into the mitochondria which is facilitated by both outer membrane translocase (TOM) and
inner membrane translocase (TIM) proteins. This figure was adapted from Wallace (1999).

ATP—> ADP + Pi

The outer mitochondrial membrane is a simple phospho-  contains 70% protein and 30% lipid compared to a 50:50
lipid bilayer whereas the inner mitochondrial membrane is  ratio of proteins to lipids that is typically found in mem-
highly convoluted forming cristae that greatly increase its  branes. The inner mitochondrial membrane also contains
surface area. Due to the presence of the multiprotein  cardiolipin, a unique lipid found primarily in mitochondria
complexes of the ETC, the inner mitochondrial membrane  (Hatefi, 1985).
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FIGURE 6.2 Diagrammatic representation of the mitochondrial electron transport chain. The respiratory chain consists of five multiprotein
complexes (Complex I, I, III, IV, and V). Electrons (e—) enter the electron transport chain (ETC) either through Complex I from NADH-linked energy
substrates (e.g., pyruvate, malate, glutamate), or at Complex II from FADH-linked substrates (e.g., succinate). The electrons are passed down the ETC
(solid arrows) to the terminal electron acceptor, oxygen that is reduced to water. Coenzyme Q (CoQ, ubiquinone) is responsible for the transfer of
electrons from Complex I and II to Complex III. Associated with the movement of electrons along the ETC is the movement of protons (H', dashed
arrows) from the mitochondrial matrix into the intramembranous space, setting up a proton motive force. The movement of protons through the adenosine
triphosphate synthase (ATP synthase, Complex V) provides the energy to support ATP synthesis. Based on Lehninger et al. (1993).

6.1.3 Mitochondrial and nuclear DNA
interaction for assembly and function

Mitochondrial DNA, a circular molecule with over 16,000
base pairs, contains roughly 37 genes that code for two
ribosomal RNA’s, 22 transfer RNA’s, and 13 proteins that
combine with over 70 other n-encoded proteins to form
the respiratory chain (Anderson et al., 1981). Transcrip-
tion, translation, and mtDNA replication including syn-
thesis of ribosomal proteins are all under nuclear
regulation. Consequently, mitochondrial function depends
upon the tightly coordinated interaction between nDNA
and mtDNA-encoded proteins, protein assembly factors,
and chaperone proteins involved in protein folding,
protein scaffolding, and structural support (Nijtmans et al.,
2002; Rabilloud et al., 2002; Ryan and Hoogenraad,
2007).

Nuclear encoded proteins destined for the mitochondria
must be unfolded prior to transport through the outer (TOM)
and inner (TIM) membrane translocase proteins (Ryan and
Hoogenraad, 2007). After transit through these protein
channels, the proteins are refolded within the mitochondria
by chaperone proteins, e.g., heat shock proteins 70 (Hsp70),
Hsp 60/10 (also called Chaperonin 60/10), Hsp78, and a
number of proteases. Chaperone protein expression increases
during stress (e.g., heat, oxidative, toxin-mediated) when

they are particularly important in stabilizing and repairing
damaged proteins.

The D loop of mtDNA contains regulators of mito-
chondrial transcription and replication. Differences in D
loop mtDNA have been used to identify animals with
different mitochondrial types. Some proteins are part of the
mitochondrial import machinery, whereas others are
needed for expression of the mitochondrial genome and
metabolism. Other proteins are required for mitochondrial
roles in apoptosis (Liu and Kitsis, 1996), redox cell
signaling, and homeostasis (Bogoyevitch et al., 2000;
Levonen et al., 2001; Droge, 2002). Rabilloud et al. (2002)
indicated that “... mitochondrial function in general, and
mitochondrial protein synthesis in particular, depend on
the conjugated and coordinated expression of both mito-
chondrial and nuclear genomes.” A complex communica-
tion network between mitochondria and the nucleus also
exists to coordinate mitochondrial biogenesis and function
(Poyton and McEwen, 1996).

6.1.4 The respiratory chain and adenosine
triphosphate synthesis

The ETC, first reported by Kennedy and Lehninger (1949),
consists of five multiprotein enzyme complexes: Complex |
(NADH: ubiquinone oxido-reductase), Complex II
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(succinate: ubiquinone reductase), Complex III (ubiquinol:
cytochrome ¢ oxido-reductase), Complex IV (cytochrome ¢
oxidase), and the F{Fy ATP synthase or ATPase (Complex
V), and two mobile electron carriers, ubiquinone (Q) and
cytochrome ¢ (cyt ¢) (Figs. 6.1 and 6.2). Electrons enter the
respiratory chain at Complex I for NADH-linked substrates
(e.g., malate and pyruvate), or at Complex II for succinate,
an FADHj;-linked substrate (Fig. 6.2). Ubiquinone carries
electrons from Complex I and II to Complex III while cyt ¢
shuttles electrons from Complex III to Complex IV. Electron
transfer to O, (the terminal acceptor) results in full reduction
of O, to water. Electron movement coincides with proton
pumping to establish a proton motive force consisting of a
membrane potential (A¢dy,) and pH (proton) gradient that
provide energy for ATP synthesis as protons flow back into
the matrix through ATP synthase (Complex V). Protons can
also cross the inner mitochondrial membrane at sites other
than the ATP synthase due to anion carrier proteins
(e.g., adenine nucleotide transporter, glutamate transporter),
uncoupling proteins (UCPs), and intrinsic membrane char-
acteristics (Brown and Brand, 1991; Brand et al., 1994,
2005; Rolfe and Brand, 1997; Brookes et al., 1997). Proton
leak therefore consumes O, and dissipates the membrane
potential without ATP synthesis. Uncoupling represents an
inefficiency of mitochondrial function, but minimizes ROS
production (see below). While mitochondrial uncoupling is
important in heat generation in brown adipose fat tissue in
mammals, brown adipose tissue has not been reported in any
avian species and appears to have been lost early in evolu-
tion of the avian lineage from a common ancestor of birds
and mammals (Mezentseva et al., 2008).

6.1.4.1 Ubiquinone (coenzyme Q)

Electron transfer from Complex I to Complex III and from
Complex II to Complex III is carried out by ubiquinone
(coenzyme Q; e.g., CoQg and CoQjg). Autooxidation of
CoQ is a major source of mitochondrial ROS production
(Chance et al., 1979; Turrens et al., 1985; Turrens and
Boveris, 1980). Animals with relatively more CoQjg had
lower mitochondrial ROS production than those with
higher CoQqg levels (Lass and Sohal, 1999), and CoQ
content is highly correlated with Complex I and II activities
(Ernster and Forsmark-Andree, 1993; Forsmark-Andree
et al., 1997).

6.1.4.2 Cardiolipin

Cardiolipin (tetra-acyl-diphosphatidyl-glycerol) is a unique
phosphorglyceride with four long-chain fatty acids
compared to two side chains in typical phospholipids that is
essential for membranes involved in coupled (oxidative)
phosphorylation (Hoch, 1992). Full activity requires the
interaction of each complex (I to V) with cardiolipin. Yeast

lacking cardiolipin exhibit impaired mitochondrial function
(Koshkin and Greenberg, 2000). Exogenously added car-
diolipin depressed respiratory chain coupling but increased
ATP synthase activity in isolated liver mitochondria
(Bobyleva et al., 1997).

6.1.5 Assessing mitochondrial function
6.1.5.1 Polarographic method

A standard method of assessing mitochondrial function
utilizes an O, electrode in a Warburg apparatus to measure
O, consumption with different respiratory states in freshly
isolated mitochondria (Estabrook, 1967). In the presence of
NADH- and FADH-linked energy substrates, mitochondria
exhibit an initial slow rate of O, consumption (State 2
respiration). The addition of ADP stimulates ETC activity
and initiates rapid O, consumption that is followed by a
slower rate of O, consumption (State 4 respiration) when
ADP levels decline (i.e., ADP is limiting) due to oxidative
phosphorylation and synthesis of ATP (from ADP and
inorganic phosphorus). Functional indices calculated from
these data include the respiratory control ratio (RCR) and
ADP:O ratio (Estabrook, 1967). The RCR represents the
degree of coupling or efficiency of respiratory chain ac-
tivity and is calculated as State 3 (active respiration)
divided by State 4 (resting) respiration rate. The ADP:O
ratio is the amount of ADP phosphorylated per nanoatom of
monomeric oxygen consumed during State 3 respiration
and is an index of oxidative phosphorylation. Electron
movement down the transport chain is coupled to proton
pumping, setting up the proton motive force that synthe-
sizes ATP as protons flow through the f;fyATPase. The
ADP:O ratio, an index of oxidative phosphorylation, is
determined as ADP used per nmol monomeric oxygen
during State 3 respiration. Theoretical ADP:O ratios are 2
(for succinate) and 3 (for malate) that enter at Complex I
and II, respectively. ATP synthesis is not 100% efficient
due in part to electron and proton leak. Decreases in the
ADP:O ratio (increased O; use that is uncoupled from ATP
synthesis) occur by (a) proton leakage across the inner
mitochondrial membrane at sites other than the F;Fj,
ATPase (Brand et al., 1994) or (b) electron leakage from
the respiratory chain that react with O, to form ROS such
as superoxide and H;O, (Boveris and Chance, 1973;
Chance et al., 1979, see Section 6.1.5.2 below).

