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Jerry B. Dodgson

Chapter 1

Department of Microbiology and Molecular Genetics, Michigan State University, East Lansing, MI, USA

1.1 INTRODUCTION

The fifth edition of Sturkie’s contained neither an avian
genomics chapter, nor any of the subsequent three chap-
ters in this edition. Their inclusion here reflects the fact
that all aspects of physiology have become intertwined
with our understanding of genes and genomes. The early
history of this transition is discussed elsewhere (Siegel
et al., 2006), but the keystone event was the sequenc-
ing of the chicken genome (International Chicken
Genome Sequencing Consortium, 2004). Soon, we will
have genome sequences for thousands of avian species
(Genome 10K Community of Scientists, 2009), but the
fundamental challenge will remain: learning how to read
the fascinating stories of avian physiological adaptations
and evolution from a long string of a billion or so A, T,
G, and C nucleotides per bird.

1.2 GENOME SIZE

Haploid avian genomes are generally the smallest among
amniotes (www.genomesize.com), averaging 1.35Gb (bil-
lion base pairs). A narrow range separates the smallest
(black-chinned hummingbird, 0.9Gb) and largest (ostrich,
2.1Gb) species. Their compactness reflects the low fre-
quency of repetitive elements that derive from transposons
and their descendent sequences (International Chicken
Genome Sequencing Consortium, 2004). Avian genome size
correlates with physiological measures, such as with red cell
size and (inversely) with metabolic rate (Gregory, 2002). It
was proposed that small genomes were selected during the
evolution of flight (Hughes and Hughes, 1995). However,
Organ et al. (2007) suggested that contraction in genome size
preceded the acquisition of flight, and nonadaptive and neu-
tral explanations for small bird genomes also have support
(Lynch and Conery, 2003; Nam and Ellegren, 2012).

Sturkie’s Avian Physiology.
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1.3 CHROMOSOMES
1.3.1 Karyotypes

Avian karyotypes have been unusually stable during evo-
Iution (Burt et al., 1999; Ellegren, 2010). The ancestral
avian karyotype is predicted to have 2n=80 chromosomes,
with the only subsequent change in chicken (2rn=78) being
a fusion between ancestral chromosomes 4 and 10 (Shi-
busawa et al., 2004; Griffin et al., 2007). However, there
are exceptions, with avian chromosome numbers ranging
from 40 to 126 (Griffin et al., 2007). A particular feature
of avian karyotypes is that most species have numerous
“microchromosomes”, a trait they share with some, but not
all, nonavian reptiles (Janes et al., 2010). The definition of a
microchromosome is somewhat arbitrary (Masabanda et al.,
2004), but, generally, microchromosomes are too small to
discriminate by size in standard karyotypes.

In those birds with fewer chromosomes (falcons, Nishida
et al., 2008; hawks and eagles, de Oliveira et al., 2005; stone
curlew, Nie et al., 2009), some, but not all, microchromo-
somes have fused to ancestral macrochromosomes or to
each other. It remains difficult to determine orthologous
relationships because sequences derived from one spe-
cies’ microchromosomes often fail to hybridize to those of
another species (e.g., Nie et al., 2009), suggestive of high
content of rapidly evolving repetitive DNA. However, in
general, translocations appear to have been very rare during
avian evolution (Griffin et al., 2007), in comparison to the
somewhat more common frequency of chromosome inver-
sions (Warren et al., 2010; Zhang et al., 2011; Skinner and
Griffin, 2012). Interestingly, in turkeys there appears to be
a predominance of acrocentric (centromere at or near one
telomere) chromosomes (Zhang et al., 2011), whereas in
falcons and hawks the trend is towards metacentric (centro-
mere near the middle) chromosomes (Nishida et al., 2008).


http://www.genomesize.com/

1.3.2 Sex Chromosomes

Another characteristic that all birds share with some non-
avian reptiles is the use of a ZW sex chromosome arrange-
ment in which males are homogametic (ZZ) and females
are heterogametic (ZW). However, sex determination has
evolved independently several times within the vertebrates,
although common genes or a common set of autosomes may
be reused (Marshall Graves and Peichel, 2010; Ellegren,
2010). The ratite W is minimally diverged from the Z (and
presumably the ancestral autosome), whereas in other
birds, W is smaller, gene-poor, and repeat rich (Marshall
Graves and Shetty, 2001). The Z-specific gene, DMRT1,
appears to play a major role in masculinization (Smith
et al., 2009), although it appears that both cell autonomous
and hormonal sex determination pathways exist, with the
interplay between the two yet to be fully elucidated (Zhao
et al., 2010). Further aspects of sexual differentiation are
discussed in later chapters.

1.3.3 Telomeres and Centromeres

Birds share the canonical TTAGGG telomere repeat with
all other vertebrates. However, chickens, turkeys, and other
birds possess variable numbers of unusually large telo-
mere repeat blocks, even up to 3—4 Mb (million base pairs)
in length (Delany et al., 2000; O’Hare and Delany, 2009).
Although the purpose of these mega-telomeres remains
unknown, they map preferentially, but not obligatorily, to
specific chromosomes (Delany et al., 2007; O’Hare and
Delany, 2009). Chicken centromeres also merit special
mention. Although most contain typical long (>100kb
pairs) arrays of chromosome-specific simple repeats, the
centromeres of GGAS, GGA27, and GGAZ are remarkably
short (~30kb) and lack the usual repeat structure (Shang
et al., 2010). Being able to clone and manipulate these cen-
tromeres by homologous recombination (Shang et al., 2013)
promises to make the chicken the primary model system
for the study of vertebrate centromeres. A final point is that
the zebra finch and probably other birds possess a germ-
line restricted chromosome, with a function that remains
obscure (Itoh et al., 2009).

1.4 GENOME SEQUENCES
1.4.1 Approach

All bird genomes sequenced to date have employed a whole
genome shotgun method, in which overlaps between mil-
lions of random reads are used to assemble contiguous
blocks of sequence (i.e., contigs) along the genome. Due to
their relatively low repeat content, avian genomes are ideal
for shotgun sequencing. Contigs are then assembled into
scaffolds (i.e., aligned groups of contigs containing size-
calibrated gaps), using mate-pair reads in which both ends
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are sequenced from DNA fragments within a selected size
range. Even for genomes with deep coverage, this generates
hundreds to thousands of scaffolds that, ideally, are ordered
and aligned using physical (based on mapping of recombi-
nant clones in bacterial artificial chromosome (BAC) vec-
tors) and/or linkage maps (Table 1.1).

The chicken (International Chicken Genome Sequenc-
ing Consortium, 2004) and zebra finch (Warren et al., 2010)
were sequenced by the Sanger method, in which reads are
derived one-by-one from recombinant clone libraries. This
currently remains the gold standard for genome sequencing
but no longer is cost-effective with the advent of next-gener-
ation sequencing (NGS) methods, which directly sequence
collections of (uncloned) DNA fragments in a multiparallel
manner. NGS read lengths often are shorter and sometimes
more error-prone than Sanger reads, but NGS compensates
by much higher coverage, such that the consensus sequence
is at least as accurate. Various NGS methods have been
developed (Metzker, 2010). The first avian genome to be
sequenced via NGS was that of the turkey (Table 1.1), and
we can anticipate an onslaught of new bird genomes soon
(Genome 10K Community of Scientists, 2009).

1.4.2 Coverage

Most current avian genome sequence assemblies contain
about 90-95% of their respective euchromatic genomes
(typically 1.1-1.2Gb; Table 1.1). Coverage is usually esti-
mated by the fraction of different mRNA transcripts that can
be found within the assembly. Highly repetitive heterochro-
matic sequences, especially when repeated in tandem, are
nearly impossible to assemble and are missing from all ver-
tebrate genomes, but these contain few genes. For example,
centromeres (however, see Shang et al., 2010), telomeres,
and rDNA (tandem repeats that encode ribosomal RNA, on
GGA16) are generally missing altogether or shown as gaps,
and very little of the repeat-rich/gene-poor W chromosome
is usually assembled. Sequence scaffolds are ordered and
aligned along chromosomes for birds that have dense linkage
maps and/or BAC contig physical maps, sometimes assum-
ing a common local order with closely related genomes
(comparative maps); however, most NGS-derived avian
genomes currently are unordered (Table 1.1). Sequence scaf-
folds that cannot be placed are arbitrarily clustered on chrUn
(chromosome unknown) or, for example, chrl_random if the
chromosome but not the location is known, or simply pro-
vided as a list of unplaced scaffolds. Even for the chicken,
it has been impossible to align sequence scaffolds with spe-
cific smaller microchromosomes (GGA29-31, GGA33-38,
and most of GGA16 and 32), so any such sequence is on
chrUn. In part, this is due to a paucity of aligning markers;
however, more generally, microchromosomal DNA is poorly
represented in sequence reads. The reasons remain unclear,
but they likely relate to microchromosomes being rich in



TABLE 1.1 Avian Reference Genome Sequence Assemblies

Species/
WGS Project’

Chicken
AADNO3

Turkey
ADDDO1

Zebra finch
ABQFO1

Budgerigar
AGAIO1

Budgerigar

Collared flycatcher
AGTOO01

Medium ground
finch AKZBO1

Large ground finch
Rock pigeon
AKCRO1

Puerto Rican parrot
AOCUO1

Assembly’

Gallus_gallus-4.0
November 2011

Turkey_2.01
February 2011

Taeniopygia_
guttata-3.2.4
February 2013

Melopsittacus_
undulatus_6.3
February 2012

Koren et al.
July 2012

FicAlb_1.4
November 2012

GeoFor_1.0
June 2012

Rands et al.
February 2013

Cliv_1.0
February 2013

AV1
January 2013

Method?

Sanger

Roche
Illumina

Sanger

Roche
Illumina

Roche
Illumina
Pacific
Biosciences
Illumina
Illumina
Roche

Illumina

Illumina

Fold
Coverage

6.6%

30x

23x%

63x

85x%

115x%

6.5%

63x

27x

Sequenced
Bases (Gb)*

1.047
1.062

1.232

1.117

1.07

1.116
1.065
0.96

1.108

1.175

Aligned to
Chromosome

Yes

Yes

Yes

No

No

Yes

No

No

No

Scaffold
N504 (Mb)

12.9

0.86

8.24

10.6

NR

7.3

5.3

0.38

0.019

Contig
N50* (kb)

280

12.5

38.6

55.6

100

450

30.5

30.5

26.6

6.9

Approximate
Coverage®

96%
89%

96%

NR

NR

NR

NR

89%

88%

76%

References

International Chicken
Genome Sequencing
Consortium, 2004°

Dalloul et al., 2010

Warren et al., 2010

~

Ellegren et al., 2012

Rands et al., 2013

Shapiro et al., 2013
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TABLE 1.1 Avian Reference Genome Sequence Assemblies—cont’d

Species/ Fold Sequenced  Aligned to Scaffold Contig Approximate

WGS Project’ Assembly’ Method? Coverage Bases (Gb)> Chromosome  N50*(Mb)  N50%(kb) Coverage®  References
Peregrine falcon F_peregrinus_v1.0 Illumina 107x 1.172 No 3.9 28.6 99% Zhan et al., 2013
AKMTO1 February 2013

Saker falcon F_cherrug_v1.0 Illumina 114x% 1.175 No 4.2 31.3 97% Zhan etal., 2013
AKMUOT1 February 2013

Tibetan ground-tit PseHum1.0 Illumina 96x 1.030 No 16.3 165 NR i

ANZDO1 January 2013

Mallard duck BGI_duck_1.0 Illumina 60x 1.107 Yes 1.23 26.1 95% 12

ADONO1 April 2013

White-throated spar- ~ ASM38545v1 Illumina 95x 1.053 No 4.9 113 NR 12

row April 2013

"Whole Genome Shotgun (WGS) project numbers and assembly names and dates from National Center for Biotechnology Information (NCBI) Assembly (http://www.ncbi.nlm.nih.gov/assembly, accessed May
14, 2013). The most recent builds and dates are listed. In some cases, these are more recent updates of those described in references. References are listed for those assemblies not curated in NCBI Assembly.
2Initial method employed (see Metzker, 2010), although supplemented later by alternative approaches in some cases.

3Sequenced base total generally includes gaps within scaffolds. Aligned to chromosome indicates whether scaffolds were ordered and aligned to chromosomes, typically using linkage maps (all indicated),
bacterial artificial chromosome contig physical maps (chicken, turkey, zebra finch), comparative maps (turkey, flycatcher, duck), and/or radiation hybrid maps (chicken).

#N50 is the size of a scaffold or contig such that half the sequenced genome is contained in scaffolds or contigs that size or larger.

>Approximate genome coverage estimates are calculated relative to the euchromatic genome. NR=not reported. Falcon coverage shown is likely an overestimate (see text).

bInternational Chicken Genome Sequencing Consortium, 2004. The sequenced individual was a red jungle fowl, the primary wild progenitor of domestic chickens.

’Ganapathy, C., Howard, J., Jarvis, E.D., Phillippy, A., Warren, W., 2012. Draft genome of Melopsittacus undulates budgerigar version 6.3. Direct submission to NCBI Genbank.

8Koren, S., Schatz, M.C., Walenz, B.P, Martin, J., Howard, J.T., Ganapathy, G., Wang, Z., Rasko, D.A., McCombie, W.R., Jarvis, E.D., Phillippy, A.M., 2012. Hybrid error correction and de novo assembly of single-
molecule sequencing reads. Nat. Biotechnol. 30, 693-700.

9Zhang, G., Parker, P, Li, B., Li, H., Wang, J., 2012. The genome of Darwin’s Finch (Geospiza fortis). Gigascience. Available from: http://dx.doi.org/10.5524/100040.

19Oleksyk, T.K., Pombert, J.F., Siu, D., Mazo-Vargas, A., Ramos, B., Guiblet, W., Afanador, Y., Ruiz-Rodriguez, C.T., Nickerson, M.L., Logue, D.M., Dean, M., Figueroa, L., Valentin, R., Martinez-Cruzado, J.C., 2012.
A locally funded Puerto Rican parrot (Amazona vittata) genome sequencing project increases avian data and advances young researcher education. Gigascience 1, 14.

"1Cai, Q., Lang, Y., Li, Y., Wang, J., 2013. The genome sequence and adaptation to high land of Hume’s groundpecker Pseudopodoces humilis. Direct submission to NCBI Genbank.

2Huang, Y., Li, Y., Burt, D.W., Chen, H., Zhang, Y., Qian, W., Kim, H., Gan, S., Zhao, Y., Li, J., Yi, K., Feng, H., Zhu, P, Li, B., Liu, Q., Fairley, S., Magor, K.E., Du, Z., Hu, X., Goodman, L., Tafer, H., Vignal, A., Lee,

T., Kim, K.W.,, Sheng, Z., An, Y., Searle, S., Herrero, J., Groenen, M.A., Crooijmans, R.P, Faraut, T., Cai, Q., Webster, R.G., Aldridge, J.R., Warren, W.C., Bartschat, S., Kehr, S., Marz, M., Stadler, P.F., Smith, J., Kraus,
R.H., Zhao, Y., Ren, L., Fei, J., Morisson, M., Kaiser, P, Criffin, D.K., Rao, M., Pitel, ., Wang, ., and Li, N., 2013. The duck genome and transcriptome provide insight into an avian influenza virus reservoir species.
Nat. Genet. 45, 776-783.

3White-throated sparrow consortium, 2013. Zonotrichia albicollis genome sequencing. Direct submission to NCBI Genbank.
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repetitive sequences and high in GC content. It was initially
thought that this made microchromosomal DNA refractile to
recombinant DNA cloning (and, indeed, it is rare in clone
libraries), but these reads remain underrepresented even in
uncloned NGS sequences. The smallest chicken chromo-
some with reasonable sequence representation is GGA25
(~2.2Mb), but the sequence assembly is problematic for this
and at least two other small chromosomes (GGA28, Gor-
don et al., 2007; GGA16, Shiina et al., 2007), in part due to
repeated sequences. Even though they may be rich in repeats,
for the most part, microchromosomes are also gene-rich
(International Chicken Genome Sequencing Consortium,
2004), although one cannot be certain about GGA29-38.
It seems likely that much of the missing 5-10% of current
assemblies (Table 1.1) lies on microchromosomes and W
chromosomes. (Falcon assemblies claim 97-99% coverage
(Zhan et al., 2013), but this probably is not due to the fact that
these genomes contain fewer microchromosomes, but rather
because the authors measured coverage by the frequency
with which cloned sequences are found, so their test set is
biased away from microchromosomes.)

1.5 ANNOTATION

Much of the value of the reference genome sequence
depends on annotation (Yandell and Ence, 2012), which
links the DNA sequence to all the information available on
component genes, mRNAsS, proteins, etc. Once the genome
is sequenced, there are two broad classes of annotation:
(1) evidenced-based, which uses RNA or proteomic data
(see Chapters 3 and 4), as well as homology to genes in
other species; and (2) ab initio annotation, employing com-
puter searches for open reading frames, likely initiation and
stop codons, splice junctions, and other sequence-based
characteristics to predict the existence of genes for which
experimental evidence is lacking. Transposable elements are
annotated based on their repetition in the genome, related-
ness to transposons in other species, and their characteristic
end structures (Jurka et al., 2005). Annotating regulatory
sequences (such as transcription factor binding sites) is
more problematic; it also relies on both comparisons to
other genomes and evidence from genome-wide DNA meth-
ylation and chromatin immunoprecipitation (ChIP) analyses
(see Chapter 2). This is exemplified by the human ENCODE
project (The ENCODE Project Consortium, 2012), but it
will be some time before that level of data is available for
any bird. Much of the annotation of avian genome sequences
has relied on comparisons to other genomes and has not
been manually curated. Thus, the annotations are frequently
inaccurate, especially for those genes and other elements
whose functions are lineage-specific (i.e., only found in a
given species or only in birds). Thus, one should be hesitant
to accept conclusions based solely on computer analysis of
avian genome sequences in their current state.

1.6 GENOME BROWSERS

Most of the user community depends on one or more
genome browsers to utilize sequence data. There are three
major browsers: University of California at Santa Cruz
(UCSC) Genome Bioinformatics (www.genome.ucsc.edu),
Ensembl (www.ensembl.org), and the National Center for
Biotechnology Information (NCBI) Map Viewer (www.
ncbi.nlm.nih.gov/genome); there are also avian-focused
sites such as Avian Genomes (aviangenomes.org) and
Bird Base (birdbase.arizona.edu/birdbase). The browsers
all employ the same reference sequence information as a
series of chromosomes, scaffolds, or both. Any property
that is sequence-specific (genes, ChIP binding sites, RNA
sequences, homology with other sequences, etc.) can be
displayed as a track on the genome (Figure 1.1). Genome
browsers are only as good as the underlying sequence
assembly and annotation. Not all avian genomes are avail-
able at every browser site, and not all annotation tracks are
available for each build (i.e., updated assemblies based on
new data). The various options are in constant flux.

1.7 GENES

All bird genomes evolved via two whole genome duplica-
tion events that preceded the ancestral vertebrate genome
(Van de Peer et al., 2009). A commonly cited outcome
are the four clusters of HOX homeobox developmental
transcription factor genes found in most vertebrates (e.g.,
chicken HOXA cluster on GGA2; HOXB on GGA27, Figure
1.1; HOXD on GGA7; and HOXC on chrUn, probably on a
microchromosome). In most instances, one or more of the
potential four ancestral genes or clusters has been lost dur-
ing subsequent evolution or, as in the case of the HOX clus-
ters, has diverged to perform different functions, thereby
providing a selective force leading to its retention. Another
major force in gene evolution has been the (usually local)
expansion and contraction of gene families. For example,
the y-c clade of olfactory receptor genes (always among the
most rapidly diverging gene families) is highly expanded in
the chicken and zebra finch, but falcon genomes have only
one or two copies (Zhan et al., 2013).

Depending on the methods employed and the available
evidence, avian genomes are estimated to contain 15-20,000
protein-coding genes, but keep in mind that each gene locus
may generate multiple transcripts and proteins due to alterna-
tive splicing, transcriptional start sites, and polyadenylation
sites. This number may end up being slightly low once addi-
tional transcriptome and proteome data accumulate (Chap-
ters 3 and 4). There is some evidence of a greater rate of gene
loss versus gene gain during avian evolution (International
Chicken Genome Sequencing Consortium, 2004), but this
must be viewed cautiously, given the less fully annotated
state of bird genomes. The most reliably identified genes are


http://www.genome.ucsc.edu/
http://www.ensembl.org/
http://www.ncbi.nlm.nih.gov/genome
http://www.ncbi.nlm.nih.gov/genome
http://aviangenomes.org
http://birdbase.arizona.edu/birdbase
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FIGURE 1.1 UCSC genome browser view of the chicken HOXB cluster on GGA27. Sequence coordinates chr27:3,581,000-3,668,000 (shown at

top) from the November 2011 International Chicken Genome Sequencing Consortium Gallus_gallus-4.0 assembly are shown. In descending order, tracks
are appended for the following: (1) RefSeq genes (blue): five HOXB genes, a microRNA MIRI0A locus, and part of the overlapping THRA gene; (2)
Genscan ab initio gene models (light brown, note numerous incorrect exons); (3) sequences mapping to chicken mRNAs (black); (4) homology to RefSeq
genes from other species (blue); and (5) repeated sequences (gray-black boxes) of classes designated at left (interestingly, long interspersed nuclear trans-
posable elements, which are common in most of the genome, are absent here). In the first three tracks, exons are shown as filled boxes with coding regions
thicker than untranslated regions, and introns are depicted as narrow lines with arrowheads in the direction of transcription. Chicken mRNAs are comple-
mentary DNA clone sequences estimated to be full length, but often (as shown) they are not, and those lacking introns should be considered as likely
artifacts (genomic DNA fragments contaminating mRNA). This view was generated with the following track settings: Base Position and RepeatMasker set
to full; RefSeq Genes, Genscan Genes, and Chicken mRNAs set to pack; Other RefSeq genes set to dense; and all other tracks set to hide. Although only
five HOXB genes are shown as RefSeq annotated, using the chicken mRNAs (BX931212, BX934539, BX935202) and homology to Other RefSeq genes
(shown only in dense mode here for sake of scale) and expanding the initial coordinate to chr27:3,530,000 also reveals homologues to HOXB2, HOXB6,

HOXB7, HOXB9 and HOXB13. The UCSC Genome Browser Gateway at http://genome.ucsc.edu was accessed on May 28, 2013 (Kent et al., 2002).

the RefSeq (http://www.ncbi.nlm.nih.gov/projects/RefSeq/)
genes that have been manually annotated, but the RefSeq set
is conservative (low false-positive rate and higher false-neg-
ative rate). For example, only five of at least 10 likely HOXB
genes are official chicken RefSeq genes (Figure 1.1). How-
ever, by using mRNA information and sequence homology
to genes and/or proteins in other species, it often is straight-
forward to identify a gene of interest, even when it is not a
RefSeq gene. This is particularly critical for birds other than
chickens, whose genomes are less well annotated.

1.8 TRANSPOSONS

As noted previously, avian genomes contain comparatively
low levels of transposable element-derived repeats (less
than 10% of the assembled sequence), although these num-
bers also can diverge widely depending on the estimation
methods employed (compare Zhan et al., 2013 to Warren
etal.,2010; Dalloul et al., 2010 for chicken, zebra finch, and
turkey). The predominant avian transposon is the chicken
repeat 1 long interspersed nuclear transposable element,
although it appears these comprise a smaller portion of pas-
serine genomes (Warren et al., 2010; Ellegren et al., 2012),
and the zebra finch genome is comparatively rich in long
terminal repeat transposons. Short interspersed nuclear ele-
ment (SINE) transposons are extremely rare (less than 0.1%
of all avian genome sequences), suggesting that the ability
to transpose SINEs died out long ago (International Chicken
Genome Sequencing Consortium, 2004). DNA transposons
constitute close to 1% of the turkey and chicken genomes
but appear quite rarely in other avians. For most of these
transposon families, there appear to be few, if any, copies

that are still active (Wicker et al., 2005), with the caveat
that ~5-10% of the genome remains missing, especially in
repeat-rich regions. Overall, it appears that transposon cop-
ies are being deleted 3-5 times faster than new ones are
being created in avian evolution (Nam and Ellegren, 2012).

1.9 GENOME DIVERSITY
1.9.1 SNP Discovery

At least for chickens and turkeys, genome maps, especially
linkage maps, predated the genome sequence (Siegel et al.,
2006) and were important complements in aligning sequence
scaffolds to chromosomes. However, NGS allows one
to sequence a genome first and then use that sequence for
high-resolution mapping, both to improve the assembly and
to locate trait-encoding loci. Sequencing provides the criti-
cal component for linkage analysis: DNA polymorphisms,
mostly single-nucleotide polymorphisms (SNPs) and copy
number variations. Polymorphism is an enemy of accurate
reference genome assembly, so the ideal is to sequence a
single (preferentially inbred and genetically monomorphic)
individual. This was feasible for chickens, but parallel sample
sequencing of three other chickens generated nearly 3 million
SNPs, which provided the initial basis for high-density geno-
typing (International Chicken Polymorphism Map Consor-
tium, 2004). For most other birds, the sequenced individual
was, at best, only slightly inbred, thus immediately provid-
ing extensive SNP variation between the two copies of each
chromosome (usually a ZZ male was sequenced). Additional
SNPs can be obtained by NGS sequencing of other individu-
als (resequencing) or by NGS RNA sequencing (RNA-seq).


http://www.ncbi.nlm.nih.gov/projects/RefSeq/
ncbi-n:BX931212
ncbi-n:BX934539
ncbi-n:BX935202
http://genome.ucsc.edu
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1.9.2 SNP Diversity

Avian genomes exhibit high levels of diversity with typi-
cal average pairwise heterozygosity rates (;t) of 2-10
SNPs per kilobase (International Chicken Polymorphism
Map Consortium, 2004; Balakrishnan and Edwards, 2009;
Ellegren et al., 2012; Shapiro et al., 2013). These con-
siderably exceed the rate in humans (except for falcons;
Zhan et al., 2013), which is presumably a reflection of
larger effective population sizes during the evolution of
the respective birds. NCBI dbSNP (www.ncbi.nlm.nih.
gov/snp) currently lists over 9.4 million reference chicken
SNPs. Although commercial breeding has reduced SNP
numbers in chickens (Muir et al., 2008), both broilers and
(to a lesser extent) layers retain relatively high genetic
diversity. This explains why commercial breeders con-
tinue to make progress in enhancing economically desir-
able traits even after 50 years of intense selection; it also
testifies to their ability to avoid excessive inbreeding.
It should be noted that large populations have not been
deeply sequenced from any bird, so the above discus-
sion considers relatively common (and therefore ancient,
having had time to spread through the population) SNPs.
Indeed, given the enormous worldwide numbers of com-
mercial chickens, one expects that extremely rare SNPs
exist at nearly every base pair, but these have extremely
low likelihoods of long-term persistence.

1.9.3 Recombination

High-density SNP genotyping arrays have been developed
for chickens (Kranis et al., 2013), which allow for both link-
age mapping and association analysis. The former relies
on meiotic recombination in genotyped family pedigrees,
whereas the latter relies on historical linkage disequilib-
rium (LD, the nonrandom correlation in the co-segregation
or association of linked alleles) within a broader popula-
tion. The greater the local recombination rate, the lower
the level of LD, so high recombination rates increase map
resolution but require denser marker panels. The chicken
genome exhibits a high average recombination rate per
Mb of DNA compared to mammals (International Chicken
Genome Sequencing Consortium, 2004), along with much
greater variation in that rate between chromosomes. This is
to be expected, given that proper segregation of microchro-
mosomes should require at least one crossover per meiosis,
therefore making them >50 cM. Thus, a 4 Mb microchromo-
some (e.g., GGA22) should average >12.5 cM/Mb, which is
more than 10 times the typical mammalian rate. This should
allow for higher resolution in mapping the microchromo-
somes (which is good because they typically are gene rich),
but they need to be much more densely sampled in geno-
typing panels. The same trend occurs in the zebra finch
(and presumably most, if not all, birds), but, interestingly,

recombination along the length of individual chromosomes
is more variable (Backstrom et al., 2010). Although there is
a clear tendency for higher crossover density within 10 Mb
of a chicken telomere, this is much more dramatic in zebra
finch (the difference can only be observed on macrochro-
mosomes >20Mb). As a result, LD should be much greater
near the center of larger zebra finch chromosomes, making
identification of the specific genes/alleles involved in traits
more difficult. (See Ellegren, 2005 and Backstrom et al.,
2010 for more discussion of recombination effects on avian
genomes.)

1.10 CONNECTING SEQUENCETO
PHENOTYPE

1.10.1 Avian-Specific Genes

Beyond generating lists of SNPs, genes, transcripts,
noncoding RNAs, etc., a major goal for sequence anal-
ysis is to increase the understanding of avian pheno-
types. For agricultural species, traits that have economic
impact tend to receive the greatest attention, and many
of these trait alleles have been selected in the last 6000
years since domestication or during commercial breed-
ing. For wild birds, ecological and evolutionary ques-
tions predominate, and some of the traits of interest date
back millions of years to the time of speciation (Ellegren
et al., 2012).

In general, little is known about what genes or alleles
make avian physiology unique. As noted above, it is
much more difficult to annotate and identify functions
for lineage-specific genes/alleles unique to birds. It is
known that birds have greatly expanded their repertoire
of keratin genes (feather, scale, and claw keratins), and,
of course, they retain genes used in egg production in
common with most nonavian reptiles (International
Chicken Genome Sequencing Consortium, 2004; Warren
et al., 2010), but there is obviously much more to learn.
In addition to the presence or absence of certain genes,
conclusions are also derived from rates of gene evolu-
tion, often by comparing the rates of amino acid altering
nucleotide substitutions to synonymous changes (KA/Kg
ratios). High ratios suggest positive/diversifying selec-
tion of derived alleles that enhance fitness, whereas low
ratios imply negative/purifying selection that eliminates
diverse alleles in evolutionarily conserved genes. For
example, Warren et al. (2010) found evidence for posi-
tive selection within zebra finch genes that exhibit differ-
ential expression in the auditory forebrain, suggesting a
possible role in the evolution of singing behavior. Similar
evidence of positive selection (as well as gene duplica-
tion) identified candidate genes involved in beak mor-
phology in both Darwin’s finches (Rands et al., 2013)
and falcons (Zhan et al., 2013).


http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
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1.10.2 Mapping Mutations and QTL

The availability of a reference chicken sequence, along
with dense SNP maps and genotyping arrays, has facili-
tated identification of causal alleles for several Mendelian
(monogenic) traits (Davey et al., 2006; Gunnarsson et al.,
2007; Eriksson et al., 2008; Wright et al., 2009; Dorshorst
et al., 2010; Hellstrom et al., 2010; Dorshorst et al., 2011;
Robb et al., 2011; Imsland et al., 2012; Ng et al., 2012;
Wang et al., 2012; Wells et al., 2012). A host of chicken
lines exist with specific mutant, physiological, or immu-
nological characteristics (Delany, 2004; Robb et al., 2011)
that remain open to this sort of analysis. Chickens have
also been widely employed for the mapping of numerous
quantitative trait loci (QTL). Currently, there are over 3800
QTL in ChickenQTLdb (www.animalgenome.org/cgi-bin/
QTLdb/GG/index). Recently, QTL analysis also has been
performed in turkey and zebra finch (Aslam et al., 2011;
Schielzeth et al., 2012a,b).

1.10.3 Resequencing

With the decreasing costs of NGS, it is now feasible to rese-
quence rather than use SNP genotypes at least for reason-
ably small numbers of individual birds. In this case, one
chooses (1) to sequence whole genomes (often along with
parents and/or siblings as controls) or (2) to hope that the
allele(s) of interest is coding, therefore sequencing the
“exome” (i.e., DNA enriched for exons by hybridization to
a synthetic array designed for this purpose; Ng et al., 2009).
The challenge then becomes to identify potential candidate
causal mutations in a background of unrelated polymor-
phisms and sequencing errors. Various filters can be applied
to reduce the background due to errors, and common poly-
morphisms can be eliminated from consideration because
these are unlikely to generate a typically deleterious mutant
trait. The remaining candidate alleles can be searched for
those most likely to result in a dramatic phenotype based
on evolutionary conservation and predicted effect on the
protein product (for coding mutations). As one example,
resequencing of pigeon genomes (Shapiro et al., 2013)
demonstrated an EphB2 allele that gives rise to a derived
head crest trait. At a broader level of resolution, resequenc-
ing can identify genome segments, such as selection signa-
tures, that show unusual absence of diversification in the
selected populations. Because the signal detected derives
from many SNPs across an LD block, it can be more readily
identified relative to the background. In the first application
of this approach in birds, Rubin et al. (2010) resequenced
nine pooled samples from domestic broiler, layer, and red
jungle fowl breeds to identify more than 70 genome regions
likely to have been involved in domestication and/or subse-
quent commercial selection. More recently, Ellegren et al.
(2012) resequenced collared and pied flycatchers and found
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approximately 50 large (~400kb) divergence islands char-
acterized by high interspecies (and low intraspecies) diver-
sity, at least some of which were likely involved in the split
of the two species over the last 2 million years. We are just
beginning to see the first of many fascinating stories linking
genome sequence to avian physiology, behavior, and evolu-
tion. Additional powerful tools relating gene expression to
phenotypic traits derive from transcriptomic and proteomic
analyses, which are discussed in Chapters 3 and 4.

1.11 CONCLUSIONS AND SUMMARY

The sequencing of the chicken genome was a watershed
moment in avian biology. Zebra finch and turkey genome
sequences were completed in 2010, and we now stand at the
leading edge of a wave of avian genomes. Beyond being a
table of contents of genes, transposons, and other elements,
the genome sequence is the central foundation for transcrip-
tomics, proteomics, linkage maps, and other tools. In par-
ticular, avian genome sequences form the foundation upon
which tools such as resequencing and SNP arrays (above),
ChIP-seq and methyl-seq (Chapter 2), RNA-seq and micro-
arrays (Chapter 3), and proteomics (Chapter 4) depend.
Together, these domains provide a critical genetic reference
text for all aspects of avian physiology.

All avian genomes currently are incomplete drafts, with
particular deficiencies on microchromosomes. A major
challenge remains to fill the gaps in these assemblies and
properly align them along chromosomes. An even greater
challenge is to accurately annotate all the components that
contribute to gene expression and its regulation. To date,
most annotation of avian genomes derives from informa-
tion from other species, and this necessarily misses lineage-
specific characteristics that define what it is to be a bird.
The coming era of avian genomics will focus on elucidating
the function of the various sequence elements. This is where
genomics and physiology must join forces to ultimately
marry genotype to phenotype.

Although the reference genome sequence is a critical
first step, next-generation methods allow for the sequencing
of many individuals within any species. This also provides
an avenue to address questions of ecology and evolution,
such as diversity and speciation, as well as traits of com-
mercial interest in domestic species such as muscle growth,
disease resistance, and reproduction. We will soon have
genome sequences from thousands of different birds and,
at least for some of these, the sequences of hundreds to
thousands of individuals. We will also be hearing about
the epigenomes, transcriptomes, and proteomes of many of
these species. How will we integrate all this data and derive
a more thorough understanding of the nearly 200 million
years of separate avian evolution and the approximately
10,000 extant birds? This is the challenge for the next gen-
eration of avian physiologists.


http://www.animalgenome.org/cgi-bin/QTLdb/GG/index
http://www.animalgenome.org/cgi-bin/QTLdb/GG/index

Chapter | 1 Avian Genomics

REFERENCES

Aslam, M.L., Bastiaansen, J.W., Crooijmans, R.P., Vereijken, A., Groenen,
M.A., 2011. Whole genome QTL mapping for growth, meat quality
and breast meat yield traits in turkey. BMC Genet. 12, 61.

Backstrom, N., Forstmeier, W., Schielzeth, H., Mellenius, H., Nam, K.,
Bolund, E., Webster, M.T., Ost, T., Schneider, M., Kempenaers, B.,
Ellegren, H., 2010. The recombination landscape of the zebra finch
Taeniopygia guttata genome. Genome Res. 20, 485-495.

Balakrishnan, C.N., Edwards, S.V., 2009. Nucleotide variation, linkage
disequilibrium and founder-facilitated speciation in wild populations
of the zebra finch (Taeniopygia guttata). Genetics 181, 645-660.

Burt, D.W., Bruley, C., Dunn, I.C., Jones, C.T., Ramage, A., Law, A.S.,
Morrice, D.R., Paton, I.R., Smith, J., Windsor, D., Sazanov, A., Fries,
R., Waddington, D., 1999. The dynamics of chromosome evolution in
birds and mammals. Nature 402, 411-413.

Dalloul, R.A., Long, J.A., Zimin, A.V., Aslam, L., Beal, K., Blomberg,
L.A., Bouffard, P, Burt, D.W.,, Crasta, O., Crooijmans, R.P.,
Cooper, K., Coulombe, R.A., De, S., Delany, M.E., Dodgson, J.B.,
Dong, 1.J., Evans, C., Frederickson, K.M., Flicek, P., Florea, L.,
Folkerts, O., Groenen, M.A., Harkins, T.T., Herrero, J., Hoffmann,
S., Megens, H.J., Jiang, A., de Jong, P., Kaiser, P., Kim, H., Kim,
K.W., Kim, S., Langenberger, D., Lee, M.K., Lee, T., Mane, S.,
Marcais, G., Marz, M., McElroy, A.P., Modise, T., Nefedov, M.,
Notredame, C., Paton, L.R., Payne, W.S., Pertea, G., Prickett, D.,
Puiu, D., Qioa, D., Raineri, E., Ruffier, M., Salzberg, S.L., Schatz,
M.C., Scheuring, C., Schmidt, C.J., Schroeder, S., Searle, S.M.,
Smith, E.J., Smith, J., Sonstegard, T.S., Stadler, P.F., Tafer, H., Tu,
Z.J., Van Tassell, C.P., Vilella, A.J., Williams, K.P., Yorke, J.A.,
Zhang, L., Zhang, H.B., Zhang, X., Zhang, Y., Reed, K.M., 2010.
Multi-platform next-generation sequencing of the domestic turkey
(Meleagris gallopavo): genome assembly and analysis. PLoS Biol.
8, e1000475.

Davey, M.G., Paton, .R., Yin, Y., Schmidt, M., Bangs, F.K., Morrice, D.R.,
Smith, T.G., Buxton, P, Stamataki, D., Tanaka, M., Miinsterberg,
A.E., Briscoe, J., Tickle, C., Burt, D.W., 2006. The chicken talpid3
gene encodes a novel protein essential for Hedgehog signaling. Genes
Dev. 20, 1365-1377.

Delany, M.E., Krupkin, A.B., Miller, M.M., 2000. Organization of telo-
mere sequences in birds: evidence for arrays of extreme length and for
in vivo shortening. Cytogenet. Cell Genet. 90, 139-145.

Delany, M.E., 2004. Genetic variants for chick biology research: from
breeds to mutants. Mech. Dev. 121, 1169-1177.

Delany, M.E., Gessaro, T.M., Rodrigue, K.L., Daniels, L.M., 2007. Chro-
mosomal mapping of chicken mega-telomere arrays to GGA9, 16, 28
and W using a cytogenomic approach. Cytogenet. Genome Res. 117,
54-63.

Dorshorst, B., Okimoto, R., Ashwell, C., 2010. Genomic regions associ-
ated with dermal hyperpigmentation, polydactyly and other morpho-
logical traits in the Silkie chicken. J. Hered. 101, 339-350.

Dorshorst, B., Molin, A.M., Rubin, C.J., Johansson, A.M., Stromstedt, L.,
Pham, M.H., Chen, C.F., Hallbook, F., Ashwell, C., Andersson, L.,
2011. A complex genomic rearrangement involving the endothelin 3
locus causes dermal hyperpigmentation in the chicken. PLoS Genet.
7,e1002412.

Ellegren, H., 2005. The avian genome uncovered. Trends Ecol. Evol. 20,
180-186.

Ellegren, H., 2010. Evolutionary stasis: the stable chromosomes of birds.
Trends Ecol. Evol. 25, 283-291.

11

Ellegren, H., Smeds, L., Burri, R., Olason, P.I., Backstrom, N., Kawakami,
T., Kiinstner, A., Mikinen, H., Nadachowska-Brzyska, K., Qvarnstrom,
A., Uebbing, S., Wolf, J.B., 2012. The genomic landscape of species
divergence in Ficedula flycatchers. Nature 491, 756-760.

Eriksson, J., Larson, G., Gunnarsson, U., Bed’hom, B., Tixier-Boichard,
M., Stromstedt, L., Wright, D., Jungerius, A., Vereijken, A., Randi,
E., Jensen, P., Andersson, L., 2008. Identification of the yellow skin
gene reveals a hybrid origin of the domestic chicken. PLoS Genet. 4,
e1000010.

Genome 10K Community of Scientists, 2009. Genome 10K: a proposal
to obtain whole-genome sequence for 10,000 vertebrate species. J.
Hered. 100, 659-674.

Gordon, L., Yang, S., Tran-Gyamfi, M., Baggott, D., Christensen, M.,
Hamilton, A., Crooijmans, R., Groenen, M., Lucas, S., Ovcharenko,
1., Stubbs, L., 2007. Comparative analysis of chicken chromosome 28
provides new clues to the evolutionary fragility of gene-rich vertebrate
regions. Genome Res. 17, 1603-1613.

Gregory, T.R., 2002. A bird’s-eye view of the C-value enigma: genome
size, cell size, and metabolic rate in the class aves. Evolution 56,
121-130.

Griffin, D.K., Robertson, L.B.W., Tempest, H.G., Skinner, B.M., 2007.
The evolution of the avian genome as revealed by comparative molec-
ular cytogenetics. Cytogenet. Genome Res. 117, 64-77.

Gunnarsson, U., Hellstrom, A.R., Tixier-Boichard, M., Minvielle, F.,
Bed’hom, B., Ito, S., Jensen, P., Rattink, A., Vereijken, A., Anders-
son, L., 2007. Mutations in SLC45A2 cause plumage color variation in
chicken and Japanese quail. Genetics 175, 867-877.

Hellstrom, A.R., Sundstrom, E., Gunnarsson, U., Bed’Hom, B., Tixier-
Boichard, M., Honaker, C.F.,, Sahlqvist, A.S., Jensen, P., Kdmpe, O.,
Siegel, P.B., Kerje, S., Andersson, L., 2010. Sex-linked barring in
chickens is controlled by the CDKN2A/B tumour suppressor locus.
Pigment Cell Melanoma Res. 23, 521-530.

Hughes, A.L., Hughes, M.K., 1995. Small genomes for better fliers. Nature
377, 391.

Imsland, F.,, Feng, C., Boije, H., Bed’hom, B., Fillon, V., Dorshorst, B.,
Rubin, C.J., Liu, R., Gao, Y., Gu, X., Wang, Y., Gourichon, D.,
Zody, M.C., Zecchin, W., Vieaud, A., Tixier-Boichard, M., Hu, X.,
Hallbook, F., Li, N., Andersson, L., 2012. The Rose-comb muta-
tion in chickens constitutes a structural rearrangement causing both
altered comb morphology and defective sperm motility. PLoS Genet.
8, e1002775.