6.1.5.2 Flux analysis

A relatively new approach to assess mitochondrial function
in intact cells using flux analysis of oxygen consumption
rate was reported by Wu et al. (2007). The advantage of this
method is that mitochondrial function can be assessed
within intact cells which eliminates any artifacts (e.g., sheer
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stress) that might be introduced from stirring that is a
requirement of the polarographic method of Estabrook
(1967). Assessment of glycolytic activity can also be
determined simultaneously by assessment of extracellular
acidification rate. Metabolic inhibitors will stimulate
glycolytic activity.

Flux analysis was used to assess bioenergetic in
response to 4-hydroxy 2-nonenal (4-HNE) induced oxida-
tive stress in chicken embryo fibroblast (CEF) cells and a
spontaneously immortalized CEF cell (DF-1) (Lassiter
et al., 2014). It was determined that senescent CEF cells
(passage 19) were more susceptible to 4-HNE-induced
oxidative stress than younger (passage 8) CEF cells, but
surprisingly, the immortal DF-1 cells were more sensitive
to oxidant challenge than the CEF cells. Greater sensitivity
to oxidant challenge following 4-HNE treatment may have
been due to an inability of DF-1 cells to increase proton
leak in comparison to CEF cells.

6.1.6 Mitochondrial role in apoptosis

Mitochondria are critical in initiating programmed cell
death or apoptosis (Wallace, 1999). Between the inner and
outer mitochondrial membranes are cytochrome c,
apoptosis-inducing factor, and caspases (proteases) that
contribute to apoptosis. Apoptosis is initiated by formation
of the mitochondrial permeability transition pore (mtPTP)
on the inner membrane. The mtPTP forms by the coa-
lescing of the voltage-dependent anion channel (VDAC),
adenine nucleotide translocase (ANT), BCL-2-associated X
protein, and cyclophilin D. When the mtPTP is formed, the
mitochondrial membrane potential is dissipated followed
shortly thereafter by mitochondrial swelling and release of
caspases and apoptosis initiating factor. The proteolytic
caspases released into the cytoplasm degrades the cyto-
skeletal architecture. Events that trigger the opening of the
mtPTP include (a) a decrease in energetic capacity of the
mitochondria, (b) excessive influx of ionic calcium, and
(c) increased ROS generation.

6.2 Mitochondrial inefficiencies,
oxidative stress, and antioxidants

6.2.1 Electron transport defects and oxidative
stress

6.2.1.1 Reactive oxygen species

Mitochondria are a major source of endogenous oxidative
stress; 2—4% of O, used by mitochondria may be con-
verted to ROS by univalent reduction of O, to form su-
peroxide (O;,-7) following electron (e—) leak from the
respiratory chain (Boveris and Chance, 1973; Chance et al.,
1979; Turrens and Boveris, 1980). Superoxide dismutase

(SOD) converts O~ to HyO; that is reduced to HyO by
GSH peroxidase (GPx). The relatively nonreactive H,O, is
converted to the highly reactive hydroxyl radical (*OH) in
the presence of Fe*™ and Cu®", and due to its lipid solu-
bility, is able to cross membranes and oxidize proteins,
DNA, lipids, and carbohydrates throughout the cell (Yu,
1994, See Figs. 6.1 and 6.3).

6.2.1.2 Identification of site-specific defects
in electron transport

Fig. 6.3 shows sites of e-leak that are accentuated by
treatment with various chemical inhibitors. The use of these
chemicals for identifying e—transport defects were pio-
neered by Boveris and Chance (1973), Chance et al. (1979),
Turrens and Boveris (1980). Numerous reports followed
that confirmed Complex I and III as predominant sites of
mitochondrial e—leak and associated with numerous
metabolic diseases in humans including Alzheimer, cancer,
diabetes, and aging (Yu, 1994).

A criticism of the use of chemical inhibitors used in
studies such as those mentioned above is that they cause
maximum ROS production that can greatly exceed actual
rates relative to basal noninhibited states (Goncalves et al.,
2015; Brand, 2016). In their studies a total of 10 sites of
electron leak were revealed in muscle mitochondria when
media was used that mimicked skeletal muscle during rest
and exercise states; generation of ROS was much greater in
media mimicking muscular rest than in mild or intense
exercise.

6.2.1.3 Nitric oxide and reactive nitrogen
species

Nitric oxide (NO) produced by mitochondrial nitric oxide
synthase (NOS) near the site of the ETC (Giulivi et al.,
1998; Giulivi and Oursler, 2003) competitively inhibits
cytochrome oxidase thus regulating mitochondrial O,
consumption. The release of NO in the presence of ROS
can produce a large number of reactive nitrogen species
(RNS, e.g., peroxynitrite) that damage proteins by nitro-
sylation. Peroxynitrite was reported to be responsible for
decreased activities of Complex I and II in mitochondria
(Riobo et al., 2001).

6.2.1.4 DNA damage and respiratory chain
complex activities

A correct balance of mtDNA- and nDNA-encoded proteins
is needed for functional integrity of mitochondria (Nijtmans
et al., 2002). Due to its proximity to the respiratory chain
and a lack of protective histones, mtDNA is more suscep-
tible to mitochondrial ROS-mediated oxidation than
nDNA, and mtDNA oxidation can lead to mitochondrial
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FIGURE 6.3 Diagrammatic representation of identification of site-specific defects in the electron transport chain using chemical inhibitor. The
movement of electrons (e—) along the respiratory chain is shown by solid arrows from Complex I or Complex II to Complex III by the e—carrier,
Coenzyme Q (Q) and to complex IV by cytochrome ¢ (cyt ¢). The terminal step of electron transport is the full reduction of oxygen (O,) to water by
cytochrome ¢ oxidase. Chemicals used to block e—transport and identify site-specific defects are rotenone (Rot) at Complex I, thenoyltrifluoroacetone
(TTFA) at Complex II, and Myxothiazol (Myx) (at the outer membrane [0]) and antimycin A(AA) (at the inner membrane [i]) within Complex III. If a site-
specific defect exists at any of these sites following chemical inhibition, e—leak (dotted arrows) results in the univalent reduction of O, to superoxide
(O*—) that is reduced by hydrogen peroxide (H,0O,) by superoxide dismutase (SOD). Topology of H,O, formation (as in index of reactive oxygen species,
ROS) can be determined by adding exogenous SOD to the media in isolated mitochondrial preparations that distinguishes it from endogenous ROS that is
for by the mitochondrial located MnSOD (see Miwa et al. (2003)). Extramitochondrial e—leak can also occur when glyceraldehyde three- phosphate
(GSP) is converted by G3P dehydrogenase (G3PDH) to dihyroxyacetone phosphate (DHAP). Reprinted by permission Ojano-Dirain et al. (2007a).

dysfunction (Kristal et al., 1994; Wei, 1998). Oxidant-
medicated repression of mitochondrial transcription can
exacerbate mitochondrial dysfunction by inhibiting respira-
tory protein synthesis (Kristal et al., 1997). Restricted
availability of mt-encoded subunits or damaged proteins can
lead to diminished complex activities and cell respiration
(Wallace, 1999). There are also specific thiols in proteins of
Complexes I, II, and IV that are particularly susceptible to
oxidation that decrease complex activity upon exposure to
oxidants (Lin et al., 2002b). Inverse relationships between
oxidative stress and complex activity were noted in animals
with low-feed efficiency (Ojano-Dirain et al., 2005; Bottje
and Carstens, 2009).

6.2.1.5 Specific protein targets of
mitochondrial reactive oxygen species

Mitochondrial ROS produced by Complex I (rotenone
sensitive site) are exclusively released into the mitochon-
drial matrix whereas ROS produced at the ubiquinone-CIII
site are confined to the intermembranous space (Han et al.,
2001; St Pierre et al., 2002; Muller et al., 2004). Bleier et al.
(2015) hypothesized that ROS generated at CI, which is in
close proximity to mitochondrial DNA and redox sensitive
proteins in the ETCs, would cause oxidation, whereas ROS

from CIII would primarily participate in signal transduction
reactions. Using two-dimensional gel electrophoresis with
fluorescent detection, Bleier et al. (2015) identified specific
proteins that were oxidized by ROS produced at CI (by
reverse electron transport [RET] described below) differed
from proteins oxidized by ROS generated at CIII (by for-
ward electron transport) in isolated rat heart mitochondria.
They concluded that there was a distinct difference in the
proteins that were oxidized depending on the site of ROS
production. Bleier et al. (2015) hypothesized that these
proteins could “ ... serve as biomarkers to study the
generator-dependent dual role of mitochondrial ROS in
redox signaling and oxidative stress”.