International Chicken Genome Sequencing Consortium, 2004. Sequence
and comparative analysis of the chicken genome provide unique per-
spectives on vertebrate evolution. Nature 432, 695-716.

International Chicken Polymorphism Map Consortium, 2004. A genetic
variation map for chicken with 2.8 million single-nucleotide polymor-
phisms. Nature 432, 717-722.

Itoh, Y., Kampf, K., Pigozzi, M.I., Arnold, A.P., 2009. Molecular cloning
and characterization of the germline-restricted chromosome sequence
in the zebra finch. Chromosoma 118, 527-536.

Janes, D.E., Organ, C.L., Fujita, M.K., Shedlock, A.M., Edwards, S.V.,
2010. Genome evolution in Reptilia, the sister group of mammals.
Annu. Rev. Genomics Hum. Genet. 11, 239-264.

Jurka, J., Kapitonov, V.V., Pavlicek, A., Klonowski, P., Kohany, O.,
Walichiewicz, J., 2005. Repbase Update, a database of eukaryotic
repetitive elements. Cytogenet. Genome Res. 110, 462—467.

Kent, W.J., Sugnet, C.W., Furey, T.S., Roskin, K.M., Pringle, T.H., Zahler,
A.M., Haussler, D., 2002. The human genome browser at UCSC.
Genome Res. 12, 996-1006.


http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0010
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0010
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0010
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0015
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0015
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0015
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0015
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0020
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0020
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0020
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0025
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0025
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0025
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0025
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0030
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0035
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0035
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0035
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0035
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0035
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0040
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0040
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0040
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0045
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0045
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0050
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0050
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0050
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0050
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0055
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0055
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0055
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0060
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0060
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0060
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0060
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0060
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0065
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0065
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0070
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0070
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0075
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0075
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0075
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0075
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0080
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0080
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0080
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0080
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0080
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0085
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0085
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0085
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0090
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0090
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0090
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0090
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0090
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0095
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0095
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0095
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0100
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0100
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0100
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0105
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0105
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0105
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0105
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0110
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0110
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0110
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0110
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0110
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0115
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0115
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0120
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0125
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0125
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0125
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0130
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0130
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0130
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0135
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0135
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0135
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0140
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0140
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0140
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0145
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0145
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0145
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0150
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0150
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0150

12

Kranis, A., Gheyas, A.A., Boschiero, C., Turner, F., Yu, L., Smith, S.,
Talbot, R., Pirani, A., Brew, F., Kaiser, P, Hocking, PM., Fife,
M., Salmon, N., Fulton, J., Strom, T.M., Haberer, G., Weigend, S.,
Preisinger, R., Gholami, M., Qanbari, S., Simianer, H., Watson, K.A.,
Woolliams, J.A., Burt, D.W., 2013. Development of a high density
600K SNP genotyping array for chicken. BMC Genomics 14, 59.

Lynch, M., Conery, J.S., 2003. The origins of genome complexity. Science
302, 1401-1404.

Marshall Graves, J.A., Peichel, C.L., 2010. Are homologies in verte-
brate sex determination due to shared ancestry or to limited options?
Genome Biol. 11, 205.

Marshall Graves, J.A., Shetty, S., 2001. Sex from W to Z: evolution of
vertebrate sex chromosomes and sex determining genes. J. Exp. Zool.
290, 449-462.

Masabanda, J.S., Burt, D.W., O’Brien, P.C., Vignal, A., Fillon, V., Walsh,
P.S., Cox, H., Tempest, H.G., Smith, J., Habermann, F., Schmid, M.,
Matsuda, Y., Ferguson-Smith, M.A., Crooijmans, R.P., Groenen,
M.A., Griffin, D.K., 2004. Molecular cytogenetic definition of the
chicken genome: the first complete avian karyotype. Genetics 166,
1367-1373.

Metzker, M.L., 2010. Sequencing technologies — the next generation. Nat.
Rev. Genet. 11, 31-46.

Muir, W.M., Wong, G.K., Zhang, Y., Wang, J., Groenen, M.A., Crooijmans,
R.P., Megens, H.J., Zhang, H., Okimoto, R., Vereijken, A., Jungerius,
A., Albers, G.A., Lawley, C.T., Delany, M.E., MacEachern, S., Cheng,
H.H., 2008. Genome-wide assessment of worldwide chicken SNP
genetic diversity indicates significant absence of rare alleles in com-
mercial breeds. Proc. Natl. Acad. Sci. U. S. A. 105, 17312-17317.

Nam, K., Ellegren, H., 2012. Recombination drives vertebrate genome
contraction. PLoS Genet. 8, ¢1002680.

Ng, C.S., Wu, P, Foley, J., Foley, A., McDonald, M.L., Juan, W.T., Huang,
CJ., Lai, Y.T., Lo, W.S., Chen, C.F,, Leal, S.M., Zhang, H., Widelitz,
R.B., Patel, PI., Li, WH., Chuong, C.M., 2012. The chicken frizzle
feather is due to an a-keratin (KRT75) mutation that causes a defective
rachis. PLoS Genet. 8, €1002748.

Ng, S.B., Turner, E.H., Robertson, P.D., Flygare, S.D., Bigham, A.W., Lee,
C., Shaffer, T., Wong, M., Bhattacharjee, A., Eichler, E.E., Bamshad,
M., Nickerson, D.A., Shendure, J., 2009. Targeted capture and mas-
sively parallel sequencing of 12 human exomes. Nature 461, 272-276.

Nie, W., O’Brien, P.C., Ng, B.L., Fu, B., Volobouev, V., Carter, N.P.,
Ferguson-Smith, M.A., Yang, F., 2009. Avian comparative genomics:
reciprocal chromosome painting between domestic chicken (Gallus
gallus) and the stone curlew (Burhinus oedicnemus, Charadriiformes)—
an atypical species with low diploid number. Chromosome Res. 17,
99-113.

Nishida, C., Ishijima, J., Kosaka, A., Tanabe, H., Habermann, F.A., Griffin,
D.K., Matsuda, Y., 2008. Characterization of chromosome structures
of Falconinae (Falconidae, Falconiformes, Aves) by chromosome
painting and delineation of chromosome rearrangements during their
differentiation. Chromosome Res. 16, 171-181.

O’Hare, T.H., Delany, M.E., 2009. Genetic variation exists for telomeric
array organization within and among the genomes of normal, immor-
talized, and transformed chicken systems. Chromosome Res. 17,
947-964.

Organ, C.L., Shedlock, A.M., Meade, A., Pagel, M., Edwards, S.V., 2007.
Origin of avian genome size and structure in non-avian dinosaurs.
Nature 446, 180-184.

PART | I Undergirding Themes

de Oliveira, E.H.C., Habermann, F.A., Lacerda, O., Sbalqueiro, 1.J.,
Wienberg, J., Miiller, S., 2005. Chromosome reshuffling in birds of
prey: the karyotype of the world’s largest eagle (Harpy eagle, Harpia
Harpyja) compared to that of the chicken (Gallus gallus). Chromo-
soma 114, 338-343.

Rands, C.M., Darling, A., Fujita, M., Kong, L., Webster, M.T., Clabaut,
C., Emes, R.D., Heger, A., Meader, S., Hawkins, M.B., Eisen, M.B.,
Teiling, C., Affourtit, J., Boese, B., Grant, PR., Grant, B.R., Eisen,
J.A., Abzhanov, A., Ponting, C.P., 2013. Insights into the evolution
of Darwin’s finches from comparative analysis of the Geospiza mag-
nirostris genome sequence. BMC Genomics 14, 95.

Robb, E.A., Gitter, C.L., Cheng, H.H., Delany, M.E., 201 1. Chromosomal
mapping and candidate gene discovery of chicken developmental
mutants and genome-wide variation analysis of MHC congenics.
J. Hered. 102, 141-156.

Rubin, CJ., Zody, M.C., Eriksson, J., Meadows, J.R., Sherwood, E.,
Webster, M.T., Jiang, L., Ingman, M., Sharpe, T., Ka, S., Hallbook, F.,
Besnier, F., Carlborg, O., Bed’hom, B., Tixier-Boichard, M., Jensen,
P, Siegel, P., Lindblad-Toh, K., Andersson, L., 2010. Whole-genome
resequencing reveals loci under selection during chicken domestica-
tion. Nature 464, 587-591.

Shang, W.H., Hori, T., Toyoda, A., Kato, J., Popendorf, K., Sakakibara,
Y., Fujiyama, A., Fukagawa, T., 2010. Chickens possess centromeres
with both extended tandem repeats and short non-tandem-repetitive
sequences. Genome Res. 20, 1219-1228.

Shang, W.H., Hori, T., Martins, N.M., Toyoda, A., Misu, S., Monma,
N., Hiratani, I., Maeshima, K., Ikeo, K., Fujiyama, A., Kimura, H.,
Earnshaw, W.C., Fukagawa, T., 2013. Chromosome engineering
allows the efficient isolation of vertebrate neocentromeres. Dev. Cell
24, 635-648.

Shapiro, M.D., Kronenberg, Z., Li, C., Domyan, E.T., Pan, H., Campbell,
M., Tan, H., Huff, C.D., Hu, H., Vickrey, A.IL., Nielsen, S.C., Stringham,
S.A., Hu, H., Willerslev, E., Gilbert, M.T., Yandell, M., Zhang, G.,
Wang, J., 2013. Genomic diversity and evolution of the head crest in
the rock pigeon. Science 339, 1063—-1067.

Shibusawa, M., Nishibori, M., Nishida-Umehara, C., Tsudzuki, M.,
Masabanda, J., Griffin, D.K., Matsuda, Y., 2004. Karyotypic evolution
in the Galliformes: an examination of the process of karyotypic evo-
lution by comparison of the molecular cytogenetic findings with the
molecular phylogeny. Cytogenet. Genome Res. 106, 111-119.

Schielzeth, H., Kempenaers, B., Ellegren, H., Forstmeier, W., 2012a. QTL
linkage mapping of zebra finch beak color shows an oligogenic control
of a sexually selected trait. Evolution 66, 18-30.

Schielzeth, H., Forstmeier, W., Kempenaers, B., Ellegren, H., 2012b.
QTL linkage mapping of wing length in zebra finch using genome-
wide single nucleotide polymorphisms markers. Mol. Ecol. 21,
329-339.

Shiina, T., Briles, W.E., Goto, R.M., Hosomichi, K., Yanagiya, K., Shimizu,
S., Inoko, H., Miller, M.M., 2007. Extended gene map reveals tripar-
tite motif, C-type lectin, and Ig superfamily type genes within a subre-
gion of the chicken MHC-B affecting infectious disease. J. Immunol.
178, 7162-7172.

Siegel, P.B., Dodgson, J.B., Andersson, L., 2006. Progress from chicken
genetics to the chicken genome. Poult. Sci. 85, 2050-2060.

Skinner, B.M., Griffin, D.K., 2012. Intrachromosomal rearrangements in
avian genome evolution: evidence for regions prone to breakpoints.
Heredity 108, 37-41.


http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0155
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0160
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0160
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0165
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0165
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0165
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0170
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0170
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0170
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0175
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0180
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0180
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0185
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0190
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0190
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0195
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0195
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0195
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0195
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0195
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0200
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0200
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0200
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0200
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0205
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0210
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0210
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0210
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0210
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0210
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0215
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0215
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0215
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0215
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0220
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0220
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0220
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0225
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0225
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0225
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0225
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0225
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0230
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0235
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0235
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0235
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0235
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0240
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0245
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0245
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0245
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0245
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0250
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0250
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0250
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0250
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0250
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0255
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0255
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0255
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0255
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0255
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0260
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0260
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0260
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0260
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0260
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0265
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0265
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0265
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0270
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0270
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0270
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0270
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0275
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0275
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0275
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0275
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0275
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0280
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0280
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0285
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0285
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0285

Chapter | 1 Avian Genomics

Smith, C.A., Roeszler, K.N., Ohnesorg, T., Cummins, D.M., Farlie, P.G.,
Doran, T.J., Sinclair, A.H., 2009. The avian Z-linked gene DMRT1
is required for male sex determination in the chicken. Nature 461,
267-271.

The ENCODE Project Consortium, 2012. An integrated encyclopedia of
DNA elements in the human genome. Nature 489, 57-74.

Van de Peer, Y., Maere, S., Meyer, A., 2009. The evolutionary significance
of ancient genome duplications. Nat. Rev. Genet. 10, 725-732.

Wang, Y., Gao, Y., Imsland, F., Gu, X., Feng, C., Liu, R., Song, C., Tixier-
Boichard, M., Gourichon, D., Li, Q., Chen, K., Li, H., Andersson, L.,
Hu, X., Li, N., 2012. The crest phenotype in chicken is associated with
ectopic expression of HOXCS in cranial skin. PLoS One 7, e34012.

Warren, W.C., Clayton, D.F.,, Ellegren, H., Arnold, A.P., Hillier, L.W.,
Kiinstner, A., Searle, S., White, S., Vilella, A.J., Fairley, S., Heger, A.,
Kong, L., Ponting, C.P., Jarvis, E.D., Mello, C.V., Minx, P., Lovell,
P., Velho, T.A., Ferris, M., Balakrishnan, C.N., Sinha, S., Blatti, C.,
London, S.E., Li, Y., Lin, Y.C., George, J., Sweedler, J., Southey,
B., Gunaratne, P., Watson, M., Nam, K., Backstrom, N., Smeds, L.,
Nabholz, B., Itoh, Y., Whitney, O., Pfenning, A.R., Howard, J., Volker,
M., Skinner, B.M., Griffin, D.K., Ye, L., McLaren, W.M., Flicek, P.,
Quesada, V., Velasco, G., Lopez-Otin, C., Puente, X.S., Olender, T.,
Lancet, D., Smit, A.F., Hubley, R., Konkel, M.K., Walker, J.A., Batzer,
M.A., Gu, W., Pollock, D.D., Chen, L., Cheng, Z., Eichler, E.E.,
Stapley, J., Slate, J., Ekblom, R., Birkhead, T., Burke, T., Burt, D.,
Scharff, C., Adam, I., Richard, H., Sultan, M., Soldatov, A., Lehrach,
H., Edwards, S.V., Yang, S.P., Li, X., Graves, T., Fulton, L., Nelson, J.,
Chinwalla, A., Hou, S., Mardis, E.R., Wilson, R.K., 2010. The genome
of a songbird. Nature 464, 757-762.

13

Wells, K.L., Hadad, Y., Ben-Avraham, D., Hillel, J., Cahaner, A., Headon,
D.J., 2012. Genome-wide SNP scan of pooled DNA reveals nonsense
mutation in FGF20 in the scaleless line of featherless chickens. BMC
Genomics 13, 257.

Wicker, T., Robertson, J.S., Schulze, S.R., Feltus, F.A., Magrini, V.,
Morrison, J.A., Mardis, E.R., Wilson, R.K., Peterson, D.G., Paterson,
A.H., Ivarie, R., 2005. The repetitive landscape of the chicken genome.
Genome Res. 15, 126-136.

Wright, D., Boije, H., Meadows, J.R., Bed’hom, B., Gourichon, D., Vieaud,
A., Tixier-Boichard, M., Rubin, C.J., Imsland, F., Hallbook, F.,
Andersson, L., 2009. Copy number variation in intron 1 of SOX5
causes the Pea-comb phenotype in chickens. PLoS Genet. 5, e1000512.

Yandell, M., Ence, D., 2012. A beginner’s guide to eukaryotic genome
annotation. Nat. Rev. Genet. 13, 329-342.

Zhan, X., Pan, S., Wang, J., Dixon, A., He, J., Muller, M.G., Ni, P., Hu, L.,
Liu, Y., Hou, H., Chen, Y., Xia, J., Luo, Q., Xu, P, Chen, Y., Liao, S.,
Cao, C., Gao, S., Wang, Z., Yue, Z., Li, G., Yin, Y., Fox, N.C., Wang, J.,
Bruford, M.W., 2013. Peregrine and saker falcon genome sequences
provide insights into evolution of a predatory lifestyle. Nat. Genet.
45, 563-566.

Zhang, Y., Zhang, X., O’Hare, T.H., Payne, W.S., Dong, J.J., Scheuring,
C.F, Zhang, M., Huang, J.J., Lee, M.K., Delany, M.E., Zhang, H.B.,
Dodgson, J.B., 2011. A comparative physical map reveals the pattern
of chromosomal evolution between the turkey (Meleagris gallopavo)
and chicken (Gallus gallus) genomes. BMC Genomics 12, 447.

Zhao, D., McBride, D., Nandi, S., McQueen, H.A., McGrew, M.J.,
Hocking, PM., Lewis, P.D., Sang, H.M., Clinton, M., 2010. Nature
464, 237-242.


http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0290
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0290
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0290
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0290
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0295
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0295
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0300
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0300
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0305
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0305
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0305
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0305
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0310
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0315
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0315
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0315
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0315
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0320
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0320
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0320
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0320
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0325
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0325
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0325
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0325
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0330
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0330
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0335
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0340
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0340
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0340
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0340
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0340
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0345
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0345
http://refhub.elsevier.com/B978-0-12-407160-5.00001-4/ref0345

This page intentionally left blank



Chapter 2

Transcriptomics of Physiological Systems

Tom E. Porter

Department of Animal and Avian Sciences, University of Maryland, College Park, MD, USA

ABBREVIATIONS

ACTH Adrenocorticotropic hormone gene
ADRB?2 Beta 2 adrenergic receptor gene

ALD Anterior latissimus dorsi

cDNA Complementary DNA

DIO2 Thyroid hormone deiodinase 2 gene
DNA Deoxyribonucleic acid

CGA Alpha subunit of thyroid-stimulating hormone gene
ESTs Expressed sequence tags

GLUTI Glucose transporter 1 gene

GRMS8 Type 8 glutamate receptor gene

LPS Lipopolysacharide

MAPK Mitogen-activated protein kinase
miRNA Micro-RNA

mRNA Messenger RNA

NFxB Nuclear factor kappa B gene

NPYR5 Neuropeptide Y receptor type 5 gene
PLD Posterior latissimus dorsi

POMC Pro-opiomelanocortin gene

PPARYy Peroxisome proliferator-activated receptor gamma gene
RNA Ribonucleic acid

RNAseq Massively parallel sequencing of RNA
TTR Transthyretin gene

2.1 INTRODUCTION

How does the brain integrate environmental cues to con-
trol behavior, vocalization, and reproduction? How do the
endocrine tissues respond to internal and external signals to
coordinate physiological responses? What governs immune
cell responses to pathogens? What are the mechanisms
underlying muscle differentiation and development? How
do hepatic, gastrointestinal, and adipose tissues mediate
nutrient uptake and metabolism? How does the cardiovas-
cular system respond 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
genome for multiple avian species discussed in Chapter
1 and the development of genome-wide tools for analy-
sis of mRNA levels, physiologists have begun to address

Sturkie’s Avian Physiology.
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these still-open questions on a genomic scale. Transcrip-
tomics, also known as transcriptional profiling and func-
tional genomics, involves large-scale and in many cases
genome-wide analysis of mRNA levels in samples using
DNA microarrays and, more recently, massively parallel
sequencing of RNA (RNAseq). The discussion in this chap-
ter highlights some of the efforts by avian physiologists to
apply transcriptomics to the open questions noted in this
introduction.

2.2 EARLY EFFORTS

The first major efforts in transcriptional profiling in avian
species occurred with the chicken. A dramatic increase
in the number of expressed sequence tags (ESTs) for the
chicken submitted to GenBank occurred between 1999 and
2002, prior to the release of the chicken genome sequence
in 2004. During that 4-year period, the number of ESTs
for the chicken increased from a few hundred to more than
400,000. Currently, 688,203 ESTs have been deposited in
GenBank. Assembly of these ESTs allowed for the produc-
tion of more than a dozen 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 begin-
ning of transcriptomics in birds (Liu et al., 2001; Morgan
et al., 2001; Neiman et al., 2001). These first avian 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., 2006; 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 system-wide cDNA microar-
rays were followed by oligonucleotide arrays representing
the majority of expressed genes in the chicken (Affyme-
trix, ARK-Genomics/Operon, Agilent). Within 5 years of
the foundation of functional genomics in the chicken and
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shortly after the release of the chicken genome sequence,
tools were established for near genome-wide analysis of
mRNA levels in chicken samples. Subsequent 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 in this
chapter.

Day 2 fed
Day 2 fasted

I“ﬁll Day 1 fasted
I “ Day 1 fed

Il 1 payo

FIGURE 2.1 Heat map illustrating the effects of fasting or feed-
ing 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 neuropeptide Y receptor type 5. The data presented have
been published previously (Higgins et al., 2010), but not in this format.
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FIGURE 2.2 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 was among the genes in this clus-
ter. These results have been published previously in a different format
(Ellestad et al., 2006).
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Early studies on transcriptomics in birds frequently
resulted in long lists of genes that were either upregulated
or downregulated in one set of samples relative to another.
Although these lists represented candidate genes for
potential involvement in physiological responses, they did
not add substantially to our comprehensive 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 Figures 2.1 and 2.2, respectively. The ratio-
nale used was that genes that respond with similar pat-
terns are likely to be regulated by shared mechanisms or
even common transcription factors. More recent transcrip-
tomics studies have placed differentially expressed genes
into known or predicted gene networks and pathways
based on reports in the literature (see example in Figure
2.3). One commonly used pathway analysis software is
Ingenuity Pathway Analysis. Taking multiple approaches
to analyze transcriptomics results can lead to a broader
understanding of the cellular pathways, gene networks,
and transcriptional regulation of gene expression involved
in physiological processes.
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FIGURE 2.3 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 findings can be found in Byerly et al. (2010).
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2.3 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. How-
ever, the genes involved in establishing differences in vocal-
ization between male and female songbirds were not known.
Using microarray technology, differences in hypothalamic
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 seasons were genes
involved in thyroid hormone regulation and action, includ-
ing genes encoding for the alpha subunit of thyroid-stimu-
lating hormone (CGA) and transthyretin (77R), supporting
a role for thyroid hormones in modulating hypothalamic
control of territorial aggression during seasonal reproduc-
tion. Gene expression in the high vocal 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 HVC 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, microarray analysis of
the basal ganglia identified thousands of genes differen-
tially 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 dimor-
phic 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 pas-
serine species. Transcriptional profiling of the auditory lobe
of zebra finches identified genes whose expression changes
with the introduction of a novel song and reverts 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
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identify genes and gene networks involved in these pro-
cesses. Transcriptional profiling of the telencephalon
of the white-crowned sparrow during the migratory and
nonmigratory seasons revealed differences in expression
of genes involved in glucose transport, including glucose
transporter 1 (Jones et al., 2008). These findings support an
increased need by the nervous system for glucose during
the migratory season. In a study in which the metabolism of
newly hatched chickens was perturbed by fasting, microar-
ray analysis revealed that fasting altered expression in the
hypothalamus of genes involved in the regulation of meta-
bolic rate, including thyroid hormone deiodinase 2 (DIO2)
and pro-opiomelanocortin (POMC; Figure 2.1), suggest-
ing hypothalamic modulation of metabolic rate in order to
compensate for decreased feed intake (Higgins et al., 2010).
Genes not previously associated with hypothalamic regu-
lation of feed intake and metabolism were also identified,
including the beta 2 adrenergic receptor (ADRB2) and the
type 8 glutamate receptor (GRMS). Functional relationships
between ADRB2, GRMS, and POMC were confirmed in
cultures of hypothalamic neurons, and effects were depen-
dent on whether the neurons were derived from chicks that
were previously fed or fasted.

In two other reports, 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 hypo-
thalamic regulation of body fat in birds might involve the
capacity of the hypothalamus to sense and metabolize glu-
cose (Figure 2.3). In contrast, selection for body weight did
not affect hypothalamic expression of genes known to regu-
late 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.

2.4 ENDOCRINE SYSTEM

Transcriptomics has been used to characterize gene expres-
sion 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 hundreds of genes
in the pineal gland was found to oscillate 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 pineal gland within these
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other physiological systems. A similar analysis was subse-
quently 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 dif-
ferences were also noted, suggesting that differences might
exist in circadian regulation 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, crosstalk between the two systems was
noted, as thyroid hormone status affected levels mRNA
levels for growth hormone receptor and insulin-like growth
factor binding protein 1.

Microarrays have been used to characterize the response
of the avian adrenal gland to adrenocorticotropic hormone
(ACTH). Injection of ACTH increased mRNA levels for
several steroidogenic genes as well as genes with other
functions, such as transcription, cell division, and electron
transfer (Bureau et al., 2009). The effects of insulin immu-
noneutralization through administration of antiserum to
insulin were evaluated in the chicken (Simon et al., 2012).
Microarray analysis of mRNA samples from liver and mus-
cle revealed that expression levels for more than 1000 genes
were affected by decreased insulin levels or the elevated
glucose levels associated with insulin immunoneutraliza-
tion. The results demonstrated the wide range of the effects
of insulin on the two 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 expres-
sion profiles that suggested involvement in differentiation
of pituitary thyrotrophs, somatotrophs, and lactotrophs
(Figure 2.2). Effects of glucocorticoids on pituitary gene
expression were also identified using cDNA microarrays.
Treatment with corticosterone of chicken embryonic pitu-
itary 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, demonstrat-
ing the power of pathway and network analysis of transcrip-
tional profiles.

2.5 REPRODUCTIVE SYSTEM

Development and function of the reproductive system
involves gonadal differentiation and hormonal effects on
reproductive tissues, including the testes, ovary, and ovi-
duct. However, the full extent of the genetic mechanisms
underlying these processes is not known. A number of stud-
ies have been reported in which investigators used tran-
scriptomics to shed light on the underlying mechanisms
controlling development and function of the reproduc-
tive system in birds. A comparison of gene expression in
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the shell glands of juvenile and laying chicken hens using
cDNA microarrays identified hundreds of genes that are dif-
ferentially 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 (Jonchere 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
egg shell 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 development.

Microarrays were used to identify genes expressed spe-
cifically 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 specific 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 over-
looked is the pigeon crop, which produces a “milk” for the
nutritional supply of lactating parents’ offspring. A compari-
son of gene expression in nonlactating and lactating pigeon
crop using oligonucleotide arrays identified genes that are
differentially expressed in the lactating crop (Gillespie et al.,
2011). Genes associated with extracellular 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.

2.6 IMMUNE SYSTEM

Differences exist in immunological responses to patho-
gens 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 lym-
phoid 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 fol-
lowing infection in the resistant line. Surprisingly, expres-
sion of genes related to erythropoiesis and apoptosis was
affected in the susceptible line. These differences in genetic
responses within the spleen to C. jejuni infection could con-
tribute to susceptibility or resistance of individual birds to
infection.
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In a similar study, transcriptional responses of the spleen
to Escherichia coli infection were profiled (Sandford et al.,
2011). Immunological pathways including cytokine signal-
ing and Toll-like receptors were affected by E. coli chal-
lenge, 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. Sim-
ilarly, transcriptional profiling of macrophage responses to
Salmonella-derived endotoxins revealed effects on expres-
sion of genes for multiple cytokines and Toll-like recep-
tors (Ciraci et al., 2010). In an earlier study of macrophage
responses to lipopolysaccharide or E. coli, downstream tar-
gets of the Toll-like receptor pathway were affected (Bliss
et al., 2005). Transcriptional profiling of cecal gene expres-
sion in Salmonella-challenged neonatal chicks followed by
pathway analysis revealed that expression of genes associ-
ated with the nuclear factor kappa B 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, which
might play a role in immunological responses to patho-
gens. 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 miRNAs might play diverse roles in the functions
of the various tissues of the immune system (Hicks et al.,
2009).

2.7 MUSCLE, LIVER, ADIPOSE, AND
GASTROINTESTINAL TISSUES

Multiple tissues are involved in nutrient absorption, metab-
olism, and partitioning into tissues for animal growth or
energy storage. Among these are the intestine, liver, skel-
etal muscle, and adipose tissues. 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 prolife-
ration and differentiation (Zheng et al., 2009). Genes asso-
ciated with slow muscle fibers were expressed at a greater
level in the breast muscle of layer chickens than in broiler
chickens, whereas mRNA levels for genes associated with
satellite cell growth were greater in muscle of broiler chick-
ens than in 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 tur-
keys (Nierobisz et al., 2011). Expression of genes encod-
ing for extracellular matrix proteins was greater in the
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slow-twitch, red ALD muscle than in the fast-twitch, white
PLD. In contrast, expression of genes involved in glycolysis
was greater in the PLD than in the 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 asso-
ciated with meat quality of chicken breast muscle. Genes
associated with lipid and carbohydrate metabolism were
associated with meat quality (Sibut et al., 2011). In a simi-
lar study aimed at identifying genes involved in deposition
of intramuscular fat in chickens, transcriptional profiling
of breast muscle from broiler chickens and a slow-growing
Chinese breed using DNA microarrays revealed differen-
tial 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 expres-
sion in juvenile and sea acclimated king penguins (Teulier
et al., 2012). Genes associated with lipid metabolism were
upregulated, whereas genes associated with carbohydrate
metabolism were downregulated, in older, sea-acclimated
penguins. High environmental temperatures impair growth
performance in chickens, but the 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 signaling (Li et al., 2011). 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 upregulation of genes involved in ana-
bolic processes and energy sensing and a downregulation
of genes involved in muscle fiber development and function
are associated with high feed efficiency (Bottje et al., 2012;
Kong et al., 2011).

Excessive deposition of body fat in commercial poul-
try 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. Tran-
scriptional profiling of adipose 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 (Spotl4), and leptin receptor. In a more
comprehensive study of a different pair of chicken lines
genetically selected for low or high abdominal fat, micro-
array 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
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adipogenesis and lipogenesis were upregulated 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
individual birds might be related to differences in endo-
crine 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 ani-
mal. Transcriptional profiling of newly hatched chicks
that were fed or fasted revealed that the metabolic per-
turbation of fasting delayed the upregulation 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 (PPARY), was also
delayed, supporting coordinated regulation of lipogenesis.
A similar analysis of transcriptional responses of the liver
to fasting of older chickens has also been reported (Désert
et al., 2008). In this study, fasting resulted in upregulation
of genes involved in ketogenesis, gluconeogenesis, and
fatty acid beta-oxidation, whereas genes involved in fatty
acid synthesis were downregulated. These findings dem-
onstrated the coordinated regulation of genes involved in
nutrient partitioning by the liver in response to the meta-
bolic perturbance of fasting.

Development of the intestine has also been studied using
transcriptomics. Transcriptional profiles of the duodenum
during embryonic development of the turkey were charac-
terized using microarrays (de Oliveira et al., 2009). Results
indicated that expression of peptidase and lipase genes
(LPL) decreased toward hatch, whereas expression of genes
encoding for peptide and glucose transporters (e.g., PEPTI
and SLC5AP) increased toward hatch. Transcriptional pro-
files of the chicken jejunum were characterized during the
first 3 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.

2.8 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
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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 func-
tion in chronic acclimation to high altitudes. Although not
part of the cardiovascular system, microarray analysis of
pectoral muscle was performed on rufous-collared spar-
rows 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 acclimate to life at sea level, supporting functional
involvement of the candidate genes identified in acclima-
tion of the birds to high altitudes.

2.9 HURDLES AND FUTURE
DEVELOPMENTS

One hurdle facing comparative physiologists in performing
transcriptomics on nonmodel species is a lack of genom-
ics resources. These include an assembled and annotated
genome sequence and genomics tools such as DNA micro-
arrays. However, the number of avian genomes sequenced
continues to grow, making functional genomics possible for
investigators who are interested in nonmodel and wild spe-
cies. Furthermore, the advent of RNAseq makes it possible
to perform transcriptional profiling in species for which
no DNA microarrays exist. With declining costs of RNA-
seq, this transcriptomics approach is now preferred over
microarray analysis for most studies of gene expression
in physiological systems. A number of investigators 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 transcriptome 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
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differentially expressed between the ovaries of laying and
broody geese (Xu et al., 2013). These studies using RNA-
seq are 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.
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3.1 INTRODUCTION

Whereas genomics provides and analyzes the entire
set of functional elements encoded in a genome, and
transcriptomics studies gene expression by measuring
RNA levels, proteomics analyzes protein expression, mod-
ification, structure, localization, interaction, and function.
Having a completed genome sequence of an organism is a
key step towards understanding how that organism is built
and maintained, and thus its complex biology. This infor-
mation 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 proteins
encoded by the genome is called transcriptome and pro-
teome, respectively (Velculescu et al., 1997; Wilkins et al.,
1996). Although genes provide instructions, proteins are
the functional units of almost all biological processes and
the principal structural building blocks of all living organ-
isms. Systems-level understanding of cell physiology is
thus inevitably based on understanding the multifaceted
interplay of gene expression and protein functional net-
works.

An individual’s genome sequence (with the exception
of some regions dedicated to the adaptive immune sys-
tem) is static, its epigenome (the methylation patterns on
DNA) less so, and the transcriptome 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 compli-
cated than the genome because of both frame-shifting and
alternative splicing. The proteome is even more complex,
because most proteins are co- and posttranslationally
modified (Walsh, 2006). More than 200 different types of
protein modifications are documented in vertebrates, and
more than one of these modifications routinely occurs on
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most proteins (Walsh, 2006). Measurement of the pro-
teome is also more challenging than that of the transcrip-
tome 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 sur-
rogates for protein quantities, and indirectly, protein activ-
ity, there is no or little correlation between mRNA and
levels of its corresponding 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 pro-
teins in biological samples cannot be satisfactorily esti-
mated solely through their mRNA levels. In addition,
posttranslational modifications often profoundly affect
protein activities. Though arguably less sensitive, pro-
teomics methods are more specific for determining what
is happening at the protein level—they can identify and
quantify protein amounts and posttranslational modifi-
cations. Proteomics thus provides a direct measure of
the predominant 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 anno-
tation, the more accurate the proteomics methodologies
can be; this extends to the individual—the most accurate
proteomics experiments will be done using the individual’s
own genome sequence and, to be more accurate still, the
transcriptome that corresponds to the proteome. Conversely,
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proteomics can be used to improve the structural annotation
of genomes (Nanduri et al., 2010; Jaffe et al., 2004).

Red junglefowl (Gallus gallus), the major wild ancestor
of the domestic chicken, was the first avian and nonmam-
malian amniote to have its genome sequenced (International
Chicken Genome Sequencing C, 2004). The chicken is
the principal nonmamamlian vertebrate animal model for
studying development, infectious disease, immunology,
oncogenesis, and behavior. It is also one of the most impor-
tant agricultural 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.

Recently, complete or draft genomes of several other
avian species have become available, including sev-
eral lines of domestic chicken (Gallus gallus domesti-
cus), zebra finch (Taeniopygia guttata), domestic turkey
(Meleagris gallopavo), collared flycatcher (Ficedula albi-
collis), pied flycatcher (Ficedula hypoleuca), large ground
finch (Geospiza magnirostris), scarlet macaw (Ara
macao), mallard duck (Anas platyrhynchos), ground tit
(Pseudopodoces humilis), Puerto Rican parrot (Ama-
zona 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 behav-
ioral, 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). Flycatch-
ers are important 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 additional genomes is opening up the avenues for
genome-wide studies of various aspects of bird biology
both on the RNA and protein levels. It is expected that
large-scale analysis of the avian genome, transcriptome,
and proteome will increase our understanding of complex
molecular processes that determine phenotype.

3.2 PROTEIN IDENTIFICATION AND
ANALYSIS

Although traditional protein biochemistry focuses on
studying properties of individual proteins, proteomics
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encompasses nearly any type of technology that enables
studying proteins on a large scale. Among the most com-
monly used tools are two-hybrid systems (Fields and
Song, 1989), protein/peptide microarrays (Haab, 2003;
Panse et al., 2004), and mass spectrometry (MS)-based
approaches (Fenn et al., 1989). Although the two-hybrid
systems and protein/peptide microarrays have only lim-
ited applicability—identification of protein—protein inter-
actions—the analytical capabilities of MS make it an ideal
tool for a broad range of applications. In addition to its
versatility, MS has also the ability to handle the difficul-
ties associated with the complex and dynamic nature of
proteomes (Han et al., 2008). MS simplifies and acceler-
ates the analysis and characterization of proteins. Thus,
not surprisingly, MS plays a prime and increasingly indis-
pensable role in current large-scale proteomic research.
MS-based proteomics refers to approaches that use MS for
identifying, characterizing, and/or quantifying proteins in
biological samples (Figure 3.1).

Mass spectrometers are used to detect, identify, and
quantify small molecules based on their mass and charge
(m/z) ratios with high precision, sensitivity, and speed.
Many excellent reviews have been written that cover instru-
mentation and principles of protein identification by MS
(Yates et al., 2009; Yates, 1998; Steen and Mann, 2004),
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 is usually
done on the protein level by gel electrophoresis, or on the
peptide level by various chromatography techniques. Also
mass spectrometry-based approaches are often divided into
two major groups depending whether sample fractionation
includes gel electrophoresis (gel-based approaches) or not
(gel-free approaches).

3.2.1 Two-Dimensional Gel Electrophoresis-
Based Proteomics

Two-dimensional (2-D) 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). 2-D 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 sec-
ond 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 pro-
tein in a spot is determined by measuring the spot volume.
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The workflow of mass spectrometry-based proteomics. The goal of proteomics is physical (protein identity, modifications, 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 indis-
pensable 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 accurate 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 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 quan-
tification 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 (mRNA 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.

This quantification is used as a screening process to select
a limited number of corresponding spots that contain differ-
ent amounts of protein on related gels. The identity of the
protein(s) in a selected spot is next identified by MS.

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 expres-
sion 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 lim-
ited capacity of protein separation; poor reproducibility of
2-D gels; and low sensitivity, dynamic range, and through-
put. Although efforts to overcome some of the shortcomings
inherent to gel-based approaches resulted in the develop-
ment of improved 2-D gel methods, such as 2-D fluores-
cence gel electrophoresis (2-D DIGE) (Unlu et al., 1997),
gel-free chromatographic approaches, which offer a number

of advantages over gel-based ones, now completely domi-
nate the field of proteomics.

3.2.2 Gel-Free Based Proteomics

Experimentation with various gel-free separation techniques
resulted in the emergence of multidimensional high-perfor-
mance liquid chromatography (HPLC) as a viable alternative
to gel-based separation techniques. Multidimensional HPLC
quickly became the technique of choice for large-scale pro-
teomic studies. Here, in contrast to gel-based approaches,
the entire analyzed proteome is first digested and the result-
ing peptides are then separated by multidimensional 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 identified by MS are then used
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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 pep-
tides. One of the most popular multidimensional separa-
tion methods utilizes strong cation exchange (SCX) 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 shot-
gun proteomic strategy known as multidimensional pro-
tein identification technology (MudPIT) (Washburn et al.,
2001).

Another important chromatographic technique that is
often used in gel-free approaches is affinity purification.
Selective enrichment affinity materials are either used to
enrich for peptides that contain certain posttranslational
modifications, such as phosphorylation (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, pro-
teins with extreme size, pl, or hydrophobicity are amena-
ble 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 major disadvantage
of shotgun proteomics is that peptides derived from very
low abundance proteins are often undetected (Yates et al.,
2009). An additional drawback relates to the loss of link
between a peptide and a parental protein after digestion,
which can lead to the incorrect identification of parental
proteins.

3.3 QUANTITATIVE PROTEOMICS

In addition to protein identification, mass spectrometry can
quantify proteins in complex biological samples. The pro-
teome 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 pro-
teomics is to obtain a snapshot of a proteome at a particular
time. Accurate quantification of proteins is important for
understanding of physiological or pathological phenomena,
and for identification and modeling of functional networks.

Traditionally, protein quantification has been based on
the 2-D PAGE approaches, but several gel-free methods
allow accurate protein quantification solely by MS. Meth-
ods of quantitative proteomics are classified into two major
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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 abso-
lute quantitation (iTRAQ) (Ross et al., 2004), or label pro-
teins metabolically by incorporation of stable isotope labels
with amino acids in cell culture (SILAC) (Ong et al., 2002)
or enzymatically with isotope-coded affinity tags (ICATs)
(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 pre-
cursor ions, or by counting and comparing the number of
tandem MS spectra derived from a particular protein in dif-
ferent experiments.

3.4 STRUCTURAL PROTEOMICS

A protein’s function is determined by its structure. The
major goals of structural proteomics are to elucidate the
three-dimensional (3-D) protein structures and to determine
the relationship between protein structure and function.
Traditionally, static 3-D protein structures are determined
by X-ray crystallography (Sherwood et al., 2011) or nuclear
magnetic resonance spectroscopy (Wuthrich, 1990). How-
ever, experimental determination of protein structure by
these methods remains a difficult and laborious task (Sher-
wood et al., 2011; Hyung and Ruotolo, 2012). Alterna-
tively, 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
etal., 2012).

Recently, hydrogen-deuterium exchange (Wales and
Engen, 2006), covalent labeling (Chance, 2001), or chemi-
cal cross-linking (Young et al., 2000; Petrotchenko and
Borchers, 2010) have been coupled with MS to emerge as
viable methods to probe 3-D protein structure. Protein foot-
printing methods modify the surface 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 footprinting methods are used to investigate protein
conformation in solution. Chemical cross-linking cova-
lently 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
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of the protein or protein complexes (Young et al., 2000;
Petrotchenko and Borchers, 2010).

3.5 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 Sequenc-
ing C, 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; 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 phenomena that
can be studied on a global protein level, but more impor-
tantly, 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, development, metabolism,
behavior, cognition, immunity, cancer, disease, and
infection.

3.5.1 Organ and Tissue Proteomics

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 elabo-
rate biological structure that protects and nourishes the
developing embryo. The major components of the egg—
the crystalline shell (Mann et al., 2006, 2007), albumen
(egg white) (Mann and Mann, 2011; D’Ambrosio et al.,
2008; Mann, 2007), yolk (Farinazzo et al., 2009; Mann and
Mann, 2008), and the vitelline membrane (Mann, 2008)—
have been extensively characterized by various proteomic
approaches.

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. The analysis identi-
fied 5198 proteins in bursa, and of these, 1753 were B-cell
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specific, 1972 were stroma specific, and 1473 proteins were
identified in both cell types. Functional modeling of the
identified proteins provided insights about signaling path-
ways 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 (van
den Berg et al., 2007).

To gain a better understanding of B-cell development in
the bursa of Fabricius, Korte et al. used a quantitative 2D
PAGE approach to study bursal proteomes from the embry-
onic 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 hematopoietic prostaglandin D syn-
thase (Scott et al., 2005), which is necessary for production
of prostaglandin D,, the potent activator of inflammatory
responses (Serhan et al., 2008).

The chicken embryo is one of the most useful and inves-
tigated comparative and biomedical models for studying
development, physiology, and pathogenesis. Several pro-
teomic studies have used chicken embryos to study embry-
onic development of retina (Lam et al., 2006; Mizukami
et al., 2008; Finnegan et al., 2008, 2010), face (Mangum
et al., 2005), cerebrospinal fluid (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 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 formation of the face, as a model for the craniofa-
cial defects in humans (Mangum et al., 2005). This study
showed that expression of molecular chaperones, cytoskel-
etal proteins and plasma proteins associated with vascular-
ization, was altered the most between the different stages of
craniofacial development.

Proteomics has been used to characterize the proteome
of a chicken embryonic cerebrospinal fluid (CSF) (Parada
et al.,, 2006). This study identified, among others, 14
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proteins that are also present in human CSF, and 12 of them
are altered in neurodegenerative diseases and/or neurologi-
cal disorders.

Bon et al. (2010) identified and quantified selected pro-
teomes 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 study
the changes in proteome expression and to identify proteins
that were specific for particular heart structures or devel-
opmental 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.

Initial characterization of the zebra finch retina and
optic tectum, a major structure of the midbrain, pro-
teomes have been done using the 1D PAGE approach
coupled with MS (Sloley et al., 2007a, 2007b). 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
nonredundant NCBI, Ensemble, and Swissprot protein
databases.

3.5.2 Proteomics of Cell Metabolism

Biomineralization is a complex and not well understood
process, which starts with the release of matrix vesicles
by mineralization competent cells, such as osteoblasts
or odontoblasts, into the extracellular matrix (Golub,
2009). Matrix vesicles are essential for the formation of
hydroxyapatite, the main primary inorganic component
of bones, but their exact role in this process is unknown.
To better understand embryonic chicken bone formation,
Balcerzak et al. (2008) applied proteomics to identify pro-
tein 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 protein might have in the mineral-
ization process.

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 analy-
sis reveled that anterior gradient homolog 2 (AGR2) pro-
tein was among the most differentially expressed proteins.
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 impor-
tant for the development of the epithelial cells in the oviduct
during the egg-laying period in chickens.
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To better understand how birds are prepared for transi-
tion 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 differ-
ent genetic lines.

Recently, 2D PAGE and MudPIT have been used to dis-
cover genetic and molecular mechanisms that compromise
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 mobil-
ity between lines, and confirmed the initial hypothesis that
defects in ATP metabolism and glycolysis are responsible
for premature mitochondrial failure, which results in sperm
immobility.

The zebra finch is the dominant animal model for study-
ing molecular mechanisms underlying learning, memory,
vocalization, and social behavior. A natural perceptual
experience, such as a sound of another bird singing, trig-
gers rapid changes in expression of specific genes in the
auditory region of the zebra finch brain (Mello et al., 1992).
Repeated exposure to the same song leads to stimulus-spe-
cific habituation of the original response (Petrinovich and
Patterson, 1979). To understand the process of habituation
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 habitu-
ation. 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 habituation is accompa-
nied by a decrease in expression of cellular and mitochon-
drial 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 combina-
tion of bioinformatics, MS, and biochemistry for predic-
tion, identification, and localization of neuropeptidome of
the zebra finch. Computational analysis of the zebra finch
genome predicted 70 putative pro-hormones and 90 pep-
tides 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 phero-
mone 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 feath-
ers to advance understanding of physiological processes that
underlay the variation in pigmentation. In total, 294 proteins
were identified in the developing feathers. Sixty-five proteins
were linked with epidermal development and/or pigmenta-
tion in the developing feathers, and 23 proteins were asso-
ciated with pigment-containing organelles—melanosomes.
The comparison of the brown- and black-specific proteomes
revealed several proteins and functional networks that dif-
fered in expression between the two phenotypes and that are
candidates for further studies. The most pronounced differ-
ences 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.

3.5.3 Production Proteomics

Food products derived from farm animals, birds, and fish
represent a significant part of the human diet. Understand-
ing the nutrient metabolism, muscle accretion, and fat depo-
sition 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 produc-
tion. 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 requirements in chickens. Blood plasma proteome from
chickens fed an adequate or lysine-deficient diet was ana-
lyzed to identify potential biomarkers of dietary lysine defi-
ciency. 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 develop-
ment (citrate cycle, calcium signaling, actin cytoskeleton
signaling, and clathrin-mediated endocytosis signaling)
were differentially regulated between chickens that were
fed with low- and high-methionine diets (Zhai et al., 2012).
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In addition, this study suggested that a methionine-rich diet
preferably induced muscle accretion by sarcoplasmic over
myofibrillar hypertrophy.

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 com-
position to gain better understanding of protein dynamics
during chicken development (Huang et al., 2006), or for dis-
covery of plasma biomarkers that reflect nutritional condi-
tions (Corzo et al., 2004, 2006).

Muscle meat food products derived from birds, and in
particular chickens, are important sources of essential nutri-
ents 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 nutrition, muscle forma-
tion, breed differentiation, meat quality, and meat contami-
nation (Paredi et al., 2013).

Chicken strains selected for meat production show dra-
matic growth rates and accelerated accretion of the pecto-
ralis (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 the most recent study
identified over 5000 unique proteins in the pectoralis mus-
cle of studied birds (Zhai et al., 2012).

A complementary study identified the proteome of the
pipping muscle, which is primarily used for breaking the
egg’s surface during hatching (Sokale et al., 2011). The iden-
tified proteins, 676 in all, were analyzed using the assigned
Gene Ontology categories for molecular function, biological
process, or cellular component. This analysis revealed which
protein functions and cellular activities are important for
rapid development of pipping muscle during embryogenesis.

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 hypo-
thalamic 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 metabo-
lism. The heterogeneous nuclear ribonucleoprotein H3 was
suggested as novel biomarker for high egg production.

A global analysis of the chicken embryo liver proteome
resulted in identification of proteins that were differentially
expressed between two chicken lines that differed in hepatic
lipid metabolism and fat deposition (Huang et al., 2010).
Comparative analysis of the identified liver proteins showed
that proteins involved in gluconeogenesis, cholesterol
metabolism, and fatty acid oxidation were expressed earlier
and more abundantly in the liver of lean-line of chickens. In
a similar study, to better understand duck liver physiology
at the protein level, liver proteome of a domesticated lean
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Pekin duck (Anas platyrhynchos domestica) was analyzed
at different developmental stages (Zheng et al., 2012). Com-
parison of the identified proteomes showed that proteins
involved in transportation were more abundantly expressed
in newborn ducks, whereas adult duck liver proteome con-
tained more abundantly expressed proteins associated with
carbohydrate and protein metabolism, immune defense, and
antioxidation.

3.5.4 Proteomics of Disease 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 patho-
gen—host interactions on a global protein level. Proteomics
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, proteomics 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).

3.5.4.1 Disease Proteomics

The chicken is an ideal and unique animal model to probe
the etiology and progression of spontaneous human epi-
thelial ovarian cancer (EOC), largely because the domes-
tic chicken has a high prevalence of spontaneous ovarian
carcinomas. EOC remains the most lethal gynecologic
malignancy in part because early detection and therapeu-
tic 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 biomarker discovery effort involving longitudinal
sample collection and protein analysis by MS. Inter- and
intra-individual measurement of proteins identified ovo-
macroglobulin (ovostatin) as a potential EOC biomarker
because its levels in plasma were undetected in a healthy
individual and significantly higher during later stages in
an EOC bird.

Pulmonary hypertension syndrome, or ascites syn-
drome, is a metabolic pathogenesis in meat-type chickens
that is manifested by the formation of ascites. Ascites syn-
drome is one of the major problems in the chicken indus-
try, and is caused by cardiopulmonary insufficiency during
high oxygen demands spurred by a rapid tissue growth
(Currie, 1999). Proteomic analysis of the cardiac mitochon-
drial matrix proteomes of the ascites-resistant and ascites-
susceptible line broilers suggested that the mitochondria
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of susceptible chickens may respond inappropriately to
hypoxia (Cisar et al., 2005). A complementary proteomic
analysis of the hepatic proteomes of healthy birds and those
with ascites suggested that insufficient energy generation
in the liver is responsible for development of pulmonary
hypertension syndrome (Wang et al., 2012).

3.5.4.2 Proteomics of Infections

Some strains of the highly pathogenic avian influenza A
subtype H5N1 cause severe acute encephalopathy and neu-
rodegeneration in poultry and migratory birds. To reveal the
mechanisms that cause the observed neuropathogenesis,
Zou et al. (2010) used comparative proteomics to identify
the proteins that were expressed differently in the brains
of healthy and HS5N1-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 sug-
gests that these proteins might also have a role in neuro-
degenerative pathologies 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 genotypes, but some chickens are genetically resis-
tant 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 lym-
phocytes, formation of cytoskeleton, protein degradation,
and antigen presentation; and some of these were impli-
cated as potential 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 pro-
teins that were differentially expressed at different time-
points 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 profil-
ing studies have been done to determine the proteome of
GaHV-2-lytically infected chicken embryo cells (CECs)
(Liu et al., 2006; Chien et al., 2011; Ramaroson et al.,
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2008; Chien et al., 2012) compare the phosphoproteomes
of mock- and GaHV-2-infected CECs (Chien et al., 2011;
Ramaroson et al., 2008); and quantify protein expres-
sion changes caused by GaHV-2 infection (Chien et al.,
2012). Collectively, these studies revealed GaHV-2 infec-
tion dramatically changes the protein expression profile
of infected cells. Overlaying quantitative and phosphory-
lation 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 transduction, ini-
tiation of translation, and protein degradation. Perhaps the
most interesting discovery of these studies is that GaHV-2
causes unique phosphorylation of the translation initiation
factor 4E-binding protein 1 (4E BP1), which is important
for the assembly of the protein translation initiation com-
plex 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 the
UAO1 proteome showed that cells had a typical cancer phe-
notype. UAO1 cells were activated, differentiated, and pro-
liferative, but antagonistic to apoptosis, anergy, quiescence,
and senescence. Identified cytokines, cytokine receptors,
and related proteins suggested that the UAO1 proteome
had a T-cell regulatory (T-reg) rather than T-helper (Th)-2
phenotype.

Marek’s disease, a CD4+ T cell lymphoma of chick-
ens, and many human lymphomas overexpress the Hodg-
kin’s disease antigen CD30 (CD30M). Marek’s disease
lymphomas, like its human homologs, are formed by a
minority of transformed (CD30M") and a majority of non-
transformed (CD30"°) 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), the exact mechanism of neoplastic transformation
and transition from CD30'° to CD30M neoplastic pheno-
type is unknown. 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 differ-
ent systems, there was poor overall correlation between
mRNA and protein expression (Gygi et al., 1999; Cullen
et al., 2004). However, to identify the key regulatory pro-
teins responsible for neoplastic transformation, all gene
products which were differentially expressed in the same
direction at both mRNA and protein levels (i.e. concor-
dant) were selected for further analysis and these did have
an overall positive correlation. Those gene products with
the greatest mRNA and protein correlation are known to
be involved in human CD30-over expressing lymphomas.
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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 lymphomagenesis in other spe-
cies most were in pentile 1 suggesting direct transcrip-
tional regulation by Meq. In contrast, one gene product,
CST3 was likely regulated by a micro-RNA.

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. gallina-
ceum 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 vec-
tor interaction, Patra et al. (2008) used high-throughput
proteomics to identify 966 orthologous proteins of P. fal-
ciparum present in the zygote and ookinete proteomes
(Patra et al., 2008). Forty percent of the identified pro-
teins had hypothetical status and the majority of these
were transmembrane or secreted proteins. This suggests
that these proteins might play important roles in para-
site—host interactions.

Coccidiosis of fowl, an intestinal disease caused by a
protozoal parasite Eimeria, causes significant losses for
the poultry industry. Recently, plasma proteome profiles of
two different chicken lines infected with one of three com-
mon Eimeria species were compared by the 2D PAGE MS
(Gilbert et al., 2011). Fourty-six proteins displayed signifi-
cantly changed expression in response to Eimeria infection.
The differentially expressed proteins were found to partici-
pate in innate immunity, blood clotting, and iron and mito-
chondrial metabolism, and these processes fit well within
the host acute-phase responses that are initiated when a tis-
sue is invaded by a microorganism. Some of the identified
proteins were suggested as candidate biomarkers for early
diagnosis of Eimeria infection.

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 epi-
topes (Franklin et al., 2011). Salmonella serovars differ in
host range and pathogenic potential, but molecular mecha-
nisms underlying these differences are not well understood.
Several proteomic studies compared proteomes of different
avian Salmonella serovars and discovered possible molecu-
lar mechanisms responsible for the observed phenotypic
differences (Encheva et al., 2005; Osman et al., 2009; Sun
and Hahn, 2012).
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3.6 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. During the last decade,
proteomics has emerged as an extremely versatile and com-
prehensive 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. Thus, while scientific ques-
tions in avian research remain essentially the same, pro-
teomics has the potential to transform the form of biological

inquiry.
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Mitochondrial Physiology
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4.1 MITOCHONDRIA:
AN INTRODUCTION

4.1.1 Overview

Mitochondria generate 90% of the energy within a cell in the
form of adenosine triphosphate (ATP) by oxidative phos-
phorylation, thus earning them 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 out-
side the nucleus with a discrete pool of DNA (mitochondrial
DNA, or mtDNA). This distinction lead to the accepted the-
ory of an 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).

According to Lehninger (1965), Rudolf Albert van Kol-
liker, a Swiss cytologist, first described mitochondria in
1857 and gave them the name of sarcosomes, as they have
a distinct granular structure surrounded by a membrane.
Later, Benda (1898) renamed the structure mitochondrion—
a derivation from Greek for thread (mitos) and grain (chon-
drion); this has been the standard name for the organelle
since the 1930s (Lehninger, 1965). The synthesis and import
of nuclear (n) encoded proteins, which represent 98% of all
mitochondrial protein, is tightly coordinated with the syn-
thesis of mtDNA-encoded proteins; this is followed by the
coordinated assembly needed for a fully functional mito-
chondria. Mitochondria play a vital role in programmed
cell death (apoptosis), and mitochondrial-generated reactive
oxygen species (ROS) make it a major site of endogenous
oxidative stress. Mitochondria are dynamic organelles that
change morphology and composition in response to physi-
ological signals, such as variations in nutrition, oxygen
levels, and metabolic demand (Aw and Jones, 1989). Mito-
chondria also undergo fission processes associated with
mitochondrial biogenesis when additional energy is needed.

Sturkie’s Avian Physiology.
Copyright © 2015 Elsevier Inc. All rights reserved.

4.1.2 Physical Description

Under electron microscopy, 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 mitochon-
dria as long tube-like structures that weave throughout the
cytosol (Mannella, 2000). Parts of the mitochondrial mem-
brane are contiguous with the endoplasmic and sarcoplasmic
reticula, that facilitate the shuttling of molecules such as ATP
and adenosine diphosphate (ADP) between the mitochondria
and cytosol (Scheffler, 1999; Sharma et al., 2000). Mito-
chondria have an inner membrane that surrounds the mito-
chondrial matrix and an outer membrane that encloses an
intramembranous space (Figures 4.1 and 4.2). Cytochrome c,
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 the Krebs cycle, f-oxidation of fats, synthesis
of heme proteins, and the iron-sulfur proteins prevalent in
the ETC. Mitochondrial DNA is also present in the matrix.
The outer mitochondrial membrane is a simple phospholipid
bilayer, whereas the inner mitochondrial membrane is highly
convoluted, forming cristae that greatly increase its surface
area. Due to the presence of the multiprotein complexes of
the ETC, the inner mitochondrial membrane contains 70%
protein and 30% lipid, compared to the equal ratio of proteins
to lipids that is typically found in membranes. The inner mito-
chondrial membrane also contains cardiolipin, a unique lipid
found primarily in mitochondria (Hatefi, 1985).

4.1.3 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 ribo-
somal RNAs, 22 transfer RNAs, and 13 proteins, that combine
with over 70 other n-encoded proteins to form the respiratory
chain (Anderson et al., 1981). Transcription, translation, and
mtDNA replication, including synthesis of ribosomal proteins,
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FIGURE 4.1 Overview of mitochondria. A stylized mitochondria showing some mitochondrial processes discussed in the text. The mitochondria
have both an outer (OMM) and inner IMM) mitochondrial membrane with the electron transport chain (ETC) (I, 11, IIL, IV, V) located on the IMM. The
ETC towards the top shows electrons moving from succinate, an intermediate of the Krebs cycle, to complexes II-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 ¢ (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, sets up a proton motive force that drives adenosine triphosphate (ATP) syn-
thesis when protons flow through ATP synthase (complex V). ATP is transported out of the mitochondria for use by the cell through the adenine nucleo-
tide translocase (ANT) on the inner membrane and the voltage-dependent anion channel (VDAC) on the outer membrane. A mitochondrial nitric oxide
synthase (NOS) produces nitric oxide (NO), that competes with oxygen for the active site on cytochrome ¢ 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,"),
which is normally converted to hydrogen peroxide (H,0O,) 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,O,, and OH~ are ROS and can cause oxidative damage to cel-
lular structures (e.g., proteins, lipids, DNA). ROS can react with NO to produce reactive nitrogen species (RNS), that also can damage these structures.
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); it can be recycled to GSH by
glutathione reductase (GR), which utilizes reducing equivalents from NADH. Unlike cells, mitochondria cannot export GSSG, and elevations in GSSG in
mitochondria that 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

are all under nuclear regulation. Consequently, mitochondrial
function depends upon the tightly coordinated interaction
between nDNA and mtDNA-encoded proteins, protein assem-
bly 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 and
inner membrane translocase protein channels (Ryan and

Hoogenraad, 2007). After transit through these channels,
the proteins are refolded within the mitochondria by chap-
erone proteins, such as heat shock protein (Hsp) 70, Hsp
60/10 (also called chaperonin 60/10), Hsp 78, and a number
of proteases. Chaperone protein expression increases dur-
ing stress (e.g., heat, oxidative, toxin-mediated), when they
are particularly important in repairing damaged proteins.
The D loop of mtDNA contains regulators of mitochon-
drial transcription and replication. Differences in D-loop
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FIGURE 4.2 Diagrammatic representation of the mitochondrial electron transport chain (ETC) (based on Lehninger et al., 1993). The respira-
tory chain consists of five multiprotein complexes (complex I, IL, III, IV, and V). Electrons (e~) enter the 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 triphos-
phate (ATP) synthase (complex V) provides the energy to support ATP synthesis.

mtDNA have been used to identify animals with different
mitochondrial types. Some proteins are part of the mito-
chondrial import machinery, whereas others are needed
for expression of the mitochondrial genome and metabo-
lism. 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 pro-
tein synthesis in particular, depend on the conjugated and
coordinated expression of both mitochondrial and nuclear
genomes.” A complex communication network between
mitochondria and the nucleus also exists to coordinate
mitochondrial biogenesis and function (Poyton and McE-
wen, 1996).

4.1.4 Mitochondrial Fusion and Fission

Mitochondria are not discrete or static structures. Rather,
they are part of a network that constantly undergoes com-
plex fission and fusion processes, thus enabling mitochon-
dria to communicate and “form into local and widespread
mitochondrial syncytia within cells” (Hoppins et al., 2007).
Mitochondrial fission and fusion processes are controlled by
highly conserved dynamin-related proteins—large GTPase
proteins that regulate many membrane-associated activi-
ties (Praefcke and McMahon, 2004). Mitochondrial fusion
ensures the distribution of mtDNA to maintain functionally
competent mitochondria throughout a cell. In contrast, mito-
chondrial fission ensures that competent mitochondria are
distributed equally during cell division and mitochondrial

biogenesis. Mitochondrial fission and fusion processes may
also play roles in promoting or delaying apoptosis, respec-
tively (Hoppins et al., 2007).

4.1.5 The Respiratory Chain and ATP
Synthesis

The ETC, first described by Kennedy and Lehninger (1949),
consists of five multiprotein enzyme complexes: complex
I (nicotinamide adenine dinucleotide (NADH): ubiqui-
none oxido-reductase), complex II (succinate: ubiquinone
reductase), complex III (ubiquinol: cytochrome ¢ oxido-
reductase), complex IV (cytochrome c¢ oxidase), and the
F,F, ATP synthase or ATPase (complex V), and two mobile
electron carriers, ubiquinone (Q) and cytochrome ¢ (cyt ¢)
(Figures 4.1 and 4.2). Electrons enter the respiratory chain
at complex I for NADH-linked substrates (e.g., malate and
pyruvate) or at complex II for succinate, an FADH,-linked
substrate (Figure 4.2). Ubiquinone carries electrons from
complex I and II to complex III, whereas cyt ¢ shuttles elec-
trons 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 (Ay,) 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 at sites other than the ATP synthase due to anion
carrier proteins (e.g., adenine nucleotide transporter, gluta-
mate transporter), uncoupling proteins (UCPs), and intrinsic
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membrane characteristics (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 rep-
resents an inefficiency of mitochondrial function, but it mini-
mizes ROS production (see below). Although 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; it appears to have been lost
early in evolution of the avian lineage from a common ances-
tor of birds and mammals (Mezentseva et al., 2008).

4.1.5.1 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 CoQ;y). Auto-oxidation
of CoQ is a major source of mitochondrial ROS produc-
tion (Chance et al., 1979; Turrens et al., 1985; Turrens and
Boveris, 1980). Animals with relatively more CoQ;, had
lower mitochondrial ROS production than those with higher
CoQyq 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).

4.1.5.2 Cardiolipin

Cardiolipin (tetra-acyl-diphophatidyl-glycerol) is a unique
phosphoglyceride with four long-chain fatty acids (com-
pared to two side chains in typical phospholipids), and is
essential for membranes involved in coupled (oxidative)
phosphorylation (Hoch, 1992). Full activity requires the
interaction of each complex (I-V) with cardiolipin. Yeast
lacking cardiolipin exhibited impaired mitochondrial func-
tion (Koshkin and Greenberg, 2000). Exogenously added
cardiolipin depressed respiratory chain coupling but
increased ATP synthase activity in isolated liver mitochon-
dria (Bobyleva et al., 1997).

4.1.6 Assessing Mitochondrial Function
4.1.6.1 Polarographic Method

A standard method of assessing mitochondrial function
uses an O, electrode in a Warburg apparatus to mea-
sure 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, consump-
tion (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 res-
piration) when ADP levels decline (i.e., ADP is limiting)
due to oxidative phosphorylation and synthesis of ATP
(from ADP and inorganic phosphorus). Functional indices
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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 respira-
tory chain activity and is calculated as state 3 (active res-
piration) 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 the proton motive force that
synthesizes ATP as protons flow through the F;F, ATPase.
The ADP:O ratio, an index of oxidative phosphorylation,
is determined as ADP added per nmol monomeric oxygen
consumed in state 3 respiration. Theoretical ADP:O ratios
are 2 (for succinate) and 3 (for malate), which 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 proton leakage across the inner mitochondrial
membrane at sites other than the F;Fy ATPase (Brand et al.,
1994) or by electron leakage from the respiratory chain that
reacts with O, to form ROS, such as superoxide and H,0,
(Chance et al., 1979; Boveris and Chance, 1973).

4.1.6.2 Measurement of Oxygen Flux (Flux
Analysis) in Intact Cells

A relatively new approach to assess mitochondrial function
in intact cells using flux analysis of the oxygen consumption
rate (OCR) was reported by Wu et al. (2007). The advan-
tage of this method is that mitochondrial function can be
assessed within intact cells, which eliminates any artifacts
(e.g., shear stress) that might be introduced from the stirring
that is required in the polarographic method (Estabrook,
1967). Assessment of glycolytic activity can also be deter-
mined simultaneously by assessment of extracellular acidi-
fication rate.

4.1.7 Mitochondrial Role in Apoptosis

Mitochondria are critical in initiating programmed cell
death or apoptosis (Wallace, 1999). Sandwiched between
the inner and outer mitochondrial membranes are cyto-
chrome ¢, apoptosis-inducing factor, and caspases (pro-
teases) 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 coalescing of the voltage-dependent anion channel
(VDAC), adenine nucleotide translocator (ANT), BCL-
2-associated X protein, and cyclophilin D. When the mtPTP
is formed, the mitochondrial membrane potential is dissi-
pated, followed shortly thereafter by mitochondrial swelling
and release of caspases and apoptosis-initiating factor. The
proteolytic caspases released into the cytoplasm degrade
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the cytoskeletal architecture. Events that trigger the open-
ing of the mtPTP include a decrease in energetic capacity
of the mitochondria, excessive influx of ionic calcium, and
increased ROS generation.

4.2 MITOCHONDRIAL INEFFICIENCIES

4.2.1 Electron Transport Defects
and Oxidative Stress

4.2.1.1 Reactive Oxygen Species

Mitochondria are a major source of endogenous oxidative
stress. Approximately 2—4% of O, used by mitochondria
may be converted to ROS by univalent reduction of O,
to form superoxide (O,”) following electron (e”) leak
from the respiratory chain (Chance et al., 1979; Turrens
and Boveris, 1980; Boveris and Chance, 1973). Super-
oxide dismutase (SOD) converts O,” to H,0, that is
reduced to H,O by glutathione peroxidase (GPx). The
relatively nonreactive H,O, is converted to the highly
reactive hydroxyl radical ("OH) in the presence of Fe?*
and Cu?*; due to its lipid solubility, it is able to cross
membranes and oxidize proteins, DNA, lipids, and car-
bohydrates throughout the cell (Yu, 1994) (Figures 4.1
and 4.3).
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4.2.1.2 Identification of Site-Specific Defects in
Electron Transport

Figure 4.3 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 pioneered
by Boveris and co-workers (Chance et al., 1979; Turrens
and Boveris, 1980; Boveris and Chance, 1973). Numerous
reports followed that confirmed complex I and III as pre-
dominant sites of mitochondrial e~ leak, which is associated
with numerous metabolic conditions in humans, including
Alzheimer disease, cancer, diabetes, and aging (Yu, 1994).

4.2.1.3 Mitochondrial ROS Generation
in Avian Species

Chemical inhibitors (Figure 4.3) have 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 mitochondria obtained from
birds exhibiting fulminant pulmonary hypertension syndrome
(Cawthon et al., 2001; Igbal et al., 2001; Tang et al., 2002).
Greater ROS production due to site-specific defects in e~ trans-
port was also identified in 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,

e

Intermembrane
space

FIGURE 4.3 Diagrammatic representation of identification of site-specific defects in the electron transport chain using chemical inhibitors. The
movement of electrons (e”) along the respiratory chain are 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 c (cyt c). The terminal step of electron transport is the full reduction of oxygen (O,) to water by cytochrome ¢
oxidase. Chemical inhibitors of to block e~ transport and identify site-specific defects are rotenone (Rot) at complex I, thenotrifluoroacetone (TTFA) at
complex II, and myxothiazol (Myx) (at the outer membrane (0)) and antimycin A(AA) (at the inner membrane (7)) 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™), which
is reduced to hydrogen peroxide (H,0,) 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, which is by the
mitochondrial located MnSOD (see Miwa et al., 2003). Extramitochondrial e~ leak can also occur when glyceraldehyde 3-phosphate (GSP) is converted
by G3P dehydrogenase (G3PDH) to dihyroxacetone phosphate (DHAP). Reprinted with permission from Ojano-Dirain et al. (2007a).
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Ojano-Dirain et al., 2004, 2007a) as well as complex II in duo-
denal tissue (Ojano-Dirain et al., 2004). Greater ROS produc-
tion was likely responsible for higher oxidative stress and lower
respiratory chain complex activities consistently observed in
animals exhibiting a low feed efficiency phenotype (Ojano-
Dirain et al., 2007b; Bottje and Carstens, 2009) and may have
been involved in differential gene expression in feed efficiency
in broilers (Bottje and Kong, 2013). Mitochondrial ROS pro-
duction has also been shown to play a role in heat stress (Abe
et al., 2006; Mujahid et al., 2006, 2007a,b).

4.2.1.4 Mitochondrial ROS in Normal Cell
Function

Although high levels of mitochondrial ROS are detrimental,
low levels of mitochondrial ROS are recognized as being
vital for normal cell function, acting as second messengers
in signal transduction processes (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 that there is “a homeostatic role
for ROS in maintaining stable respiratory phenotypes across
genetic variants of the mitochondrial genome.”

4.2.1.5 Mitochondrial ROS and Longevity

Mitochondrial ROS production is generally lower in avian
species compared to comparable-sized mammalian species,
with an inverse relationship between longevity and mito-
chondrial ROS production (Herrero and Barja, 1997, 1998).
Figure 4.4 presents data of heart mitochondrial ROS pro-
duction in comparable sized mammals and birds (Herrero
and Barja, 1997, 1998) in the presence or absence of ETC

:I NI %////% Rot
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inhibitors (Figure 4.3). This species difference is even more
remarkable because birds have a number of characteristics
that should favor heightened mitochondrial radical produc-
tion, such as higher body temperatures, metabolic rates, and
blood glucose concentrations (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 species
compared to mammalian species (Hickey, 2008).

4.2.1.6 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 cyto-
chrome oxidase, thus regulating mitochondrial O, consump-
tion. The release of NO in the presence of ROS can produce
a large number of reactive nitrogen species (e.g., peroxyni-
trite) that damage proteins by nitrosylation. Peroxynitrite
was reported to be responsible for decreased activities of
complex I and II in mitochondria (Riobo et al., 2001).

4.2.1.7 Mitochondrial ROS: DNA Damage
and Respiratory Chain Complex Activities

A balance of mtDNA- and nDNA-encoded proteins is needed
for the 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 susceptible to mito-
chondrial ROS-mediated oxidation than nDNA, and mtDNA
oxidation can lead to mitochondrial dysfunction (Kristal
et al., 1994; Wei, 1998). Oxidant-medicated repression of

Bl Aa [ aa-Myx

4)

(35)

nmol H,0, /min/mg protein
W
T

_

(3.5)

(24)

Rat Pigeon

Mouse

Parakeet Canary

FIGURE 4.4 Hydrogen peroxide (H,0,) production rates (expressed as nmol/min/mg protein) in heart mitochondria isolated from mammals
and birds of comparable body weights (rat versus pigeon; mouse versus 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 was

obtained from Herrero and Barja (1997, 1998).



Chapter | 4 Mitochondrial Physiology

mitochondrial transcription exacerbates dysfunction by
inhibiting respiratory 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 sus-
ceptible to oxidation and their oxidation leads to decreased
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 effi-
ciency (Ojano-Dirain et al., 2005; Bottje and Carstens, 2009).

4.2.2 Antioxidants

It is difficult to discuss oxidation without including anti-
oxidant protection. Oxidative stress is unavoidable in
eukaryotic organisms and occurs during normal metabo-
lism, primarily within mitochondria. Oxidative stress devel-
ops when the generation of ROS overwhelms antioxidant
protection (Yu, 1994). Repair of damaged structures (e.g.,
lipids, proteins) is energetically expensive, requiring con-
siderable input of ATP to either repair or recycle materials
within the cell. Mitochondrial ROS are normally metabo-
lized by the enzymatic antioxidants SOD and glutathione
peroxidase, as well as by nonenzymatic antioxidants GSH
and a-tocopherol (Yu, 1994).

Glutathione is the major endogenous antioxidant sys-
tem 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; the GSSG:GSH ratio
is used as an indicator of oxidative stress. The glutathione
reduction-oxidation (redox) system consists of GSH and the
GSH recycling enzymes, GSH peroxidase (GPx), and GSH
reductase (GR) (Meister, 1984). The enzyme GPx metabo-
lizes peroxides (e.g., H,O,), using reducing equivalents
from GSH, and catalyzes the reaction shown in Eqn (4.1)
(see Figure 4.1 also):

2GSH + H,0, - GSSG +2H,0 “.n

Low levels of GSSG are maintained by GR, which uses
nicotinamide adenine dinucleotide phosphate (NADPH,) to
reduce GSSG to GSH, as shown in Eqn (4.2):

GSSG + NADPH, — 2GSH + NADP* (4.2)

The glutathione redox system is a vital defense mecha-
nism of mitochondria against free radical damage because
mitochondria 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.
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During oxidative stress, toxic levels of GSSG can accu-
mulate within mitochondria (Olafsdottir and Reed, 1988;
Cawthon et al., 1999). Unlike cells, mitochondria are unable
to export GSSG from the mitochondria, leading to thiola-
tion 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 oxidation, and positive correla-
tions between GSH and respiratory chain activity have been
reported (Bolanos et al., 1996; Cardoso et al., 1999; Ojano-
Dirain et al., 2005).

4.2.3 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) dissipate proton motive force,
diminish mitochondrial membrane potential, and short-
circuit ATP synthesis (Brand et al., 1994). Oxygen con-
sumption from proton leak can represent 25% of total
basal metabolic rate in animals (Rolfe and Brand, 1997).
Basal proton leak is facilitated by the intrinsic charac-
teristics of membranes and the presence of intramem-
branous proteins (e.g., UCPs, ANT) (Dilger et al., 1979,
Brown and Brand, 1991; Rolfe and Brand, 1997; Brookes
et al.,, 1997, 1998; Brand et al., 2005). 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 stimulated
or diminished by hyperthyroidism and hypothyroidism,
respectively (Hafner et al., 1990).

Proton leak represents an energetic inefficiency, but it
plays an important role in attenuating mitochondrial ROS
production and endogenous oxidative stress. A self-limiting
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
etal., 2003; Brand et al., 2004). This mechanism is depicted
in Figure 4.5, which is a composite of Figures 1 and 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 Toyomizu et al. (2002). Uncoupling of mitochon-
dria represents an important physiological response to
attenuate oxidative stress during both cold and heat stress
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FIGURE 4.5 Attenuation of mitochondrial reactive oxygen species formation by increased uncoupling activity of adenine nucleotide transloca-

tor (ANT) and uncoupling protein (UCP). Shown in the figure are the outer and inner mitochondrial membranes (OMM and IMM) and intramembra-
nous 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 adenosine triphosphate synthase. Electron leak from flavin and iron-sulfur centers in proteins of complex I and
from coenzyme Q into the mitochondrial matrix cause univalent reduction of oxygen to superoxide (O--). The presence of free iron (Fe?*) that can be
released from oxidative damage of matrix proteins (e.g., aconitase) results in the formation of a hydroxyl radical (- OH), which 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), which stimulates uncoupling activity (proton leak) by ANT and UCP. Increased
proton leak in turn dissipates proton motive force and mitochondrial membrane potential, which reduces electron leak and mitochondrial ROS formation.

Based on Echtay et al. (2002), Murphy et al. (2003), and Brand et al. (2004).

conditions. Toyomizu et al. (2002) reported upregulation
of both ANT and UCP mRNA 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
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 produc-
tion 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 in
broilers with low feed efficiency compared with broilers

with high feed efficiency due to site-specific defects in elec-
tron transport (Ojano-Dirain et al., 2004; Bottje et al., 2004;
Igbal et al., 2005). Using a number of different chemical
treatments, 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). Observa-
tions of increased (<0.06) expression of avUCP and lower
membrane potential in low feed efficiency mitochondria
(Ojano-Dirain et al., 2004, 2007c) are consistent with the
model presented in Figure 4.5 to minimize or attenuate
mitochondrial ROS formation.

4.3 MATCHING ENERGY PRODUCTION
TO ENERGY NEED

4.3.1 Mitochondrial Biogenesis

Although mitochondria divide during mitosis to ensure
daughter cells are provided a full complement of func-
tional mitochondria, mitochondrial biogenesis is stimu-
lated in response to increased energy demand. An early
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demonstration of mitochondrial biogenesis was provided
by Paul and Sperling (1952), who observed that there were
more mitochondria in breast muscle in pigeons that are more
active than the relatively sedentary commercial chicken.
One of the first factors identified to increase mitochondrial
biogenesis was PGC-1a (Puigserver et al., 1998; Wu et al.,
1999). Cold exposure increased the mRNA expression of
PGC-1a, which in turn increased the expression of several
mitochondrial proteins, including ATP synthase and cyto-
chrome c-oxidases II and IV. PGC-1a and PGC-1§ stimu-
late nuclear respiratory factors (NRF-1 and NRF-2) and
mitochondrial transcription factor A (Nisoli et al., 2003,
2004) that upregulate mitochondrial transcription factor
A (mtTFA) by independent mechanisms (Meirhaeghe et al.,
2003; Lin et al., 2002a). NRF-1 and NRF-2 stimulate mito-
chondrial protein synthesis, such as ETC proteins, whereas
mtTFA stimulates mitochondrial DNA transcription, that is
instrumental in synthesis of mitochondrial proteins during
mitochondrial biogenesis. Because of its role in mitochon-
drial biogenesis, PGC-1a has been termed the master regu-
lator of mitochondrial protein synthesis (Nisoli et al., 2003,
2004).

4.3.2 AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK) is critical for sens-
ing cellular energy (AMP/ATP) status and stimulating mito-
chondrial biogenesis (Zhou et al., 2001; Hardie et al., 2003,
Hardie, 2007; Carling, 2005), as well as regulating animal
food intake and overall energy balance (Minokoshi et al.,
2004). Once AMPK is phosphorylated by serine—threonine
kinase 11 (LKB1) (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-gen-
erating (catabolic) pathways (e.g., fatty acid oxidation, gly-
colysis). AMPK is required for stimulating glucose uptake
and glycolysis in skeletal muscle cells and astrocytes (Zhou
et al., 2001; Almeida et al., 2004). AMPK also upregulates
PGC-1a expression (Ojuka, 2004) and therefore presumably
plays a role in mitochondrial biogenesis. In conjunction with
thyroid hormone receptor activation, PGC-1a upregulates
ANT and UCP3 expression, that uncouple mitochondrial
oxidative phosphorylation (Masatoshi et al., 2005). Choi
et al. (2001) presented evidence that AMPK and the AMPK
cascade mechanisms are sensitive to ROS, particularly H,O,.
Colombo and Moncada (2009) provided evidence that mito-
chondrial ROS-mediated upregulation of AMPK was associ-
ated with an increase of several cellular antioxidants. Thus,
AMPK is very important in sensing energy status in cells
and could be a pivotal component in growth and develop-
ment; also, it is responsive to mitochondrial-generated ROS
production. The expression of AMPK was higher in species
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exhibiting a high feed efficiency phenotype (Bottje and
Kong, 2013).

4.3.3 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 dehy-
drogenase that converts glutamate to a-ketoglutarate indi-
cates that SIRT4 regulates entry of energy substrates into the
Krebs cycle. Knockdown of SIRT4 increased gene expres-
sion of mitochondrial and fatty acid metabolism enzymes 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 fibro-
blast growth factor 21 (FGF21) regulates energy homeosta-
sis in adipocytes through phosphorylation and activation
of AMPK by increasing cellular NAD™ levels as well by
deacetylation and activation of PGC-1a and histone 3. Acti-
vation of AMPK maintains energy balance by enhancing
mitochondrial biogenesis and oxidative metabolism
(Hardie, 2007). AMPK increased SIRT1 (NAD*-dependent
type III deacetylase sirtuin 1) by increasing NAD* levels
that modulate several downstream SIRT1 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 (Reznick and Shulman,
2006; Hardie, 2007).
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ABBREVIATIONS

A Arcopallium

Bas Nucleus basorostralis

CN IX Glossopharyngeal nerve

CN XII Hypoglossal nerve

CTB Cholera toxin B-chain

DCN Dorsal column nuclei: nucleus gracilis, nucleus cuneatus et
nucleus cuneatus externus

DIVA Nucleus dorsalis intermedius ventralis anterior

DLP Nucleus dorsolateralis posterior thalami

DLPc Nucleus dorsolateralis posterior thalami, pars caudalis

DLPr Nucleus dorsolateralis posterior thalami, pars rostralis

DRG Dorsal root ganglion

EM Electron microscopy

FLM Fasciculus longitudinalis medialis

HA Hyperpallium apicale

HRP Horseradish peroxidase

HVC HVC (proper name)

ICc Central nucleus of the inferior colliculus

ICo Nucleus intercollicularis

IHA Interstitial hyperstristum accessorium

LLDa Anterior division of the dorsal lateral lemniscal nucleus

LLDp Posterior division of the dorsal lateral lemniscal nucleus

LLI Intermediate nucleus of the lateral lemniscus

LLIc Caudal part of the intermediate nucleus of the lateral lemniscus

LLIr Rostral part of the intermediate nucleus of the lateral lemniscus

LLV Ventral nucleus of the lateral lemniscus

LPS Lamina pallio-subpallialis

M Mesopallium

MLd Nucleus mesencephalicus lateralis, pars dorsalis

N Nidopallium

NCL Nidopallium caudolaterale

NI/Ne Neostriatum intermedium/neostriatum caudale

NIf Nucleus interface

nTTD Nucleus tractus descendens nervi trigemini

nVI Nucleus nervi abducentis

NVI Nervus abducens

nVII Nucleus nervi facialis

nXIIts Nucleus nervi hypoglossi, pars tracheosyringealis

OI Nucleus olivaris inferior

Ov Nucleus ovoidalis

Sturkie’s Avian Physiology.
Copyright © 2015 Elsevier Inc. All rights reserved.

PE Nucleus pontis externus

PrV Nucleus sensorius principalis nervi trigemini

RPcvim Ventromedial part of the parvocellular reticular formation

Rt Nucleus rotundus

sP Nucleus subprincipalis

SCi Intermediate part of the core nucleus of the pre-isthmic region
(Puelles et al. (1994)

SI Primary somatosensory cortex

SII Secondary somatosensory cortex

SS Synsacral segment

SSp Nucleus supraspinalis

St Striatum

Uva Nucleus unaeformis

VB Ventrobasal complex

5.1 INTRODUCTION

Despite the lengthy interim between this and the previous
volume, there has been only a limited amount of new infor-
mation gathered on the avian somatosensory system. This is
largely due to the fact that two protagonists in this area of
research, Reinhold Necker and Jaap Dubbeldam, have long
since retired. The reader will hopefully understand, there-
fore, the reasons for the relatively few recent publications
in this area and the admittedly biased nature of this author’s
presentation. New recruits to the study of avian somatosen-
sation are clearly needed!

Necker’s (2000a) chapter on the avian somatosensory
system was a concise overview of its basic organization,
from the types, distribution, and physiology of mecha-
noreceptors and other sensory receptors found in avian
skin, to the synaptic and functional connectivity of the
somatosensory pathways ascending throughout the neur-
axis (Figure 5.1). He divided the avian somatosensory
system into two parts, spinal and trigeminal, noting that
the former innervates the body surface and extremities
and the latter mainly the beak. However, with regard to
ascending systems, the word “spinal” usually implies an
origin in the spinal cord itself, rather than in the periphery,
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DRG

FIGURE 5.1

Mechanoreceptors

Schematic drawing of the brain of a pigeon showing the main somatosensory pathways. Filled circles denote cell bodies, arrow heads

denote terminations. Note that there are substantial deviations from this plan in other species (see text and Figure 5.2). Adapted from Necker (2000a).

and “trigeminal” seems to exclude other primary affer-
ent projections from the head, such as the tongue, which
is not innervated by the trigeminal nerve in birds. In this
chapter, therefore, a division of somatosensory origins
into the body (including wings, legs, and claws) and beak
and tongue is preferred. Nevertheless, to better appreci-
ate the following material, the reader should first consult
Necker’s chapters on the somatosensory system (Necker,
2000a) and the spinal cord (Necker, 2000b)—both in the
fifth edition of this book.