6.2.1.6 Mitochondrial reactive oxygen species
generation in avian species

The use of chemical inhibitors shown in Fig. 6.3 has been
used to assess mitochondrial ROS production in birds. In
broilers, site-specific defects in e-leak at Complex I and III
were identified in liver, lung, skeletal, and cardiac mito-
chondria obtained from birds exhibiting fulminant pulmo-
nary hypertension syndrome (Cawthon et al., 2001; Igbal
etal., 2001; Tang et al., 2002). Greater ROS production due
to site-specific defects in e—transport was also identified in
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Complex I and III skeletal muscle, liver, and duodenal
mitochondria associated with low-feed efficiency in
broilers (Bottje et al., 2002; Igbal et al., 2004; Ojano-Dirain
et al., 2004, 2007a) as well as Complex II in duodenal
tissue (Ojano-Dirain et al., 2004). Greater ROS production
was likely responsible for higher oxidative stress and lower
respiratory chain complex activities consistently observed
in animals exhibiting a low-feed efficiency phenotype
(Bottje and Carstens, 2009; Ojano-Dirain et al., 2007b) and
may have been involved in differential gene expression in
feed efficiency in broilers (Bottje and Kong, 2013). Mito-
chondrial ROS production has also been shown to play a
role in heat stress (Abe et al., 2006; Mujahid et al., 2006,
2007, 2009).

Mitochondrial ROS production is generally lower in
avian compared to comparable size mammalian species
with an inverse relationship between longevity and mito-
chondrial ROS production (Herrero and Barja, 1997,
1998). Fig. 6.4 presents data of heart mitochondrial ROS
production in comparable sized mammals and birds
(Herrero and Barja, 1997, 1998) in the presence or
absence of ETC inhibitors shown in Fig. 6.3. This species
difference is even more remarkable since birds have a
number of characteristics that should favor heightened
mitochondrial radical production such as higher body
temperatures, metabolic rates, and blood glucose concen-
trations (Holmes and Austad, 1995; Holmes et al., 2001).
The fact that birds have much lower mitochondrial ROS
production has been hypothesized to explain lower

mitochondrial DNA diversity in avian compared to
mammalian species (Hickey, 2008).

6.2.2 Mitochondrial uncoupling and
attenuation of oxidative stress

Proton motive force provides the power that “drives” ATP
synthesis when protons flow back into the matrix through
ATP synthase (Complex V). However, protons that flow into
the mitochondrial matrix at sites other than the ATP synthase
(proton leak) dissipates proton motive force, diminishes
mitochondrial membrane potential, and short circuits ATP
synthesis (Brand et al., 1994). Oxygen consumption from
proton leak can represent 25% of total basal metabolic rate in
animals (Rolfe and Brand, 1997). Basal proton leak (or
conductance) is facilitated by intrinsic characteristics of
membranes and the presence of intramembranous proteins
(e.g., UCPs, adenine nucleotide translocase [ANT]) (Brown
and Brand, 1991; Rolfe and Brand, 1997; Brookes et al.,
1997, 1998; Brand et al., 2005; Dilger et al., 1979). Free
fatty acids enhance proton-translocating activities of ANT,
UCPs, and phosphate and glutamate carrier proteins
(Andreyev et al., 1988, 1989; Echtay et al., 2001; Samartsev
et al., 1997; Jaburek et al., 1999). Proton leak is also stim-
ulated by hyperthyroidism and diminished by hypothyroid-
ism (Hafner et al., 1990).

Proton leak represents an energetic inefficiency, but
plays an important role in attenuating mitochondrial ROS
production and endogenous oxidative stress. A self-limiting
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FIGURE 6.4 Hydrogen peroxide (H,O,) production rates (expressed as nmol/min/mg protein) in heart mitochondria isolated from mammals and birds of
comparable body weights (rat vs. pigeon; mouse vs. parakeet and canary). Rates of H,O, production are shown for mitochondria treated with no-inhibitor
(NI, basal rate), and for mitochondria treated with inhibitors of Complex I (rotenone, Rot), and two inhibitors of Complex III (antimycin A, AA and
myxothiazol, Myx, alone and in combination). The maximum life span for each animal species is shown in parentheses. Data were obtained from Herrero

and Barja (1997, 1998).
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feedback of superoxide on mitochondrial ROS production
(Skulachev, 1996, 1997) is due to increased expression and
activity of UCPs and ANT (Echtay et al., 2002; Murphy
et al., 2003; Brand et al., 2004). This mechanism is depicted
in Fig. 6.5 which is a composite of Figs. 6.1 and 6.2 from
Brand et al. (2004).

Uncoupling to reduce mitochondrial ROS generation
has been clearly demonstrated in several avian species. In
birds, the initial sequencing of the avian uncoupling protein
(avUCP) was reported by Raimbault et al. (2001) and
confirmed shortly after by Toyomizu et al. (2002).
Uncoupling of mitochondria represents an important
physiological response to attenuate oxidative stress during
both cold and heat stress conditions. Toyomizu et al. (2002)
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FIGURE 6.5 Attenuation of mitochondrial reactive oxygen species for-
mation by increased uncoupling activity of adenine nucleotide translocase
(ANT) and uncoupling protein (UCP). Shown in the figure are the outer
and inner mitochondrial membranes (OMM and IMM) and intra-
membranous space (IS) within which proton motive force is generated by
pumping of protons from the matrix into the IS. Proton leak occurs when
protons move across the IMM at sites other than the ATP synthase.
Electron leak from flavin and iron-sulfur centers in proteins of complex I,
and from co-enzyme Q into the mitochondrial matrix causes univalent
reduction of oxygen to superoxide (O-—). In the presence of free iron
(Fe?") that can be released from oxidative damage of matrix proteins
(e.g., aconitase) results in the formation of hydroxyl radical (-OH) that
abstracts an electron from polyunsaturated fatty acid to form a carbon-
centered fatty acid radical (FA radical) and an FA peroxyl radical in the
presence of oxygen. This leads to the formation of a stable reactive alkenal,
4-hydroxy 2-nonenal (4-HNE) that stimulates uncoupling activity (proton
leak) by ANT and UCP. Increased proton leak in turn dissipates proton
motive force and mitochondrial membrane potential that reduces electron
leak and mitochondrial reactive oxygen species formation. Based on
Echtay et al. (2002), Murphy et al. (2003), Brand et al. (2004).

reported that ANT and UCP mRNA were upregulated in
cold stressed chicken skeletal muscle. Increased UCP and
ANT expression has been observed in skeletal muscle of
chickens (Toyomizu et al., 2002), king penguins (Talbot
et al., 2003, 2004), and in cold-acclimated ducks (Rey
et al., 2010) that attenuates cold-induced increases in
mitochondrial ROS production. Increased mitochondrial
ROS and oxidative stress has also been observed in heat-
stressed chicken skeletal muscle (Mujahid et al,
2007a,b). It was determined that olive oil attenuated
mitochondrial ROS production during heat stress (Mujahid
et al., 2009). The increased ROS production during heat
stress was due to a combination of down-regulation of
avUCP expression and an increase in inner mitochondrial
membrane potential (Mujahid et al., 2006; Kikusato and
Toyomizu, 2013).

Differences in proton leak and mitochondrial membrane
potential have also been linked to the phenotypic expres-
sion of feed efficiency in broilers (Ojano-Dirain et al.,
2007a; Bottje et al., 2009). Enhanced ROS production was
observed in muscle, liver, and duodenal mitochondria of
broilers with low-feed efficiency compared to broilers with
high-feed efficiency due to site-specific defects in electron
transport (Ojano-Dirain et al., 2004; Bottje et al., 2004;
Igbal et al., 2005). Using a number of different chemical
treatments, it was observed that proton leak in broilers with
a high-feed efficiency phenotype exhibited proton leak that
was either lower or equal to, but never higher than proton
leak in broilers exhibiting a high-feed efficiency phenotype
(Bottje et al., 2009). Observations of increased (<0.06)
expression of avUCP and lower membrane potential in low
feed efficiency mitochondria (Ojano-Dirain et al., 2004,
2007) are consistent with the model presented in Fig. 6.5 to
minimize or attenuate mitochondrial ROS formation.

6.2.3 Antioxidants

It is difficult to discuss oxidation without also discussing
antioxidants. Oxidative stress develops when the generation
of ROS overwhelms antioxidant protection (Yu, 1994).
Repair of damaged structures (e.g., lipids, proteins) is
energetically expensive requiring considerable input of
ATP to either repair or recycle materials within the cell.
Mitochondrial ROS are normally metabolized by the
enzymatic antioxidants, SOD, and glutathione peroxidase,
as well as by nonenzymatic antioxidants GSH and o-
tocopherol (Yu, 1994).

Glutathione is the major endogenous antioxidant system
both in the cytosol and within mitochondria (Meister, 1984;
Griffith and Meister, 1985; Martensson et al., 1993).
Glutathione exists in either a reduced (GSH) or oxidized
(GSSG; glutathione disulfide) form, and the GSSG:GSH
ratio is used as an indicator of oxidative stress. The gluta-
thione reduction-oxidation (redox) system consists of GSH



Mitochondrial physiology—Sturkie’s book chapter Chapter | 6 73

and the GSH recycling enzymes, GPx, and GSH reductase
(GR) (Meister, 1984). The enzyme GPx metabolizes per-
oxides (e.g., H,O») using reducing equivalents from GSH
and catalyzes the reaction shown in Eq. (6.1):

2 GSH + H,0, — GSSG + 2 H,0 6.1)

Low levels of GSSG are maintained by GR, which
utilizes nicotinamide adenine dinucleotide phosphate
(NADPH),) to reduce GSSG to GSH as shown in Eq. (6.2):

GSSG + NADPH, — 2 GSH + NADP* 6.2)

The glutathione redox system is a vital defense mecha-
nism of mitochondria against free radical damage as mito-
chondria lack catalase (Martensson et al., 1990), y-glutamyl
synthetase (the rate limiting enzyme in GSH synthesis)
(Meister, 1984), and the ability to export GSSG (Olafsdottir
and Reed, 1988). Martensson et al. (1990) noted that the
mitochondrial GSH transport system might be designed to
efficiently conserve mitochondrial GSH at the expense of
cytosolic GSH.