5.2 BODY SOMATOSENSORY PRIMARY
AFFERENT PROJECTIONS IN DIFFERENT
SPECIES

5.2.1 Spinal Cord

Our knowledge of primary afferent projections to the bird’s
spinal cord is based on a variety of techniques, such as trac-
ing degenerating fibers following dorsal rhizotomy (van
den Akker, 1970; Leonard and Cohen, 1975a), injections of
tracer into dorsal root ganglia or application of tracer to the

cut ends of dorsal roots (Necker, 2001), injections of tracer
into feather follicles (Wild, 1985), injections or applications
of tracer to whole wing and leg nerves (Wild, 1985; Necker
and Schermuly, 1985; Schulte and Necker, 1994), cutane-
ous nerves and skin (Woodbury and Scott, 1991), the vibra-
tion sensitive interosseus nerve (Ohmori and Necker, 1995),
ankle joint receptors (Gentle et al., 1995), and muscles
(Wild, 1985) in pigeons and chickens. Physiological anal-
yses of pigeon dorsal horn responses have been provided
by Necker (1985a,b, 1990) for pigeons and by Woodbury
(1992) for chickens.

Although the different techniques provide different pat-
terns of projections to the cord and brainstem, it is clear
that primary afferent fibers enter and terminate in the
cord differently depending on their diameter, as in mam-
mals. Necker (2001) found that at the entry level of CS5,
for instance, large-diameter fibers entered the dorsal horn
from its medial aspect, between laminae IV and V. These
fibers continued into the ventral horn, where they termi-
nated densely, and some continued laterally to terminate in
the marginal nuclei. Fine-diameter fibers entered the dorsal
horn laterally and terminated in various parts of the horn at
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the level of entry, whereas other fine fibers extended as far
as Cl1 rostrally and at least as far as C8 caudally. Interme-
diate diameter fibers entered the dorsal horn from dorsal
and medial positions to terminate from C1 to C8 in lamina
IV and medial lamina V. Some fibers crossed in the dorsal
commissure to terminate in similar areas on the contralat-
eral side.

That the primary afferent projections are somatotopi-
cally organized is indicated by the fact that the follicles
of primary flight feathers and their coverts of the wing are
represented in lamina I and medial lamina II, whereas the
follicles of secondary flight feathers and their coverts are
represented at the lateral edge of the dorsal horn (Wild,
1985; Necker, 1990). Terminal fields of chicken ankle affer-
ents are found in laminae I-III and VI, with a few terminals
in deeper laminae (Gentle et al., 1995), which is similar
to the projections from the cutaneous nerves of the leg in
chicks (Woodbury and Scott, 1991). It should be remem-
bered, however, that in birds as well as in mammals, dif-
ferent types of tracer tend to produce labeling in different
laminae, with wheat germ agglutinin tending to produce
labeling in laminae I and II, and cholera toxin B-chain pro-
ducing labeling predominantly in lamina III and IV (Rob-
ertson and Grant, 1985).

Primary afferent terminations in the dorsal horn
can extend over several segments and are not necessar-
ily heaviest at the level of entry of the dorsal root fibers.
Gentle et al. (1995), for instance, found that although
ankle joint afferents entered the cord predominantly over
synsacral level SS5-7, terminations were split such that
there was a small field in SS7 and 8 and a larger field in
SS3 and 4. Split terminal fields were also found for whole
nerve inputs by Woodbury and Scott (1991). Terminations
of wing nerve fibers extend well beyond the rostrocaudal
extent of incoming rootlets, although the density of termi-
nations declines with increasing distance from the entry
zone (Leonard and Cohen, 1975a; Wild, 1985). These
terminations are likely collaterals of fibers ascending or
descending to more distant levels. In the case of wing
nerve afferents, at least, fibers ascending in the dorsal col-
umn to the medulla provide collaterals to the dorsal horn
of most, if not all, of the dozen or so cervical segments
(Wild, unpublished observations in pigeons). In the green-
finch wing, nerve afferent terminations in the cervical cord
are concentrated in medial lamina V (Wild, 1997), as are
primary afferent fibers in budgerigars (Wild et al., 1997).
Neurons at similar locations and in the nucleus of Bischoff
in the upper cervical spinal cord of pigeons can be ret-
rogradely labeled from injections of tracer into either a
dorsal thalamic somatosensory nucleus (DIVA; see below)
or a multimodal thalamic nucleus (DLP; see below) (Wild,
1989), which could suggest the presence of a spinotha-
lamic projection from medial lamina V of upper cervical
spinal cord segments. These findings should be contrasted
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with those of Schneider and Necker (1989), who found
that DIVA injections retrogradely labeled very few cells
in the brachial spinal cord intermediate region, but many
cells at lumbar levels, suggesting a spinothalamic projec-
tion mediating lower limb somatosensory input, but the
virtual absence of one from the wing.

5.2.2 Brainstem

Primary afferent projections from the body to the brain-
stem were first visualized in pigeons by van den Akker
(1970) using degeneration techniques following dorsal rhi-
zotomies, and later using the transganglionic horseradish
peroxidase (HRP) technique by Wild (1985). Neck primary
afferents were also visualized in pigeons by Necker (2001)
and limb primary afferents have been visualized in pigeons,
chickens, greenfinches, and barn owls (Schulte and Necker,
1994; Necker and Shermuly, 1985; Gentle et al., 1995;
Wild, 1997; Wild et al., 2001).

At caudal levels of the dorsal column nuclei (DCN; i.e.,
gracile, cuneate, and external cuneate nuclei') in pigeons,
leg afferent terminations in the gracile nucleus lie medial to
those of the wing in the cuneate nucleus, but more rostrally
there is substantial overlap of leg and wing inputs through-
out the DCN, although wing inputs extend further laterally
around the periphery of the medulla than leg inputs. A pic-
ture of the representation of the wings can be gained by
imagining them spread out over the dorsal and dorsolateral
periphery of the medulla. Only in the barn owl have ter-
minations from the wing and leg been seen to be confined
to clearly separate gracile and cuneate nuclei (Wild et al.,
2001). In pigeons, neck primary afferents were found by
Necker (2001) to project rostrally and ventrolaterally in the
DCN complex, where they terminated in the external cune-
ate nucleus (CuE), in a nucleus that he compared with the
intermediate nucleus of Cajal, as well as in another nucleus
he thought comparable to nucleus x located lateral to the
nucleus of the descending trigeminal tract (n'TTD) and ven-
tral to the descending vestibular nucleus, well rostral to the
obex.

As in mammals, primary afferent projections to the DCN
are supplemented by a dorsal column postsynaptic system
(Figure 5.1), which in pigeons takes its origin from lamina
IV of the brachial spinal cord, where mechanosensitive neu-
rons have been located (Necker, 1985a,b, 1991).

In pigeons, finches and barn owls primary afferent pro-
jections extend ipsilaterally throughout the medulla and
into the pons, where they terminate sparsely in proximity
to PrV (Wild, 1985, 1997). In the Australian budgerigar

! The avian external cuneate nucleus is not the equivalent of the same
named nucleus in mammals, because its inputs are not confined to upper
limb proprioceptors and, at least in pigeons, it does not project to the
cerebellum (Wild, 1985; Reinke and Necker, 1996).
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FIGURE 5.2 Depiction of the somatosensory pathway in the budgerigar. Primary afferent fibers project to and terminate in the ipsilateral nucleus
subprincipalis (sP), cell bodies of which project their axons to the body regions of Bas, predominantly contralaterally (solid lines). Scale bars for
schematics: 1 mm. (A) Terminal field in sP following an injection of horseradish peroxidase-conjugated cholera toxin B-chain (CTB) in the ipsilateral
radial nerve. The terminal field of sciatic fibers (not shown) is located ventrolateral to the wing terminal field. (B) Terminal field (note its precise borders)
in the body part of Bas following an injection of biotinylated dextran amine (BDA) in the contralateral sP. (C) Retrogradely labeled cells in sP following
an injection of CTB in the contralateral body part of Bas. (D) Retrogradely labeled cells in a dorsal root ganglion of a spinal segment from the brachial
enlargement, following an injection of BDA in the ipsilateral sP. Scale bars for photomicrographs: 200 mm Adapted from Wild et al. (1997).

(Melopsittacus undulatus) (Wild et al., 1997) and possibly
other psittaciforms (Wild, 1981), primary afferents from
both wing and leg also reach pontine levels, where they ter-
minate densely and topographically in a previously unde-
scribed nucleus immediately subjacent to PrV, hence called
subprincipalis (sP). One implication of these findings in the
budgerigar is that here at pontine levels there is a striking
instance of a complete, somatotopic representation of the
whole body, with the beak and tongue and possibly some
other parts of the head being represented massively in PrV
(see below) and, ventral to PrV, a smaller representation of
the rest of the body in sP (Figure 5.2).

5.3 ASCENDING PROJECTIONS OF THE
DORSAL COLUMN NUCLEI

As in mammals (Berkley et al., 1986), the DCN in birds
project predominantly contralaterally to several more ros-
tral nuclei via a medial lemniscus, en route to their final
targets in the thalamus (Wild, 1989, 1997). The inferior
olive (OI) is the first of these, which then projects to the
cerebellum via the inferior cerebellar peduncle. Because in
pigeons, at least, the DCN do not project directly to the cer-
ebellum, the route to the cerebellum via the OI may be one
way that somatosensory inputs serve sensorimotor control.
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Another significant target of the DCN is the midbrain,
where there are terminations not only in intercollicular
regions surrounding the auditory nucleus mesencephalicus
lateralis, pars dorsalis (MLd), but also within it (Karten,
1967; Leibler, 1975; Wild, 1989, 1995, 1997). Units
recorded electrophysiologically in the region between the
dorsal border of MLd and the tectal ventricle respond to
both somatosensory and visual stimuli (Ballam, 1982).
The region ventral to more caudomedial regions of MLd
forms a distinct nucleus called the intermediate part of
the core nucleus of the pre-isthmic region (SCi; Puelles
et al., 1994). Its neurons are exquisitely sensitive to tactile
stimuli applied to feathers and body surface and respond
with large-amplitude action potentials (Wild, 1995). Its
ascending projections require further definition, but the
location of terminations around the ventral periphery of
the thalamic auditory nucleus ovoidalis (Ov), which is the
main target of MLd projections (Karten, 1967), closely
mirrors the location of SCi with respect to MLd (Wild
and Williams, 2000). In pigeons and finches, it appears
that the DCN also project directly to MLd, where dif-
fuse terminations overlap the much denser terminations
of brainstem auditory nuclei (Wild, 1989, 1995, 1997).
Speculations concerning the functions of the somatosen-
sory projection to MLd can be found in Wild (1995). In
the barn owl, there is a similar but more restricted DCN
projection to rostrodorsal parts of MLd (known in barn
owls as the central nucleus of the inferior colliculus; Wild
et al., 2008). These findings represent but one of several
instances in the avian brain of somatosensory and audi-
tory proximity or overlap.

At caudal thalamic levels, the DCN target the medial
spiriform nucleus (SpM), which then projects to the cer-
ebellum (Wild, 1992), and a nucleus called dorsolateral
posterior thalami (DLP) in pigeons or unaeformis (Uva)
in finches (Wild, 1987, 1994; Funke, 1989a). DLP and
Uva tend to be multimodal (Korzeniewski, 1987; Korze-
niewski and Giintiirkiin, 1990; Wild, 1994) and in this
respect are perhaps similar to the posterior group of tha-
lamic nuclei of mammals (Gamlin and Cohen, 1986).
According to Korzeniewski (1987), the whole body,
including the beak and head, is represented in DLP in
pigeons. However, the origin of the somatosensory inputs
that might account for the beak responses requires fur-
ther specification, despite the fact that Korzeniewski and
Giintiirkiin (1990) found retrogradely labeled cells in
nTTD (to which beak afferents project) following tracer
injections in DLP (see also Wild, 1989). In the mal-
lard, projections to the diencephalon from nTTD were
not observed (Arends, 1981; Arends and Dubbeldam,
1984).

Rostral to DLP, the DCN target the nucleus DIVA,
which lies immediately dorsal and lateral to the auditory
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FIGURE 5.3 Labeled fibers and terminations (black) in the lateral
part of ovoidalis (Ov) and the overlying dorsal thalamic somatosen-
sory nucleus following an iontophoretic injection of BDA in the dorsal
column nucleus (section midline is to the left). Neurons in the lateral part
of Ov (brown) were retrogradely labeled by an injection of cholera toxin
B-chain in the lateral part of Field L, the primary thalamorecipient auditory
field in the telencephalon.

nucleus Ov and the visual nucleus rotundus (Wild, 1989,
1997). Unlike DLP, DIVA is specifically somatosensory;
although it contains a representation of most body parts
(including toes, but not the beak), it is weakly somatotopi-
cally organized (Schneider and Necker, 1996). DIVA is
probably homologous to part of the ventrobasal complex
(VB) of mammals.

In zebra finches, there is a small but distinct projec-
tion from the DCN to the ventrolateral part of Ov, as fibers
pass to the overlying DIVA (Figure 5.3). This is yet another
instance in the avian brain of somatosensory and auditory
proximity or overlap.

Unlike the case for mammals (Berkley et al., 1986),
there is some evidence in finches, at least, that single DCN
neurons project to more than one more rostral nucleus
(e.g., intercollicular nucleus and DIVA) via branched axons
(Wild, 1997).

To complete this section, I again note the curious case
of the budgerigar, in which the DCN project ipsilaterally to
sP in the pons (Wild et al., 1997), as do primary afferents
from the wings and legs. Whether the DCN also project to
the thalamus in this species is not known. Another variation
on the DCN projections occurs in the barn owl, in which
there is a projection from both gracile and cuneate nuclei to
a large nucleus at the lateral edge of the pons called pontis
externus (PE) (Wild et al., 2001). Such a nucleus, which
in the barn owl does not receive primary afferent projec-
tions directly from the body surface, has thus far not been
described for any other species. PE may, however, be the
functional equivalent of sP in budgerigar because, like sP,
it provides a major body somatosensory and topographi-
cally organized input to nucleus basorostralis pallii (Bas)
(see below).

The various ascending somatosensory pathways are
depicted for four species in Figure 5.4.
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FIGURE 5.4 Comparative schematic of ascending somatosensory and auditory projections to the telencephalon via thalamic and nonthalamic
pathways in different avian groups. Note the “beakless” representation of the body in the rostral Wulst of pigeons and finches and the complete
body + beak + auditory representation in Bas of parakeets (budgerigars) and barn owls (auditory representations are symbolized by speakers). Note also the
auditory projection to NIf of finches, which is relayed via projections of the ventral nucleus of the lateral lemniscus to nucleus unaeformis (Coleman et al.,
2007), and perhaps by projections of ovoidalis to the nucleus interface (not shown; Wild, unpublished observations). From Wild et al. (2008).

5.4 TELENCEPHALIC PROJECTIONS
OF THALAMIC NUCLEI RECEIVING
SOMATOSENSORY INPUT

The ascending projections of DLP/Uva and DIVA are quite
separate. In pigeons, DLP projects to the intermediate and
caudal parts of the nidopallium (NI/NC: Gamlin and Cohen,
1986; Funke, 1989a; Wild, 1987). The terminal field of more
rostral parts of DLP (DLPr) lies medially adjacent to the
visual entopallium, whereas the terminal field of more caudal
parts of DLP (DLPc) is more caudal, closer to the thalamo-
recipient auditory field L, and is predominantly somato-
sensory (Wild, 1987; Funke, 1989b). In finches, which are
songbirds, the equivalent region of the nidopallium to which
Uva projects is called nucleus interface (NIf), which is usu-
ally regarded as belonging to the song system (Nottebohm
et al., 1982). It is possible, however, that following a suf-
ficiently fine-grained electophysiological and anatomical
analysis, this region of the nidopallium may be subdivided
into visual, somatosensory, and auditory components (Wild,
unpublished observations); perhaps only the latter provide an
important input to HVC of the song control system in song-
birds (Nottebohm et al., 1982; Wild, 1994; Vates, 1996).

In both pigeons and finches, the ascending projections
of DIVA are specifically to the interstitial hyperstristum
accessorium (IHA) of the rostral, somatosensory Wulst

(Wild, 1987, 1997; Funke, 1989a). In finches, the input to
IHA is distinctly and regularly patchy, but a somatotopic
organization has not been examined. In pigeons, there is a
very weak somatotopic organization of this region (Funke,
1989b).

It has been suggested that the somatosensory area in
the rostral Wulst of birds may be equivalent to SI in mam-
mals, whereas the more caudal somatosensory area in
NI/NC is equivalent to SII (Wild, 1987). The two regions are
reciprocally connected (Wild and Williams, 1999). Unlike
the somatosensory inputs to SI in mammals, however, the
avian classical three-neuron sequence of somatosensory
projections from the body surface to the telencephalon—
via primary afferent projections to the DCN, contralateral
DCN projections to the dorsal thalamus, and DIVA projec-
tions to the rostral Wulst—mediates a decreasingly spe-
cific somatotopic organization as it ascends. In the spinal
dorsal horn, the somatotopy is both anatomically and
electrophysiologically clear cut (see above; Necker, 1990;
Woodbury, 1992); in the caudal parts of the DCN, it is rea-
sonably clear, but much less clear in more rostral parts of
the DCN (Wild, 1985). In DIVA, the somatotopy is unim-
pressive (Schneider and Necker, 1996), as it is in the rostral
Waulst (Funke, 1989b). Furthermore, the beak appears not
to be represented in DIVA, but the toes and foot joints are
(Schneider and Necker, 1996).
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FIGURE 5.5 Photograph of the brain of a barn owl viewed from in
front. VW, visual Wulst; SSW, somatosensory Wulst (claw area); OB,
olfactory bulb. From Wild et al. (2008).

In the barn owl, rostral to the rostral Wulst, there is an
apparently unique bulge at the frontal pole of the brain
that contains a detailed somatotopic representation of the
contralateral claw (Manger et al., 2002; Wild et al., 2008)
(Figure 5.5). Curiously, a representation of more proximal
parts of the lower limb, or of any other body part, was not
found in or near this bulge, but the foot and other parts of
the body are also represented in what is now called Bas
(Reiner et al., 1996, and see below). Apparently, sensory
input from the claw is all important for the predatory barn
owl. It would be most interesting to determine the repre-
sentation of the claw in other predatory avian species that
strike and capture their prey in a similar way to barn owls,
such as eagles.

5.5 SOMATOSENSORY PRIMARY
AFFERENT PROJECTIONS FROM THE
BEAK AND TONGUE TO THE TRIGEMINAL
COLUMN

5.5.1 Principal Sensory Trigeminal Nucleus

The bird’s beak or bill varies hugely in shape and size
between different species (e.g., compare the beaks of
pelican, spoonbill, tucan, kiwi, flamingo, duck, cockatoo,
wren)—a variation that is generally correlated with the dif-
ferent feeding habits and preferred foods, on the one hand,
and with the size and morphological complexity of the prin-
cipal sensory trigeminal nucleus (PrV; to which trigeminal
beak afferents project)—on the other (Stingelin, 1961). As
an instance of microevolutionary processes at work, the size
and shape of the beaks of Galapagos finches may even vary
according to the annual availability of preferred types of
food (Weiner, 1995).

In many species, there are specializations of the beak
for various feeding strategies or for probing the substrate.
For instance, ducks have an elaborate bill tip organ packed
with mechanorecptors (Berkhoudt, 1980), which enable the
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FIGURE 5.6 Illustration of the pigeon body and human hand to
illustrate the functional nature of the bird’s beak as a combined
thumb-and-forefinger grasper and mouth.

discrimination of food items through dabbling and sifting.
Many shorebirds, such as sandpipers (Scolopacidae), pos-
sess Herbst corpuscles densely packed into honeycomb-like
cavities in the bill, which enable the detection of food items
even remote from the bill (Gerritsen and Meiboom, 1986).
This is similar in kiwi, for probing the substrate during their
nightime foraging (Cunningham et al., 2007; Martin et al.,
2007). In many other species, such as parrots and finches,
however, the mechanoreceptors are not in the bone but lie
more superficially, nearer the bill surface for the detec-
tion, manipulation, and guidance of food items within the
mouth (Demery et al., 2011; Krulis, 1978). During feeding,
these processes are aided by tongue movements, but dif-
ferently in different species. Again in parrots and finches,
the tongue is loaded with mechanoreceptors (Herbst and
Grandry corpuscles) that enhance the efficiency of the
cracking and husking of seeds in conjunction with the beak
(Krulis, 1978; Wild, 1990; Demery et al., 2011). In con-
trast, in pigeons the beak functions as a simple grasper, like
the forefinger and thumb of humans (Figure 5.6). Once the
food object is grasped, the tongue aids the transport of food
objects, such as peas or grain, from the beak tip to the back
of the mouth, and these items are then swallowed whole
(Zweers, 1982).

PrV receives topographic projections from the beak
by way of ophthalmic (upper beak), maxillary (palate,
lower eyelid), and mandibular (lower beak) branches
(Dubbeldam, 1980; Dubbeldam and Karten, 1978; Wild
and Zeigler, 1996). Depending on the species, it may also
receive projections from the tongue, but not by way of
the trigeminal nerve in birds. In pigeons, there does not
appear to be a representation of the tongue in PrV (Wild,
unpublished observations), whereas in finches, parrots
and ducks, there is a substantial lingual representation
in Prv.

In ducks, lingual afferents are carried by the glosso-
pharyngeal nerve and terminate in a dorsomedial portion
of PrV (Dubbeldam et al., 1979; Dubbeldam, 1980). In
finches and parrots, they are carried by the hypoglossal
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nerve and terminate in a dorsolateral portion of PrV (Wild,
1981, 1990) (Figure 5.7). These afferents are unlikely to
be trigeminal afferents that hitchhike via glossopharyn-
geal nerves (CNs) IX or XII, because their cell bodies are
not located in the trigeminal ganglion, but in a combined
“jugular” ganglion (Dubbeldam et al., 1979; Wild, 1981).
The innervation of the orderly arrays of sensory receptors
(Herbst and Grandry corpuscles: Berkhoudt, 1980; Gott-
schaldt, 1985) in the tongue can be visualized by injecting
the hypoglossal nerve with cholera toxin B-chain (CTB), or
staining tongue sections with a trichrome stain (Figure 5.7).
These receptors have also been visualized with electron
microscopy (Toyoshima and Shimamura, 1991), although
the source of their innervation was apparently not known to
these authors.

5.5.2 Nucleus of the Descending Trigeminal
Tract (nTTD)

Because PrV is the principal origin of projections to the tel-
encephalon, it has overshadowed interest in the descending
component of the trigeminal column. In fact, there is still
only one systematic anatomical analysis of the combined
afferent and efferent projections of the spinal trigeminal
nucleus in birds, namely that in the mallard duck (Arends
and Dubbeldam, 1984; Arends et al., 1984), and few elec-
trophysiological analyses (Silver and Witkovsky, 1973).
With Karten, Dubbeldam went on to study the descend-
ing trigeminal projections in the pigeon (Dubbeldam and
Karten, 1978), using lesions of the trigeminal ganglion to
induce axonal degeneration in the tract and nuclei, as had
been done previously in ducks. A more recent study of these
projections in pigeons was carried out using injections of
HRP-conjugated CTB into the three nerve branches or their
innervated territories (Wild and Zeigler, 1996), and also
CTB in chickens (Wild and Kriitzfeldt, 2012). The vari-
ous studies show a fairly consistent pattern of descending
projections throughout the three subdivisions of the spinal
nucleus, there being a roughly inverted representation of
mandibular, maxillary, and ophthalmic afferents through-
out pars interpolaris and parts of caudalis, but a clear-cut
mediolateral representation at upper cervical spinal levels.
Corneal afferents terminate specifically in a ventral por-
tion of the ophthalmic representation in pars caudalis and
in the laterally adjacent external cuneate nucleus (Wild,
1999). Dubbeldam and Karten (1978) also described a lat-
eral descending tract in the pigeon, which is also present in
certain snakes possessing infra-red detection and hence in
birds might carry thermosensitive afferents (see Wild and
Zeigler, 1996).

As in mammals, mechanosensitive afferents that termi-
nate in nTTD in birds arrive over other nerves in addition
to the trigeminal. In the mallard tongue, afferents traveling
in the glossopharyngeal nerve terminate dorsomedially in
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FIGURE 5.7 Photomicrographs of horseradish peroxidase-conjugated
cholera toxin B-chain labeled hypoglossal nerve branches innervating the
papillae of the tongues of a zebra finch (A), a greenfinch (B), and a gold
finch (C), anterior to the left. The terminal “blobs” visible at this magnifi-
cation (bars=200 pm) are terminal cell receptors at the sides and apices of
the bowls of flask-shaped papillae. Note how the papillae of the zebra finch
tongue are perpendicular to the surface, whereas those of the other two spe-
cies lie in the horizontal plane and are hence at approximately 45° to the
surface. From Wild (1990).

nTTD (Dubbeldam et al., 1979). In finch tongue, afferents
that travel in the lingual branch of the hypoglossal nerve
terminate dorsolaterally in pars interpolaris and pars cau-
dalis of nTTD, but most medially at upper cervical spinal
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cord levels. Interestingly, this suggests that although the
tongue makes contact with both upper and lower beaks dur-
ing feeding, in the brainstem lingual afferents are aligned
with mandibular afferents (which innervate the lower beak)
rather than with ophthalmic ones (which innervate the
upper beak).

5.6 NUCLEUS BASOROSTRALIS

Anatomical knowledge of trigeminal components of the
avian somatosensory system has existed for much lon-
ger than knowledge of its spinal components, Wallenberg
(1903) described a direct projection from PrV to a nucleus
in the rostrobasal part of the avian forebrain via the quinto-
frontal tract in 1903. Although considerable anatomical and
physiological attention has been directed to Bas in several
species in the last 40 years, the nucleus remains enigmatic
from both an anatomical and to some extent from a func-
tional point of view. The absence of a thalamic relay in the
PrV projection remains puzzling, at least in comparison to
the organization of the somatosensory system in mammals
(Cohen and Karten, 1974). Although Bas has been known
for decades to play a major function in the sensory control
of feeding in pigeons and ducks, it is now known to be more
than a forebrain nucleus dedicated solely to the somatosen-
sory representation of the beak (Witkovsky et al., 1973).
Dubbeldam and colleagues in the 1980s used the mal-
lard to investigate the functional morphology of Bas in
relation to the duck’s feeding apparatus and its various
mechanoreceptors involved in the different sensory phases
of feeding (Berkhoudt, 1980). The projections of PrV sub-
nuclei were traced to Bas (Dubbeldam et al., 1981) and
the nucleus was mapped electrophysiologically to reveal a
distinct functional topography based on the representations
of the glossopharyngeal and trigeminal nerve branches
innervating the tongue and beak, respectively (Berkhoudt
et al., 1981). Projections of PrV to Bas were also traced in
pigeons (Wild et al., 1985) and in zebra finches (Wild and
Farabaugh, 1996), but Bas is much smaller in these species
than in ducks and does not lend itself so readily to detailed
electrophysiological mapping. In budgerigars, as in ducks,
however, Bas lies atop the pallial-subpallial border rather
that lateral to it, so a complete mapping of the representa-
tions of beak and tongue has been performed (Wild et al.,
1997) (Figure 5.8). As in ducks, a large lingual representa-
tion is present rostrally in Bas, but this is hypoglossal terri-
tory rather than glossopharyngeal. Behind is an even larger
representation of the beak, followed by a smaller one of the
head. On the lateral aspect of the head, representation is an
indentation that includes a representation of the cochlea and
possibly of the semicircular canals; these representations
seemingly mirror the position on the lateral aspect of the
skull of the cochlear and vestibular apparatus at the medial
end of an external auditory meatus. Progressively more
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FIGURE 5.8 A two-dimensional map of Bas on the right side of the
budgerigar brain. The map is based primarily on systematic recordings of
evoked multiple-unit activity in Bas. The area rostral to the auditory area
possibly receives inputs from a vestibular nucleus. From Wild et al. (1997).

caudal to the representation of the head are representations
of the wings, body, and legs and feet. These body inputs are
relayed predominantly by the contralateral nucleus sP, lying
ventral to PrV, which supplies the beak and tongue inputs.
Thus, in the budgerigar, there is a complete representation
of the body in Bas, much as there is at pontine levels (see
above).

The auditory representation in Bas of all species thus far
examined reflects its input from the intermediate nucleus of
the lateral lemniscus (LLI, which lies close to PrV), a pro-
jection first defined in pigeons (Arends and Zeigler, 1986)
and later in zebra finches (Wild and Farabaugh, 1996). In
these last two species, however, complete body representa-
tions have not been found in Bas, although in finches, as in
parrots, there is a large lingual (hypoglossal) representation
rostrally in the nucleus.

The largest Bas thus far encountered is that of the barn
owl, in which there also appears to be a complete body rep-
resentation, including a tonotopically organized auditory
component (Wild et al., 2001). Injections of tracers in Bas
retrogradely label neurons in the massive PE nucleus that
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forms a bulge on the lateral aspect of the pons and lies ven-
trolateral to the equally large anterior and posterior divisions
of the dorsal nucleus of the lateral lemniscus (LLda and
LLDp). In turn, injections in PE retrogradely label neurons
in the DCN, thereby completing a three-neuron sequence of
somatosensory projections from the body periphery, but one
that is quite different from the classic sequence projecting
via the thalamus. Medially adjacent to PE is a smaller LLI
that presumably provides most of the auditory input to Bas,
although Bas seems also to receive a small auditory projec-
tion from LLDa.

5.7 THE MEETING OF THE SPINAL AND
TRIGEMINAL SYSTEMS

In his chapter on the spinal cord, Necker (2000b) briefly
mentioned a difference between pigeons and chickens in
the laminar organization of the dorsal horn—a difference
that warranted further examination (Wild et al., 2010). In
pigeons, the dorsal horn laminae are arranged in mammalian
fashion, with lamina II lying dorsal to lamina III; however,
in chickens the latter lies medial, not ventral, to the for-
mer (cf. Brinkman and Martin, 1974; Leonard and Cohen,
1975b). In fact, as Woodbury (1998) showed, the majority
of bird species resemble chickens, rather than pigeons, in
the bifid, side by side arrangement of laminae II and III.
Nevertheless, the functional organization of these laminae
in chickens and their kin is not dissimilar to that in pigeons
and their kin, in that smaller diameter and unmyelinated pri-
mary afferents terminate in lamina I and II, whereas larger
diameter, myelinated primary afferents terminate in lamina
III (Woodbury and Scott, 1991; Wild, 1985).

Many years ago, Woodbury asked a related, interest-
ing question about the organization of the trigeminal dor-
sal horn: Since this was generally considered to be a direct
continuation of the spinal dorsal horn, and to have a similar
organization, did this organization reflect the organization
present at spinal levels in species in which II and III were
side by side rather than arranged in mammalian-type lami-
nar fashion? In other words, was the trigeminal dorsal horn
also split in chickens, etc., with a side by side arrangement
of superficial and deeper laminae? This question has been
recently answered, and the findings compared with those in
pigeons (Wild and Zeigler, 1996; Wild et al., 2010). It was
found that the trigeminal dorsal horn in chickens was orga-
nized in a laminar fashion, as it is in pigeons, and remained
laminar down to about the level of C3. Thereafter, however,
lamina III gradually, over a couple of segments, shifted
medially, until from C5 caudally laminae II and III came to
lie side by side. It was also shown that, although the three
branches of the trigeminal nerve in the chicken terminated
throughout the dorsal horn in a similar fashion to that in
pigeons—with ophthalmic afferents laterally, mandibular
afferents medially and maxillary afferents in between—they
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did not extend further caudally than about C3, in contrast to
C6 or C7 in pigeons. Thus, it appears that trigeminal pri-
mary afferents in the chicken do not terminate at cervical
spinal levels, having a side by side arrangement of dorsal
horn laminae. These findings suggest a discontinuity of
spinal and trigeminal dorsal horn organization, the reason
for which remains obscure. What is clear, however, is that
Woodbury’s (1998) hypothesis of a side by side arrange-
ment of laminae II and II defining a novel clade of birds
is not supported, for when an appropriate phylogenetic
analysis is performed, a reversion to the mammalian type of
arrangement of dorsal horn lamina is seen to have occurred
several times in avian evolution (Wild et al., 2010).

5.8 THE SOMATOSENSORIMOTOR SYSTEM
IN BIRDS

In mammals, somatosensory inputs to the cortex initiate
somatomotor responses that reach brainstem and spinal
targets via corticobulbar and corticospinal components of
the pyramidal tract. Such a tract in birds originating in the
rostral part of the Wulst was proposed by Zecha (1962) and
shown with contemporary tracing techniques in pigeons
and zebra finches by Wild and Williams (2000). The pyra-
midal tract equivalent originates in the hyperpallium apicale
(HA) of the rostral Wulst, implying rather direct connec-
tions between somatosensory inputs to [HA and somatomo-
tor outputs from HA. The tract and its terminations are far
from meager. As in mammals, the red nucleus is a prime tar-
get, which then projects to all levels of the spinal cord (Wild
etal., 1979). Further caudally, the tract terminates profusely
throughout wide regions of the brainstem reticular forma-
tion and secondary sensory nuclei, such as the external
cuneate nucleus, but does not proceed further caudally than
the upper cervical levels.

An interesting but little-known somatosensorimotor
link in the brainstem reflects control of the lower eyelid,
which relaxes during sleep to cover the eye, in contrast to
the descent of the upper lid in mammals. During waking
hours, the lower eyelid appears to be under tonic control to
keep the eye open, until a corneal stimulus initiates a defen-
sive reaction. These actions are mediated via corneal affer-
ent input to the ophthalmic part of nTTD and projections of
nTTD to the dorsal motor nucleus of the trigeminal motor
complex that innervates the two muscles of the lower eyelid
(Wild, 1999).

In contrast to motor output from rostral HA via the pyra-
midal tract, outputs of Bas exit the telencephalon from the
arcopallium at the caudal pole of the brain. They reach the
arcopallium indirectly via an overlying part of the frontal
nidopallium and the caudolateral part of the nidopallium
(NCL) (Wild et al., 1985; Dubbeldam and Visser, 1987). In
finches, beak and auditory components of Bas were shown
to follow this route independently (Wild and Farabaugh,
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1996). The descending projections of different major parts
of the arcopallium were originally described by Zeier and
Karten (1971) in pigeons and shown to include second-
ary sensory nuclei in the brainstem. This was specifically
confirmed using contemporary tracing techniques in zebra
finches, in which Bas-recipient components of the lateral
arcopallium were shown to target the spinal trigeminal
nucleus (Wild and Farabaugh, 1996) and the ventrome-
dial part of the parvocellular reticular formation (RPcvm),
which is a major nexus of premotor projections to the
jaw and other upper vocal tract motor nuclei (Wild and
Kriitzfeldt, 2012).

5.9 SOMATOSENSORY PROJECTIONS TO
THE CEREBELLUM

In the pigeon cerebellum, there are two somatosensory
areas—one rostrally (lobules I-VI) and another caudally
(lobule IX) (Necker, 2000a; see also Whitlock, 1952).
Somatosensory projections to these regions are relayed
from the spinal cord (Necker, 1992, 2000a; Okada et al.,
1987). Spinal inputs to the anterior cerebellum arise pre-
dominantly from neurons in Clarke’s column and hence are
proprioceptive. Spinal inputs to the posterior cerebellum
arise primarily from cervical lamina IV neurons, which
are mechanosensitive (Necker, 1992). Another source of
putative mechanosensitive spinocerebellar fibers is the
paragriseal cells, which in the lumbosacral spinal cord
are contacted by the axons of neurons in the contralateral
accessory lobes of Lachi (marginal nuclei) (Necker, 1997).
These lobes comprise a sensory component of a lumbo-
sacral specialization involved in a sense of equilibrium
(Necker, 1999; Necker et al., 2000; Rosenberg and Necker,
2000).

5.10 MAGNETORECEPTION AND THE
TRIGEMINAL SYSTEM

The link between magnetoreception and the trigeminal
system is highly controversial, which is fully discussed
by Mouritsen in the present volume (Chapter 8). My own
involvement in this area of research has been fascinating
but has also produced some apparently inconsistent results.
Initially, I was able to contribute to a careful laboratory
conditioning study of magnetic intensity discrimina-
tion in homing pigeons by sectioning either the ophthal-
mic branch of the trigeminal nerve (which innervates the
upper beak where the magnetoreceptor was suspected to
lie) or the olfactory nerve (as a control)—first in different
birds and then in the same birds (Mora et al., 2004). The
results showed that a learned discrimination between the
presence versus the absence of a magnetic anomaly was
reduced to chance by sectioning the ophthalmic nerve but
not by sectioning the olfactory nerve. At about the same
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time, our group showed what appeared to be approxima-
tions between cholera toxin B chain-labeled ophthalmic
afferents and iron-containing structures in the base of the
upper beak—structures that we thought might be some sort
of mechanoreceptor that could perhaps signal a magnetic
stimulus (Williams and Wild, 2001). Together, these stud-
ies seemed to support the work of Beason and Semm (1987)
and Semm and Beason (1990), who reported electrophysi-
ological responses of trigeminal nerve cells to magnetic
stimulation in the transequatorial migratory bobolink.

Then, together with Anna Gagliardo and colleagues
in Pisa, Italy, we performed the same surgery (ophthal-
mic or olfactory nerve sections) in two groups of homing
pigeons prior to releasing them from unfamiliar territory
approximately ~50km from their home loft. The results
were exactly the opposite of those gathered in the labora-
tory (Gagliardo et al., 2006). That is, trigeminal deaffer-
entation had no effect whatsoever on measures of either
orientation or homing performance, whereas olfactory
nerve deafferentation produced severe effects in both, with
the majority of birds never to be seen again. Variations on
this theme were performed in subsequent experiments, all
with the same effect (Gagliardo et al., 2008, 2009). The
role of olfaction in pigeon homing, although fascinating
(Gagliardo, 2013), is not relevant here. What is relevant is
that, despite the results of these behavioral, real-life hom-
ing experiments, other anatomists have produced evidence
either in favor of beak (trigeminal) mediated magnetore-
ception (Fleissner et al., 2003) or completely against it
(Treiber et al., 2012).

Then, working with Mouritsen, we showed that the tri-
geminal ophthalmic nerve was not involved in the detection
of magnetic compass information in a European migrant,
the European robin (Zapka et al., 2009), but it did appear
to be involved in mediating the detection of magnetic field
changes, as indicated by stimulus-dependent zenk pro-
tein activation in PrV and in parts of the spinal trigeminal
nucleus (Heyers et al., 2010).

What the outcome of these results will be is not clear,
especially in the absence of unequivocal evidence of a mag-
netoreceptor in the beak of either pigeons (Treiber et al.,
2012) or in any species thought to use the Earth’s mag-
netic field to guide migration. Furthermore, electrophysi-
ological recordings of responses to magnetic stimuli in the
trigeminal brainstem complex have not thus far been repli-
cated, although recordings in other brainstem regions have.
Technical difficulties in ruling out artifactual responses to
electrical and metal components of the recording appara-
tus should also be appreciated in studies of magnetorecep-
tion. Perhaps there are magnetoreceptors in other peripheral
locations, such as the lagenar or vestibular apparatus (Wu
and Dickman, 2012), but it should be noted that removal
of the lagenar was shown to have no effect on homing in
pigeons (Walraff, 1972). These and other issues, and the
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evidence in favor of light-dependent magnetoreception, are
discussed by Mouritsen (2013).

5.11 SUMMARY AND CONCLUSIONS

It is hoped that this chapter will lead to the realization and
appreciation of considerable diversity in the organization
of the somatosensory system in birds. Even within the few
species so far examined, there seem to be major deviations
from the commonly accepted mammalian-type sequence
of somatosensory projections throughout the brain. Of
course, within mammals also, there are huge differences
in the species-specific representation of the integument
and of parts of the head—representations that, as in birds,
reflect the functional importance of the body part in the
everyday behavior of the animal. However, these distorted
representations in mammals are the end stations of a com-
mon three-neuron sequence of somatosensory projections
from the periphery to the cortex, via the DCN and the thal-
amus. In contrast, in some species of birds, even the DCN
are not an obligatory relay in the sequence of ascending
projections from the periphery. Furthermore, in parrots,
at least, there appears to be a complete representation of
the body and head at pontine levels—a phenomenon not
encountered in mammals, or probably in many other spe-
cies of birds.

Another striking and equally puzzling feature of the
somatosensory projections in birds is the complete or par-
tial separation of the representations of the beak and body
in Bas or the rostral Wulst, respectively. The great major-
ity of beak inputs are relayed via PrV to Bas. In barn owls
and budgerigars, the representation of the beak in Bas is
but one part, albeit a major part, of a complete representa-
tion of the whole body. In ducks, pigeons, and finches, a
representation of the rest of the body is apparently absent
in Bas (or has not yet been found), except for that of the
cochlea.

In pigeons, the somatosensory, rostral part of the Wulst
comprises a weakly somatotopic representation of the body
minus the beak, with a second nonsomatotopic body repre-
sentation further caudally in the nidopallium (Wild, 1987;
Funke, 1989a). Whether there is a somatosensory represen-
tation of the body in the rostral Wulst of ducks and parrots
remains to be determined. In barn owls, the claw—and only
the claw—is represented in what may be a specialization of
the rostral Wulst. In the dunlin (Pettigrew and Frost, 1985),
the finding of a tactile fovea in the rostral part of the telen-
cephalon, representing the specialized probing beak tips, is
intriguing, but whether the recording electrodes were in Bas
or a body representation in another part of the telencephalon
is not clear.

In the final analysis, we should remind ourselves—
obvious though it may be—that one of the main functions
of the body somatosensory system, at least for most
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birds, is to enable flight. Once thought to be a meager
system (Ariéns Kappers et al., 1936), the complexity of
its organization can now be appreciated with the help
of the tools of modern neuroanatomy and electrophysi-
ology. With the help of cameras fixed to flying birds
(jdp.co.uk/programmes/earthflight), we can marvel at the
feedback from feather follicles this system must provide
to guide the birds through their aerial worlds (Bilo and
Bilo, 1983; Necker, 1985c¢).
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ABBREVIATIONS

Aivm Ventromedial portion of the intermediate archopallium
CM Caudal nidopallium

ICc Central nucleus of the inferior colliculus

ICx External nucleus of the inferior colliculus

ILD Interaural level difference

ITD Interaural time difference

LLDp Posterior part of the ventral nucleus of the lateral lemniscus
MLd Nucleus mesencephalicus lateralis pars dorsalis

NA Nucleus angularis

NCM Caudal medial nidopallium

Nd Dorsal nidopallium

NL Nucleus laminaris

NM Nucleus magnocellularis

6.1 INTRODUCTION: WHAT DO BIRDS
HEAR?

Birds are very vocal. They communicate by a multitude
of vocalizations, ranging from simple calls and cries to
extremely varied songs, which are often also beautiful to
our ears. Unlike simple calls and like human speech, bird-
song must be learned and can serve to recognize other birds
individually. Even beyond communication, the sense of
hearing has special meaning to many birds. Owls that hunt
hidden prey or at night rely on their keen sense of hear-
ing. Some birds use echolocation to find their way in dark
caves. However, some myths about the hearing of birds
also abound. Perhaps the most notorious is the assertion
that they can hear ultrasound—that is, frequencies too high
for humans to hear. Bird scare devices based on broadcast-
ing ultrasound might scare a lot of mammals, but they are
inaudible to birds. Although some birds’ songs may con-
tain ultrasonic components (Pytte et al., 2004), they do not
hear those themselves. Avian hearing typically remains
restricted to below 10kHz (Figure 6.1), somewhat lower
than human hearing. As a rule of thumb, small birds hear
better at high frequencies than larger birds and vice versa

Sturkie’s Avian Physiology.
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(Dooling et al., 2000; Gleich and Langemann, 2011). Some
birds, most notably owls, are exquisitely sensitive and able
to hear fainter sounds than we can (Figure 6.1).

In many standard behavioral auditory tests, such as fre-
quency or intensity discrimination, birds do just as well
as a typical mammal, including humans (Dooling et al.,
2000). On some measures of temporal resolution, espe-
cially tasks that require the perception of fast-fluctuating
fine structures, birds often outperform mammals (Dooling
et al., 2000). Localizing sounds is more of a problem for
birds because of their generally small head size which,
in combination with their restricted upper hearing range,
offers only small interaural cues (Klump, 2000; Koppl,
2009). As a rule, birds can localize sounds in azimuth
as well as any mammal of comparable size. However,
they cannot localize in elevation. The only exceptions to
this are several owl species, which show extraordinary
localization performance and prominent specializations
associated with that (Klump, 2000). In more naturalistic
auditory tasks, birds have been shown to group complex
sounds into perceptual categories and patterns, much like
humans do with speech syllables, for example (Dooling
et al., 2000). Birds also form “auditory objects”—that
is, they group concurrent sounds in a complex scene into
perceptual objects, such as different individual birds sing-
ing or tonal patterns forming galloping rhythms (Dooling
et al., 2000).

Obviously, the auditory world of birds is rich, and
hearing plays an important part in their lives. This chap-
ter summarizes the sensory aspects of hearing in birds.
How do birds’ ears work and how is sound processed in
the brain? It should be pointed out that, although not the
focus of this chapter, much of what is discussed below also
applies to crocodilians, which, together with birds (and a
lot of extinct forms), are classified as archosaurs (Carroll,
1988). Like birds, crocodilians are quite vocal and their
auditory system is very similar (Vergne et al., 2009; Young
etal., 2014).
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FIGURE 6.1 Median behavioral audiograms for three groups of

birds. Note that owls hear sounds below 0dB sound pressure level, which
is below the best human thresholds. Modified from Dooling et al. (2000),
with permission from Springer Science + Business Media B.V.

6.2 OUTER AND MIDDLE EAR

6.2.1 No Specialized Outer Ear Structures,
Except in Owls

Birds, like all nonmammals, do not have external ears or
pinnae. This is easily explained by their generally small
body (and consequently head) size in combination with a
range of hearing limited to frequencies below about 10 kHz.
The mammalian pinna is a sound reflection and filtering
device that provides cues about the direction of a sound
source relative to the head (Pickles, 2008). For this to be
effective, sound wavelength, as a rule of thumb, must be
smaller than head diameter—a condition that is gener-
ally not met in birds within their limits of hearing. Some
very specialized owls, however, exploit similar principles
by bearing asymmetrical outer ears consisting of a facial
ruff, skin flaps, and/or even asymmetrical bony ear canals
(Norberg, 2002). Effectively, one of the outer ears is point-
ing slightly upwards and the other downwards, which dif-
ferentially reflects frequencies above 4kHz or so (Keller
et al., 1998). If the inputs from both ears are compared, this
conveys a sensitivity for sound source elevation (see Sec-
tion 6.4.2). Remarkably, such asymmetrical outer ears arose
several times independently, in different owl genera, as an
adaptation to hunting by auditory cues (Norberg, 2002).

6.2.2 The Single-Ossicle Middle Ear

Middle ears arose independently in a number of land verte-
brate lineages during the Triassic period (Clack and Allin,
2004). In all nonmammalian lineages, the middle ear consists
of a simple, piston-like device. It is for the most part homol-
ogous with the mammalian stapes (Manley and Sienknecht,

PART | Il Sensory Biology and Nervous System Theme

Tympanum

Columella Round

window

Oval
window

Cochlear
duct

Basilar
papilla

Lagenar macula

FIGURE 6.2 Schematic drawing of the cochlear duct of a typical
bird, and its connection to the eardrum (tympanum) via the columella
and extracolumella (yellow) of the middle ear. The dorsal, vestibular
part of the inner ear is not shown. Two sensory hair-cell organs are located
in the cochlear duct: the auditory basilar papilla (blue) and the vestibular
lagenar macula (green).

2013). The middle ear of birds consists of an elongated,
mostly bony columella that bears a footplate on its medial
end that abuts the bony inner-ear capsule. At its peripheral
end, the columella grades into the mainly cartilaginous
extracolumella that, with one of its several projections,
makes close contact to the eardrum (Figure 6.2). The most
important part of the extracolumella is the inferior process,
which connects the edge of the eardrum to somewhere close
to its center. About halfway along its length, the extracolu-
mella is connected almost at a right angle to the columella;
the flexible cartilage connection permits the columella to
move in a piston-like fashion. Eardrum motion causes the
inferior process to tilt on its fulcrum (at the edge of the ear-
drum), which exerts a force on the columella (Figure 6.3).
The force at the columellar footplate greatly exceeds that of
the sound arriving at the eardrum because (1) the columella
inserts at (roughly) half the length of the extracolumella and
(2) the surface area of the eardrum is much larger than that
of the footplate (Saunders et al., 2000). By these means, the
middle ear acts as an impedance-matching device allowing
sound from the low-impedance medium air to very effec-
tively change the pressure in the high-impedance fluids of
the inner ear (Figure 6.3). Without it, the inner ear would be
about 40dB less sensitive (Gummer et al., 1989).

An enigma remains the paratympanic organ, which
is a receptor patch almost exclusively found in birds and
crocodiles, situated on the wall of the tympanic cavity
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FIGURE 6.3 A schematic diagram of the middle ear of birds and its
function. The extracolumella is attached flexibly to the columella, such
that movement of the eardrum inwards results in a piston-like movement
of the columellar footplate. The illustration at the lower right shows that
these structures together build a lever of second order. The arrow length
is proportional to the displacement amplitude, whereas the arrow width
is proportional to the force behind the movement. Thus, at point B, the
displacement is smaller than at A, but the force proportionately larger. C is
the fulcrum, the axis of rotation of the lever.

(von Bartheld and Gianessi, 2011). It is made up of hair
cells that are innervated by the facial nerve. However, its
function is unknown. It has been speculated to act as a
barometric device.

6.2.3 Coupled Middle Ears?

The middle ears of birds are not enclosed in bullae as they
are in mammals, but are acoustically connected through skull
spaces collectively termed the interaural canal. Part of the inte-
raural canal is formed by wide Eustachian tubes that open into
the buccal cavity (Christensen-Dalsgaard, 2011). However,
there are very likely multiple routes through the highly tra-
beculated avian skull that have been difficult to visualize. The
functional implication of interaural connections is that the ears
function as pressure difference receivers, with sound reach-
ing each eardrum from both sides. Depending on the physical
dimensions of the head, the wavelength, and the attenuation
across the interaural canal, significant interactions between
the sounds reaching the eardrum from both sides may result in
increased directional cues. Although agreed in principle, the
precise extent of those effects in different species of birds is
still controversial and measurements by different laboratories
vary (reviews in Christensen-Dalsgaard, 2011; Klump, 2000).
Small birds probably experience more of such acoustic cross-
talk, whereas larger birds experience less and are limited to
lower frequencies. Indeed, in the barn owl, interaural canal
transmission appears to play no role in the high-frequency
range that the owl uses for prey localization (Calford and
Piddington, 1988; Moiseff and Konishi, 1981b).
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6.3 BASILAR PAPILLA (COCHLEA)
6.3.1 General Morphology and Physiology

The inner ear or labyrinth houses both the vestibular organs
and the auditory organ, the basilar papilla. The hearing part
is commonly referred to as cochlea or cochlear duct, which
is correct in the sense that it is homologous to the mam-
malian cochlea (Manley and Clack, 2004). However, the
avian version is not coiled and the term cochlea (“snail”) is
thus not entirely appropriate. The cochlear duct houses the
auditory basilar papilla and the vestibular lagenar macula,
which forms the apical tip of the labyrinth (Figure 6.2). This
is another salient difference to mammals, which have lost
the lagenar macula. In spite of earlier evidence to the con-
trary, the avian lagenar macula does not respond to sound
(Manley et al., 1991) and does not send afferent fibers to the
cochlear nuclei (Kaiser and Manley, 1996).

The avian basilar papilla is typically only slightly curved
and a few millimeters long; it tapers from being wide near
the apical end to narrow at the basal end (Figures 6.2 and
6.4(A)) (Gleich and Manley, 2000). It is composed of several
thousand sensory hair cells, plus supporting cells surround-
ing each hair cell in a roughly hexagonal pattern (Figure
6.4(C) and (D)). The epithelium sits on a basilar membrane
that is largely suspended over the fluid of scala tympani. At
both edges, the structure is anchored to the cartilaginous lim-
bus and at the inner (or neural) edge; a varying proportion of
hair cells actually sits atop this solid tissue, not on the basilar
membrane (Figure 6.5). There are two types of hair cells, tall
and short (see Section 6.3.2). All hair cells are covered by
the tectorial membrane, an acellular, proteinaceous structure
(Goodyear and Richardson, 2002). Sound sets the basilar
papilla in motion, which ultimately deflects the mechano-
sensitive bundles of its hair cells through a shear motion
between them and the tectorial membrane. However, the pre-
cise modes of mechanical excitation in the avian papilla are
still unclear. The basilar papilla is tonotopically organized,
such that hair cells at apical locations are maximally sensi-
tive to low frequencies, typically down to about 100Hz, and
those at basal locations are maximally sensitive to high fre-
quencies, typically 5-8 kHz (Gleich et al., 2004). A traveling
wave has been observed at the level of the basilar membrane
(Gummer et al., 1987). However, unlike in the mammalian
cochlea, its frequency resolution does not approximate the
known selectivity at the neural level. Furthermore, the hair
cells conveying the most sensitive responses appear to sit
on or at the edge of the solid limbus (Gleich, 1989; Smol-
ders et al., 1995), suggesting that basilar-membrane motion
would not be their direct input. Hair cells in the avian basilar
papilla show a very unique and complex pattern of bundle
orientation (Gleich and Manley, 2000) (Figure 6.4(B)),
which has prompted speculation about excitation waves
moving obliquely across the tectorial membrane (Tilney
et al., 1987); however, this remains experimentally untested.
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FIGURE 6.4 Surface morphology of the basilar papilla. (A) Low-magnification scanning electron micrograph of the exposed papilla of a chicken,
after removal of the overlying tegmentum vasculosum and tectorial membrane. (B) View onto a segment of basilar papilla. Individual hair bundles are
identifiable as white structures whose orientation changes across the epithelium. (C) and (D) High-magnification view onto a small group of hair cells.
Note the hexagonal fringe of supporting cells surrounding each hair cell and the mechanosensitive hair bundles composed of tightly packed stereovilli.
Note also that hair cells from apical regions (C) have smaller but taller bundles than those from basal regions (D). Reproduced from Cotanche et al. (1994),

with permission from Springer Science + Business Media.

Transduction by the hair cells can be assumed to work
according to the “gating-spring” principle established in
other hair-cell systems (Fettiplace and Ricci, 2006). Deflec-
tion of the mechanosensitive hair bundle directly modulates
the open probability of transduction channels associated
with the tip links in the bundle. Opening of the transduc-
tion channels leads to the depolarizing influx of cations,
chiefly K* and Ca?*. The movement of K* into the cell is
due to the unusual ionic composition and electrical poten-
tial in the endolymphatic environment facing the apical
surfaces of the hair cells. As is typical for the inner ear of
all vertebrates, a high K*concentration and low Na* con-
centration, close to intracellular conditions, are maintained

in endolymph, together with a slight to moderate positive
potential, the endocochlear potential (Runhaar et al., 1991;
Schmidt, 1963; Wangemann, 2002). In the cochlear duct
of birds, this metabolically demanding task is carried out
by the tegmentum vasculosum, the tissue separating scala
vestibuli and scala media and thus directly overhanging
the basilar papilla (Figure 6.5). An endocochlear poten-
tial of about +15mV is maintained in avian endolymph
(Necker, 1970), much lower than in the mammalian cochlea
but higher than in the vestibular parts of the inner ear
(Wangemann, 1995).

Hair-bundle morphology varies characteristically along
the basilar papilla and thus along the tonotopic gradient.
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FIGURE 6.5 Overview of basilar-papilla morphology and innerva-
tion. The top panel shows a three-dimensional (3D) rendering of a typi-
cal cross-section through the apical, low-frequency part. The papilla is
wide, with many hair cells across, most of which are tall hair cells. Insets
are 3D drawings of two representative hair cells, with afferent (blue) and
efferent (red) nerve terminals attached The lower panel shows a light-
microscopical cross-section through the basal, high-frequency part, with
some hair cells schematically highlighted and also shown enlarged. The
lower scale bar applies to the histological image, the upper one to the draw-
ings. The schematic drawings also show the typical innervation pattern,
with afferent terminals drawn in blue and efferent terminals in red. Top
panel reproduced from Takasaka and Smith (1971), with permission from
Academic Press. Insets reproduced from Manley and Ladher (2008), with
permission from the artist, Johanna Kraus. Bottom panel reproduced from
Koppl (2011a), with permission of Elsevier BV.

Hair cells at apical locations have relatively tall bundles
composed of relatively few stereovilli, whereas hair cells at
basal locations have shorter bundles with many stereovilli
(Gleich and Manley, 2000) (Figure 6.4(C) and (D)). This
morphology is a major determinant of bundle stiffness and,
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as in all vertebrates, it is believed that this contributes to
tune a hair cell’s mechanical frequency response. In addi-
tion, avian hair cells are electrically tuned to respond prefer-
entially to different frequencies. This is achieved by varying
the number and/or kinetics of two principal ion channels in
the cell membrane: voltage-gated Ca?*-channels and Ca%*-
activated K*-channels (Art and Fettiplace, 2006; Tan et al.,
2013). However, electrical tuning is likely to be less effec-
tive or even absent at the highest frequencies (Wu et al.,
1995).

One of the most fascinating aspects of hair-cell function
is the ability for reverse transduction—that is, the ability to
generate mechanical forces and thus to actively amplify low-
level stimuli. Active movements of hair bundles have indeed
been observed in isolated hair cells in vitro. It is currently
believed that this ability is inherent to the hair cells’ trans-
duction mechanism, although the molecular components
remain unidentified (see review in Martin, 2008). In mam-
malian cochlear outer hair cells, an additional mechanism
evolved, conveying somatic motility through the voltage-
sensitive protein prestin in the cell membrane (see review
in Russell, 2014). This appears to dominate amplification
in the high-frequency range of several kilohertz and above
in mammals. Hair cells of the avian basilar papilla have
been suggested to represent an intermediate case in which
reverse transduction and somatic motility may literally join
forces (Beurg et al., 2013). However, this is still contro-
versial and much remains to be learned about the precise
mechanisms of active amplification in the bird inner ear.
Nevertheless, the presence of amplification is undisputed.
One of its indirect manifestations is the occurrence of
otoacoustic emissions, which are faint sounds emitted by
the inner ear that are believed to be an epiphenomenon of
the active processes. Otoacoustic emissions are only mea-
surable under shielded, very quiet laboratory conditions.
They may be present spontaneously or can be evoked by a
range of stimulation protocols, and they have been observed
in a wide range of vertebrates, including birds (Manley and
van Dijk, 2008; Taschenberger and Manley, 1997).

Hair cells are secondary sensory cells; they thus do not
form an axon. They are contacted by two basic types of
neurons, afferent and efferent to the central nervous sys-
tem (Figure 6.5). Afferent neurons have their cell bodies
located in a compact ganglion close to the basilar papilla.
Their peripheral fibers enter the basilar papilla at its inner
or neural edge and contact typically only one hair cell each.
The afferent synapses are of the specialized ribbon synapse
type, which occurs only in vertebrate hair cells and pho-
toreceptors and in retinal bipolar cells. They are believed
to enable high, sustained rates of transmitter release (see
review in Matthews and Fuchs, 2010). The central axons of
the afferents collectively form the auditory nerve and ter-
minate on the brainstem neurons comprising the cochlear
nucleus. A truly unique feature of the avian auditory papilla
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is that typically 20-25% of the hair cells receive no afferent
contacts (see also Section 6.3.2). In contrast, all hair cells
receive efferent input from neurons located in the ventral
brainstem (see review in Koppl, 2011b). The predominant
effect of evoked efferent activity on the hair cells is inhibi-
tory. However, very little is known about the behavioral
contexts in which efferents are active and, consequently,
about their broader role in hearing.

6.3.2 Hair-Cell Types: A Remarkable Example
of Evolutionary Convergence in Birds and
Mammals

When the ancestors of birds and mammals separated, their
common heritage included a dedicated auditory hair-cell
field, the basilar papilla. This ancestral basilar papilla is
likely to have been small, with a uniform hair-cell type,
and sensitive to low frequencies only (Manley and Koppl,
1998). Thus, although the basilar papilla itself is homolo-
gous between the groups, its specializations are not. The
auditory hair-cell types in particular represent remarkable
convergent evolutionary developments.

Cross-sections of avian basilar papillae, at first glance,
do not show any of the prominent and uniquely mammalian
features, such as the tunnel of Corti or the strict arrange-
ment of one row of inner and three rows of outer hair cells.
However, looking more closely at the fine structure of the
hair cells and especially their innervation, a very salient
analogy emerges. Like mammals, birds have two types
of hair cells, here called tall and short hair cells. Unlike
in mammals, those types are not sharply separated. The
extremes are clearly different and well defined, but the two
types grade into each other (Gleich and Manley, 2000). Tall
hair cells are found on the inner (neural) side of the epithe-
lium and gradually transition into short hair cells towards
the outer (abneural) edge (Figure 6.5). Furthermore, the
relative numbers of tall and short hair cells are not fixed in
the manner of inner and outer hair cells in mammals, but
change along the tonotopic gradient. Basal, high-frequency
regions show a predominance of short hair cells and vice
versa. Most strikingly, short hair cells receive large effer-
ent terminals but are devoid of afferent innervation (Fischer,
1994a) (Figure 6.5). This may be the only example of a
sensory cell entirely losing its primary function. It is even
more extreme than the innervation of mammalian outer hair
cells, which also receive large efferent terminals but retain a
sparse afferent innervation (Raphael and Altschuler, 2003).
Clearly, avian short hair cells are not the principal sensory
cells for hearing. The analogy to the mammalian cochlea, in
which inner hair cells take most of the classical sensory role
and outer hair cells are specialized for mechanical amplifi-
cation (Dallos, 1996), is palpable. However, much remains
to be learned about the assumed amplificatory role of short
hair cells, as there is currently little direct evidence for it.
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Although short hair cells do exhibit bundle motility in vitro,
tall hair cells do as well (Beurg et al., 2013), so it remains
unclear what the specific role(s) of short hair cells may be.

6.3.3 Hair-Cell Regeneration: Birds Never
Lose Their Hearing

Because human hearing loss often involves damage to and
ultimately death of hair cells through noise or ototoxic med-
ication, similar treatments were used on birds in order to
find a good preparation to study the underlying phenomena.
This led to the remarkable discovery that adult birds are
able to regenerate functional hair cells (see review in Rubel
et al., 2013). It very quickly became apparent that, in con-
trast to humans, birds did not necessarily suffer permanent
hearing loss. Instead, and unexpectedly, hearing thresholds
returned to normal or near-normal within a matter of weeks
following damage. This discovery initiated an excited
search for the underlying cellular and genetic processes. It
is now known that after insult and hair-cell death, new hair
cells are regenerated from the surviving supporting cells,
either by rekindled cell division or by direct transdifferen-
tiation into hair cells (see review in Stone and Cotanche,
2007). The regeneration process is extensive and detailed.
Specific, local hair-cell characteristics, such as hair-cell
shape, bundle shape, and orientation, are so well matched
to the surviving adjacent areas that it can be difficult to dis-
tinguish an undamaged cochlea from a recovered one. In
addition, nerve fibers reconnect with the new hair cells and
the overlying tectorial membrane is at least partly replaced
(Cotanche, 1999), in total leading to an impressive func-
tional recovery (Ryals et al., 2013; Smolders, 1999). Regen-
eration reaches its limits, however, if the damage extends
over very large areas of the basilar papilla and includes sup-
porting cells (Cotanche, 1999; Smolders, 1999).

Even without severely damaging experience, the avian
basilar papilla appears to continuously regenerate hair cells
at a low level (Ryals and Westbrook, 1990). Thus, there is
probably no such thing as age-related hearing loss in birds.
Indeed, starlings in aviaries often reach ages of more than
10 years (five times their expected ages in the wild) and they
can still have close-to-normal hearing thresholds at that age
(Langemann et al., 1999). It is not without irony that human
breeding of certain races of songbirds for their loud songs
unknowingly involved these mechanisms. Belgian Water-
slager canaries have an inherited high-frequency hearing
loss and sing a louder and lower-pitched song than nor-
mal canaries (Okanoya and Dooling, 1985). In the basilar
papilla of those birds, hair cells continuously die at abnor-
mal rates—a process that is incompletely offset by ongoing
regeneration of new hair cells (Gleich et al., 1997; Wilkins
et al., 2001). Unfortunately, the hope of initiating the same
kind of regeneration of hair cells in mammalian cochleae
has so far not been fulfilled (Brigande and Heller, 2009).
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6.3.4 Cochlear Specializations: Auditory
Foveae, Infrasound Hearing

As mentioned above, the basilar papilla is tonotopically
organized. Apical regions respond most sensitively to low
frequencies, and the characteristic frequency gradually
increases towards the basal end. In a typical avian basilar
papilla, this tonotopic map is well described by a near-
logarithmic function—that is, each doubling of frequency
(equivalent to one octave) corresponds to an approximately
equal length of papilla (Figure 6.6) (Gleich et al., 2004).
However, there are interesting exceptions to this rule. In
analogy to visual foveae, regions of enhanced frequency
representation, where some frequencies occupy dispropor-
tionally more space along the basilar papilla, have been
termed auditory foveae. In birds, the best known example of
such an auditory fovea is the barn owl, and a similar case has
been suggested for the kiwi. In the barn owl, the frequencies
of the highest octave perceived (5—10kHz) fully occupy the
basal half of the basilar papilla (Koppl et al., 1993), as much
space as the lower five or six octaves together (Figure 6.6,
red curve). These are the frequencies shown behaviorally
to be the most useful for prey localization (Payne, 1971).
The anatomical gradients of the owl cochlea, which at least
partially determine the frequency response of the hair cells,
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FIGURE 6.6 Tonotopic frequency representation along the avian
basilar papilla. The differently colored curves show the mapping func-
tions for several species of birds, as determined from labeling physiologi-
cally characterized auditory-nerve fibers to reveal their innervation sites in
the papilla. Note the exceptional length of the barn owl basilar papilla and
the shallow slope of its frequency map over most of its extent, indicating
an auditory fovea (i.e., expanded spatial representation of a narrow, high-
frequency band). Infrasound sensitivity in the pigeon was found over the
most apical millimeter but it may not be strictly tonotopic and is therefore
represented by the green area. Data from Chen et al. (1994), Gleich et al.
(2004), Koppl et al. (1993), Koppl and Manley (1997), and Smolders et al.
(1995).
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hardly change along the basal half of the cochlea, concor-
dant with a large expansion of the area processing higher
frequencies (Fischer et al., 1988). Because a visual fovea
is associated with improved acuity, a larger cochlear rep-
resentation is often assumed to correlate with enhanced
frequency resolution. Interestingly, this is not the case in the
barn owl (Koppl et al., 1998), suggesting that the role of the
fovea instead may be to lay the foundation for massive par-
allel processing by increasing the numbers of afferent fibers
from this behaviorally important frequency region (Fischer,
1994b; Koppl, 1997b). Although there are no physiological
data from the ear of the kiwi, studies of hair-cell morphol-
ogy also suggested a foveal expansion of frequency repre-
sentation in the upper range of kiwi hearing, estimated at
4-6kHz (Corfield et al., 2011).

An equally amazing specialization for extremely low-
frequency hearing has been found in pigeons. For some
time, it had been known from behavioral experiments that
pigeons are sensitive to infrasound, defined as frequencies
below those audible to humans (i.e., <15Hz; Kreithen and
Quine, 1979). Schermuly and Klinke (1990b) traced the ori-
gin of this sensitivity to hair cells located in the extreme
apical-abneural regions of the pigeon basilar papilla. The
afferent fibers connecting to these hair cells did not respond
to normal acoustic frequencies, but showed responses to
infrasound at levels comparable to the behavioral thresh-
olds shown previously (Schermuly and Klinke, 1990a).
Quite in contrast to the high-frequency foveae discussed
above, the infrasound receptive region appears to co-exist
over the most apical 1 mm of the basilar papilla, alongside a
conventional logarithmic frequency representation (Figure
6.6, green) (Smolders et al., 1995). The behavioral signifi-
cance of infrasound hearing remains unknown. Although it
has been suggested that pigeons use it as a navigational cue
(Hagstrum, 2000; Kreithen and Quine, 1979), conclusive
evidence is lacking. Infrasound sensitivity may also not be
unique to pigeons. Morphological evidence for an unusual
hair-cell area at the apex of the chicken cochlea has also
been described (Lavigne-Rebillard et al., 1985) and some
neurons in the cochlear nucleus of the chicken have best
response frequencies at least as low as 10Hz (Warchol and
Dallos, 1989).

6.3.5 Auditory Nerve: What the Ear Conveys
to the Brain

All information that the brain receives about the outside
acoustic world is encoded in the activity of the auditory-
nerve fibers. Beginning with Sachs et al. (1974), who
recorded single-unit activity in the pigeon auditory nerve,
there have been numerous studies on the responses of affer-
ent fibers in various bird species to simple, well-controlled
stimuli. Here, I briefly summarize the encoding of fre-
quency, sound level, and temporal fine structure.
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All avian auditory nerve fibers are spontaneously active.
Mean spontaneous rates vary between 45 and 90 spikes/s,
depending on species, in adult birds (Koppl, 1997a). Unlike
in mammals, there is no consistent, strong correlation in
birds between spontaneous rate and sensitivity to tonal
stimulation and there is no population of fibers with very
low spontaneous activity (<1 spike). Spontaneous activity is
irregular and the interspike interval distribution is typically
Poisson-like, modified by the refractory period (Gleich
and Manley, 2000; Neubauer et al., 2009). Interestingly, a
significant number of fibers show preferred intervals, with
periods at or close to their characteristic frequency for tonal
stimulation. Although some of this activity for very sensi-
tive fibers may be attributable to inadequate sound shielding
during experiments, the bulk of evidence points to this being
a genuine phenomenon that reflects spontaneous oscilla-
tions of the hair-cell membrane potential due to electrical
tuning and/or active mechanical amplification processes in
the avian cochlea (Gleich and Manley, 2000; Taschenberger
and Manley, 1997).

Sound frequency is, of course, collectively coded
according to the place principle, where the tonotopic gradi-
ent along the basilar papilla is preserved in the projections
to the brain. Upon tonal stimulation, each auditory-nerve
fiber responds most sensitively to one particular frequency,
its characteristic frequency. At increasingly lower and
higher frequencies, the fiber’s sensitivity decreases rap-
idly, so that its response area forms a narrow, V-shaped fre-
quency tuning curve (Figure 6.7(A)). In birds, these curves
are very sharply tuned, with higher mean quality factors
than mammalian responses at the same frequencies, and
typically almost symmetrical (Gleich and Manley, 2000).
However, the best thresholds of fibers within any narrow
range of characteristic frequencies in an individual ear vary
in birds more widely than in mammals, by as much as 50 dB
(Figure 6.7(B)).

Sound level is encoded in the discharge rates of audi-
tory-nerve fibers. The dynamic ranges over which indi-
vidual fibers are able to encode have been studied in depth
in response to short tonal stimuli of 50-100ms and vary
characteristically. There are (1) saturating fibers, whose dis-
charge rate rises rapidly above threshold, then also levels
off abruptly at a break point; (2) sloping-saturating fibers,
whose rate does not show an abrupt saturation but continues
to rise more slowly above the break point (Figure 6.7(C));
and (3) straight fibers, whose discharge rate slowly rises
with a nearly uniform, shallow slope over a broad range
of sound levels (Gleich and Manley, 2000; K&ppl, 201 1a).
This shows remarkable parallels to mammals, where the
same three types were originally described. However, in
contrast to mammals, there are no correlations with other
fiber properties in birds. It is believed that in both cases,
the discharge behavior of auditory-nerve fibers with sound
level is shaped by the underlying processes of active ampli-
fication, effecting a compressive nonlinearity. However,
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in birds, the nonlinearity is suggested to develop and vary
locally, perhaps at the level of individual hair cells, while
in mammals stronger coupling leads to a shared nonlinear
response of larger groups of hair cells (Koppl, 2011a). The
wide range of thresholds and the different dynamic ranges
together ensure that the avian auditory nerve is able to
encode a very wide range of sound levels indeed.

Finally, temporal information is encoded by phase lock-
ing of auditory-nerve fibers; that is, spikes are discharged
preferentially at a specific phase of a sinusoidal or near-
sinusoidal stimulus. It is important to point out that a spike
need not occur in every cycle of the stimulus (Figure 6.7(D),
inset). Indeed, at frequencies above 300—400Hz, which is
the upper range of sustained discharge rates, many cycles
may be skipped, but phase locking still persists into the kilo-
hertz range. Phase locking critically depends on the ability
to control spike timing within the temporal window of one
stimulus cycle. Thus, the requirement for temporal preci-
sion rises with increasing frequency (and shorter cycles)
and phase locking invariably fails above a species-specific
frequency limit. Avian auditory-nerve fibers typically phase
lock up to 3—-4kHz (Figure 6.7(D)), which compares favor-
ably to other vertebrates, including mammals. A famous
exception is the barn owl, for whom phase locking persists
to frequencies near 10kHz, corresponding to a precision of
spiking, or temporal jitter, of only 20-30 us (Figure 6.7(D),
red curve) (Koppl, 1997c). Although it remains unknown
what cellular mechanisms enable this extraordinary pre-
cision, it is clearly an adaptation and prerequisite for the
superb sound localization abilities of the barn owl (see Sec-
tion 6.4.2).

6.4 THE AUDITORY BRAIN

6.4.1 Basic Organization of Auditory
Pathways

The principal pathways of the avian auditory brain follow
a general layout shared by all land vertebrates (Figure 6.8)
(Carr and Code, 2000; Grothe et al., 2004). The major affer-
ent pathways flow from the cochlear nucleus, either directly
or indirectly, through the brainstem areas of the superior
olive and lateral lemniscus, to the midbrain inferior collicu-
lus (also termed torus semicircularis, or nucleus mesence-
phalicus lateralis pars dorsalis). From there, projections go
to multimodal layers of the optic tectum (or superior col-
liculus) and to the auditory thalamus and from the latter on
to the auditory forebrain. Beyond this very general pattern,
however, the specific nuclei or subdivisions of nuclei can
differ substantially between the major vertebrate groups,
and the evolutionary origin and homology of many auditory
areas beyond the broad categories outlined above is quite
controversial. In general, differences in the central auditory
pathways mirror the major types of basilar-papilla special-
izations and thus are now believed to also be the result of
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independent evolution (Grothe et al., 2004). Birds follow
an archosaurian pattern that they share with crocodilians; it
is also most similar to that of other, more distantly related,
“reptiles”.

The cochlear nucleus of birds has two major subdivi-
sions, nucleus magnocellularis (NM) and nucleus angularis
(NA), both of which receive a shared input by collaterals of
each auditory-nerve fiber. NM and NA probably form the
starting points of several auditory processing streams that
specialize in different aspects. NM is the relatively more
simple of the two, containing one predominant neuron type
that is clearly specialized for preserving or even enhancing
the temporal information conveyed through phase-locking
from the auditory nerve (Carr and Boudreau, 1993; Sullivan
and Konishi, 1984). NM is thus the starting point of a “time
pathway”. The best-known function of this time pathway is
the extraction of interaural time differences used in sound
localization (see Section 6.4.2). NA then appears to be the
origin for everything else, although it is commonly referred
to simply as the “intensity pathway” (which does not do
justice to the complexity already seen at this level). NA
contains a range of cell types having distinct anatomical
and physiological properties (see reviews in Grothe et al.,
2004; MacLeod and Carr, 2007). Although cell-specific
connection patterns have not yet been investigated, NA
neurons collectively have several projection targets in the
superior olive and lemniscal nuclei, as well as direct projec-
tions to the inferior colliculus. Thus, the potential for dif-
ferent functional processing streams is present. In the barn
owl, a specific involvement in deriving interaural level dif-
ferences for sound localization has been demonstrated (see
Section 6.4.2).

Although the cochlear nuclei are still strictly monaural,
all higher levels show more or less pronounced binaural
interaction. A tonotopic organization is, however, retained
in the brainstem nuclei. All afferent auditory information
then converges again in the midbrain nucleus mesence-
phalicus lateralis pars dorsalis (MLd), which is considered
homologous to the mammalian inferior colliculus (Carr
and Code, 2000). The definition of MLd subdivisions dif-
fers between authors but, in general, a “core and belt”-type
organization is recognized; the common terms used for
those are central nucleus (ICc) and external nucleus (ICx).
Brainstem projections terminate in the ICc regions which,
in turn, project to ICx. The physiology of the avian auditory
midbrain has mostly been studied in the context of sound
localization (see Section 6.4.2). In the barn owl, succes-
sive processing steps culminate in the formation of a neural
map of auditory space in the ICx (see review in Konishi,
2003). It is currently unclear to what extent this generalizes
to other birds. In a songbird, the zebra finch, responses of
MLJd neurons cluster into functional groups that were sug-
gested to represent cues for fundamental acoustic percepts,
such as pitch, timbre, and rhythm (Woolley et al., 2009).
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As a general principle in vertebrates, although a tonotopic
representation is maintained in parts of the auditory mid-
brain, pure tones are often not the most effective stimuli.
Instead, selectivity for other derived sound features, such
as location or temporal modulation, begins to predominate.

In parallel to the connections from the ICc to the ICx
(and on to the superior colliculus), the ICc also initiates the
forebrain ascending auditory pathway by projecting to the
thalamic nucleus ovoidalis (Figure 6.8) (Carr and Code,
2000). The morphology and connections of nucleus ovoidalis
are quite well characterized, but its functional role remains
unclear and few studies have probed it physiologically (Carr
and Code, 2000; Ondracek and Hahnloser, 2014; Proctor and
Konishi, 1997). Nucleus ovoidalis projects on to the primary
auditory forebrain area in birds. It is important to point out that
the nomenclature used in the avian forebrain has seen major
revision in recent years, driven by growing evidence that early
interpretations of avian forebrain organization had been erro-
neous and that the classic nomenclature derived from it was
seriously misleading (Jarvis et al., 2005). According to the
revised nomenclature, the avian auditory forebrain consists of
Field L in the caudal nidopallium, the caudal mesopallium
(CM), the dorsal nidopallium (Nd), and the ventromedial
portion of the intermediate arcopallium (Aivm) (Wang et al.,
2010). Field L is further divided into subregions, with only L2
being the primary thalamorecipient layer. It has been argued
that all four avian auditory forebrain areas together form a
circuit highly similar in both its columnar and laminar organi-
zation to the mammalian auditory cortex (Figure 6.9) (Wang
et al., 2010). The physiology of the avian auditory forebrain
has been studied most extensively in songbirds (see also Sec-
tion 6.4.4). Here, a hierarchy of responses is apparent, with a
clear tonotopic organization and spectrally defined responses
in thalamorecipient neurons, and striking specificities to
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FIGURE 6.9 Suggested analogy in the circuitry between the differ-
ent layers of mammalian auditory cortex and the principal nuclei of
the avian auditory pallium. Thalamic inputs, intrinsic connections, and
descending projections are shown in blue, red, and turquoise, respectively.
Orange lines and arrows indicate recurrent projections from the deep
layers to the more superficial layers. Reentrant projections from the other
side of the brain are drawn in black. Reproduced from Wang et al. (2010).



Chapter | 6 Avian Hearing

species-specific vocalizations emerging in higher-order neu-
rons. Also, correlates of perceptual categories of auditory
streaming, such as galloping rhythms, have been found in the
responses of Field L neurons (Bee and Klump, 2005; Itatani
and Klump, 2011). In the barn owl, the forebrain ascending
auditory pathway appears to independently generate a second
representation of auditory space that resides in the arcopal-
lium. However, the forebrain representation is different in
several salient aspects and probably serves different func-
tions to the midbrain topographical map of space (Cohen and
Knudsen, 1999; Vonderschen and Wagner, 2009).

6.4.2 The Generation of an Auditory Space
Map in the Barn Owl

Beginning with the classic studies of Roger Payne (1971),
who first demonstrated that barn owls use acoustic cues to
precisely locate and strike their prey in the dark, many general
principles about how the location of sounds in the environment
is reconstructed by the brain have been learned from this bird.
Unlike vision, the sense of hearing cannot rely on a spatial
image of the external world being projected onto the primary
receptor surface and relayed to the brain. Sound localization
requires central auditory computation, using indirect cues. For
birds, these cues are largely binaural in nature—that is, the
inputs from both ears are compared for the minute differences
in timing and level that arise from different path lengths of the
sound to both ears and from sound shadowing effects of the
head and body (Klump, 2000). For most birds, both interaural
time differences (ITDs) and interaural level differences (ILD)
are cues for sound source azimuth; however, the asymmetrical
facial ruff of the barn owl (see Section 6.2.1) generates ILDs
as a function of sound source elevation. This changes the
meaning of ILDs but not necessarily the neural processing
steps to derive them. Much of what has been learned from the
barn owl is believed to reflect general principles of the neu-
ral computation of sound location in birds, if not vertebrates
(Grothe et al., 2010; Konishi, 2003; Takahashi, 2010). In the
barn owl, the binaural comparisons of time and level are car-
ried out in parallel processing streams in brainstem nuclei that
are specialized for each task. At the midbrain level, this infor-
mation is then combined and used to create a “‘space map”—
that is, a two-dimensional representation of auditory space in
azimuth and elevation.

Contrary to intuition, the computation of ITD is not based
on a comparison of sound onset at the two ears, but largely relies
on ongoing temporal information from neural phase locking
in the auditory nerve (see Section 6.3.5). This was shown by
clever behavioral experiments with owls wearing headphones
that allow for the presentation of stimuli that artificially dis-
sociate onset and ongoing I'TDs (Moiseff and Konishi, 1981a).
The phase locking of auditory-nerve fibers is preserved by the
monaural cochlear NM, which then projects to the binaural
nucleus laminaris (NL). NL neurons perform arguably one of
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the most challenging and extreme tasks in the nervous system:
they receive the phase-locked inputs from each side and fire
selectively if their inputs coincide within a very narrow, sub-
millisecond time window (Funabiki et al., 2011; Kuba, 2007).
Of course, such coincidence naturally occurs only when
sounds originate directly in front (or back) of the animal. To
encode more lateral sound locations, the incoming NM axons
contact several NL neurons serially, thus forming functional
delay lines that match and compensate for the range of natural
acoustic interaural delays (Figure 6.10). This principle of an
array of coincidence detectors, receiving temporal informa-
tion by delay lines from both sides to create a topographical
map of auditory azimuth, was originally formulated by Jeffress
(1948). It appears beautifully implemented in the NM—-NL cir-
cuit of birds in general (Burger and Rubel, 2008; Kubke and
Carr, 2006), with the owl displaying a hypertrophied form and
achieving the highest temporal resolution (Carr and Boudreau,
1993; Funabiki et al., 2011). The initial topographic map of
auditory azimuth is created many times over in NL, separately
in each frequency band of the tonotopically organised nucleus.
An important task of subsequent processing steps within the
ICc of the midbrain is to converge this information across
frequencies and thus remove inherent ambiguities due to the
cyclic nature of the phase code underlying it (Konishi, 2003).
The first binaural comparison of sound level occurs in
the posterior part of the ventral nucleus of the lateral lem-
niscus (LLDp, formerly also called VLVp). Here, excit-
atory inputs from the contralateral ear (coming in via the
cochlear NA) compete with inhibitory inputs from the ipsi-
lateral ear (coming in via NA and the contralateral LLDp).
Depending on the relative strengths of excitation and inhi-
bition, the responses of individual LLDp neurons decrease
at different relative levels of ipsi- and contralateral sound,
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FIGURE 6.10 Schematic illustration of the coding of interaural
time differences according to the Jeffress (1948) model and as seen
in the barn owl. Each half of the brainstem contains a representation of
interaural time differences, corresponding to sound sources mostly in the
contralateral acoustic hemifield. This map is created by the basic circuit
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brainstem. Typical responses of barn owl coincidence detector neurons in
nucleus laminaris are shown below the circuit diagram, as a function of
interaural time difference. Together they cover the interaural time differ-
ence range experienced by the owl and form a topographic representation
of the auditory azimuth. Reproduced from Koppl (2009), with permission
from Cell Press.
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FIGURE 6.11 Auditory space map in the midbrain of barn owls. In
the external nucleus of the inferior colliculus (purple), the auditory spatial
receptive fields of neurons change systematically with position along the
nucleus. Some examples of receptive fields are illustrated as purple rect-
angles on a sphere surrounding the owl. This spatial map is synthesized
from auditory responses selective for specific interaural time and level
differences. Reproduced from Konishi (1993), with permission from Jana
Brennings.

or ILD. Inhibitory strength systematically decreases along
the dorsoventral axis of the nucleus and thus establishes a
first topographic representation of ILD (see review in Koni-
shi, 2003). At the level of the ICc, the sigmoidal response
functions of inputs from LLDp neurons sharpen into bell-
like curves, only showing responses to a restricted range
of ILDs. However, it remains unknown exactly how this is
achieved (see review in Konishi, 2003).

Finally, in the ICx, a two-dimensional map of space-
specific neurons with receptive fields bounded both in azi-
muth and elevation is synthesized (Figure 6.11) (Knudsen
and Konishi, 1978), where the azimuthal axis is based on the
selectivity for ITD and the elevational axis on the selectivity
for ILD (Konishi, 2003; Takahashi et al., 2003). At the level
of the individual space-specific neurons, both inputs are
combined by a multiplicative process that further sharpens
their resulting receptive field (Pefia and Konishi, 2001). This
auditory space map is relayed from ICx to bimodal neurons
of the optic tectum (or superior colliculus), forming a com-
bined auditory-visual spatial representation that contributes
to stereotypical orienting behaviors (Knudsen, 2002).