During oxidative stress, toxic levels of GSSG can
accumulate within mitochondria (Olafsdottir and Reed,
1988; Cawthon et al., 1999). Unlike cells, mitochondria are
unable to export GSSG from the mitochondria leading to
thiolation of critical proteins in the ETC and diminished
activities for the respiratory chain complexes. Augustin
et al. (1997) reported that mitochondria are not damaged by
ROS as long as the mitochondria are in an energized state
in which ROS production is minimized. Other research
indicates that GSH levels are critical in maintaining or
protecting respiratory chain complex activity from oxida-
tion and positive correlations between GSH and respiratory
chain activity have been reported (Ojano-Dirain et al.,
2005; Bolanos et al., 1996; Cardoso et al., 1999).

6.3 Signal transduction and reverse
electron transport

6.3.1 Low mitochondrial reactive oxygen
species levels

Whereas high levels of ROS are detrimental, low levels of
mitochondrial ROS act in signal transduction processes that
are recognized as being vital for normal cell function pro-
cesses (e.g, Giulivi and Oursler (2003), Crawford et al.
(1997), Carper et al. (1999), Greiber et al. (2002), Li et al.
(2002), Kemp et al. (2003)). Baughman and Mootha (2006)
hypothesized “... a homeostatic role for ROS in main-
taining stable respiratory phenotypes across genetic vari-
ants of the mitochondrial genome.” Finkel (2011) proposed
that H,O, stimulated several signaling pathways by
oxidizing cysteine moieties of key regulatory proteins
that are modulated by antioxidants such as peroxiredoxin

(Rhee et al., 2005). Low levels of mitochondrial ROS
contribute to mitochondrial-mediated signal transduction
mechanisms (Finkel, 2011; Murphy et al., 2011) in a pro-
cess designated as ‘“mitochondrial hormesis (mitohorm-
esis)” (Barbieri et al., 2013). Furthermore, whereas
mitochondrial ROS generated from Complex I is associated
with oxidative stress, ROS generated from Complex III is
primarily involved in signal transduction (Sena and Chan-
del, 2012; Bleier et al., 2015). RET in the mitochondria is
now recognized to be vital to a number of physiological
conditions (see review by Scialo et al. (2017)).

6.3.2 Cellular nutrient utilization

Guaras et al. (2016) demonstrated that RET enables mito-
chondria to efficiently use different energy sources entering
the transport chain. In this mechanism, the ratio of reduced
coenzyme Q (CoQH,) to oxidized CoQ' is a sensor that
functions to optimize energy use by stimulating RET. The
ETC is composed of five multiprotein complexes (see
above) that can be arranged into supercomplexes consisting
of CI 4 CIII + CIV and CI + CIII (Acin-Perez et al., 2008;
Enriquez, 2016). It is proposed that these supercomplex
arrangements creates two functional pools of CIII; one
associated and another not associated with CI (Lapuente-
Brun et al., 2013). When the energy source switches from
glucose to fatty acids, ROS produced by RET degrade CI,
the result of which increases mitochondrial fatty acid B-
oxidation. Thus, remodeling of the ETC is a response to
ubiquinone acting as a metabolic sensor that positions the
mitochondria to efficiently oxidize different nutrients as they
become available in the cell.

6.3.3 Macrophage function

Mitochondria enable macrophages to quickly shift from
“attack and destroy” to a “heal and rebuild” cell needed for
tissue repair after the initial foreign invasion or insult. In a
bacterial infection, the ETC reorganizes resulting in a
decrease in CI activity and an increase in CII activity
(Garaude et al., 2016). The ability of macrophages to
switch between these very different functional phenotypes
occurs through a shift in mitochondrial energy production
(from OXPHOS to glycolysis) concomitant with an in-
crease in membrane potential that helps drive RET-derived
ROS production and proinflammatory cytokine production
(Mills et al., 2016). This redirection of mitochondrial
function is a result of succinate accumulation with
increased succinate dehydrogenase activity. Inhibition of
proinflammatory cytokines in macrophages was achieved
by (a) treating cells with dimethyl malonate to prevent
succinate oxidation, (b) treating cells with rotenone to

1. CoQ transfers electrons from CI to CIII and CII to CIIL
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block reverse electron flow from succinate, and
(c) preventing CoQ reduction. RET from succinate is
therefore essential for initiating an inflammatory response
in macrophages.

6.3.4 Ischemia-reperfusion injury

When blood supply is interrupted (e.g., heart attack, stroke,
or severe blood loss) and followed by blood flow restora-
tion, oxidative damage of tissues occurs from a hyper-
immune response and a burst of mitochondrial ROS
production. Mitochondrial ROS generated during reperfu-
sion was considered mainly a nonspecific response to
increased oxygen levels (e.g., Murphy and Steenbergen
(2008)). However, Chouchani et al. (2014) demonstrated
that succinate accumulation during ischemia drives mito-
chondrial ROS generation during reperfusion due to RET
from Complex II to Complex I. Ischemic damage of heart
and brain tissue was prevented by rotenone (that blocks
RET from CII to CI) and by inhibition of succinate dehy-
drogenase with dimethyl malonate.

6.3.5 Muscle differentiation

Many myogenic regulatory factors promote satellite cell
differentiation to form myoblasts and myotubes in avian
species (see Velleman and McFarland (2015)). Hydrogen
peroxide produced by NADPH oxidase is instrumental for
cardiac and muscle cell differentiation (Piao et al., 2005;
Buggisch et al., 2007). Since H,O, is lipid soluble, it
readily crosses membranes in the various cell compart-
ments. Using mitochondria specific antioxidants (MitoQ
and MitoTEMPOL), it was determined that suppression of
muscle differentiation was concomitant with decreased
mitochondrial ROS production (Lee et al., 2011). This
response was not due to inhibition of electron transport or
ETC activity since these antioxidants had no effect on ATP
production. During differentiation, there was an increase in
mitochondrial content and increased expression and activity
of CI. Treating cells with small inhibitory RNA or blockade
of electron transport in CI inhibited muscle cell differenti-
ation. It was concluded that superoxide produced by RET at
CI was converted to HyO, by MnSOD that stimulated
muscle differentiation in response to NF-kB activation (Lee
et al., 2011).

6.3.6 Aging and longevity

Examination of the mitoproteome that focused on CI
assembly and stabilization produced a new insight into the
role of mitochondria in aging (Miwa et al., 2003). CI is
the largest complex of the respiratory chain containing
~40 proteins with two arms; one that extends into the

mitochondrial matrix and a second arm that is found pri-
marily within the inner mitochondrial membrane. The
mitoproteome of young animals had reduced abundance of
proteins in the matrix arm of CI in long-lived animals, but
there was no difference in the abundance of the membrane
arm of CI between short-lived and long-lived groups.
Disruption of CI assembly reduced oxidative metabolism
and elevated mitochondrial ROS production. Disruption of
CI assembly resulted in premature senescence in primary
hepatocytes. Miwa et al. (2003) hypothesized that
decreased abundance of proteins in the catalytic component
of CI improves assembly of the enzyme complex, improves
substrate utilization while reducing mitochondrial ROS
production and increasing longevity.

6.4 Matching energy production to
energy need

6.4.1 Mitochondrial dynamics

Initial electron micrographs of mitochondria suggest that
kidney shaped image of mitochondria as being a static
organelle (Lehninger et al., 1993, p.39). Electron tomog-
raphy (Mannella, 2000) provided a three-dimensional view
of a sausage-like appearance of mitochondria extending
through the cytosol with intimate connections to endo-
plasmic reticulum that could facilitate communication with
the rest of the cell, protein transfer, and signaling. It is now
apparent that mitochondrial fission and fusion events
regulate mitochondrial function over a broad spectrum of
available energy sources that can serve to cull defective
organelles from the “mitochondrial herd” (see reviews by
Hoppins et al. (2007), Archer (2013), Liesa and Shirihai
(2013), Rambold and Pearce (2018)). In addition, it is clear
that intimate connections of mitochondria with other or-
ganelles in the cell including the nucleus, endoplasmic re-
ticulum, and lysosomes help in movement of proteins and
as pathways for cell signaling to optimize cell function
(Rambold and Pearce, 2018).

Liesa and Shirihai (2013) provided a review of fission
and fusion events in a mitochondrial life cycle that is
depicted in Fig. 6.6. In a nutrient limiting environment
(e.g., starvation), mitochondria become elongated (fuse) and
more efficient in producing ATP from energy substrates. In
the face of excess nutrient availability, mitochondria divide
(fragment) to become less efficient in oxidative phosphory-
lation and burning off excess fuel supply in the cell. In this
fragmentation process, the endoplasmic reticulum targets the
mitochondria with proteins, including mitofissin, dynamin,
and dynamin-like 120 kDa—protein (OPA-1 short) that
split the mitochondria in two. Fission is part of the mito-
chondrial life cycle that allows mitochondria to adapt to
different amounts of available nutrients. In the life cycle,
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FIGURE 6.6 Life cycle of mitochondria. A mitochondrial life cycle was described by Liesa and Shirihai (2013). In this life cycle, mitochondria raise or
lower energetic efficiency through biochemical and conformation changes in response to low or excess nutrient levels. In fusion events (1) two daughter
cells can combine to form a single mitochondria. With nutrient limiting conditions (e.g., starvation, or possibly high energy demand such as muscle
activity or rapid growth), mitochondria elongate and become more efficient in utilizing available substrate. Once nutrient levels are no longer limiting, the
mitochondria return to normal size. Parts of the mitochondria may experience oxidative damage and increased mitochondrial reactive oxygen species
(ROS) production with concomitant oxidation of mt-DNA. When this occurs, the endoplasmic reticulum will present specialized proteins (mitofissin,
OPA-1, dynamin) to initiate mitochondrial fission (2). In this quality control process, the damaged or poorly functioning mitochondria with depolarized
inner mitochondrial membrane will split from the optimal functioning mitochondria. If the mitochondria recover from depolarization, it will return to the
mitochondrial life cycle (3). If mitochondria experience sustained membrane depolarization (4), it will be targeted for degradation by mitophagy (5). In
response to excess nutrients (e.g., obesity), mitochondria fragment (6) and become less efficient in oxidative phosphorylation. Fragmentation is
accompanied by increased mitochondrial ROS production that can have deleterious consequences to the cell. When cell nutrients levels decline, the

mitochondria will return to the mitochondrial life cycle.

dysfunctional mitochondria are destined for removal by
mitophagy (Fig. 6.6), thereby raising the collective function
of the remaining mitochondrial population (“mitochondrial
herd”) in cells.

Regulation of mitochondrial dynamics by the orexin
system in avian muscle cells was provided by Lassiter et al.
(2015). After showing that orexin was secreted by quail
muscle 7 (QM7) cells, it was determined that treating the
cells with recombinant orexin A (rORX-A) and orexin B
(rORX-B) down-regulated and upregulated mtDNA
expression, respectively, indicating inhibition and stimula-
tion of mitochondrial biogenesis. Furthermore, rORX-A
inhibited genes associated with mitochondrial fusion
(MFN1, OPA-1, and OMA1) and stimulated genes asso-
ciated mitochondrial fission (MTFP1 and DNMI1 and
MTFR1) whereas rORX-B stimulated mitochondrial fusion
by upregulating MFN2, OPA1, and OMAL. The findings
by Lassiter et al. (2015) presented the first evidence of a
physiological role of the orexin system in avian cells in
regulating mitochondrial dynamics that could be hypothe-
sized to play an important role in growth and development

in birds if similar relationships occurred between orexin
and mitochondria in vivo.

6.4.2 Mitochondrial biogenesis

Whereas mitochondria divide during mitosis to insure
daughter cells are provided a full complement of functional
mitochondria, mitochondrial biogenesis is stimulated in
response to increased energy demand. An early demon-
stration of mitochondrial biogenesis was provided by Paul
and Sperling (1952) who observed that there were more
mitochondria in breast muscle from pigeons that are more
active than the relatively sedentary commercial chicken.
One of the first factors identified to increase mitochondrial
biogenesis was peroxisome proliferator-activated gamma
coactivator 1-alpha (PGC-1a) (Puigserver et al., 1998; Wu
et al., 1999). Cold exposure increased the mRNA expres-
sion of PGC-1a that in turn increased the expression of
several mitochondrial proteins including ATP synthase
and cytochrome c-oxidases II and IV. PGC-1a. as well as
PGC-1pB stimulate nuclear respiratory factors (NRF-1 and
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NRF-2) and mitochondrial transcription factor A (TfamA)
(Nisoli et al., 2003, 2004) that up-regulate mitochondrial
transcription factor A (mtTFA) by independent mecha-
nisms (Meirhaeghe et al., 2003; Lin et al., 2002a).
NRF1 and NRF?2 stimulate mitochondrial protein synthesis,
e.g., ETC proteins, whereas mtTFA stimulates mitochon-
drial DNA transcription that is instrumental in synthesis of
mitochondrial proteins during mitochondrial biogenesis.
Because of its role in mitochondrial biogenesis, PGC-1a.
has been termed the master regulator of mitochondrial
protein synthesis (Nisoli et al., 2003, 2004).

6.4.3 Adenosine monophosphate—activated
protein kinase

Adenosine monophosphate (AMP)-activated protein kinase
(AMPK) is critical for (a) sensing cellular energy (AMP/
ATP) status and stimulating mitochondrial biogenesis
(Zhou et al., 2001; Hardie et al.,, 2003; Hardie, 2007,
Carling, 2004, 2005) and (b) in regulating animal food
intake and overall energy balance (Minokoshi et al., 2004).
Once AMPK is phosphorylated by serine-threonine kinase
11 (LKBI1) (Hardie, 2005), the activated AMPK phos-
phorylates several proteins involved in carbohydrate, lipid,
and protein metabolism (Kemp et al., 2003; Hardie, 2004,
2007). In general, AMPK reduces ATP-utilizing (anabolic)
pathways (e.g., fatty acid synthesis) and increases ATP-
generating (catabolic) pathways (e.g., fatty acid oxidation,
glycolysis). AMPK is required for stimulating glucose
uptake and glycolysis in skeletal muscle cells and astro-
cytes (Zhou et al., 2001; Almeida et al., 2004). AMPK also
up-regulates PGC-1a expression (Ojuka, 2004) and there-
fore presumably plays a role in mitochondrial biogenesis.
In conjunction with thyroid hormone receptor activation,
PGC-1a. up-regulates ANT and avUCP expression in
chickens that uncouple mitochondrial oxidative phosphor-
ylation (Masatoshi et al., 2005). Choi et al. (2001) pre-
sented evidence that AMPK and the AMPK cascade
mechanisms are sensitive to ROS, particularly H;O,.
Colombo and Moncada (2009) provided evidence that
mitochondrial ROS-mediated upregulation of AMPK was
associated with increased of several cellular antioxidants.
Thus, AMPK is very important in sensing energy status in
cells and could be a pivotal component in growth, devel-
opment, and is responsive to mitochondrial generated ROS
production. The expression of AMPK was higher in
chickens exhibiting a high-feed efficiency phenotype
(Bottje and Kong, 2013).

6.4.4 Sirtuins

The sirtuins are a family of conserved NAD-dependent
deacetylases that regulate many cellular activities including

stress response and energy metabolism (Haigis and Sinclair,
2010). SIRT4 is located mainly in mitochondria (Haigis
et al., 2006) where it inactivates glutamate dehydrogenase by
ADP-ribosylation. The inactivation of glutamate dehydro-
genase that converts glutamate to o-ketoglutarate indicates
that SIRT4 regulates entry of energy substrates into the
Krebs cycle. Knockdown of SIRT 4 increased gene
expression of mitochondrial and fatty acid metabolism en-
zymes in hepatocytes and myocytes, and changes in gene
expression were associated with SIRT1-dependent fatty acid
oxidation (Nasrin et al., 2010). Chau et al. (2010) reported
that fibroblast growth factor 21 regulates energy homeostasis
in adipocytes through phosphorylation and activation of
AMPK by increasing cellular NAD + levels as well by
deacetylation and activation of PGC-lo. and histone 3.
Activation of AMPK maintains energy balance by
enhancing mitochondrial biogenesis and oxidative meta-
bolism (Hardie, 2007). AMPK increased SIRT1 (NAD + -
dependent type III deacetylase sirtuin 1) by increasing
NAD + levels that modulate several downstream SIRT]
targets (Canto et al., 2009). AMPK and SIRT1 act in concert
with PGC-1a to regulate energy homeostasis in response to
differences in nutritional and environmental factors (Hardie,
2007; Reznick and Shulman, 2006).
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7.1 Introduction

Birds are the most diverse major clade of tetrapods, and
also the youngest. From our human perspective, birds are
intimately associated with concepts like feathers and flight,
eggs and nests, and beauty and song. Understanding how
birds evolved flight, survived one of the worst mass ex-
tinctions in Earth history, and ultimately radiated into the
>10,000 species that exist today truly requires combining
paleontological and neontological perspectives. This
chapter provides an overview of major patterns in avian
evolution with a focus on the fossil record. The relation-
ships of modern birds, which are increasingly well
resolved, thanks to genomic data, are touched on only
briefly.

To appreciate the remarkable evolutionary journey that
resulted in modern birds, it is best to begin with a cursory
discussion of their place within the larger context of
vertebrate evolution. Birds descended from theropod di-
nosaurs. Within a phylogenetic context, birds are di-
nosaurs, and so the term ‘“nonavian dinosaur” is often
employed to specify all dinosaurs except for birds, for
example, in stating that nonavian dinosaurs went extinct at
the end of the Cretaceous Period. For simplicity, “dinosaur”
and “theropod” are used to refer only to the nonavian subset
of those clades in this chapter.