6.4.3 Developmental Plasticity: Auditory
Space is Calibrated by Vision

As just outlined, the auditory space representation in
the barn owl’s midbrain is a computational map gener-
ated from indirect cues (ITD and ILD) to sound location.
These cues vary with details of head size and shape and
are thus to some extent individual (Keller et al., 1998).
How does the bird know which ITD and ILD values to
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associate with precise locations in space? Experiments
manipulating the auditory cues of young owls by plug-
ging one ear showed that owls learned, over some weeks,
to again precisely localize sounds under these condi-
tions. If instead their visual world was shifted by fit-
ting prism spectacles, it was still the sound localization
behavior that slowly adapted to match the changed visual
environment (Knudsen, 2002). Thus, owls use vision to
learn to associate certain ITDs and ILDs with the cor-
rect locations in space. The visual system, with its direct
projection map of the retinal image, provides the objec-
tive spatial representation of the outside world against
which the computational map of the auditory system is
calibrated. The site of this plasticity has been identified
as the ICx, the site where the auditory space map is first
synthesized (Figure 6.12). Additional anatomical con-
nections from the ICc can be induced here, whose ITD
selectivity matches the corresponding visual receptive
field in the optic tectum; those new connections come to
dominate the response of ICx neurons over previously
formed, now mismatched, inputs (Knudsen, 2002). The
required error signal appears to be provided by reciprocal
projections from the optic tectum to the ICx, an area tra-
ditionally thought to be exclusively auditory. Like many
forms of experience-dependent plasticity, this learning of
the meaning of auditory cues is limited to young owls and
gradually diminishes in early adult life (Knudsen, 2002).
Many of the principles shown for the learning of auditory
localization in the owl also apply to the mammalian audi-
tory system (King et al., 2000).

6.4.4 The Special Processing of Birdsong

Much of the research on higher-order auditory processing
in birds has concentrated on songbirds for two reasons.
First, the behaviorally most relevant acoustic signals are
clearly defined and can guide the design of stimuli to test.
Second, birdsong is a learned vocalization—a rare trait
shared only with human speech and few other avian and
mammalian vocalizations (Bolhuis et al., 2010; Jarvis,
2004). Together, this makes the songbird auditory system
a rich source for unraveling how vocalizations are pro-
cessed and learned. Not surprisingly, songbirds have very
well-developed auditory forebrain areas (Figure 6.13(A)).
However, in addition to that, a whole set of sensorimo-
tor “song nuclei” is present, which are involved in vocal
learning and plasticity and which have no clear equivalent
in vocal nonlearning birds (Figure 6.13(B)) (see review
in Farries, 2004). Of central importance is the nucleus
HVC, which appears to be the pivotal interface between
the auditory input and the motor output for singing. It is
also the nucleus where neurogenesis in adult animals was
first shown to produce functional neurons, in this case sea-
sonally (Nottebohm, 2004). In HVC, extremely selective
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FIGURE 6.12 Schematic summary of adaptive plasticity in the auditory space map of the barn owl, after modified visual experience in early
life. (A) Normally, different tonotopic regions from the central nucleus (ICc) that share selectivity for a common interaural time difference converge in
the external nucleus (ICx). Together, many such convergent projections contribute the azimuthal axis of the space map that is relayed and combined with
matching visual receptive fields in the optic tectum (OT). (B) When visual receptive fields are artificially shifted by fitting prims goggles to the owl, the
auditory space map shifts accordingly, by forming new and matching connections between ICc and ICx (red arrows). Green arrows represent an instructive
feedback projection from the OT to ICx. Reprinted from Knudsen (2002), with permission from Macmillan Publishers Ltd.

auditory responses, not just for species-specific vocaliza-
tions but for the individual bird’s own song, appear for the
first time (Konishi, 2004). HVC is then the starting point
of two major motor pathways (Figure 6.13(B)): (1) a fairly
direct, posterior pathway projects to the robust nucleus of
the arcopallium (RA) and from there to various brainstem
motor nuclei controlling the syrinx and respiration (Far-
ries, 2004); and (2) the so-called anterior forebrain path-
way, which eventually also leads to RA but via a whole set
of intermediate nuclei that are believed to be homologous
to the mammalian basal ganglia (Perkel, 2004). The ante-
rior forebrain pathway has been shown to be critical for
song learning in young birds (Brainard, 2004). In addition,
there is evidence for an involvement in the plastic control
of song, even in species that do not normally learn new
songs as adults (Konishi, 2004). Therefore, it is believed
that the anterior forebrain pathway, although not strictly
necessary to produce song in an adult, continuously moni-
tors what the bird actually sings and initiates corrections
when necessary.

The purely auditory ascending forebrain pathway (Figure
6.13(A)), which eventually feeds into the specialized senso-
rimotor song nuclei system, comprises the primary field L
and the secondary CM, both shared with other birds, and
the secondary caudal medial nidopallium (NCM), an area
unique to songbirds. Responses in these auditory areas never
show the particular selectivity for the individual bird’s own
song (Theunissen et al., 2004). However, selectivity for con-
specific song arises. As a rule, neurons in the primary audi-
tory area field L are poorly driven by simple tones or noise
but respond selectively to spectrotemporal features that char-
acterize conspecific song and other natural sounds (Theunis-
sen and Shaevitz, 2006). Many individual neurons appear to
specialize in either spectral or temporal modulation selec-
tivity and cluster accordingly in specific subregions (Nagel
et al., 2011). The secondary auditory forebrain areas NCM
and CM may add selectivity for familiar songs versus novel
songs and have thus been implicated in auditory memory

formation (Ondracek and Hahnloser, 2013; Theunissen and
Shaevitz, 2006).

6.4.5 Echolocating Birds

Among the fascinating curiosities of the bird world are some
species that use echolocation. These are the neotropical oil-
bird, Steatornis caripensis, and the paleotropical swiftlets
of the genera Aerodramus and Collocalia. Both groups have
independently evolved echolocation as a means of navigat-
ing in the dark caves where they roost and nest (see review
in Brinklgv et al., 2013). This lifestyle has many superfi-
cial similarities with bats. However, the birds’ echolocation
calls are not ultrasonic but fall well within the typical avian
hearing range. Due to this lower frequency range of the
calls, avian echolocation cannot approach the spatial reso-
lution of bat ultrasonic navigation, but few rigorous tests
have been conducted (Griffin and Thompson, 1982; Konishi
and Knudsen, 1979). Furthermore, the birds were reported
to use echolocation only under conditions where they were
unable to navigate by vision (Griffin, 1953; Novick, 1959),
although anecdotal observations of foraging birds suggest
this may be worth re-examining (Brinklgv et al., 2013).

Both the oilbird and the cave swiftlets use brief clicks
that are produced by the syrinx (Suthers and Hector,
1982, 1985) and typically emitted in pairs or short trains
(Konishi and Knudsen, 1979; Thomassen and Povel, 2006).
The dominant frequencies in the clicks are in the range of
several kilohertz and appear to match the birds’ sensitive
hearing range. However, due to their remote geographical
distributions, very few species and individuals have been
tested. From the studies available, it appears that the hear-
ing capabilities of echolocating birds are unremarkable
(Coles et al., 1987; Konishi and Knudsen, 1979). Anatomi-
cal data on the relative size of the auditory midbrain sug-
gest a slight enlargement, which may indicate moderate
specializations for echolocation processing (Cobb, 1968;
Iwaniuk et al., 2006).
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FIGURE 6.13 Schematic diagram of a composite view of parasagittal
sections of a songbird brain, giving approximate positions of nuclei and
brain regions. (A) Auditory ascending pathways, with brain regions that
show increased neuronal activation when the bird hears song highlighted in
yellow. (B) Vocal motor pathways. Depicted are connections between the
nuclei, of both the direct posterior pathway and the anterior forebrain path-
way. Both pathways together form the so-called song system. The orange
nuclei in the song system show substantially enhanced neuronal activa-
tion when the bird itself is singing. Area X, Area X of the striatum; Av,
avalanche; CLM, caudolateral mesopallium; CN, cochlear nucleus; DLM,
medial subdivision of the dorsolateral nucleus of the anterior thalamus; DM,
dorsomedial subdivision of nucleus intercollicularis of the mesencephalon;
HVC, a letter-based name; L1, L2 and L3 are subdivisions of Field L;
LLD, lateral lemniscus, dorsal nucleus; LLI, lateral lemniscus, intermediate
nucleus; LLV, lateral lemniscus, ventral nucleus; LMAN, lateral magnocel-
lular nucleus of the anterior nidopallium; LMO, lateral oval nucleus of the
mesopallium; MLd, dorsal part of the lateral nucleus of the mesencephalon;
NIf, interfacial nucleus of the nidopallium; nXIlts, tracheosyringeal por-
tion of the nucleus hypoglossus (nucleus XII); Ov, nucleus ovoidalis; PAm,
nucleus paraambiguus medullaris; RA, robust nucleus of the arcopallium;
RAm, nucleus retroambiguus medullaris; SO, superior olive; Uva, nucleus
uvaeformis; VTA, ventral tegmental area. Reprinted from Moorman et al.
(2011), updated after Bolhuis et al. (2010), reprinted with permission from
John Wiley and Sons and from Macmillan Publishers.
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6.5 SUMMARY

The sense of hearing has special meaning to many birds,
be it for communication, hunting, or orienting in the dark.
Avian hearing typically remains restricted to below 10kHz,
somewhat lower than human hearing and much lower than
in a typical mammal. However, within that range, avian
hearing is just as sensitive and discriminative. Important
insights into auditory physiology have come from stud-
ies on birds, such as the mechanisms of regeneration of
sensory hair cells after damage, the neural computations
underlying sound localization, or the neural processing
and learning of vocalizations. Some fascinating auditory
specializations in birds are infrasound hearing in pigeons,
asymmetric ears in owls, and echolocation in oilbirds and
swiftlets.
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7.1 CHEMICAL SENSES

The chemical senses generally fall into three categories:
chemesthesis (irritation and pain), olfaction (smell), and
gustation (taste). Traditionally, the emphasis in describing
responsiveness to chemical stimuli has been placed on taste
and smell. The reality is more complex. For example, the
sensory afferents for chemesthetic perception are in close
proximity with olfactory receptors in the nasal cavity and
with gustatory receptors in the oral cavity. Because external
chemical stimuli can be processed by multiple sensory sys-
tems, there has been a great deal of confusion in the literature
on the importance of individual sensory modalities. Gener-
ally, the principal mediating sensory modality may be related
to stimulus type, concentration, and presentation. However,
when perception of external chemical stimuli occurs via the
integrated perception across modalities, the combined per-
ceptual quality is commonly referred to as flavor.

7.2 CHEMESTHESIS

Chemesthesis is the perception of chemically induced pain.
The first neural mediator of noxious stimuli is the nocicep-
tor (Woolf and Ma, 2007). These primary sensory neurons
are the interface between the internal and external environ-
ments. Nociceptors have cell bodies located in the dorsal
root ganglion, a peripheral axon that innervates tissues, and
a central axon that enters the spinal cord to transfer infor-
mation to the central nervous system. Nociceptors have
three functions: (1) detection of potentially damaging exter-
nal noxious stimuli, which is useful in warning an animal

Sturkie’s Avian Physiology.
Copyright © 2015 Elsevier Inc. All rights reserved.

to the risk of injury; (2) detection of endogenous inflam-
matory stimuli, which is useful in initiating and promoting
behaviors conducive to healing and repair; and (3) detection
of neural damage and ectopic firing. This latter function is
a pathological condition of chronic pain. Nociceptors have
high thresholds for exogenous stimuli, presumably because
it would be maladaptive to defensively respond to every
external assault. Nociceptors have low thresholds for endog-
enous stimuli. This is an adaptive response to promote heal-
ing once damage has occurred (Patapoutian et al., 2009).

A major component of the chemesthetic system is the
trigeminal nerve (TN). The TN is the principal somatic sen-
sory nerve of the head, and its primary function is the cod-
ing of mechanical and thermal stimuli. However, the TN
also contains chemoreceptive fibers that mediate the detec-
tion of chemical irritants (Silver and Maruniak, 1981). The
somatosensory system is the primary somatic sensory sys-
tem of the rest of the body. Like the TN, the somatosensory
system primarily codes for mechanical and thermal stimuli,
but it does have sensory afferents that are chemosensory
(Gentle, 2011; Necker, 2000; Wild, 1985).

7.2.1 Trigeminal and Somatosensory Nerves

The morphological organization of the peripheral TN in
birds is not very different from that found in mammals
(Dubbeldam and Karten, 1978; Dubbeldam and Veenman,
1978; Gottschaldt, 1985). The TN is the fifth cranial nerve
in birds, arising from the rostrolateral medulla near the cau-
dal surface of the optic lobe (Getty, 1975; Schrader, 1970).
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The TN travels along the trochlear nerve (IV), entering a
fossa in the floor of the cranial cavity where the trigemi-
nal ganglion (TG) is found. The TG is subdivided into a
smaller medial ophthalmic region and a larger lateral maxil-
lomandibular region, from which the nerve splits into three
branches. In the chicken (Gallus gallus domesticus) the
ophthalmic branch innervates the frontal region, the eyeball,
upper eyelid, conjunctiva, glands in the orbit, the rostrodor-
sal part of the nasal cavity, and the tip of the upper jaw.
The ophthalmic branch as a communicating ramus with the
trochlear nerve serves for motor control of the eye region.
This aspect can provide for reflexive response to irritat-
ing stimuli to the ocular region. The larger medial ramus
accompanies the olfactory nerve into the nasal fossa via the
medial orbitonasal foramen. The maxillary branch provides
sensory input from the integument of the crown, temporal
region, rostral part of the external ear, upper and lower eye-
lids, the region between the nostrils and eye, conjunctival
mucosa, the mucosal part of the palate, and the floor of
the medial wall of the nasal cavity. The mandibular branch
provides sensory input from the skin and rhamphotheca of
the lower jaw, intermandibular skin, wattles, oral mucosa of
rostral floor of the mouth, and the palate near the angle of
the mouth (Getty, 1975; Schrader, 1970).

7.2.2 Performance Characteristics
of Nociceptors

Pain and irritation perception begin with activation of pri-
mary sensory nociceptors. In birds, chemosensitive fibers
in the TN and somatosensory nerves are similar to mam-
malian afferents. Most are unmyelinated C-type polymodal
nociceptors with conduction velocities of 0.3—1 m/s. How-
ever, some myelinated A-delta high-threshold mechanore-
ceptors with conduction velocities of 5-40m/s also respond
to chemical stimuli. The discharge patterns and conduction
velocities for the chicken, mallard (Anas platyrhyncos),
and pigeon (Columba livia) are similar to those observed in
mammals (Gentle, 1989; Necker, 1974).

Although birds have slightly different neural architec-
ture relative to mammals, the underlying functions of neu-
ral connections have been evolutionarily preserved (Butler
and Cotterill, 2006; Dugas-Ford et al., 2012; Giintiirkiin,
2012). This also applies to the underlying physiological
and biochemical processes of chemically induced pain.
Generally, birds have the same classes of neuropeptides as
mammals, but their structures are not totally homologous.
Avian endogenous pain-promoting substances such as sub-
stance P, 5-HT, histamine, bradykinin, and acetylcholine
evoke inflammation and pain-related behaviors in chickens,
pigeons, rats, dogs, and guinea pigs (Szolcsanyi et al., 1986;
Gentle and Hill, 1987; Gentle and Hunter, 1993; Koda et al.,
1996; Hu et al., 2002; Ohta et al., 2006). Prostaglandins
that modulate the pain response in mammals also serve this
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function in birds, and their effects can be abolished by pros-
taglandin biosynthase inhibitors such as aspirin-like analge-
sics (Clark, 1995).

Despite these physiologically mediated similarities,
there are profound differences in how birds and mammals
respond to exogenous chemical stimuli. [n mammals, chem-
icals such as capsaicin are potent trigeminal irritants. These
irritants deplete substance P from afferent terminals and
the dorsal root ganglion, producing an initial sensitization
followed by desensitization to further chemical stimulation
(Szolcsanyi, 1982). In contrast, birds are insensitive to cap-
saicin (Mason and Maruniak, 1983; Szolcsanyi et al., 1986).
Peripheral presentation of capsaicin to pigeons and chick-
ens does not cause release of substance P in avian sensory
afferents (Pierau et al., 1986; Szolcsanyi et al., 1986; Sann
et al., 1987). These taxon-specific responses to exogenous
chemical stimuli underscore taxonomic differences in both
endogenous neuropeptides and receptors, whose signifi-
cance has been implicated in the evolutionary ecology of
the taxa (Mason et al., 1991; Clark, 1998; Tewksbury and
Nabhan, 2001).

7.2.3 Receptor Mechanisms

Nonselective transient receptor potential (TRP) cation
channels are involved in sensory neuron activation events,
neurotransmitter release, release of inflammatory media-
tors, and other aspects of pain transduction (Cortright
et al., 2007; Figure 7.1). Most of what is known about TRP
channels is derived from work done on mammals (Holzer,
2011). However, increasingly more comparative evolution-
ary similarities and differences are being characterized for
other taxa (Saito and Shingai, 2006; Saito et al., 2011).
TRPV1 (initially called VR1) was first cloned in mammals
and found to respond to the exogenous vanilloid, capsaicin
(Caterina et al., 1997), as well as endogenous agonists,
anandamide, and 12-HPETE, which are structurally similar
to capsaicin (Zygmunt et al., 1999; Hwang et al., 2000).
TRPV1 is also activated by heat (>43 °C) and acid (pH<6).
The sensation that TRPV1 activation evokes in humans via
these polymodal nociceptors is one of tingling and burn-
ing, like the sensation produced by capsaicin found in chili
peppers. Like its mammalian counterpart, the TRP receptor
in birds (cTRPV1, chick dorsal root ganglion) responds to
high temperatures (=45 °C) and extracellular acid solution
(pH<4). However, cTRPV1 is different, showing a 68%
identity and 79% similarity to rat TRPV 1. These differences
in receptor composition manifest as a poor response to cap-
saicin (Jordt and Julius, 2002) and explain the behavioral
differences in capsaicin sensitivity between birds and mam-
mals; mammals are behaviorally sensitive to capsaicin and
birds are not (Mason et al., 1991; Norman et al., 1992).
Currently, 28 TRP channels, grouped into six functional
subfamilies, have been characterized. The subfamilies are
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Sensitizers Receptors Signal transduction
Bradykinin B2
PGE2 Peripheral terminal Cell body .
EP Dorsal root ganglion
NGF
TNFo TRKA
SP
Prokinetican TNFR1
Endothelin .
NK1 Transcription
Phenotyptic switch Translation
PLes Inflamation (+growth factors) increase TRPV1 Trafficking
ETAR Axonal injury (—growth factors) decrease TRPV1
PAR2
Trafficking NGF/GDNF
TRPV1
Anterograde transport
Phosphorylation
Peripheral sensitization
Reduced pain threshold
FIGURE?7.1 Changes in transient receptor potential (TRP) channels produced by inflammation. Endogenous sensitizers act on receptors expressed

by nociceptors to activate intracellular signal transduction pathways. Pathways phosphorylate TRP channels, altering trafficking to the membrane, thresh-
olds, and kinetics. Growth factors, such as nerve growth factor (NGF), are retrogradely transported to the cell body of the nociceptors. Through intra-
cellular signaling pathways, expression of TRP channels is increased and they are transported to the peripheral terminal. Changes in transcription and
translation of TRP channels and other proteins can switch the chemical phenotype of the neurons from their state in naive conditions to an altered state
during inflammation. B2, bradykinin receptor; ERK, extracellular signal-regulated kinase; ETAR, endothelin receptor type A; GDNEF, glial-cell-derived
neurotrophic factor; NK1, neurokinin receptor 1; PAR2, protease-activated receptor 2; PGE2, prostaglandin E2; PI3K, phosphoinositide 3-kinase; PK,
protein kinase; PKR, prokineticin receptor; TNFa, tumor necrosis factor a; TNFR1, TNF receptor 1; TRKA, tyrosine kinase receptor A. Adapted from

Patapoutian et al. (2009).

responsive to exogenous compounds that code for qualita-
tive perceptual similarities (e.g., the “hotness” of capsaicin,
the “burn” of cinnamon oil, the “coolness’ of menthol, the
irritation of mustard oil; Holzer, 2011). Although the spe-
cific homologies for other TRP channels in birds are gen-
erally not known, based on behavioral responsiveness to a
variety of mammalian irritants, it is anticipated that TRP
channel receptor molecules in birds would be structurally
similar and/or have similar expression in nociceptors to that
found in mammals for cinnamon oil, allicin (garlic/onion),
and menthol and divergent for mustard oil and anthranilate
(grape) compounds (Clark, 1998; Stucky et al., 2009).
Digital fluorescence imaging of intracellular calcium
[Ca?*]; in vitro preparations of chicken and rat trigemi-
nal dorsal root ganglia show that there are separate and
overlapping populations of neurons that are sensitive to

the well-described avian irritant, methyl anthranilate, and
capsaicin (Kirifides et al., 2004). In the chicken, 48% of
neurons responded to methyl anthranilate, whereas only
16% responded to capsaicin. Moreover, there was a greater
change in [Ca2?*], to equimolar concentrations of methyl
anthranilate (78%) relative to capsaicin (43%). Increases
in [Ca?*]; were dependent upon extracellular calcium for
both methyl anthranilate and capsaicin. However, responses
to methyl anthranilate, but not capsaicin, were dependent
on extracellular sodium. This suggests different transduc-
tion mechanisms for the two compounds. Together, these
observations provide further rationale for the observed
behavioral differences in birds to these two compounds.
Starlings (Sturnus vulgaris) demonstrate congenital avoid-
ance to methyl anthranilate but not capsaicin, although
they could be trained to avoid capsaicin in conditioned
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FIGURE 7.2 Consumption of food treated with capsaicin (CAP), methyl capsaicin (MCAP), vanillyl acetamide (VNAC), veratryl acetamide
(VRAC), and veratryl amine (VRAM) in rats and starlings. Note the general inverse relationship of consumption as structure changes, suggesting
functional receptor differences in the two taxa. Bird repellents are more basic and rigid (planar) than mammal aversive compounds. Concentration applied:
1000 ppm. Consumption of 4 g of untreated food is control baseline intake for both species. Data adapted from Mason et al. (1991).

avoidance paradigms, and that avoidance was contingent
upon an intact ophthalmic branch of the TN (Mason and
Clark, 1995). These observations also suggest that while
birds can perceive capsaicin, although somewhat poorly, it
is not coded as pain, highlighting the importance of cen-
tral processing in the perceptual interpretation of peripheral
signals.

7.2.4 Chemical Structure-Activity
Relationships to Irritants

Despite the apparent insensitivity of birds to capsaicin, they
can respond to other vanilloid compounds (Figure 7.2). Aro-
matic compounds that are considered aversive by birds are
qualitatively characterized as having an aromatic heterocy-
clic core, high degree of basicity, high degree of lipophi-
licity, and a high degree of electronegativity (Figure 7.3).
The core aromatic heterocycle of a repellent compound is
enhanced by substitutions that affect electron donation:
amino >methoxy >methyl >hydroxyl groups. Resonance of
lone pairs of electrons enhances repellency as a function
of substituent position: ortho>para>meta. Acidic substitu-
ents in the electron withdrawing group detract from aver-
sive qualities of the compound. Steric effects and extreme

delocalization of lone pairs of electrons, as might occur in
meta isomers and aromatic structures with multiple substi-
tuted electron donating groups, tend to interfere with repel-
lency (Mason et al., 1989; Clark, 1991a; Clark and Shah,
1991, 1994, Clark et al., 1991; Shah et al., 1991).
Quantitative structure—activity relationships of aro-
matic compounds and repellency are consistent with earlier
qualitative studies. The aversive properties of 14 derivatives
of cinnamic acid compounds are characterized by heat of
formation (DH()), polarizability (XY and YY), and super-
delocalizability (Sr). All of these descriptors are electronic
(Watkins et al., 1999). These findings generally align with
a reanalysis of the quantitative structure—activity relation-
ships of the 117 compounds described above (Clark, 1997).
Canonical analysis of the relationship of physicochemical,
topological, and electrostatic descriptors and the response
shape of the four-parameter fluid intake curve showed that
94% of variance in the response profile could be accounted
for by five parameters: polarizability, ES2, ANC, KAPPA2,
and CHI2. Polarizability is the relative susceptibility of
the electron cloud of a molecule to be distorted by pres-
ence of an external electric field. Owing to distortion, an
induced electric dipole moment appears. Temporary dipoles
induce dipoles in other molecules, resulting in van der
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FIGURE 7.3 The relative reduction of fluid intake for solutions as a function of chemical class, which assumes a benzene parent structure with
the nomenclatural taxonomy defined by the principal electron withdrawing group. Fluid intake is the asymptotic minimum intake in one-bottle 6-h
drinking trials (R,;,). Strongly aversive solutions (where R, is not statistically distinguishable from zero) have R,;;,<0.2. Moderately aversive solutions
have 0.2 <R,;,<0.4, weakly aversive solutions have 0.4 R,,;,<0.6, and solutions with R;,>0.6 are not aversive at all (not statistically different from water
controls). Median R, (solid bars), R,;, 25-75th percentile (shaded box), R,;, 5-95th percentile (capped line), and the range of R, (open symbols).

Adapted from Clark (1997).

Waals intermolecular forces by orienting the temporary and
induced dipoles with each other. ES2 is an electrotopologi-
cal descriptor that describes electronic interactions between
molecules. ANC is a partial negative electronic charge
descriptor of electrostatic potential that influences molecu-
lar interactions. CHI2 and KAPP2 are valence connectivity
and shape descriptors that may describe the rigidity of the
molecule and accessibility of the molecule to receptor sys-
tems. The importance of electronic features of molecules
is consistent with studies of TRPA1 channel modulation
and activation of cysteine-reactive chemicals. TRP chan-
nel activation was found to be more dependent on chemical
reactivity relative to molecular shape (Hinman et al., 2006;
Macpherson et al., 2007). However, the importance of gain-
ing access to proximity of the TRP channels owing to influ-
ences of molecular flexibility and shape still remains to be
more fully explored.

7.2.5 Responses to Respiratory Stimuli

Changes in carbon dioxide concentration in the nasophar-
ynx region can cause species-specific changes in reflexive
breathing in birds (Hiestand and Randall, 1941). How-
ever, concentrations of carbon dioxide that are sufficiently
high to be irritating to mammals have no effect on blood

pressure, heart rate, tidal volume, breathing frequency,
upper airway resistance, or lower airway resistance in geese
(Anser anser) and chickens. Geese and chickens respond
differently than mammals to exposure to sulfur dioxide, but
in a similar manner when exposed to ammonia and phenyl
diguanide (Callanan et al., 1974; McKeegan et al., 2005).

7.2.6 Nasal and Respiratory Irritation and
Interaction of Olfaction and Chemesthesis

The TN is important in the perception of odors (Tucker,
1971; Silver and Maruniak, 1981; Keverne et al., 1986).
Electrophysiological evidence shows that the TN responds
to odors, although it is generally less sensitive than the
olfactory nerve (Tucker, 1963). Behavioral assays yield
similar results. Pigeons trained to respond to odors fail to
respond after olfactory nerve transections. However, odor
responding can be reinstated if the odor concentration is
increased (Michelsen, 1959; Henton, 1969; Henton et al.,
1966). Odor sensitivity of pigeons decreased by 2—4 log
units (vapor saturation) after olfactory nerve transaction
(Walker et al., 1979).

Although olfaction can modulate responding to chemi-
cal irritants, it is relatively unimportant (Clark, 1995). In
European starlings, avoidance of anthranilate compounds
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was partially a consequence of olfactory cues. When the
olfactory nerves were transected, avoidance was only
mildly diminished. When the ophthalmic branches of the
TN were transected, the starlings became insensitive to the
aversive properties of the anthranilates (Mason et al., 1989).

7.2.7 Behavioral Responses to Irritants

Many aromatic molecules are aversive to birds (Kare, 1961,
Mason et al., 1989; Crocker and Perry, 1990; Clark and
Shah, 1991, 1993; Crocker et al., 1993). Several lines of
evidence suggest that a variety of compounds have intrin-
sic properties that cause them to be aversive on a purely
sensory basis. First, the aversive quality is unlearned; that
is, avoidance occurs upon initial contact (Clark and Shah,
1991). Second, there is no evidence that consumption is
altered by gastrointestinal feedback; intake of fluid treated
with those sensory stimuli is constant over time (Clark and
Mason, 1993). Third, unlike mammals, birds seem unable
to associate the aversive quality of the stimulus with other
chemosensory cues, suggesting that conditioned flavor
avoidance learning does not occur (Clark, 1996; Clark and
Avery, 2013). Fourth, birds do not habituate to the stimulus;
avoidance persists in the absence of reinforcement (Clark
and Shah, 1994).

7.2.8 Applications

Current interest in chemesthetic function and properties in
birds is largely focused in four areas: (1) the evolutionary
phylogenetic relationships of receptor mediated perception
of noxious stimuli and its consequence to the foraging ecol-
ogy of birds (Clark, 1998; Tewksbury and Nabhan, 2001);
(2) the applicability of using aversive compounds in modu-
lating feeding behavior of birds to develop repellents for
prevention of crop damage or otherwise mitigating against
damage caused by birds (Mason and Clark, 1997; Clark
and Avery, 2013); (3) efforts to gain a better understanding
of pathologic pain caused by “debeaking” and promotion
of animal welfare in domestic chicken production through
better management methods or development of appropriate
analgesics (Kuenzel, 2007; Gentle, 2011); and (4) discovery
of better analgesics for management of pain in veterinary
clinical settings.

7.3 OLFACTION
7.3.1 Morphology of Olfactory System

Air entering a bird’s nasal cavity passes through a series
of mucous-covered, invaginated chambers called nasal
conchae. Nasal conchae influence air flow dynamics and
direct odors to the caudal-most chamber, which contains
the chemically sensitive olfactory epithelium (reviewed in
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Roper, 1999; see also: Bang, 1960, 1961, 1963, 1964, 1965,
1966; Bang and Cobb, 1968). The surface of the olfactory
epithelium is composed of receptor cells, which detect
odorous compounds and occur at the ends of olfactory nerve
dendrites. Each receptor cell is surrounded by a cluster of
supporting cells and ends in a knob bristling with 6-15 cilia
that extend into the lumen. The length of cilia varies by spe-
cies. Black vultures, for example, have cilia of 40-50 um,
whereas domestic fowl have cilia of 7-10 pm (Shibuya and
Tucker, 1967). To gain access to the cilia of receptor cells,
odor molecules must diffuse through a mucous membrane.
Cilia themselves provide no transport function. Rather,
secretions covering cilia provide rapid flow for odor mol-
ecules. Olfactory gland secretions must be removed and
replaced to maintain diffusion and avoid receptor habitu-
ation to odorant molecules. Traction of nearby respiratory
cilia facilitates removal of secretions.

The extent of scrolling of caudal conchae correlates
with the surface area of olfactory epithelium and the rela-
tive size of the olfactory bulb, which is the region of the
brain that processes odor input (Bang and Cobb, 1968;
Bang, 1971; Bang and Wenzel, 1985; reviewed in Roper,
1999; Hagelin, 2007a). Avian orders with relatively larger
olfactory bulbs have lower detection thresholds, indicat-
ing they are more sensitive to certain odorous compounds
than those with relatively small olfactory bulbs (Clark et al.,
1993; Table 7.1, Figure 7.4). Elaborated olfactory systems
typically belong to species with demonstrated reliance on
odor cues in the field (Stager, 1964; Hutchison and Wenzel,
1980; Hagelin, 2004) and, in some species, correlate posi-
tively with the number of olfactory receptor genes (Steiger
et al., 2008). Fossil evidence also indicates olfactory bulb
size was relatively large early in bird evolution, revealing
a previously unrecognized emphasis on smell (Zelenitsky
etal., 2011).

Although a larger olfactory bulb size or greater scrolling
of receptor epithelium likely indicates greater functional
capacity (e.g., more cells and neural circuits; Meisami,
1991), it is important not to dismiss avian species with rela-
tively “unelaborate” olfactory systems (Hagelin, 2007b).
Both field and laboratory tests indicate that several taxa
with relatively small olfactory bulbs can discriminate
between and/or adaptively employ certain odors, such as
those related to breeding and nesting (e.g., crested auklets
(Aethia cristatella) Hagelin et al., 2003; European starlings
Clark and Mason, 1985; Gwinner and Berger, 2008; Corsi-
can Blue Tit (Parus caeruleus ogliastrae) Petit et al., 2002).

7.3.2 Innervation of Olfactory Receptors

Olfactory receptor cells from each nasal cavity transmit
information via the olfactory nerve to the olfactory bulb,
located in the anterior region of each brain hemisphere.
Each olfactory bulb is composed of concentric cell layers.
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TABLE 7.1 Summary of Mean Ratios of Ipsilateral Olfactory Bulb Diameter to Cerebral Hemisphere Diameter and

Their Standard Errors (SE) for Several Orders of Birds

Order N Ratio SE
Anseriformes 4 19.4 1.5
Apodiformes 8 12.3 1.9
Apterygiformes 1 34.0 0.0
Caprimulgiformes 3 23.3 0.7
Columbiformes 2 20.0 1.4
Cuculiformes 4 19.5 0.6
Gruiformes 14 22.2 0.9
Gaviformes 1 20.0 0.0
Podicipediformes 2 24.5 1.8
Procellariiformes 10 29.1 1.4

Sample sizes indicate the number of species (N).
Source: Data adapted from Bang and Cobb (1968).

Order N Ratio SE

Psittaciformes 2 8.0 1.4
Falconiformes 5 17.4 2.6
Charadriiformes 9 16.4 0.9
Galliformes 3 14.2 1.4
Piciformes 5 11.4 1.3
Passeriformes 25 13.3 0.7
Pelecaniformes 12.1 1.6
Coraciiformes 5 14.5 1.6
Sphenisciformes 1 17.0 0.0
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FIGURE 7.4 Relationship between olfactory detection threshold and relative size of the olfactory bulb for different orders of birds. Adapted

from Clark and Shah (1993).

Incoming olfactory nerve fibers constitute the outer layer.
Branching nerve terminals penetrate into the adjacent, glo-
merular layer, where they connect with dendrites of mitral
and tufted cells in spherical arborizations called glomeruli.
The perikarya of these cells are in the deeper mitral cell
layer, where their axons leave to project to many areas of
the forebrain.

Like other vertebrates, the olfactory bulbs of birds are
bilaterally symmetrical; each is associated with its own
(ipsilateral) brain hemisphere. The layering of different cell
types within avian olfactory bulbs is qualitatively similar to
reptiles, in that well-defined cell layers (like those of mam-
mals) are lacking (Allison, 1953; Andres, 1970). However,
there are many interneuron connections in the cell layers
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between the mitral and glomerular regions. There are no
direct connections between the two (contralateral) olfactory
bulbs (Rieke and Wenzel, 1978).

Although birds clearly have olfactory bulbs, they appear
to lack an accessory olfactory system (Rieke and Wenzel,
1974, 1978). Both olfactory and accessory olfactory struc-
tures commonly occur in other vertebrates. The accessory
olfactory system is frequently linked to conspecific scent
stimuli that modulate social behavior (e.g., reproduction,
aggression). However, there is good evidence for mammals
that both the main olfactory and accessory olfactory sys-
tems can detect and process overlapping sets of odor stimuli
(Keller et al., 2009). Accessory olfactory structures include
the vomeronasal organ and accessory olfactory bulb. It is
possible that accessory olfactory bulbs in birds occur dur-
ing early embryonic development only, but are lost later on
(Matthes, 1934). This idea, however, has received little sci-
entific attention.

7.3.3 Olfactory Neuronal Response

Electrophysiological responses to odor stimuli are taken
as definitive evidence of olfactory capacity. These can be
recorded from a single “unit” (neuron) or multiunit nerve
fibers. Recordings of black vultures indicate that the elec-
tro-olfactogram appears primarily during inspiration, which
coincides with peak spike activity (Shibuya and Tucker,
1967). Electrophysiological recordings of mammals,
amphibians, reptiles, and birds all show similar responses,
irrespective of the size of a species’ olfactory apparatus
(Tucker, 1965; Shibuya and Tonosaki, 1972).

Single-unit responses from within the olfactory bulb
of domestic chickens show widely variable rates of spon-
taneous firing (mean 4.9 spikes/s, range 0.1-32.4 spikes/s)
prior to odor exposure (McKeegan, 2002). Odor stimula-
tion modifies spontaneous firing via excitation or inhibition.
Avian firing rates appear to fall in between rates reported for
mammals and reptiles (McKeegan, 2002, 2009). Single units
of chickens responded to two or more odors and revealed
surprising sensitivity to biologically relevant scents associ-
ated with captivity (e.g., hydrogen sulfide). Responses to
extremely low (<0.5ppm) stepwise changes in concentra-
tion to hydrogen sulfide revealed a level of fine-tuning not
previously reported for other vertebrates (McKeegan et al.,
2002). Continuous presentation of a stimulus can result in
physiological adaptation of both single-unit (McKeegan and
Lippens, 2003) and nerve-unit recordings, like mammals.
Recovery can be achieved within a few minutes of rest.

Olfactory nerve fibers are unmyelinated, which produces
slow conduction velocities of about 1.5 mJ/s (Macadar et al.,
1980). Interestingly, transected olfactory nerves (which
experimentally inhibit olfaction) can repair and recover full
physiological capacity within 30 days (Tucker et al., 1974).
Although healed nerves are scarred and smaller, recordings
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and autonomic reflexes to odorants did not differ between
controls and nerves that had been cut at least 6 months ear-
lier (Tucker, 1971; Tucker et al., 1974).

Another means of quantifying olfactory neural responses
involves calcium imaging (Restrepo et al., 1995). This
method uses fluorescence to quantify changes in the flux of
calcium ions associated with neural activation (i.e., signal
transduction) of a single olfactory receptor neuron (ORN).
Jung et al. (2005) tested responses of acutely dissociated
ORNSs from olfactory epithelium of embryonic domestic
chicks. Avian ORNs were placed in Ringer’s solution con-
taining liquid solutions of odorants. The fluorescence pat-
terns, which correspond to increases or decreases in Ca?*
concentration, were remarkably similar to those of other
vertebrates (mammals and fish) that had been tested with
the same set of odorants (Jung et al., 2005).

7.3.4 Laboratory Detection Thresholds,
Discrimination, and Seasonal Change

Physiological responses (e.g., change in respiration or heart
rate) to novel odor stimuli have been observed (Wenzel
and Sieck, 1972). Habituation to the stimulus under this
paradigm, however, is problematic. Operant and classical
conditioning paradigms that use positive or negative rein-
forcement (Michelsen, 1959; Henton et al., 1966; Henton,
1969) are usually poor at determining olfactory thresholds
or discrimination (Calvin et al., 1957). However, two pro-
cess learning paradigms, such as cardiac conditioning,
have proven to be a successful technique for detection, dis-
crimination, and threshold testing (Rescorla and Solomon,
1967; Walker et al., 1986; Clark and Mason, 1989; Clark
and Smeraski, 1990; Clark, 1991a; Clark et al., 1993). Dur-
ing cardiac conditioning, an odor (the conditional stimulus)
is paired with an aversive experience, such as a shock (the
unconditional stimulus). Heart rate is compared before and
after stimulus presentation during training until a level of
cardiac acceleration is reliably achieved, indicating a bird
has learned to associate the odor in anticipation of a shock.
Thereafter, tests of detection or odor discrimination can
proceed. Most birds tested with this paradigm have shown
olfactory capabilities comparable to mammals (Davis,
1973). Even passerines, with the least developed olfactory
system, demonstrate behavioral responsiveness to odors
(Clark and Mason, 1987; Clark and Smeraski, 1990; Clark,
1991a; Clark et al., 1993) (Table 7.2).

European starlings offer an interesting case study of
olfactory structure, function, and seasonality. Male starlings
incorporate green plants that are rich in aromatic volatiles
into nests, some of which act as a fumigant against parasites
and pathogens (Clark and Mason, 1985, 1987, 1988; Clark,
1991b; Gwinner, 1997; Gwinner et al., 2000; Gwinner and
Berger, 2005). Starlings are most sensitive to, and can dis-
criminate between, plant odors during spring only, rather than
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TABLE 7.2 Summary of Selected Behavioral Olfactory Threshold Data for Different Species of Birds

Species

Rock dove (Columba livia)

Chicken (Gallus gallus)

Northern bobwhite (Colinus
virginianus)

Black-billed magpie (Pica
pica)

European starling (Sturnus
vulgaris)

Cedar waxwing (Bombycilla
cedrorum)

Tree swallow (Tachycineta
bicolor)

Brown-headed cowbird
(Molothrus ater)

Catbird (Dumetella carolin-
ensis)

Eastern phoebe (Sayornis
phoebe)

European goldfinch (Carduelis
carduelis)

Great tit (Parus major)

Black-capped chickadee
(Parus atricapillus)

"The ratio of the longest axis of the olfactory bulb to that of the ispsilateral cerebral hemisphere.

Ratio’

18.0

15.0

9.7

15.0

7.0

3.0

Stimulus

n-Amyl acetate

Benzaldehyde
Butanethiol
Butanol
n-Butyl acetate
Butyric acid
Ethanethiol
Heptane
Hexane
Pentane
Heptane
Hexane
Pentane
Heptane
Hexane
Pentane
Butanethiol
Ethanethiol

Cyclohexane

Cyclohexane

Cyclohexane

Ethyl butyrate

Cyclohexane

Cyclohexane

Cyclohexane

Cyclohexane

Cyclohexane

Threshold (ppm)

Min
0.31

0.47
13,820
0.17
0.11
2.59
10,080
0.29
1.53
16.45
0.31
0.64
1.58
2.14
3.15
7.18
13,416
8400
2.50

6.80

73.42

0.76

35.14

35.61

13.05

34.10
59.95

Max
29.8

00.75

0.38
2.98
20.76
0.57
1.00
2.22
3.49
4.02
10.92

86.46

Source

Henton (1969), Henton et al.
(1966), Walker et al. (1979), Walker
etal. (1986)

Walker et al. (1986)
Snyder and Peterson (1979)
Walker et al. (1986)
Henton (1969), Walker et al. (1986)
Henton (1969)

Snyder and Peterson (1979)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Stattelman et al. (1975)
Snyder and Peterson (1979)
Snyder and Peterson (1979)
Clark and Smeraski (1990)

Clark (1991a)

Clark (1991a)

Clark and Mason (1989)

Clark et al. (1993)

Clark et al. (1993)

Clark et al. (1993)

Clark et al. (1993)

Henton (1969)



98

in summer and fall. Spring is coincident with nest building and
suggests a hormonal influence (Clark and Smeraski, 1990).

Birds treated with testosterone (T), a hormone that
enlarges song-learning nuclei of the brain and alters
behavior, exhibited enlarged olfactory bulbs year-round,
indicating a proximate effect on bulb structure. However,
perception of plant odor in T-implanted males was great-
est during spring only, indicating that perception was inde-
pendent of T-treatment and olfactory bulb volume. One
hypothesized but untested mechanism is that an increase in
receptor cell density in starling olfactory epithelium occurs
in spring (DeGroof et al., 2010).

7.3.5 Development

Volatile compounds diffuse through avian eggshell (Rahn
et al., 1979), providing an opportunity for odor exposure
within the egg (Tolhurst and Vince, 1976; Sneddon et al.,
1998). Many vertebrates, including birds, detect and learn
chemical information as embryos (e.g., humans: Schaal
et al., 2000; Mennella et al., 2001; other mammals: Hepper,
1988; Bilko et al., 1994; amphibians: Mathis et al., 2008;
birds: Porter and Picard, 1998; Bertin et al., 2012). Early
exposure can cause changes in neuroanatomy, which alters
chemosensory perception in a way that can adaptively shape
responses later in life (e.g., to food, mates, etc.) (Todrank
etal., 2011).

Studies of domestic chickens, the avian model for devel-
opment, indicate that odor detection can occur before or
after young pierce the egg’s air sac and begin breathing air
(Tolhurst and Vince, 1976; Bertin et al., 2012; Hagelin et al.,
2013). ORNSs are functional 6 days prior to air-breathing
(on embryonic developmental day 13; Lalloué et al., 2003),
when nasal passages are full of amniotic fluid. Embryos
at this stage swallow frequently, facilitating fluid move-
ment, similar to mammals in utero (Sneddon et al., 1998).
Airbreathing begins approximately 2 days prior to hatch-
ing, on embryonic developmental day 19 (Tolhurst and
Vince, 1976).

The magnitude of embryonic response varies relative to
stimulus concentration and timing of exposure (Bertin et al.,
2010). Later developmental stages show relatively greater
responses to odors (Gomez and Celli, 2008; Bertin et al.,
2012). Detectable stimuli include artificial odors (Sneddon
et al., 1998), as well as naturally occurring scents, such as
nest materials (Gwinner and Berger, 2008), food-related
odors (Burne and Rogers, 1999; Cunningham and Nevitt,
2011), and compounds found in plumage scent of at least
one alcid species (Hagelin et al., 2013).

7.3.6 Field Studies and Behavioral Ecology

Like other vertebrates, birds detect and respond adap-
tively to odors (reviewed in Roper, 1999; Hagelin, 2007a;
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Balthazart and Taziaux, 2009; Caro and Balthazart, 2010).
Hagelin (2007a) made a distinction between environmen-
tally derived odors (e.g., food, predators) and those pro-
duced by birds themselves (e.g., body odors, fecal odor,
preen gland secretions). The latter can have social and
reproductive implications. This section considers examples
of adaptive olfactory responses to environmental odors as
well as bird-derived scents.

The use of olfactory cues for locating food has been
documented for numerous species, such as procellariids,
vultures, corvids, hummingbirds, honeyguides, parrots, and
kiwis (Roper, 1999). Turkey vultures (Cathartes aura), for
example, are attracted to ethyl-mercaptan, a volatile associ-
ated with decomposed carcasses (Stager, 1964, 1967), and
locate food without visual cues (Houston, 1986). Procel-
lariiforms also forage over considerable distances. Black-
footed albatrosses (Diomedea nigripes) respond to bacon
grease over 31km away (20miles; Miller, 1942), whereas
Leach’s storm petrel (Oceanodroma leucorhoa) home to
scent targets at a distance of 1-12km (Clark and Shah,
1992). Some procellariiformes also respond to a compound
that is correlated with prey called dimethyl-sulfide (DMS)
(Nevitt et al., 1995). DMS smells like rotten seaweed
and results from the breakdown of metabolic products of
marine algae (phytoplankton). Petrels, however, do not feed
on phytoplankton. Rather, DMS concentrates in locations
where a bird’s prey (zooplankton, such as krill) is actively
grazing on phytoplankton. Grazing by zooplankton lyses
phytoplankton cells and thereby creates a DMS odor plume,
which some birds follow to locate food (Nevitt, 2011).

With regard to predators, the scent of urine and/or
feces has an aversive effect on some avian species (blue
tits (Cyanistes caeruleus), Amo et al., 2008; house finches
(Carpodacus mexicanus), Roth et al., 2008; red junglefowl
(Gallus gallus), Zidar and Lgvlie, 2012), but not all (eastern
blue birds (Sialia sialis), Godard et al., 2007; house wren
(Troglodytes aedon), Johnson et al., 2011). Application of
predator odor can also deter breeding ducks and songbirds
(Eicholz et al., 2012; Forsman et al., 2013). Responses
appear to be innate rather than learned (Amo et al., 2011b),
although sleeping birds are unreactive (Amo et al., 2011a).

Odors are also germane to avian orientation and navi-
gation (reviewed in Wallraff, 2005; Gagliardo, 2013).
Homing pigeons, for example, exhibit larger olfactory
bulbs than nonhoming breeds (Rehkidmper et al., 1988,
2008). Investigators have also altered pigeon homing
behavior via experimental disruption of the olfactory sys-
tem. Manipulations include olfactory nerve transection
(Papi et al., 1971; Gagliardo et al., 2006, 2009), anesthesia
of olfactory mucosa (Wallraff, 1988), ablating the central
piriform cortex of the brain (Papi and Casini, 1990), and
nostril plugging. The last of these manipulations indicates
that pigeons rely more on their right nostril for olfactory
information (Gagliardo et al., 2007, 2011). ZENK, an
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immediate early gene expressed in olfactory neurons, also
implicates the use of olfaction during the process of hom-
ing (Patzke et al., 2010).

Emerging evidence for passerine species further sup-
ports olfaction during migration. For example, adult gray
catbirds (Dumetella carolinensis) rendered temporarily
anosmic (by washing the olfactory tissues with zinc sul-
fate) oriented differently from adult controls but similarly
to juvenile birds, which were migrating for the first time
and therefore unable to navigate (Holland et al., 2009).
With regard to cellular mechanisms, black-headed buntings
(Emberiza melanocephala) increase activation of olfac-
tory tissues (as measured by c-fos immunoreactivity) dur-
ing migration. These birds exhibit a seasonally enhanced
emphasis on olfaction while migrating, compared to visual
systems (Rastogi et al., 2011).

Many birds produce a variety of odorous compounds
(Table 7.3; reviewed in Campagna et al., 2011). For exam-
ple, a seabird colony, with its dense numbers of birds,
burrows, and feces, makes for a potent chemosensory expe-
rience. Pioneering work by Grubb (1974) on Leach’s storm
petrel showed differential return rates to nest sites after sur-
gical manipulation, indicative of olfactory-based homing:
91% for controls, 74% for sham surgery, and 0% for olfac-
tory nerve section. Several petrel species have since been
shown to discriminate between the odor of their own nest
and conspecific burrows (Minguez, 1997; De Leén et al.,
2003; Bonadonna et al., 2003a,b). Attraction to home nest

TABLE 7.3 Some Avian Orders Considered To Be Very
Odorous by Ornithologists

Number of
Order Common Name Species’
Procellariiformes  Petrels, shearwaters, diving 16
petrels
Ciconiiformes Herons, storks, new world 12
vultures
Anseriformes Ducks, geese, swans, 49
screamers
Charadriiformes ~ Sandpipers, gulls, auks 23
Psittaciformes Parrots 14
Cuculiformes Cuckoos 16

Coraciiformes Kingfishers, rollers, hoopoes, 14

woodhoopoes

Piciformes Woodpeckers, barbets, 33
tucans

Passeriformes Grackles, starlings, ravens, 46

finches, honeycreepers

'Data compiled from Weldon and Rappole, 1997.
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odor is also reported for passerines (Caspers and Krause,
2010; Krause and Caspers, 2012).

Avian chemical substances are linked with a variety
of social contexts (reviewed in Hagelin, 2007a; Hagelin
and Jones, 2007; Balthazart and Taziaux, 2009; Caro and
Balthazart, 2010). Uropygial gland secretions, for example,
show some level of hormonal control and exhibit individ-
ual, sex, and age-specific patterns (e.g., Procellariiformes:
Mardon et al., 2010, 2011; Anseriformes: Kolattukudy
et al., 1987; Galliformes: Karlsson et al., 2010; passerines:
Whittaker et al., 2010; Whelan et al., 2010; Shaw et al.,
2011; Amo et al., 2012a). Pioneering work by Balthazart
and Schoffeniels (1979) indicated male mallards decreased
social displays and sexual behavior toward females when
their olfactory nerves were sectioned, suggesting that
intact olfactory system is critical to courtship and mat-
ing. Crested auklets produce a seasonally elevated scent
associated with a stereotyped behavior that focuses on the
scented region of the body (the nape). Auklets are attracted
to natural feather odor, a chemical cocktail of odor com-
pounds, and scented decoys, which suggests odor has a
social function (Hagelin et al., 2003; Jones et al., 2004;
Hagelin, 2007a). Odorous compounds of crested auklets
can also negatively impact ectoparasites in experimental
tests (Douglas, 2008, 2013).

Procellariiform seabirds show a surprising level of body
odor discrimination, in that they are attracted to mate odors
and avoid self-odor (Antarctic petrel (Pachyptila desolata)
Bonadonna and Nevitt, 2004; blue petrels (Halobaena cae-
rulea), Mardon and Bonadonna, 2009). Furthermore, pref-
erence for the odor of unrelated individuals over those of
kin was recently discovered (European storm petrel (Hydro-
bates pelagicus), Bonadonna and Sanz-Aguilar, 2012). Such
results suggest that body odors could provide a mechanism
for inbreeding avoidance, known as self-referent phenotype
matching (Mateo and Johnston, 2000). This may be par-
ticularly important in petrels which are a long-lived philo-
patric species that mates for life. Petrels are also likely to
encounter kin on their natal breeding grounds that they have
never met before (Bonadonna and Nevitt, 2004; Bonadonna
and Sanz-Aguilar, 2012). Recent evidence for passerines
suggests that conspecific odor may provide relevant social
information. Bird responses to scent correlated with social
rank (house finch, Amo et al., 2012b), sex (European star-
ling, Amo et al., 2012a), and body size (dark-eyed junco
(Junco hyemalis), Whittaker et al., 2011).

7.3.7 Summary

Every bird tested has exhibited a functional sense of smell
(Bang and Wenzel, 1985). The extent of olfactory devel-
opment also is on par with that found in mammals. How-
ever, ornithologists have largely overlooked the role of
olfaction in avian biology. Many birds adaptively employ
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environmental odors; they also produce and respond to con-
specific scents. Although passerines have a relatively poorly
developed olfactory anatomy, they nonetheless show some
degree of olfactory acuity. Other species, such as procel-
lariiformes, have olfactory systems that are acutely sensitive
to odor cues and capable of a surprisingly detailed level of
conspecific odor discrimination. Given the broad range of
contexts that implicate avian olfaction, future interdisciplin-
ary research that compares olfactory mechanisms in birds
to better-known vertebrate systems, such as mammals and
fish, holds exciting promise.

7.4 GUSTATION
7.4.1 Taste Receptors

Relative to other vertebrates, birds have fewer taste recep-
tors and taste receptor genes (Berkhoudt, 1985; Shi and
Zhang, 2005) (Table 7.4). Notwithstanding these obser-
vations, birds have a well-developed system for gustation
with functional significance for their behavior, ecology, and
evolution. Taste receptors are located in taste buds through-
out the oral cavity. The greatest concentration of avian
taste receptors is found around salivary glands in the soft
epithelium of the palate, the posterior tongue, and the oro-
pharynx (Bath, 1906; Lindenmaier and Kare, 1959; Saito,

TABLE 7.4 Abundance of Taste Buds among Vertebrate
Species'

Taste

Species Buds Source

Domestic chick (day-old) 5-12 Lindenmaier and Kare

(1959)
Domestic chicken 24 Lindenmaier and Kare
(3 months) (1959)
Blue tit 24 Gentle (1975)
Bullfinch 41-42 Duncan (1960)
Pigeon 59 Moore and Elliot (1946)
Japanese quail 62 Warner et al. (1967)
European starling 200 Bath (1906)
Parrot 300400 Bath (1906)
Domestic cat (juvenile) 473 Elliot (1937)
Lizard 550 Schwenk (1985)
Bat 800 Moncrieff (1946)
Domestic cat (adult) 2755 Robinson and Winkles (1990)
Human 6974 Miller and Reedy (1990)
Rabbit 17,000 Moncrieff (1946)
Pig 19,904 Chamorro et al. (1993)
Ox 35,000 Moncrieff (1946)
Catfish 100,000 Hyman (1942)

'Modified from Kare and Mason (1986) and Mason and Clark (2000).
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1966; Ganchrow and Ganchrow, 1985). Afferent taste sig-
nals in birds are carried in the glossopharyngeal nerve (cra-
nial nerve IX; Duncan, 1960). The glossopharyngeal nerve
innervates the posterior buccal and pharyngeal areas (Kare
and Mason, 1986). Unlike mammals, the facial nerve (VII)
does not innervate the avian tongue (Wenzel, 1973). Rather,
glossopharyngeal afferents in birds enter the medulla and
join fibers from the facial (including chorda tympani)
and vagus nerves (X) to form a well-developed fasciculus
solitarius (Lindenmaier and Kare, 1959). The chorda
tympani innervates taste buds adjacent to the anterior
mandibular salivary glands, situated in the buccal epithelium
of the lower jaw (Kare and Mason, 1986).

7.4.2 Response to Sweet

Birds have a well-developed sense of taste that gener-
ally corresponds to their feeding habits. Frugivorous and
omnivorous birds tend to perceive and prefer sweet more
so than species in other foraging guilds. For example,
European starlings prefer 0.5-5% b-fructose solutions
(w/v) to distilled water (Espaillat and Mason, 1990).
Sugar detection thresholds of cockatiels (Nymphicus hol-
landicus) is 0.36 M sucrose, 0.40 M fructose and 0.16 M
glucose (Matson et al., 2000, 2001). The sugar detec-
tion thresholds of broad-billed hummingbirds (Cynan-
thus latirostris) is between 1.31 and 1.54 mM sucrose,
0.87-1.31mM fructose, 1.54-1.75mM glucose and
1.75-3.5mM of a 1:1 mixture of fructose and glucose
(Medina-Tapia et al., 2012). Interestingly, the sweet
taste receptor gene Taslr2 is absent in all bird genomes
sequenced thus far, irrespective of their diet (Zhao and
Zhang, 2012), suggesting that additional avian receptors
may exist for sweet.

The order of preference among nectivorous passerines
is sucrose = glucose + fructose = fructose > glucose > xylose
(Lotz and Nicolson, 1996). Lesser double-collared sun-
birds (Nectarinia chalybea) and Cape sugarbirds (Prome-
rops cafer) absorb sucrose, glucose, and fructose from
ingested food at nearly 100% efficiency, but xylose
was excreted (Lotz and Nicolson, 1996; Jackson et al.,
1998a,b). Although nectar composition and concentration
are often considered independently, these characteristics
may have a synergistic effect on the sugar preferences of
nectar-feeding birds (Schondube and Martinez del Rio,
2003).

Sugar preferences among nectarivorous and frugivorous
birds are concentration-dependent. Although nectarivorous
birds in Africa prefer sucrose when offered a choice of
0.25 M solutions of glucose, fructose, and sucrose, no pref-
erence among these sugars was observed when their concen-
tration was increased to 0.73 M; the dietary choices in these
species indicate the birds had either reached a limit where
they had sufficient energy intake or they were affected by



Chapter | 7 The Chemical Senses in Birds

postingestion constraints (Downs and Perrin, 1996; Downs,
1997). House finches demonstrated no preference for equi-
caloric, 2% solutions of hexoses (1:1 mixture of fructose
and glucose) and sucrose, and strong preference manifest
for hexoses but not sucrose at 4, 6, and 10% concentrations;
energetics, rather than sucrase deficiency, may determine
finches’ sugar preferences (Avery et al., 1999).

Studies of unrelated, nectarivorous birds (including a gen-
eralist, nonpasserine nectarivore) have demonstrated a distinct
switch from hexose preference at low concentrations to sucrose
preference at higher concentrations (Lotz and Schondube,
2006; Fleming et al., 2008; Brown et al., 2010a,c). Sucrose
preference at higher concentrations may possibly be
explained by taste perception due to differences in solution
osmolality or a degree of imprinting due to experience with
natural nectar compositions. Village weavers (i.e., generalist
passerine nectarivores; Ploceus cucullatus) preferred hexose
solutions at 5% and 10% sucrose equivalents (SE), yet
no sugar preference was observed at 15, 20, and 25% SE
(Odendaal et al., 2010). In contrast, dark-capped bulbuls
(Pycnonotus tricolor), an opportunistic nectarivore, signifi-
cantly preferred hexose solutions, irrespective of concentration
(5-25%), when given a choice between equicaloric hexose
and sucrose solutions (Brown et al., 2010b). Interestingly,
malachite sunbirds (Nectarinia famosa) demonstrated either
sucrose preference, no preference, or hexose preference when
offered equimolar, equiweight, or equicaloric paired solutions
of sucrose and hexose, respectively (Brown et al., 2008).

The bananaquit (Coereba flaveola) strongly prefers
the most concentrated sucrose solution when the low-
est concentration ranged from 276 to 522mM. From 522
to 1120mM sucrose concentrations, bananaquits adjust
their volumetric food intake to maintain constant energy
intake. At a sucrose concentration of 276 mM, however,
bananaquits did not maintain their rate of energy intake by
increasing food consumption (Mata and Bosque, 2004).
Although nectarivorous birds generally prefer concentrated
over dilute sugar solutions, the concentration difference
that they can discriminate is smaller at low concentrations
relative to high concentrations; this pattern may be a conse-
quence of the functional form of intake responses that often
results in decelerating sugar intakes with increasing sugar
concentration (Martinez del Rio et al. 2001; Leseigneur
and Nicolson, 2009). With regard to gender-specific food
intake among nectarivorous birds, males take longer to
digest than females when fed on sucrose-rich nectars as
opposed to hexose-rich nectars; therefore, they can allow
themselves a relatively lower digestive capacity (Mark-
man et al., 2006). The digestive transit rates of Cape white-
eyes (Zosterops virens) fed artificial fruit were faster for
glucose- than sucrose-based diets, irrespective of concen-
tration; increased food intake with decreasing glucose con-
centration and no significant differences in food intake with
differing sucrose concentrations were observed (Wellmann
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and Downs, 2009). Indeed, nectar ingestion rate is deter-
mined by viscosity, and total food intake is primarily modu-
lated by sugar concentration (Kohler et al., 2010).

Sugar preference and selection among nectarivorous
and frugivorous birds are likely to have coevolutionary
effects on flowering and fruit-bearing plants. Among 58
wild fruits studied in Hong Kong, all fruit species contained
glucose, all but one contained fructose, and only 11 spe-
cies contained sucrose; birds are known to eat 29 of these
species without detectable sucrose and four with sucrose
(Ko, 1996). From a comparative analysis of glucose, fruc-
tose, and sucrose in the nectar and fruit juice of 525 tropical
and subtropical plant species, passerine nectars and fruits
had low sucrose and high hexose content, respectively; the
nectar of hummingbird flowers had very high sucrose con-
tent; microchiroptera nectars showed hexose richness and
microchiropteran fruits had a sucrose content similar to
passerine fruits; and megachiroptera nectars and fruits were
sucrose-rich (Baker et al., 1998). The dichotomy between
sucrose-rich nectars in hummingbird-pollinated plants and
predominantly hexose-rich nectars in sunbird-pollinated
plants appears to have little to do with bird physiology
and may rather reflect patterns of nectar secretion or plant
physiology and opportunist nectar feeders (Nicolson and
Fleming, 2003; Fleming et al., 2004).

The hummingbird-passerine dichotomy was strongly
emphasized until the discovery of South African plants
with sucrose-dominant nectars, which are pollinated by
passerines that demonstrate sucrose digestion and prefer-
ence (Lotz and Schondube, 2006). Flowers adapted for
specialized passerine nectarivores have nectar similar to
that of hummingbird flowers in terms of volume (approx.
10-30mL), concentration (15-25% w/w) and sucrose con-
tent (40-60% of total sugar). In contrast, flowers adapted
to generalized bird pollinators are characterized by large
volumes (approximately 40—-100mL) of extremely dilute
(8-12%) nectar with minimal sucrose (0-5%; Johnson and
Nicolson, 2008).

Rufous hummingbirds (Selasphorus rufus) preferred
50% sucrose to higher and lower concentrations, and
they could distinguish solutions differing by only 1%
sucrose (Blem et al., 2000). Sucrase activity is 10 times
higher in hummingbirds than in passerines (Schondube
and Martinez del Rio, 2004). Neither sex nor tempera-
ture affected sugar preferences among green-backed
firecrown hummingbirds (Sephanoides sephaniodes;
Chalcoff et al., 2008). Patterns of hummingbird sugar
preference can be affected by different mechanisms, both
pre- and postingestive. At low concentrations, gustatory
thresholds may play an important role in sugar selection.
At intermediate and high concentrations, however, sugar
selection can be explained by sugar assimilation rates
and velocity of food processing generated by osmotic
constraints (Medina-Tapia et al., 2012).
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Species belonging to the Sturnidae—Muscicapidae
lineage do not express intestinal sucrase, despite having
generalist diets comprising fruits with sugars of diverse
kinds (Gatica et al., 2006). Members of the Sturnidae-
Muscicapidae lineage are intolerant of solutions or fruit
above 11-15% sucrose (Brown et al., 2012). Consider-
ing the phylogenetic constraint hypothesis for sucrose
digestion in the Muscicapoidea superfamily, the lack of
sucrase activity is a shared, derived character only for the
Cinclidae—Sturnidae—Turdinae lineage (Gatica et al., 2006).

Within an experimental meal with varying sucrose con-
centration, captive whitebellied sunbirds (Cinnyris talatala)
demonstrated a measurable increase in feeding frequency
and food intake within 10min after a decrease in sucrose
concentration (Kohler et al., 2008). Similarly, Knysna tura-
cos (Tauraco corythaix) preferred an artificial sucrose diet
to an equicaloric glucose diet at low concentrations, whereas
purple-crested turacos (Gallirex porphyreolophus) showed
no preference for either diet. Both turacos species preferred
a sucrose diet to an equimolar glucose diet at low concen-
trations. At high concentrations, neither species showed a
preference for either equicaloric or equimolar diets; thus,
energy requirements influence food preferences more than
sugar type and birds will select fruit that is higher in energy
irrespective of sugar type (Wilson and Downs, 2011).

7.4.3 Response to Salt

A comparison of the sodium chloride rejection thresholds
among 58 bird species illustrated rejection thresholds rang-
ing from 0.35% NaCl in a parrot to 37.5% NaCl in the pine
siskin (Carduelis pinus; Rensch and Neunzig, 1925). Red-
winged blackbirds (Agelaius phoeniceus) and European
starlings preferred 0.1-1% NaCl solutions (w/v) to dis-
tilled water (Espaillat and Mason, 1990). The salt detec-
tion threshold of cockatiels is 0.16 M NaCl (Matson et al.,
2000) and 0.16 M potassium chloride (Matson et al.,
2001). With regard to the mechanism of salt perception,
sodium in the oral cavity can cross the taste sensory cell
membrane through the epithelial Na* channel (ENaC), thus
triggering an action potential (Roura et al., 2012). Pigeons
(C. livia domestica) learned to discriminate a safe 0.06 M
NaCl solution and a toxic equimolar LiCl solution. Because
the pigeons avoided the LiCl solution within a short pre-
sentation period of 5minutes, it is unlikely that the birds
were using an interoceptive stimulus of faint, postingestive
malaise as a conditioned cue; thus, the pigeons’ discrimina-
tion performance between the two chloride solutions was
attributed to gustation (Nakajima and Onimaru, 2000).

7.4.4 Response to Sour

Sourness is related to the acidity of food, which is often
caused by bacterial fermentation and typically evokes a
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rejection response. With regard to the mechanism of sour
perception, the receptors for sour taste are thought to be
transmembrane channels that are selective for hydrogen
ions (Roura et al., 2012). Red-winged blackbirds and female
starlings preferred distilled water to 0.01-0.1 M citric acid
solutions (Espaillat and Mason, 1990). For the purpose of
investigating sour detection thresholds, Matson et al. (2000)
defined sourness as a pH, and they achieved sourness by
varying the pH of a 0.05M citrate buffer system. The sour
detection threshold of cockatiels is pH 5.5 citric acid.

7.4.5 Response to Bitter

Bitter taste perception likely evolved as a protective
mechanism against the ingestion of harmful compounds
in food (Davis et al., 2010). Red-winged blackbirds and
European starlings preferred distilled water to 0.5-5%
tannic acid solutions (w/v; Espaillat and Mason, 1990).
The bitter detection thresholds of cockatiels is 100 uM
quinine, 1000 uM gramine, 500 uM hydrolysable tannin
and 10,000 uM condensed tannin (Matson et al., 2004).
Compared with pigs, chickens showed a lower sensitivity
to glucosinolates (i.e., bitter plant metabolites); compared
to ruminants, however, chickens showed a higher aversion
to glucosinolates (Roura et al., 2012).

Bitter detection thresholds indicate that a birds’ rejec-
tion of quinine occurs at lower concentrations than phy-
tophagic mammals (Matson et al., 2004). White Leghorn
and Rhode Island Red chickens were able to detect 2.0mM
quinine hydrochloride; broiler chickens detected 0.5 mM
quinine hydrochloride (Kudo et al., 2010). Domestic chicks
(14 days old) can discriminate between an untreated diet
and a diet treated with 0.2% quinine hydrochloride (Ueda
and Kainou, 2005).

Johnson et al. (2006) explored the functional signifi-
cance of the phenolic compounds that impart a dark brown
color to the nectar of the South African succulent shrub,
Aloe vryheidensis. Dark-capped bulbuls were more likely
to probe model flowers containing dark nectar than those
containing clear nectar, suggesting a potential signaling
function of dark nectar. The main effect of the phenolics,
however, appears to be repellency of ‘‘unwanted’’ nectari-
vores that find their bitter taste unpalatable. Nectar-feeding
honey bees and sunbirds are morphologically mismatched
for pollinating A. vryheidensis flowers and strongly reject
its nectar. Thus, the dark phenolic component of the nec-
tar appears to function as a floral filter by attracting some
animals visually and deterring others by its taste (Johnson
et al., 20006).

The taste receptor type 2 (Tas2r) gene family encodes the
chemoreceptors that are directly responsible for the detec-
tion of bitter compounds. The Tas2r cluster encodes up to 18
functional bitter taste receptors in the white-throated spar-
row (Zonotrichia albicollis; Davis et al., 2010). Although
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the tens to hundreds of taste buds observed among birds
pales in comparison to the hundreds to thousands of taste
buds found in other vertebrates (Table 7.4), this relative
deficit does not preclude birds from detecting bitter com-
pounds as effectively as those species with more taste buds.
Future biochemical and genetic studies will be needed to
identify the natural ligands for avian Tas2r gene clusters,
and the intra- and inter-specific differences in these genes
with variation in bitter taste perception (Davis et al., 2010).

7.4.6 Response to Umami

Male starlings preferred 0.7—-1% L-alanine solutions to dis-
tilled water (Espaillat and Mason, 1990). The TIR1 umami
receptor gene and the T1R3 sweet/umami receptor gene
have been identified in chickens (Shi and Zhang, 2005).
Moreover, the expression of T1RI has been reported in
hypothalamus, liver, and abdominal fat (Byerly et al., 2010).
Thus, avian taste receptors and umami receptor genes may
be involved in the orchestration of postingestive and meta-
bolic events (Roura et al., 2012). Further research is needed
to comparatively investigate avian feeding responses to
umami tastants.

7.4.7 Response to Calcium

Calcium-deprived chickens preferred calcium-rich diets
when offered a choice (Wood-Gush and Kare, 1966;
Hughes and Wood-Gush, 1971). Similarly, consumption
of supplementary calcium was inversely related to chick-
en’s dietary calcium content (Taher et al., 1984). Further
research is needed to distinguish the behavioral responses
of birds to calcium as a tastant (i.e., sensory cue) versus
the pre- and postingestive attributes of calcium-rich supple-
ments. Although it is clear that animals can detect calcium
in micromolar or low millimolar concentrations, it is less
clear what they detect or how they detect it (Tordoff, 2001).
The notion that calcium is a distinct taste quality is an
anathema to many psychophysicists, who argue that there
are very few basic taste qualities (sweet, sour, salty, bitter,
and umami). To them, calcium taste is a complex of basic
tastes, such as bitterness, sourness, and saltiness (Tordoff,
2001).

Calcium taste varies with both the form and the con-
centration of salt tested, but it nearly always includes sour
and bitter components (Tordoff, 2001). The extracellular
calcium-sensing receptor (CaR) is a multimodal sensor
for several key nutrients, notably Ca®* and L-amino acids,
and is expressed abundantly throughout the gastrointestinal
tract in humans (Conigrave and Brown, 2006). Although the
T1r3 receptor gene in mice (Tordoff et al., 2008) and the
CaR have been identified as calcium sensors, it is yet uncer-
tain if they mediate calcium appetite or taste (Roura et al.,
2012) in birds.
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7.4.8 Taste Behavior and Applications

Deterrents based merely on offensive flavors are not likely to
be effective in the absence of aversive postingestive effects
(Provenza, 1995). In this context, flavor is the perceptual
integration of chemesthetic, olfactory, and gustatory stimuli.
Red-winged blackbirds conditioned with sodium chloride
paired with an intraperitoneal injection of a gastrointesti-
nal toxin (lithium chloride) or a free choice of a postinges-
tive, cathartic purgative (anthraquinone) or a postingestive,
cholinesterase inhibitor (methiocarb) subsequently avoided
the flavor (NaCl; Figure 7.5) and color of food experienced
during conditioning. In contrast, blackbirds conditioned
with sodium chloride paired with an intraperitoneal injec-
tion of an opioid antagonist (i.e., chemesthetic; naloxone
hydrochloride) or a free choice of a preingestive, trigeminal
irritant (methyl anthranilate) subsequently avoided only the
color (not flavor; Figure 7.5) of food experienced during
conditioning. Thus, red-winged blackbirds reliably inte-
grate gustatory (and visual) experience with postingestive
consequences to procure nutrients and avoid toxins (Werner
and Provenza, 2011).

Avian taste behavior has been investigated in context
of agricultural production, chemical defenses of insects
and plants, coevolution in predator-prey and pollination
systems, chemical ecology, conservation biology, and
comparative physiology and taxonomy. For example,
although avian feeding responses to secondary metabo-
lites are species-specific (Saxton et al., 2011; Rios et al.,
2012), increased sugar concentrations (not decreasing acid
concentrations) are a functional cue for the onset of bird
damage to ripening grapes (Saxton et al., 2009). Although
increased sucrose content may deter sucrase-deficient birds
from damaging commercial fruit (Brugger and Nelms,
1991), increased sucrose may also lead to increased crop
damage by other species obligated to consume more of
the less-digestible fruit to meet their energy requirements
(Lane, 1997). This compensatory feeding hypothesis not-
withstanding, McWhorter and Martinez del Rio (2000)
observed a physiological constraint on sugar consumption
among nectarivorous hummingbirds; the rate of intestinal
sucrose hydrolysis can limit sugar assimilation and reduce
sucrose preference. Indeed, the intake responses of nectar-
feeding birds manifest from the integration of a behavioral
response with the physiological processes that shape it
(Martinez del Rio et al., 2001).

Several tastants have been used to condition aversions
among birds associated with agricultural production. The
risk of accidental poisoning of birds may be reduced by
adding an aversive tastant (e.g., D-pulegone, quinine hydro-
chloride) to granular pesticides (Mastrota and Mench,
1995; Clapperton et al., 2012). Garlic oil was identified as
an effective chemical repellent for European starlings (Hile
et al., 2004) and quinine sulfate (bitterant) was used to
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FIGURE 7.5 Mean consumption (+2 SEM) of sodium chloride and citric acid subsequent to NaCl conditioning with: an intraperitoneal injection of a
gastrointestinal toxin (lithium chloride), or a free-choice of a postingestive, cathartic purgative (anthraquinone) or a postingestive, cholinesterase inhibi-
tor (methiocarb); or an intraperitoneal injection of an opioid antagonist (naloxone hydrochloride) or a free-choice of a pre-ingestive, trigeminal irritant
(methyl anthranilate) in red-winged blackbirds (Agelaius phoeniceus). From Werner and Provenza (2011), baseline preference data from Werner et al.

(2008); with permission.

condition taste aversions and thus reduce destructive feather
pecking among laying hens (Harlander-Matauschek et al.,
2009, 2010).

Relative preference for specific tastants has been used
to enhance feeding for poultry production. The preference
of chickens for oily diets (i.e., long-chain versus medium-
chain triacylglycerol) is mediated by gustation (Furuse
et al., 1996; Mabayo et al., 1996), not satiety (Vermaut
et al., 1997). In contrast, the avoidance of a saponin-rich
diet is not mediated by taste in domestic chicks (Ueda and
Shigemizu, 2001); rather, crop distension causes decreased
feed intake associated with tea saponin (Ueda et al., 2002).

Domestic chicks can use unpalatable taste (e.g., qui-
nine) to adapt their visual foraging decisions (Rowe and
Skelhorn, 2005; Skelhorn et al., 2008). Moreover, European
starlings and domestic chicks can learn to use bitter taste
cues to regulate consumption of toxic prey (Skelhorn and
Rowe, 2010; Barnett et al., 2011). Similarly, red-winged
blackbirds use affective processes (flavor-feedback rela-
tionships) to shift preference for both novel and familiar
flavors (Werner et al., 2008).

7.4.9 Summary

The conventional notion regarding the “limited ability of
birds to taste” (Kassarov, 2001) was shaped by a historic
paradigm of taste research (i.e., elementary structure and

function). Avian taste perception is currently investigated
in context of ontogenetic and phylogenetic relationships
within ever-changing environments. Birds use taste cues
to select nutrients and avoid toxins; thereby, they affect the
distribution, diversity, and coevolution of their prey. Thus,
taste cues and postingestive consequences have behavioral,
ecological, and evolutionary implications for domestic and
wild birds. Future avian gustation research will develop our
understanding of comparative biochemistry, molecular biol-
ogy, and ethology—from an emphasis on anatomical struc-
ture to the physiological bases of behavior and performance.
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8.1 INTRODUCTION

The Earth’s magnetic field provides potentially useful
information, which birds could use for directional and/
or positional information. It has been clearly demon-
strated that birds are able to sense the compass direction of
the Earth’s magnetic field and that they can use this infor-
mation as part of a compass sense. Magnetic information
could also be useful as part of a map sense, and there is a
growing body of evidence that birds are able to determine
their approximate position on the Earth on the basis of geo-
magnetic cues. In addition to direct uses for orientation and
navigation, magnetic information also seems to be able to
influence other physiological processes, such as fattening
and migratory motivation, as a trigger for changes in behav-
ior. Although the behavioral responses to geomagnetic cues
are relatively well understood, the physiological mecha-
nisms enabling birds to sense the Earth’s magnetic field are
only starting to be understood, and understanding the mag-
netic sense(s) of animals, including birds, remains one of
the most significant unsolved problems in biology. It is very
challenging to sense magnetic fields as weak as that of the
Earth using only biologically available materials. Only two
basic mechanisms are considered theoretically viable in ter-
restrial animals: iron-mineral-based magnetoreception and
radical-pair based magnetoreception. On the basis of cur-
rent scientific evidence, iron-mineral-based magnetorecep-
tion and radical-pair-based magnetoreception mechanisms
seem to exist in birds, but they seem to be used for different
purposes. Plausible primary sensory molecules and a few

brain areas involved in processing magnetic information
have been identified in birds for each of these two types of
magnetic senses. Nevertheless, we are still far away from
understanding the detailed function of any of the at least
two different magnetic senses existing in some if not all bird
species, and, at present, no primary sensory structure has
been identified beyond reasonable doubt to be the source of
avian magnetoreception. This is an exciting but challeng-
ing field in which several major discoveries are likely to be
made in the next 1-2 decades.

8.2 MAGNETIC FIELDS

Moving electric charges such as electrons produce mag-
netic fields. On the microscopic scale, electron (and
nuclear) spins can generate magnetic fields. On the mac-
roscopic scale, a magnetic field, B, is, for instance, gen-
erated around a wire when current runs through it. The
magnetic field at a given location can be described as a
three-dimensional (3D) vector for which the strength, B, is
measured as magnetic flux density using the unit “Tesla”
(T), 1T=1(V*s)/m2=1(N*s)/(C*m)=10,000 Gauss
(V=Volt, s=second, m=meter, N=Newton, C=Cou-
lomb). Some materials, which are called “ferromagnetic,”
can be permanently magnetized by a magnetic field, and
this magnetization remains after the magnetizing field has
been removed. Magnetite (Fe;O,4), an iron oxide, is a well-
known example of a ferromagnetic mineral (Mouritsen,
2013).

* Because our knowledge of magnetoreception did not change dramatically over the last few months, there is significant text and content overlap between
the present chapter and a chapter focusing on magnetoreception in all kinds of organisms and titled “The Magnetic Senses,” which I recently wrote for the
textbook Neurosciences: Mouritsen, H., 2013. The magnetic senses. In: Galizia, C.G., Lledo, PM. (Eds), Neurosciences—From Molecule to Behavior: A
University Textbook. © Springer-Verlag Berlin Heidelberg, pp. 427-443, doi: 10.1007/978-3-642-10,769-6_20. Springer Verlag has permitted the reuse of
significant parts of the Neurosciences textbook chapter text and figures in the present chapter. Specific references to this text are not given at every location
where text is reused because such references would compromise readability and could be misunderstood to be referring to primary research findings.

Sturkie’s Avian Physiology.
Copyright © 2015 Elsevier Inc. All rights reserved.
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8.3 THE EARTH’S MAGNETIC FIELD

The Earth generates its own magnetic field (the geomag-
netic field), which is mostly caused by electric currents in
the liquid outer core of the Earth (the “dynamo effect”).
The magnetic field measured at the Earth’s surface is
similar to the magnetic field one would expect to see if a
large dipole magnet was placed in the center of the Earth
(see Figure 8.1). The Earth’s magnetic field currently has
a magnetic field South Pole near the Earth’s geographic
North Pole (referred to as “Magnetic North” or “Mag-
netic North Pole” in biology). Throughout this chapter,
I will follow the convention used in the bird orientation
research literature and use the term “Magnetic North” or
“Magnetic North Pole” to refer, not to the physical mag-
netic North Pole, but to the magnetic pole located closest
to the geographic North Pole. Likewise, the magnetic field
North Pole near the Earth’s geographic South Pole will be
referred to as “Magnetic South” or “Magnetic South Pole”
(Mouritsen, 2013).

The magnetic field lines leave the Magnetic South Pole
and re-enter the Magnetic North Pole. The polarity of the
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magnetic field lines always points toward Magnetic North;
therefore, they can provide a highly reliable directional
reference that can be used as the basis for a magnetic
compass anywhere on planet Earth except at the magnetic
poles. At the magnetic poles, the field lines point directly
into the sky (at the Magnetic South Pole) or directly into
the Earth (at the Magnetic North Pole). At the magnetic
equator, the magnetic field lines are parallel to the Earth’s
surface. The angle between the magnetic field lines and
the Earth’s surface is called “magnetic inclination.” Thus,
magnetic inclination changes gradually from —90° at the
Magnetic South Pole to 0° at the magnetic equator to +90°
at the Magnetic North Pole (see Figure 8.1). The Earth’s
magnetic field intensity ranges from c. 30,000nT (nano-
Tesla=10"°T; 1T=1Vsm2; 1nT=10"° Gauss) near the
magnetic equator to c. 60,000nT at the magnetic poles.
Earth-strength magnetic fields are usually measured with
a calibrated three-axial flux-gate magnetometer. In theory,
magnetic inclination and magnetic intensity can be use-
ful for determining one’s position, but, on most parts of
the Earth, magnetic inclination and intensity changes pre-
dominantly from North to South but not much from East to
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FIGURE 8.1

The Earth’s magnetic field (the geomagnetic field). Notice that the southern and northern magnetic poles and the magnetic equator do

not coincide with the geographical poles and the geographic equator. Also notice that the magnetic field lines intersect the Earth’s surface at different
angles depending on the magnetic latitude (blue-green lines and vectors). The intersection angle is called the magnetic inclination. Magnetic inclina-
tion is +90° at the Magnetic North Pole (red vector), c. +67° at the latitude of Germany (yellow vector), 0° at the magnetic equator (dark blue vectors),
c. —64° at the latitude of South Africa (orange vector), and —90° at the Magnetic South Pole (magenta vector) (Adapted with permission after Wiltschko
and Wiltschko (1996) and Mouritsen (2013).) The magnetic intensity varies from c. 60,000nT near the magnetic poles to c. 30,000 nT along the magnetic

equator.
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West; therefore, it seems easier to determine latitude than
longitude from geomagnetic field information (Mouritsen,
2013).

The Magnetic North Pole is currently located in northern
Canada, and the Magnetic South Pole is currently located
south of Australia. Consequently, the geographic and mag-
netic poles do not coincide (see Figure 8.1). The devia-
tion between geographic and Magnetic North is called the
“magnetic declination.” Magnetic declination is the angle
between Magnetic North (i.e., the direction in which the
north end of a compass needle points in) and Geographic
North. The declination is positive when Magnetic North
is east of Geographic North and negative when Magnetic
North is west of Geographic North. Declination is mostly
small, but near the magnetic poles declination can pose
a serious problem for navigating birds using a magnetic
compass unless they find a way to compensate for it. On
the other hand, magnetic declination could, in theory, be
a useful parameter to determine, for example, East-West
position if it would be combined with other map cues
(Mouritsen, 2013).

8.4 CHANGING MAGNETIC FIELDS FOR
EXPERIMENTAL PURPOSES

The direction of the magnetic field around a wire can be
determined by the “right hand rule”: If you grasp around
the wire with your right hand so that your thumb is point-
ing in the direction of the current, then the magnetic
field around the wire runs in the direction in which your
fingers are pointing. The magnetic field decreases with
distance as you move away from the wire. If you create
a coil of wire, then the magnetic field created is much
stronger inside of the coil than on the outside of the coil
because many parallel magnetic field lines created by dif-
ferent parts of the wire coincide and thus add up in the
center of the coil. This is the reason why coil construc-
tions are typically used to produce and alter magnetic
fields (Mouritsen, 2013).