7.2 The dinosaur—bird transition
7.2.1 Theropod dinosaurs

The dinosaur—bird transition has been reviewed in great
detail elsewhere (e.g., Ostrom, 1975; Gauthier, 1986; Prum,
2002; Norell and Xu, 2005), and so will only be briefly
summarized here. The closest theropod relatives of birds
were small, feathered predators (Figure 7.1). Major
branching patterns within the evolutionary tree of theropod
dinosaurs are relatively well understood, though the precise
relationships of certain taxa remain the subject of active
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research. Most recent analyses place birds within the clade
Paraves, which unites the sickle-clawed dinosaur clades
Dromaeosauridae and Troodontidae with Aves. Sequen-
tially, the branches of the tree below Paraves are occupied
by the beaked and crested Oviraptorosauria, the secondarily
herbivorous Therizinosauria, the aberrant short-armed
Alvarezsauridae, the ostrich-like Ornithomimosauria, and
the small predatory Compsognathidae (Figure 7.2)
(e.g., Turner et al., 2012; Brusatte et al., 2014). Debate
remains over the relationships of the enigmatic bat-winged
Scansoriopterygidae, which may represent relatives of
Oviraptorosauria or the sister taxon of Paraves (Brusatte
et al., 2014; O’Connor and Sullivan, 2014; Wang et al.,
2019).

Many features closely associated with birds first arose
within dinosaurs. These include feathers, the loss of digits
resulting in a three-fingered hand, fusion of the clavicles
into a furcula (“wishbone”), increasing hollowness of the
limb bones, bipedal posture, and small body size. A great
deal of convergent evolution took place in advanced the-
ropods, and many seemingly key features evolved multiple
times in distantly related theropods and birds. One such
feature is the loss of teeth, which occurred independently in
ornithomimosaurs, oviraptorosaurs, and multiple times in
birds. Another is the shortening of the tail via fusion of
multiple vertebrae into a pygostyle, which arose indepen-
dently in oviraptorosaurs, scansoriopterygids, and birds.

7.2.2 Feathers first

The evolution of feathers was long linked with the origin of
flight. The unveiling of the small feathered compsognathid
dinosaur Sinosauropteryx (Figure 7.1A) rocked the pale-
ontological and ornithological communities, effectively
ending debate over the dinosaurian ancestry of birds and
raising new questions about why feathers first evolved
(Chen et al., 1998). The “proto-feathers” covering Sino-
sauropteryx are often described as unbranched mono-
filaments, but it is more likely that each feather was
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FIGURE 7.1

Feathered theropods. (A) Specimen of the compsognathid Sinosauropteryx prima (NIGP 127586) with filamentous feathers. (B) Specimen

of the “four-winged” Microraptor gui (IVPP V 13352). (C) Specimen of the anchiornithid Anchiornis huxleyi (BMNHC PH804). Credit: Photos by Mick

Ellison, American Museum of Natural History.

composed of multiple filaments joined either at a common
base or a slender central shaft (Currie and Chen, 2001; Xu,
2020). A steady stream of new discoveries has confirmed
that filamentous feathers were present in many other the-
ropods (Norell and Xu, 2005; Qiang et al., 1998; Xu et al.,
2003). More recent discoveries of ornithischian dinosaurs
and pterosaurs with filamentous integument suggest that
feathers have a deep history, extending back at least to the
last common ancestor of all dinosaurs and possibly to the
last common ancestor of dinosaurs and pterosaurs (Zheng
et al., 2009; Yang et al., 2019).

Filamentous feathers would have failed miserably in
forming an airfoil, but were useful for thermoregulatory
insulation, especially in small dinosaurs. They also likely
served to enhance display and camouflage patterning,
functions that would have formerly been fulfilled by
colored scales (Koschowitz et al., 2014). One major recent
advance in paleobiology is the recognition that melano-
somes, subcellular structures that store pigment, are often

preserved in fossils and indeed may be largely responsible
for feather preservation (Vinther et al., 2008). Melanosome
aspect ratio can be used to infer melanin-based colors in
extinct species, and has revealed display striping and
countershading camouflage in dinosaurs (Zhang et al.,
2010; Vinther et al., 2016).

Filamentous feathers differ markedly from the vaned
pennaceous feathers we tend to imagine when we think of
“a feather.” These more complex feathers have a large
central rachis and branching barbs, which are in turn held in
place by smaller interlocking barbules, allowing them to
form an airfoil in modern birds. The most basal theropods
with pennaceous feathers were the clearly earthbound
oviraptorosaurs. This suggests pennaceous feathers origi-
nally served a nonaerodynamic function, perhaps providing
a more ordered “canvas” for display colors, as well as
opening the door to structural color and complex orna-
mental feathers (Foth et al., 2014; Koschowitz et al., 2014).
Paravian dinosaurs such as Microraptor and Caihong show
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evidence of iridescent pennaceous feathers, indicating such
structural coloration arose in theropods by the Late Jurassic
(Lietal., 2012; Hu et al., 2018). Interlocking barbules have
not yet been identified in theropod feathers, and their
earliest occurrence is in Archaeopteryx. Plumulaceous
(noninterlocking) barbules are known from feathers
attached to a dinosaur tail preserved in amber which
probably represents a basal maniraptoran (Xing et al.,
2016).

Feathers with asymmetrical vanes arose in Paraves. The
narrow leading vane and wide trailing vane of asymmetrical
feathers aid in the formation of a lift-generating airfoil.
Asymmetrical feathers occur universally in the wings and
tails of volant modern birds. Thus, the presence of asym-
metrical feathers in extinct species has been interpreted as
evidence of flight capacity (Feduccia and Tordoff, 1979).
However, the “flight” feathers of secondarily flightless
birds typically retain asymmetrical vanes, reverting to
symmetry only in birds with highly atrophied wings such as
“ratites” (McGowen, 1989). Asymmetrical feathers have
been reported in the wings of the dromaeosaurid Micro-
raptor (see below) and the tail of the troodontid Jia-
nianhualong (Xu et al., 2003, 2017). However, many other
paravians appear to have had only symmetrical feathers
(Lefevre et al., 2017). This complex distribution suggests
symmetrical feathers arose multiple times in concert with
gliding ecology.

7.2.3 Taking wing

The earliest diverging theropod clade showing compelling
evidence for some form of flight is Scansoriopterygidae.
Scansoriopterygids can only be described as bizarre, and
the discovery of “bat-winged” species ranks as one of the
most startling fossil discoveries of the 21st century. The
hyperelongate third finger of these small theropods initially
puzzled paleontologists. Subsequently, the discovery of a
specimen of Yi xi with preserved soft tissue revealed that
the elongate finger combined with a novel rod-shaped wrist
bone, dubbed the “styliform element,” to anchor and con-
trol a membranous wing (Xu et al., 2015). Subsequent
discovery of a second bat-winged species, Ambopteryx
longibrachium, revealed that at least some scansoriopter-
ygids had a pygostyle (Wang et al., 2019).

It is particularly remarkable that scansoriopterygids
formed their wing from a membrane rather than feathers.
Despite being nested within a clade of theropods that had
pennaceous feathers, scansoriopterygids had only simple
shaft-like wing feathers. The microstructure of these
feathers suggests they represent a secondary simplification,
with the role of potentially airfoil-forming pennaceous
feathers made redundant by the membranous wing (Wang
et al., 2019). Yi and Ambopteryx were well suited to gliding
flight, though the lack of robust flight muscle insertions on

the wing bones suggests they had little if any capacity for
flapping (Xu et al., 2015). Marvelous as the scansor-
iopterygids were, they represent a now-extinct side branch
of the theropod evolutionary tree and thus reveal little about
the origin of avian flight.

Hints of what would later become a true bird wing (i.e.,
a feathered airfoil) first appear in large, flightless theropods.
Although perplexing at face value, this simply suggests that
incipient wings served no aerodynamic function, and were
coopted for flight only later. The earliest diverging taxon to
show potential evidence of a wing-like forelimb is the
ornithomimosaur Ornithomimus edmonticus (Zelenitsky
et al., 2012). In this species, juveniles show only filamen-
tous feathers, whereas adults preserve carbonized markings
that represent larger, potentially pennaceous feathers.
However, because only shaft traces remain, it is uncertain
whether these feathers were in fact branching, and they may
instead represent broad monofilaments (Xu, 2020). More
conclusive evidence for a wing-like forelimb is present in
Oviraptorosauria. Several species are known to have had
incipient wings, thanks to excellent fossil specimens with
intact feathering (Ji et al., 1998). Oviraptorosaurians were
clearly flightless, suggesting a nonaerodynamic function for
the forelimb feathering, such as display or covering
clutches during brooding (Hopp and Orsen, 2004).

The earliest “true” wing occurs in the dromaeosaurid
Microraptor (Xu et al., 2003). This diminutive theropod
possessed elongate asymmetrical wing feathers, as well as
elongate pennaceous hind limb feathers (Figure 7.1B). This
unexpected feather arrangement gave Microraptor the
appearance of a dinosaurian biplane. Modeling suggests
Microraptor was a proficient glider and this remarkable
“four-winged” fossil provides perhaps the most compelling
evidence for an intermediate gliding stage prior to the
evolution of powered flight (Dyke et al., 2013). Once
thought to be unique to Microraptor, feathered “trousers”
extending from the hind limbs have since been reported in
the dromaeosaurid Sinornithosaurus as well as early birds
including Archaeopteryx and Confuciusornis (Ji et al.,
2001; Longrich, 2006; Foth et al., 2014). Whether they
served an aerodynamic or display function in these taxa
remains debatable.

In modern bird wings, the elongate remiges are over-
lapped above and below by layers of shorter feathers called
coverts. The incipient wings of oviraptorids appear to have
lacked coverts, and thus to have been formed by a single
layer of elongate feathers. Coverts have been identified in
the Microraptor and the dromaeosaurid Zhenyuanlong (Lii
and Brusatte, 2015), suggesting paravians shared a multi-
layered wing with improved airflow smoothing capabilities.
The morphology of the coverts is poorly known in dro-
maeosaurids and troodontids, but those in Anchiornis differ
from modern bird coverts in being poorly differentiated
from the remiges (Longrich et al., 2012). This resulted in a



wing formed by stacked layers of relatively short feathers.
Archaeopteryx was previously though to share this primi-
tive arrangement, but new specimens reveal that it had short
coverts and long primaries like modern birds (Foth et al.,
2014). The combined presence of asymmetrical wing
feathers, interlocking barbules, and elongate primaries
suggests Archaeopteryx had substantially more advanced
flight capabilities than the anchiornithids.

In summary, the balance of evidence suggests that
although multiple theropod lineages acquired a capacity for
gliding flight, Archaeopteryx is the earliest known taxon
with the potential for powered flight. Nonetheless, drawing
a bold line between Archaeopteryx and closely related
groups in terms of flight capacity may never be possible to
do with confidence, given phylogenetic uncertainty and the
limits of inferring behavior in long-extinct species.

7.2.4 Archaeopteryx, the first bird?

For well over a century, there was little debate over the
identity of the first bird. Originally named based on a single
feather in 1861, Archaeopteryx is now known from 11
skeletons preserved in varying states of completeness
(Rauhut et al., 2019). Archaeopteryx quickly became a
linchpin of support for Darwin’s theory of evolution—its
status enhanced by the stunning quality of the “Berlin
specimen,” arguably the most beautiful fossil ever discov-
ered. Archaeopteryx lived in an archipelago environment
~150 million years ago, when much of Europe was
inundated by shallow ocean waters. Known specimens span
a large range of sizes, from that of a small magpie to a large
raven, contributing to debate over how many species are
represented and whether the largest specimens should be
placed in a separate genus (Wellnhoferia) (Elzanowski,
2001; Mayr et al., 2005; Rauhut et al., 2019).
Archaeopteryx long remained the key reference point
for understanding the origin of birds because no serious
challengers to its position at the base of the avian evolu-
tionary tree arose for over a century. The brief promotion of
the Triassic Protoavis texensis as an older rival to
Archaeopteryx (Chatterjee, 1991) was nothing short of a
debacle, with problems ranging from the veracity of
reconstructed skeletal features to the chimeric nature of the
type specimen (Witmer, 2001). The loneliness of Archae-
opteryx ended dramatically when Mesozoic birds began to
be unearthed in previously unfathomable numbers from
eastern China near the turn of the 21st century. Thousands
of individual fossils have emerged, revealing dozens of new
species, ranging in age from roughly 110 to 160 million
years old. As the floodgates opened, debate has started to
swirl over candidates for the title of “first bird.” Several
small feathered theropods from the family Anchiornithidae
(e.g., Figure 7.1C) have been proposed to occupy a branch
one step below Archaeopteryx in some studies (Godefroit
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et al., 2013; Rauhut et al., 2019), which would make them
the oldest and most primitive members of the bird line.
However, the placement of these taxa remains controver-
sial, and the possibility they instead represent small troo-
dontid theropods or basal paravians is also plausible
(Brusatte et al., 2014).

Other recent studies have called into question the
placement of Archaeopteryx itself, shunting it off the bird
branch to an alternate placement as sister taxon to Dein-
onychosauria (Mayr et al., 2005; Xu et al., 2011; Wang
et al., 2019). This placement would imply Archaeopteryx
was not a true bird, but rather an undersized cousin of
Velociraptor—Ileaving the Early Cretaceous Jeholornis to
inherit the title of first bird. The fact that each new study
seems to yield a new reshuffling of advanced theropods,
Archaeopteryx, and other primitive birds reflects the fact
that these taxa split from one another in a relatively short
time, making it likely we will always have some degree of
uncertainty as to the branching patterns near the origin of
birds. For purposes of this chapter, we will adopt the
working hypotheses that anchiornithids occupy the branch
immediately below Archaeopteryx, but that Archaeopteryx
was the first bird with the potential for powered flight.

7.2.5 Flight in Archaeopteryx

The flight capabilities of Archaeopteryx have been subject to
endless inquiry. Pectoral girdle morphology clearly indicates
that Archaeopteryx was not capable of the same level of
flight efficiency as modern birds. The absence of a bony
sternum, which anchors the largest of the flight muscles in
modern birds, immediately draws attention. However, this
single feature cannot be considered surefire evidence against
powered flight, as the sternum of Archaeopteryx may have
been cartilaginous and thus not preserved in fossils (Bock,
2013). In addition, the pectoralis and supracoracoideus
muscles may have attached primarily to the coracoid and/or
furcula (Olson and Feduccia, 1979; Elzanowski, 2002), and
so could have been well developed even in the absence of a
bony sternum. However, other features, such as the lack of a
triosseal canal and the lateral orientation of the shoulder
joint, suggest a much weaker ability to elevate the wing than
in modern birds (Ostrom, 1976; Senter, 2006).

The morphology of the wing is more congruent with
powered flight. Recent data from wing bone cross-sectional
geometry support the capacity for flapping flight (Voeten
et al., 2018). Asymmetry of the flight feathers likewise
suggests they served an aerodynamic function. On the other
hand, lower trailing edge barb angles suggest the flight
feathers of Archaeopteryx may have been less flexible than
those of more advanced birds and thus less suited to
maintaining a coherent airfoil under powered flight (Feo
et al.,, 2015). Overall, skeletal and feather data suggest
Archaeopteryx could fly, but surely lacked the sustained
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flapping and sophisticated aerial maneuvering capabilities
of modern birds.

7.3 The Mesozoic avifauna
7.3.1 Basal birds

Before attempting to summarize the early history of avian
evolution, it is helpful to introduce the major groups of
Mesozoic birds (Figure 7.3). Provided Anchiornithidae
(provisionally eight species) ultimately prove to represent
the branch on the avian tree below Archaeopteryx, they
suggest the first birds were at best gliders. Anchiornithids
were mostly crow-sized predators which retained teeth, had
relatively long forearms, and lacked an ossified sternum.
They possessed vaned feathers along both the forelimbs
and hind limbs, but these appear to have largely been
symmetrical and “shaggy” with limited aerodynamic effi-
ciency (Saitta et al.,, 2018). The “silky” texture of the
feathers in Serikornis sungei suggests the feathered “trou-
sers” of anchiornithids served a display rather than aero-
dynamic function (Lefevre et al., 2017). Display structures
are also documented in the unique anchiornithid Caihong
Jjuji, which had both a pair of bony cranial crests and
iridescent feathers (Hu et al., 2018).

After Archaeopteryx, the Jeholornithidae (three species)
occupy the next branch of the evolutionary tree (Figure 7.4).
These crow-sized birds had just six teeth, and at least one
species, Jeholornis prima, consumed seeds and/or fruit
(Zhou and Zhang, 2002a; O’Connor and Zhou, 2020).
Archaeopteryx and Jeholornis retained a long bony tail like
their theropod ancestors. Both had frond-like branching tail
feathers, though in Jeholornis these were restricted to the
distal part of the tail and a proximal fan of feathers was also
present (O’Connor, 2020). Unlike Archaeopteryx, Jeho-
lornis had a fused mandibular symphysis and partially fused
carpometacarpus. The recently described short-tailed
Fukuipteryx prima was proposed to represent an even
more basal lineage than Jeholornithidae, which would
require independent loss of the long bony tail in this species
and more advanced birds (Imai et al., 2019). Fukuipteryx is
known only from an incomplete skeleton representing an
immature individual, so additional specimens are desirable
before considering its phylogenetic placement resolved.

Confuciusornithidae, Jinguofortisidae, and Sapeornis
occupy the next branches of the avian tree, though debate
remains over their precise relationships. These groups
differed from more basal birds in having a short bony tail
ending in a pygostyle. Confuciusornithidae (five species)
are the oldest birds that completely lacked teeth, though this
loss occurred independently from the loss in crown birds
(Chiappe et al., 1999). Confuciusornithids retained three
long, clawed fingers like Archaeopteryx and Jeholornithi-
dae, whereas in all other birds, the third digit is highly

reduced. However, they were advanced in having a fully
reversed hallux, which provided improved perching capa-
bilities. The pigeon-sized species Confuciusornis sanctus is
by far the best-represented Cretaceous bird, with thousands
of specimens known. Because not one of these specimens
preserves gut contents or gizzard stones, confuciusornithids
likely consumed soft-bodied invertebrates (O’Connor and
Zhou, 2020).

The recently named Jinguofortisidae unites two crow-
sized species: Jinguofortis perplexus and Chongmingia
zhengi. Jinguofortisidae show an unusual mix of features
such as the fusion of the scapula and coracoid (also
observed in many theropods and in Confuciusornithidae)
and a strongly bowed minor metacarpal (resembling that of
many crown birds but also Jeholornithidae). The low aspect
ratio and low wing loading of Jinguofortis suggest this
taxon had high maneuverability and occupied dense forest
habitats (Wang et al., 2018). Jinguofortis at least had
close-packed teeth in both the upper and lower jaws, and
presence of gizzard stones in both Jinguofortis and
Chongmingia suggests a plant-based diet for these birds
(Wang et al., 2016, 2018).

Although a number of species have been assigned to
Sapeornis, all are best considered junior synonyms of
Sapeornis chaoyangensis. With a wingspan of approxi-
mately 1 m, this species was among the largest Cretaceous
birds. Sapeornis retained a small number of teeth and
lacked an ossified sternum. The large wingspan, primitive
feather barb arrangement, and lack of an ossified sternum in
Sapeornis suggest a soaring ecology, which would have
allowed it to travel long distances via passive gliding (Zhou
and Zhang, 2002b; Feo et al., 2015). Like Jeholornis,
Sapeornis consumed seeds and/or fruits as at least part of
its diet (O’Connor, 2019).

7.3.2 Enantiornithes: the opposite birds

While the abovementioned families were successful, the
true diversification of birds is marked by the radiation of
the Ornithothoraces, a clade that unites the extinct Enan-
tiornithes and the Ornithuromorpha, which includes mod-
ern birds and their extinct relatives. Enantiornithes are
known from nearly 100 named species (though some
poorly defined species may prove invalid). They attained a
global distribution and were the dominant birds of the
Cretaceous, both in terms of abundance and ecological
diversification. Enantiornithes are often referred to as
“opposite birds” because their shoulder joint was formed by
a convex ball on the coracoid inserting into a concave
socket on the scapula, whereas the reverse is true in modern
birds (Chiappe and Walker, 2002). With the exception of
the toothless Gobipteryx, enantiornithines retained teeth.
Most species were songbird sized and had more advanced
flight capabilities than earlier birds based on their enlarged
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FIGURE 7.3 Reconstructions of the bat-winged scansoriopterygid Ambopteryx longibrachium and key avian taxa. Credit: Artwork by Jaime Headden.
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sternum, wing bone proportions, and the presence of an
alula (Chiappe and Walker, 2002). Together, these features
suggest the capacity for sustained strong flapping and finer
aerodynamic control. Enantiornithes were, for the most
part, arboreal, as evidenced by a well-developed perching
foot. Frustratingly, despite the wide array of tooth mor-
phologies in Enantiornithes, fossilized gut contents are
limited to single occurrence: fragments of a small crusta-
cean in the rib cage of Eoalulavis (Sanz et al., 1996). The
near-total lack of fossil gut contents in Enantiornithes
suggests most species consumed prey with poor preserva-
tion potential, such as soft-bodied invertebrates (O’Connor,
2019).

The phylogeny of Enantiornithes is not yet fully
resolved, but a few small clades are recognized. Pen-
gornithidae (four species) represent one of the most basal
enantiornithine families. They had many small teeth, stout
legs, and a stubby pygostyle. The crow-sized Pengornis
houi had blunt teeth suited for crushing soft arthropods
(Zhou et al., 2008). The unique pygostyle of pengornithids
helped anchor stiff, elongate tail feathers. Parapengornis
eurycaudatus in particular may have used its tail feathers to
prop itself against trees like a woodpecker (Hu et al., 2015).

Bohaiornithidae (six species) had robust beaks with an
infratemporal bar, strong teeth, and stout feet with large
claws on the middle toes. Sulcavis geeorum further had
striations that presumably strengthened the enamel
(O’Connor et al., 2013). These features suggest a tough
diet, though the ecology of bohaiornithids remains the
subject of debate. A raptorial ecology was proposed for the
blunt-toothed Bohaiornis guoi (Figure 7.6B) in one study
(Li et al., 2014), whereas others suggest bohaiornithids fed
on hard-shelled invertebrates such as beetles and snails
(O’Connor and Chiappe, 2011).

Longipterygidae (conservatively six species) were long-
beaked enantiornithines. Longirostravis resembled a mod-
ern sandpiper except for the presence of a few small teeth
near the tip of the beak, and may have had a similar probing
ecology (O’Connor and Chiappe, 2011). Longipteryx, in
contrast, bore several large blade teeth near the tip of its
beak (Figure 7.6A). These powerful teeth would have been
useless while probing, and instead appear to have been used
to grasp slippery prey such as invertebrates and small fish
(Chiappe and Qingjin, 2016).

The Late Cretaceous Avisauridae (conservatively six
species) are an enigmatic group, with many species known
only from a single bone. Whereas most enantiornithines
were of modest size, a few avisaurid species reached the
size range of turkeys (Atterholt et al., 2018). At least some
avisaurids independently evolved features associated with
advanced flight, such as a deep sternal keel and strong ulnar
feather papillae, which are otherwise only seen in Orni-
thuromorpha (Atterholt et al., 2018) (Figure 7.4).
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7.3.3 Cretaceous Ornithuromorpha:
forerunners of modern birds

Ornithuromorpha include all modern birds along with their
early relatives (Figure 7.5). Cretaceous ornithuromorphs
show little evidence of arboreality: most species are infer-
red to have occupied ground-foraging or marine niches.
Ornithuromorpha were a relatively minor part of the
Cretaceous avifauna compared to the Enantiornithes, but
the few ornithuromorphs that survived the Cretaceous—
Paleogene (K-Pg) mass extinction gave rise to the >10,000
species of birds that live today. Space precludes a detailed
survey of Cretaceous ornithuromorphs, but a few key taxa
are mentioned briefly.

Archaeorhynchus spathula is the most primitive known
ornithuromorph. The keeled sternum, short hind limb, and
reduced hallux together suggest that, while Archae-
orhynchus was a capable flier, it was unable to perch
effectively and likely had a ground-feeding ecology. The
toothless beak and spatulate lower jaw, along with the
presence of gastroliths, suggest this species may have been
herbivorous (Zhou et al., 2013) (Figure 7.6E). Hongsha-
nornithidae (five species) represent another early branch of
the ornithuromorph tree. These slender-beaked, plover-
sized birds had elongate legs and toes that suggest a wad-
ing ecology (O’Connor et al., 2010). Though not the most
basal member of Ornithuromorpha, the hongshanornithid
Archaeornithura meemannae is the geologically oldest
known representative of the clade at ~ 130 million years in
age. Songlingornithidae (five species) are another shore-
dwelling ornithuromorph clade. Yanornis martini, one of
the best-known species, was a gull-sized bird with a
moderately elongated beak, sharp teeth, and partially
webbed feet. Many specimens of Yanornis preserve fish
bones within the rib cage, providing direct evidence that
this species was one of the earliest fish-eating birds (Zhou
et al., 2002).

Gansus yumenensis and Apsaravis ukhaana each oc-
cupies branches of their own with no immediate relatives,
intermediate between Songlingornithidae and more crown-
ward birds. Gansus was the size of a small diving duck and
likely had a similar foot-propelled diving ecology based on
the prominent cnemial crest of the tibiotarsus and webbed
toes (You et al., 2006). In contrast, the dove-sized Apsaravis
provides an example of a presumably terrestrial Cretaceous
ornithuromorph based on the discovery of the type specimen
in a dune environment (Norell and Clarke, 2001).

Ichthyornis dispar merits special mention as the best-
known volant species that occurs near the transition point
between stem and crown birds (Clarke, 2004). This tern-
sized bird had a skeleton that closely resembled modern
birds with the notable exception of toothed jaws and a
theropod-like adductor muscle chamber (Field et al., 2018b).
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FIGURE 7.5 Phylogenetic tree depicting the relationships of ornithuromorph. Key synapomorphies discussed in this chapter are indicated. Skeletal
silhouettes, top to bottom: Hongshanornis longicresta, Yixianornis grabaui, Ichthyornis dispar, Hesperornis regalis, Casuarius casuarius, Mergus
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FIGURE 7.6  Fossil evidence for the evolution avian feeding and digestion. (A) Skull of the long-beaked enantiornithine Longipteryx chaoyangensis (DNHM
D2889). (B) Skull of the blunt-toothed enantiornithine Bohaiornis guoi (IVPP V 17963). (C) Specimen of the oviraptorid Caudipteryx sp. (IVPP V12430)
preserving gizzard stones, expanded in inset (D). (E) Specimen of the basal ornithuromorph Archaeorhynchus spathula IVPP V17075) preserving gizzard stones,
expanded in inset (F). (G) Specimen of Sapeornis chaoyangensis with fossil crop, expanded in inset (H). Credit: Photos courtesy Dr. Jingmai O’Connor.

Skeletal morphology, along with its shallow marine fossil
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