The typical coil constructions, which are used to pro-
duce Earth-strength magnetic fields for scientific experi-
ments, are so-called “Helmbholtz coils”—a pair of parallel
coils placed one radius apart from each other (Kirschvink,
1991). In a pair of Helmholtz coils, the magnetic field is
very homogeneous within a central space of c. 60% of
the radius of the coils (Kirschvink, 1991). The magnetic
field generated in the center of a pair of Helmholtz coils
is B=(0.9%10°Tm/A*n*I)/R, where T is the unit Tesla, n
is the number of turns in each coil, / is the current flow-
ing through the coils measured in ampere (A), and R is the
radius of the coils measured in meters (m) (Kirschvink,
1991). One pair of Helmholtz coils can only alter the mag-
netic field along one axis. To make any desired 3D magnetic
field, three pairs of Helmholtz coils oriented perpendicular
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to each other are ideally needed. If one adds an artificially
created field to an existing field (such as that of the Earth),
then the resultant field is calculated by simple vector addi-
tion of the two fields (see Figure 8.2; Kirschvink, 1991).
Therefore, it is also possible to use a single pair of Helmholtz
coils to make any 3D magnetic field, but in that case, this
single pair of coils must be oriented very precisely in 3D
space (see Figure 8.2; Mouritsen, 2013).

Although the Helmholtz arrangement is easy to calcu-
late and construct, the central homogeneous space can be
increased to c. 110% of the radius of the coils by using
more elaborate coil designs such as the Merritt-4-coil sys-
tem (Kirschvink, 1991; Zapka et al., 2009, Figure 20.2 in
Mouritsen, 2013). To control for artefacts, one would—
independent of the coil design chosen—expect the coils to
be “double wrapped” (Kirschvink, 1991; Kirschvink et al.,
2010). This means that during construction of the coils,
each coil contains two separate but identically wrapped
wires, each with separate connectors, so that one can either
run current through both halves of the windings in the same
direction (then the magnetic field in the center of the coil
will change), or one can run the current through one half
of the coils in one direction but in the opposite direction
through the second half of the windings. In that case, the
current running through one half of the windings will cre-
ate a magnetic field, which exactly cancels the magnetic
field produced by the other half of the windings, and the
background field is not changed. By using double-wrapped
coils, exactly the same amount of current is sent through the
coils whether the magnetic field is being changed or not.
Double-wrapped coils also allow for truly double-blinded
experiments (Kirschvink, 1991; Zapka et al., 2009; Harris
et al., 2009; Hein et al., 2010, 2011; Engels et al., 2012).
An excellent presentation of the theoretical background
and practical instructions on how to construct various coil
designs for changing Earth-strength magnetic fields can be
found in Kirschvink (1991).

8.5 BIRDS USE INFORMATION FROM
THE EARTH’S MAGNETIC FIELD FOR
ORIENTATION AND NAVIGATION

Orientation and navigation skills are essential for the sur-
vival of all migratory birds. All first-time migrants are faced
with the challenge of finding an unfamiliar wintering area,
often thousands of kilometers away (Berthold, 1991; Mou-
ritsen and Mouritsen, 2000; Mouritsen, 2003). Many bigger
birds are day migratory and travel in groups, which means
that young birds of these species might simply follow expe-
rienced birds that know the way. However, most small song-
birds are night-migratory and travel alone without contact
with their parents. Consequently, all of their navigational
skills must be based on inherited sensory capabilities and
strategies (Mouritsen, 2003). No cues requiring previous
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N-S axis

E-W axis

FIGURE 8.2 Magnetic fields are vector fields and can easily be turned with pairs of coils. If we consider the geomagnetic field, it will point toward
North (0°) and have a vertical and a horizontal component. Let’s say that we want to create a magnetic field with the same strength and inclination as the
geomagnetic field but that is turned horizontally 120° counterclockwise. In that case, the vertical component of the field should remain unchanged, and
we only have to consider the two dimensions in the horizontal plane. Let’s say that the Earth’s magnetic field at the relevant location has a horizontal
field component of 18,000nT pointing toward Magnetic North (black vector). If we want to turn the field to point toward 240° (a 120° counterclockwise
turn, red vector), then we need to produce a magnetic field vector (the blue vector) that connects the tip of the black vector to the tip of the red vector. The
needed field can be produced by a single pair of Helmholtz coils (symbolized by the violet lines) if the coil frames are oriented on the axis defined by
half of the wanted angular turn (in this case 120°/-60°) given that the final wanted intensity should remain unchanged. Simple trigonometry can be used
to calculate the needed field strength, By, of the blue vector. In this case, Byjue = (((COS(piack) *Bpiack) — (€08(0kreq) *Brea))? + ((SIn(Opjack) *Bhiack) — (SIN(Clyeg-
)*Brea))?) 2, where Opjae =360°, 0eq=240°, and By = Bieg= 18,000 nT => By, = ((cos(360°)*18,000 nT - cos(240°)*18,000 n'T)? + (sin(360°)* 18,000 n
T —sin(240°)*18,000nT)2)12=(((27,000nT)?+(-15,588 nT)?)/2)=31,177 nT. If the strength of the final vector should have a different intensity than the
original vector, or if the vertical component also needs to be changed, then again a single pair of coils can, in principle, do the job (the needed calculations
are 3D), but accurately orienting this pair of coils is very difficult in real life. Therefore, if excellent control of static magnetic fields is required, usually
3D systems of perpendicularly oriented coils are used. Because magnetic fields are vector fields, which all need to be added up to get the total resultant
field, instead of producing the direct vector (the blue vector) that connects the tip of the black vector to the tip of the red vector, we can produce two vec-
tors (the dashed blue vectors) along the two coil axes, which in total connect the tip of the black vector to the tip of the red vector. With such systems, each
of the needed vectors is much easier to calculate. The needed N—S component is cos(Oyjack) *Bprack —€08(Ceq) ¥Breg, and the needed E-W component is
SIN(Olpack) *Bplack — Sin(a) *B eq. If one uses a 3D magnetometer oriented with the x-axis toward North and the y-axis toward East, and one just wants to calculate
the values that should be on the display when the wanted field is present, X should read cos(0q) *B,q and Y should read sin(at) *B 4. Thus, in the case of a 120°
counterclockwise turn of the above-mentioned field, X should read cos(240°)*18,000nT=-9000nT and Y should read sin(240°)*18,000nT=-15,588 nT.
All formulas presented here are valid for geographical angles (North=0°=360°, East=90°, South=180°, and West=270°) but have to be modified if
mathematical angles are used (East=0°, North=90°, West=180°, and South=270°). What should the same magnetometer read on X and Y if the same
geomagnetic field is turned horizontally to 165°?*

# X=-17,387nT; Y=+4659nT.

experience with the goal can be involved in the orientation
strategies of solitary, first-year migrants. These consider-
ations strongly limit the number of possible orientation cues
to a few classes of globally or at least regionally consistent
cues (Mouritsen, 2003):

1. Celestial cues, including the Sun, the stars, and maybe
the polarized light pattern of the sky
2. Geomagnetic cues

In addition to these cues, some authors have suggested that
chemical cues, including odors, (Wallraff and Andreae,
2000; Wallraff, 2005; Gagliardo et al., 2006, 2008, 2009)
infrasound (sound with frequency below c. 20Hz; Hag-
strum, 2013 but see Wallraff, 1972; Holland, in press), and/
or Coriolis forces (the phenomenon that moving liquids and
moving air are deflected slightly to the right on the Northern

Hemisphere and slightly to the left on the Southern Hemi-
sphere because of the Earth’s rotation; Coriolis, 1835) might
also be used for orientation and navigation.

However, there seems to be no physiological structure
inside of birds that would enable them to detect the Coriolis
effect with a reasonable signal-to-noise ratio (Rosenblum
et al., 1985; Adair, 1991; Kirschvink et al., 2010). Likewise,
it is difficult to imagine how an inexperienced migrant could
know, in advance, what the infrasound or odor “landscapes”
along its migratory path looks like, and it is difficult to
imagine that the infrasound and/or odor landscapes would
be simple and consistent enough to be used by inexperi-
enced birds as a primary map cue over thousands of kilo-
meters (but see Wallraff and Andreae, 2000). Furthermore,
because the width of the bird’s head is much smaller than
the wavelength of infrasound, it would be challenging for a
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FIGURE 8.3 Displacement experiments provide key evidence for understanding the spatiotemporal orientation strategies of migratory birds.
(A) Perdeck’s classical experiments in which he displaced >10,000 starlings from Holland S/SSE (=) to Switzerland during autumn migration showed
that young starlings (*) on their first autumn migration were unable to correct for the displacement. The young birds show a parallel displaced migration
pattern relative to the wintering area of nondisplaced controls (dashed area) whereas adult starlings (A) orient directly back to the normal population-
specific wintering area of nondisplaced controls (From Mouritsen (2003 ) after Schmidt-Koenig (1965); Perdeck (1958)). (B) Displacement experiments,
in which Eurasian Reed Warblers (Acrocephalus scirpaceus) were tested in Emlen funnels (Emlen and Emlen, 1966; Mouritsen et al., 2009) before and
after displacement, showed that young birds on their first spring migration are already able to correct for 1000-km eastward displacements to a location
where they have certainly never been before (b). (a) Orientation of birds at the capture site (Rybachy). (c) Orientation of the same birds after the 1000 km
eastward translocation to Zvenigorod. Each dot at the circular diagram periphery indicates the mean orientation of one individual bird. The arrows show
group mean directions and vector lengths. The dashed circles indicate the length of the group mean vector needed for significance according to the
Rayleigh test (5% and 1% level for inner and outer dashed circles, respectively). The lines flanking group mean vectors indicate the 95% confidence inter-
vals for the mean direction. gN =geographic North. On (b), a map of the displacement region is shown. The shaded light-gray zone represents the breeding
range of Eurasian Reed Warblers and the dashed arrows show the expected results in case of (1) no compensation for the displacement or (2) compensa-
tion toward the eastern part of the breeding range. Notice that intact birds compensate for the displacement whereas birds that had the ophthalmic branch
of the trigeminal nerve cut (d—f) could no longer compensate for the displacement. Re-assembled after Chernetsov et al. (2008); Kishkinev et al. (2013).
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small bird with a 2 cm wide head to determine from which
direction infrasound originates (Mouritsen, 2013).

Thus, the primary orientation system of young inexpe-
rienced migrants on their first autumn migration is likely to
be based primarily on celestial and magnetic cues, and it is
known that when first-time autumn migrants are displaced
away from their migration route, they are unable to correct
for displacements (Drost, 1938; Perdeck, 1958; Mouritsen
and Larsen, 1998; Mouritsen, 2003; Thorup et al., 2007;
Holland, in press). Instead, they choose a migration route
parallel to their normal route; thus, they do not seem to
possess a map sense (see Figure 8.3). The migratory pro-
gram of first-season solitary migrants can be described
as a “clock-and-compass,” “calendar-and-compass,” or
“vector navigation” strategy (Mayr, 1952; Perdeck, 1958;
Schmidt-Koenig, 1965; Rabgl, 1978; Berthold, 1991;
Mouritsen, 1998b; Mouritsen and Mouritsen, 2000;
Mouritsen, 2003) in which the birds fly in a specific
direction for a given amount of time independent of their
present location. Because the system includes little (see
below under magnetic signposts) or no location-related
feedback, the orientation strategy of first-time solitary

migrants can be mathematically described as a directed ran-
dom walk: The birds choose their flight direction randomly
from a normal-like distribution pointing in their mean
migratory direction each evening independent of previous
events (Mouritsen, 1998b; Mouritsen and Mouritsen, 2000;
Mouritsen et al., 2013). This strategy predicts that the
statistical distribution of first-time migrants should be
parabolic, and it has been shown that this prediction fits
very well with the actual distribution of ringing recover-
ies of free-flying, first-time migrants in Western Europe
(Mouritsen, 1998b; Mouritsen and Mouritsen, 2000).

The orientation task facing adult migrants and young
migrants on their first spring migration is fundamentally
different from the task faced during their first autumn
migration (Kramer, 1957; Rabgl, 1978; Berthold, 1991;
Mouritsen, 2003; Holland, in press). Adult migrants and
young migrants on their first spring migration are migrating
back toward a region with which they have had previous
experience; therefore, their orientation system is likely to
include local (map) information gained through previous
migration experience. Birds that would use sensory infor-
mation from all useful senses, which would improve their
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ability to find their way (e.g., magnetic sense, olfaction,
vision, and hearing), should have an evolutionary advan-
tage over birds that would only use a single cue or sense.
Thus, it is likely that the orientation strategies of experi-
enced migrants are multisensory and involve learned maps
(Mouritsen, 2003, 2013; Holland, in press). Indeed, in con-
trast to first-time migrants, experienced migrants are able to
correct for displacements (Perdeck, 1958; Mewaldt, 1964,
Thorup et al., 2007; Chernetsov et al., 2008; Kishkinev
et al., 2010, 2013) and thus have added a learned map to
their orientation program (see Figure 8.3). Interestingly,
this map is also functional at locations that have not been
visited previously: Birds can appropriately correct their
orientation when they are experimentally displaced to far-
away locations where they have certainly never been before
(Perdeck, 1958; Mewaldt, 1964; Thorup et al., 2007; Cher-
netsov et al., 2008; Kishkinev et al., 2010, 2013). If their
learned map would have been based exclusively on previ-
ously experienced local landmarks, then it should not have
worked at unfamiliar locations. Although the functional
basis of this map sense is not yet understood (Holland, in
press), it is almost certainly based on multiple cues and it
must involve the detection of larger scale gradients, which

(B) E
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can be extrapolated and thus enable birds to return from
unfamiliar locations.

8.6 THE MAGNETIC COMPASS OF BIRDS

Friedrich W. Merkel and Wolfgang Wiltschko discovered
that birds have a magnetic compass sense in the mid-1960s
(Merkel and Wiltschko, 1965; Wiltschko, 1968). When
birds are placed in a round cage at night, they show migra-
tory restlessness (or Zugunruhe in German, Kramer, 1949):
The birds primarily jump/flutter in their migratory direc-
tion, and when the magnetic field is turned horizontally in
the absence of celestial cues, the birds turn their orientation
with the magnetic field (see Figure 8.4). This is the behav-
ioral evidence required to show that a migratory bird species
possesses and is able to use a magnetic compass (Wiltschko
and Wiltschko, 1995). A magnetic compass has been found
in more or less every migratory bird species properly tested
for it (Wiltschko and Wiltschko, 1995); therefore, it is quite
safe to presume that all migratory birds and potentially
birds in general possess a magnetic compass.

It is important to note that there are at least two dif-
ferent magnetic field properties that could potentially

: ﬁ N

FIGURE 8.4 The Emlen funnel and the inclination compass. (A) The so-called Emlen funnel is the most commonly used orientation cage (Emlen
and Emlen, 1966). The mean jumping direction of the birds are recorded on scratch-sensitive paper lining the inclined wall of the funnel (Mouritsen et al.,
2009). (B) Early experiments by Wiltschko and Wiltschko (1972) have shown that birds have an inclination compass, which means that the birds measure
the angle between the magnetic field lines and the Earth’s surface or gravity; thereby, the birds separate between poleward and equatorward, not between
North and South like a polarity compass would do (if birds use a polarity compass, then they should have oriented in the direction indicated by the red end
of the inserted technical compass). Birds are disoriented in a horizontal magnetic field like the one occurring at the magnetic equator. The flight direction
of the inserted bird indicates the springtime mean direction chosen by all bird species tested so far in the given magnetic field (Wiltschko and Wiltschko,
1995). The red arrows indicate the direction if the magnetic field lines. Brown bar=the Earth’s surface, N=geographic North, S=geographic South.

Figure and legend is reused from Mouritsen (2013).



Chapter | 8 Magnetoreception in Birds and lts Use for Long-Distance Migration

be used as input for a magnetic compass sense. A mag-
netic polarity compass (e.g., the human ship compass)
uses only the horizontal component of the field lines,
which points toward Magnetic North anywhere on Earth
except at the magnetic poles. On the other hand, a mag-
netic inclination compass detects only the angle between
the geomagnetic field lines and the Earth’s surface or
gravity—not the polarity of the field lines. The smallest
angle between the Earth’s surface and the geomagnetic
field lines indicates the direction “toward the magnetic
equator” whereas the greatest angle indicates “toward
the magnetic pole.” Because the inclination is opposite
on the Northern and Southern Hemisphere, respectively,
this holds on both hemispheres. All bird species prop-
erly tested so far have a magnetic inclination compass
(Wiltschko and Wiltschko, 1972, 1995; see Figure 8.4).
Thus, the magnetic compass of night-migratory birds
does not separate between North and South like our
ship compass, but it distinguishes between “toward the
magnetic equator” and “toward the magnetic pole” (the
Magnetic North Pole in the Northern Hemisphere and the
Magnetic South Pole in the Southern Hemisphere). Fur-
thermore, the birds’ magnetic compass sense seems to
have a rather narrow functional intensity window, but this
window seems to be extendable to new intensities after
a few hours of adaptation to a changed magnetic field
intensity (Wiltschko, 1978).

8.7 DO BIRDS POSSESS A MAGNETIC MAP?

Many studies have reported that magnetic cues play an
important role in birds’ sense of position (i.e., that birds have
a “magnetic map”). However, the existence of a magnetic
map is heavily debated, and the views among researchers
range from a magnetic map with a precision of a few kilo-
meters being an established fact (Walcott, 1991; Wiltschko
and Wiltschko, 1995; Wiltschko et al., 2010a) to a magnetic
map sense being an evergreen phantom (Wallraff, 2001;
Gagliardo et al., 2009). One thing is for sure; the natural map
sense of birds is multifactorial. It relies on input from olfac-
tion (Papi, 1991; Wallraff, 2001, 2005; Gagliardo et al., 2006,
2008, 2009) and vision (Guilford et al., 2004) and possibly
also from magnetic sensing (Dennis et al., 2007; Holland,
2010; Kishkinev et al., 2013) and maybe even from hearing
(Hagstrum, 2013 but see Wallraff, 1972; Holland, in press).

Pigeons with opaque lenses that prevented them
from detecting any local visual landmarks can return to
within c. 5 km of their loft (Schmidt-Koenig and Walcott,
1978). Thus, the precision of nonlandmark-based navi-
gation seems to be a few kilometers, but which cue(s)
enable pigeons to home to within c. 5km of their loft
without being able to use visual landmarks? At pres-
ent, informed neutral observers of the olfaction contra
magnetic map controversy agree (Able, 1996; Mouritsen,

2013; both are orientation researchers who have never
performed a pigeon release; thus, they have no vested
interest in any of the camps) that the evidence suggest-
ing that chemical cues (odors) play an important role in
the nonlandmark-based part of pigeons’ map sense (Papi,
1991; Wallraff and Andreae, 2000; Wallraff, 2001, 2005;
Gagliardo et al., 2006, 2008, 2009) is much more con-
vincing than the evidence supporting an important role
of magnetic cues in the pigeons’ map (e.g., Walcott,
1991; Wiltschko and Wiltschko, 1995; Dennis et al.,
2007; Wiltschko et al., 2010a; Holland, 2010). However,
remember that in the end, both camps may be right. The
map will be multifactorial because a bird using all avail-
able input from all of its senses will have an evolutionary
advantage over a bird using only a single cue for a task so
essential for the survival of a bird. In any case, it remains
very difficult to understand how a magnetic-field-based
map sense should be able to function on a scale less than
10 km. Why is that?

The problem for a bird wanting to use a magnetic map
is that the average change in magnetic field intensity is only
c. 3nT/km on the North-South axis: The geomagnetic field
changes c. 30,000nT from one of the magnetic poles to the
magnetic equator, which are c¢. 10,000km apart. Likewise,
magnetic inclination changes only c. 0.009°/km along the
North-South axis (a 90° change over 10,000km). On the
East-West axis, there is generally very little change in mag-
netic field intensity and magnetic inclination. Thus, any
magnetic-field-based input to a reasonably precise map
would require a very accurate magnetic sensory system and
a very accurate sense of gravity. However, even if birds have
such a system, daily, partly stochastic, natural variations in
the geomagnetic field on the order of 30-100nT in more
or less random directions mean that it is very difficult to
imagine how a magnetic-field-based map sense could have
a precision less than 10-30km (during magnetic storms
generated primarily by the Sun, the geomagnetic field vari-
ability can reach 1000 nT; Courtillot and Le Mouél, 1988).
Therefore, it is possible that magnetic parameters may only
help determine position where the expected differences in
the magnetic field parameters are consistently larger than
the daily magnetic variations (Mouritsen, 2013).

Other cues such as odors and familiar landmarks may
be more significant map parameters at shorter distances. It
is much easier to imagine that a magnetic map could be
relevant on a much larger spatial scale, and intriguing data
exist that suggest that some songbirds can use magnetic
cues as an approximate geographic “signpost”, which, for
example, tells the birds when to increase their fat reserves
before crossing the Sahara Desert (Fransson et al., 2001) or
when to change their migratory heading (Henshaw et al.,
2010). This case, in which specific magnetic parameters
trigger a change in behavior, is referred to as a magnetic
signpost (Mouritsen, 2013).
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8.8 INTERACTIONS WITH OTHER CUES

In most orientation-related contexts, magnetic cues inter-
act with several other sources of similar and/or conflict-
ing information. For instance, night-migratory songbirds
not only have a magnetic compass, they also have a Sun
compass and a star compass (Emlen, 1975; Schmidt-Konig
et al., 1991; Mouritsen and Larsen, 2001; Cochran et al.,
2004; Zapka et al., 2009). They only need information
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from any one of these compasses to orient in the appro-
priate direction (Mouritsen, 1998a; Muheim et al., 2006b;
Chernetsov et al., 2011; Liu and Chernetsov, 2012). If the
three compasses provide conflicting information, then it is
not consistent which compass the birds prefer. The prefer-
ence is probably dependent on the ecological context, the
details of the experimental setup, and the conditions under
which the birds were housed and tested, and it is likely that
various calibrations are taking place in nature (see Figure 8.5,

(B)Swainson’s'

(A) Gray-
Thrushes

{ cheeked w

Thrushes 2 g

(D)

FIGURE 8.5 Some birds calibrate their magnetic compass from celestial cues around sunset. Tracks of free-flying Gray-Cheeked Thrushes (A) and
Swainson’s Thrushes (B) released from Champaign, Illinois, are shown. The arrows indicate the direction and ground tracks of migratory flights when wind
effects were discarded. Black arrows indicate migratory flights of nonmanipulated individuals. Red arrows indicate migratory flights of experimental birds
that had experienced a magnetic field turned to 80° East before takeoff, and yellow arrows indicate the migratory flights of the experimental birds during sub-
sequent nights. White arrows indicate the migratory flight paths of experimental birds that did not migrate on the night of magnetic treatment, but they did so
1-6days later. Connected arrows show flights of the same individual during successive nights. Data are depicted differently in (A) and (B) because for Grey-
Cheeked Thrushes, experimental and control birds are different individuals whereas in Swainson’s Thrushes, the same experimental individuals were followed
for at least two successive nocturnal migrations (because of the large spread in natural headings). Broken lines indicate that birds were lost during tracking at
the site where the broken lines start. Notice that the birds that experienced a magnetic field turned 80° to the East during sunset and that were released after
all light from the Sun had disappeared migrated toward the West when they embarked on migration on the same night. On later nights, they migrated in the
appropriate northerly spring migratory direction. These results mean that the birds had calibrated their magnetic compass from their Sun compass before take-
off and that this calibration happens daily. The reasons are illustrated in (C—F): (C) For control birds all cues gives the same information. (D) If experimental
birds calibrate their magnetic compass from sunset-related cues, they will calibrate their magnetic compass so that 80° counter-clockwise to the magnetic
field lines will be their “North” for the coming night. (E) After release, the experimental birds experience the natural field lines. Because all light from the
Sun has disappeared, no new calibration is possible at time of release and their wrongly sunset-calibrated magnetic compass makes them fly 80° counter-
clockwise relative to the natural field lines, which is towards the west for the rest of the first night. (F) On then second night after release, Sun and magnetic
cues are in agreement and the birds will reorient into their intended migratory direction. The four thin parallel arrows (C-F) indicate the horizontal direction
of the magnetic field lines experienced by the birds. The thick arrow indicates the expected orientation of the birds. The setting Sun and the three lines with
double arrowheads indicate whether Sun and polarized light cues were available for calibration. Figure and parts of the legend from Cochran et al. (2004).
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Cochran et al.,, 2004; Muheim et al., 2006a; Liu and
Chernetsov, 2012). The only experiment with truly free-
flying birds performed so far suggested that two species of
North-American songbirds used the magnetic compass as
their primary compass in midair during spring migration, but
that they calibrate this compass on the basis of celestial cues
during the sunset period (Cochran et al., 2004); however,
this mechanism is not universal (Chernetsov et al., 2011).
Other evidence suggests that polarized light cues might be
crucial for this calibration (Muheim et al., 2006a); how-
ever, so far, it is not understood how a bird’s eyes can detect
polarized light.

In pigeon homing or any other map-related task, the
interactions between different cues seem to be even more
complicated. Homing pigeons have been shown to use
olfactory cues (Papi, 1991; Wallraff and Andreae, 2000;
Wallraff, 2001, 2005; Gagliardo et al., 2006, 2008, 2009),
visual landmarks of various kinds (Guilford et al., 2004),
outward journey information (reviews in Wiltschko and
Wiltschko, 1995; Wallraff, 2005), and maybe magnetic
cues (Walcott, 1991; Wiltschko and Wiltschko, 1995;
Dennis et al., 2007; Wiltschko et al., 2010a) to estimate their
position relative to home when released from a previously
unknown location. The relative importance of these map
cues is hotly debated, with many apparently contradictory
results occurring in the literature. One reason may very well
be that in one location, one type of cue may be particularly
reliable whereas another cue is more reliable in a differ-
ent location; therefore, the animals predominantly rely on
different cues in different locations. The most convincing
experiments performed to date involved cutting of the olfac-
tory nerves or cutting of the ophthalmic branch of the tri-
geminal nerves in experienced and inexperienced pigeons.
The experiments showed that homing pigeons tested around
Pisa in Italy need intact olfactory nerves but not intact
“magnetic” nerves (see Section 8.9) to home (Gagliardo
et al., 2006, 2008, 2009). In procellariiform seabirds such
as albatrosses and shearwaters, olfactory cues also seem
to be much more important for navigation than magnetic
cues (Mouritsen et al., 2003; Nevitt and Bonadonna, 2005;
Bonadonna et al., 2005; Gagliardo et al., 2013).

8.9 HOW DO BIRDS SENSE THE EARTH’S
MAGNETIC FIELD?

It is challenging to detect the weak geomagnetic field with
biological materials. Considering the anatomical constraints
and known structures found within small birds, careful
models of putative sensory mechanisms often find it hard
to explain how a 50,000 nT magnetic field can result in reli-
able signals in the presence of thermal fluctuations (kT) and
other sources of noise. In fact, any biological mechanism
that can, in principle, allow detection of 50,000 nT fields is
noteworthy (Ritz et al., 2010; Mouritsen, 2013). Only three
basic mechanisms are currently considered to be physically
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viable: (1) induction in highly sensitive electric sensors, (2)
iron-mineral-based magnetoreception, and (3) radical-pair
based magnetoreception.

8.10 THE INDUCTION HYPOTHESIS

Electromagnetic induction is the production of voltage
across an electric conductor situated in a changing magnetic
field or a conductor moving through a stationary magnetic
field. Thus, in practical terms, if one has an electric wire
and one moves this through a magnetic field, then a current
will be generated in the wire. If this wire is ring or coil-
shaped, directional sensitivity can be achieved. In biological
tissues, one would need conductive, liquid-filled, ring-like
structures of sufficient size and diameter to generate mea-
surable electrical signals that can be picked up by an electri-
cally sensitive receptor cell. For electromagnetic induction,
Lorenzini ampullae are a concrete realization of an electri-
cally sensitive cell operating in saltwater fish (von der Emde,
2013). Their function uses the fact that saltwater is electri-
cally conductive, and aquatic animals could potentially use
induction to sense the geomagnetic field (Kalmijn, 1981,
Molteno and Kennedy, 2009). However, no strong evidence
currently exists that fish actually use their electric sense to
deduce information from the geomagnetic field (Kirschvink
et al., 2010; Mouritsen, 2013). In land-based animals, it is
difficult to imagine how induction could be used to sense the
geomagnetic field because air has low conductivity; there-
fore, the needed structures would have to be realized inside
of the animals themselves. In fact, biophysical consider-
ations effectively eliminate induction as a potential source
of magnetodetection in terrestrial animals: The required
physiological structures filled with conductive liquid would
be large and easily detectable, but no such structures have
been reported (Kirschvink et al., 2010; Mouritsen, 2013).
Thus, for terrestrial animals such as birds, another mecha-
nism must be responsible for magnetoreception.

8.11 THE IRON-MINERAL-BASED
HYPOTHESIS

When human beings want to use the direction of the geomag-
netic field for orientation, we use a technical compass that
is based on a needle made of magnetized iron or a magnetic
iron compound that moves in the horizontal plane. There-
fore, the first suggestion almost any human thinks of when
one asks them how birds may detect the geomagnetic field is
“Maybe they have little compass needles in their head.” It is
not surprising that this suggestion was also the first sugges-
tion scientists came up with. A compass needle-like struc-
ture has been realized inside of magnetotactic bacteria (see
Figure 8.6(A), Blakemore, 1975; Frankel and Blakemore,
1989). A chain of single-domain magnetite crystals
(Blakemore, 1975; Frankel and Blakemore, 1989; Kirschvink
et al., 2010) or other very similar iron oxides (Falkenberg
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FIGURE 8.6 Iron-mineral structures in birds. (A) Transmission electron micrograph of the magnetotactic bacteria, Magnetospirillum magnetotacti-
cum, showing the magnetosome chain inside of the cell. Scale bar: 1 um (Photograph © Richard B. Frankel). Magnetosomes would be the most straight-
forward solution for a magnetic field sensor in the nervous system of a bird, but, so far, magnetosomes have not been proven to occur in any bird. (B) Bird
head schematically illustrating the anatomical location of the three branches of the trigeminal nerve. (C) Schematic drawing of iron mineral-containing
structures in birds’ upper beak illustrating the opposing interpretations of Fleissner et al. (2003) and Treiber et al. (2012). Part (C) reproduced with permis-
sion from Mouritsen (2012), (B) and panel composition is reproduced from Mouritsen (2013).

et al., 2010) would be the easiest realization of a small
compass-needle-like structure inside of a bird, but other
arrangements of iron-mineral crystals could also work as
a magnetic field detector (Solov’yov and Greiner, 2009;
Kirschvink et al., 2010). The iron-mineral crystals are
expected to transduce the magnetic signal by opening
or closing pressure-sensitive ion channels (Johnsen and
Lohmann, 2005).

Many studies have documented the presence of mag-
netite or some other kind of iron mineral crystals in
almost any animal, in which researchers have seriously
looked for such crystals (e.g., in Caenorhabditis elegans,
mollusks, insects, crustaceans, and various vertebrates;
Mouritsen, 2013). However, the mere existence of iron
mineral crystals or even magnetite does not represent sig-
nificant evidence by itself that such structures have any
relevance to magnetoreception (Mouritsen, 2013). Iron

is an important element required for proper function of
most organisms. Consequently, iron homeostasis is impor-
tant, and iron mineral deposits may just be a way for an
organism to get rid of excess iron. Therefore, only if iron
mineral structures are found at consistent, specific loca-
tions and are associated with the nervous system do the
iron mineral structures qualify as serious magnetosensory
candidate structures (Mouritsen, 2013). The existence of
magnetite crystal chains, which lead to a magnetically ori-
ented swimming behavior in so-called “magnetotactic bac-
teria” (Blakemore, 1975; Frankel and Blakemore, 1989;
Bazylinski and Frankel, 2004), unequivocally proves that
living cells can, in principle, synthesize magnetite that will
align with the geomagnetic field. However, the magnetite
crystals in these bacteria are not part of an active sensory
system; they only lead to passive alignment (Wiltschko and
Wiltschko, 1995; Mouritsen, 2013).
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FIGURE 8.7 There are magnetically activated neurons in the two hindbrain regions, PrV and SpV, which receive sensory input from the ophthal-
mic branch of the trigeminal nerve (V1) in birds. (A) Anatomical overview of the termination of the trigeminal nerve in the avian hindbrain. (B—F) In birds
with intact V1 (sham-sectioned nerves; (D)), stimulation with a changing magnetic field (CMF) leads to increased expression of the neuronal activity-depen-
dent gene, ZENK (black dots in (D-F) are activated neuronal nuclei), in the hindbrain regions (PrV, shown in (C-F)) and SpV, that receive their primary input
from the trigeminal nerve. This activation disappears when the magnetic field stimulus is absent (ZMF=zero magnetic field; (E)). The activation also disap-
pears when the CMF is present but the birds had V1 bilaterally sectioned (CMF Sect; (F)). No magnetic field-dependent activation is seen in control regions
such as the optic tectum (B). (C) Acetyl cholinesterase (AChE) is a good anatomical marker for identification of the borders of PrV. From Heyers et al. (2010).

The currently most promising, but not proven, active, iron-
mineral-based magnetoreceptor candidate structures are those
reported from the olfactory epithelium of fish (Walker et al.,
1997; Eder et al., 2012). Elaborate iron-mineral-based struc-
tures thought to be magnetoreceptors have also been reported
in the upper beak of birds (Fleissner et al., 2003; Falkenberg
et al., 2010). However, recent findings suggest that these struc-
tures are macrophages involved in iron homeostasis (Treiber
et al., 2012). Thus, at present, no convincingly documented,
iron-mineral-based, magnetoreceptive candidate structures are
known from birds (see Figure 8.6(C); Mouritsen, 2012).

Conditioning of birds to magnetic stimuli has also proven
to be very difficult, and independent replication is rare. It
has been reported that homing pigeons, Colomba livia, can
be conditioned to respond to strong magnetic fields (Mora
et al., 2004; Mora and Bingman, 2013). The conditioned
response to a very strong magnetic field (c. 2times the
strength of the geomagnetic field) required intact trigeminal

nerves (Mora et al., 2004). Consequently, pigeons seem to,
in principle, be able to detect strong magnetic field changes
via the ophthalmic branch of the trigeminal nerve. However,
to use geomagnetic information for a map, animals must be
sensitive to changes in the geomagnetic field, which are 3-5
orders of magnitude smaller than the anomalies used in the
successful conditioning experiments. Using a very similar
paradigm adapted for European robins and using weaker
fields resulted in nicely conditioned responses to auditory
stimuli but failed to produce a conditioned response to mag-
netic field stimuli (Kishkinev et al., 2012).

The ophthalmic branch of the trigeminal nerve (see
Figure 8.6(B)) terminates in the principal (PrV) and spi-
nal tract (SpV) nuclei of the trigeminal brainstem complex
(Williams and Wild, 2001; Heyersetal.,2010; see Figure 8.7).
Recent evidence shows that subpopulations of neurons in
PrV and SpV in European robins (Erithacus rubecula),
a night-migrating songbird, are activated by changing
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magnetic field stimuli but not by a zero magnetic field
(Heyersetal.,2010). Furthermore, the activationin the chang-
ing magnetic field disappears when the ophthalmic branch
of the trigeminal nerve is severed (see Figure 8.7(B—F)).
These findings suggest that the ophthalmic branches of
the trigeminal nerves carry magnetic information in birds
(Heyers et al., 2010). However, the sensory origin (most
likely iron-mineral-based) and the biological significance
of the trigeminally mediated magnetic information are
unclear at present (Mouritsen, 2012, see Figure 8.6(C)).
Information from the ophthalmic branch of the trigeminal
nerve is neither required nor sufficient for magnetic com-
pass orientation in several night-migrating songbird species
(Zapka et al., 2009, see Figure 8.8). Homing experiments
with pigeons have shown that pigeons tested around Pisa,
Italy, need intact olfactory nerves but not intact trigeminal
nerves to home (Gagliardo et al., 2006, 2008, 2009).

The most likely function of the trigeminal nerve-
related magnetic sense is to detect large-scale changes
in magnetic field strength and/or magnetic inclination,
which could be used to determine approximate position.

Magnetoreceptor
cells in retina

Visual
thalamus

Cluster N

Cryptochromes attached to membranes _...-

W W
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A very recent set of experiments has shown that Eurasian
Reed Warblers, Acrocephalus scirpaceus, are capa-
ble of correcting for a 1000 km eastward displacement
(Chernetsov et al., 2008), but that this ability disappears
when the ophthalmic branch of the trigeminal nerve is
cut (Kishkinev et al., 2013, see Figure 8.3). In addition,
experiments with night-migratory songbirds exposed to
strong magnetic pulses, which are thought to disturb any
magnetite-based magnetic sense for days to weeks but
should not have any effect after the treatment itself on a
light-dependent magnetoreception mechanism, support
the idea that the magnetic map or signpost sense is iron
mineral-based (Wiltschko et al., 2009; Holland, 2010;
Holland and Helm, 2013).

It has also very recently been suggested that the avian
lagena (a part of the birds’ vestibular system) plays a role in
magnetodetection (Wu and Dickman, 2011, 2012). Whether
the lagena provides the primary magnetic information or
gravity information to the magnetic sense is not yet clear, but
if the seemingly very convincing electrophysiological data
(Wu and Dickman, 2012) can be independently replicated,

Flavin &
tryptophan
radicals

FIGURE 8.8 Summary of the proposed light-dependent magnetic compass sensing hypothesis in birds. Most of the experiments reviewed here
were performed on European robins, Erithacus rubecula (Photo © Henrik Mouritsen). The reference direction provided by the Earth’s magnetic field is
detected in the birds’ eyes, where cryptochrome proteins are the most likely light-dependent magnetic sensory molecules. Light absorption is thought to
generate long-lived flavin-tryptophan radical pairs within cryptochromes in the retina, the reaction yields of which are determined by the orientation of
the molecule with respect to the geomagnetic field vector. If the cryptochromes were associated e.g. with the membrane disks of the outer segments of the
photoreceptors, then an ordered structure could result, and different reaction yields in different parts of the retina could be compared to provide a visual
impression of the compass bearing (see Figure 8.9). Light-dependent magnetic compass information is transmitted from the retina through the optic nerve
to the visual thalamus and from there to Cluster N in the forebrain via the thalamofugal visual pathway (Figure 8.11). If Cluster N is destroyed, European
robins can no longer use their magnetic compass (Figure 8.12). The illustration of the cryptochromes bound to photoreceptor membranes is modified from
Solov’yov et al. (2010). The reaction scheme is modified from Rodgers and Hore (2009). Figure and parts of the legend from Mouritsen and Hore (2012).
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then the role of the lagena in magnetoreception is very sig-
nificant indeed, and the vestibular brainstem nuclei would
be a very important processing station for magnetic field
information.

8.12 THE LIGHT-DEPENDENT HYPOTHESIS

The magnetic compass behavior of newts (Phillips and
Borland, 1992) and birds (Wiltschko et al., 1993; Muheim
et al., 2002; Wiltschko et al., 2010b) is dependent on the
wavelengths of light being available during behavioral tests.
Already in the late 1970s, theoretical considerations led
Klaus Schulten to suggest that chemical reactions in pho-
tosensitive molecules could form the basis of a magnetic
compass sense (Schulten et al., 1978).

The principles of the suggested light-dependent mag-
netic sensing mechanism are illustrated in Figure 8.8. A
light-sensitive molecule (D) absorbs light and uses the light
energy to transfer an electron to an acceptor (A); thereby,
a radical pair is produced. If this radical pair is long-lived
(>1 ps), then it can, depending on the spin of the electrons,
exist in one of two states—a singlet state (spins antiparallel)
or a triplet state (spins parallel). It is known from chemistry
that singlet and triplet states have different chemical proper-
ties; thus, they often result in different chemical end prod-
ucts. Earth-strength magnetic fields can theoretically affect
this statistical equilibrium and thereby modulate a presently
unknown biochemical pathway (Schulten et al., 1978; Ritz
et al., 2000, 2010; Rodgers and Hore, 2009; Hore, 2012).

How can we imagine that a bird using a light-induced,
radical-pair mechanism would detect the magnetic field? It
is possible that a virtual visual image would literally enable
birds to “see” the direction of the magnetic field lines (e.g.,

Ritz et al., 2000, 2010; Solov’yov et al., 2010). If one makes
the simple assumption that the sensory molecules are ori-
ented perpendicularly to the eyeball (see Figure 8.9), then
the half ball shape of the retina would mean that molecules
oriented in all axial directions would occur (Ritz et al., 2000;
Mouritsen, 2013). If a bird looks in the direction of the mag-
netic field lines, then in the line of sight, the retinal mol-
ecules would be parallel to the magnetic field and this could
lead to a light pixel. At the edge of the eye, the molecules
would be perpendicular to the magnetic field, and this could
lead to darker pixels. In between, the molecules would be
oriented at different angles relative to the magnetic field,
and various shades of gray pixels could appear. Altogether,
this could lead to a virtual image looking somewhat like
the one shown to the right in Figure 8.9 (Ritz et al., 2000;
Mouritsen, 2013). This pattern is only for illustrative pur-
poses of the principle. We have much too little information
available at present to know what an actual magnetically
modulated light pattern seen by a bird would look like
(Mouritsen, 2013). The patterns might become easier to
see when they move across the retina during so-called head
scan behavior (Mouritsen et al., 2004b; Ritz et al., 2010).
If the radical-pair mechanism is responsible for magneto-
reception, then it means that it is based on a quantum mechan-
ical effect (Rodgers and Hore, 2009; Ball, 2011; Mouritsen
and Hore, 2012; Hore, 2012; Hogben et al., 2012; Solov’yov
et al., 2014; Engels et al., 2014). In fact, it might be the only
sensory mechanism in biology to be inherently quantum in
nature. Critics of the radical-pair mechanism have pointed
out that the interaction energy between a geomagnetic field
and a radical is typically several orders of magnitude below
the background thermal energy, kg7 (Kirschvink et al., 2010).
At first glance this might seem like a problem, but because

FIGURE 8.9 How the light-dependent, radical pair-based, magnetic sensing mechanism could lead to perception of a visual image. Principal
illustration suggesting how birds could, in principle, convert a magnetic stimulus into a putative visual image. Left: 3D illustration of the half-sphere of
an eyeball. Red pins simulate cryptochrome orientation all pointing toward the center of the eyeball. If a bird would be looking in the direction of the
magnetic field lines, one could imagine that the bird would see a pattern similar to the one illustrated on the right because the light sensitivity of one or
more cryptochromes would depend on their orientation relative to the axis of the magnetic field lines. Redrawn after Mouritsen (2013) inspired by Ritz

et al. (2000).
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FIGURE 8.10 Granite block analogy of light-dependent magnetoreception. A granite block analogy can help understand how a radical pair-based
mechanism can theoretically be used to sense Earth-strength magnetic fields, although the energy exerted by the magnetic field on the radical is much
lower than thermal energy, kg7. Imagine a granite block standing on one of its sides. If a fly lands on the granite block while it is in this position, then
there is no way the fly can make the granite block flip over. In fact, quite a lot of energy is needed to move the granite block onto one of its corners, but
once it is on one of its corners, a very small amount of energy can influence which way the granite block falls. Now, even a fly landing on the granite
block may make it flip over to one or the other side. In the light-dependent, radical pair-based magnetoreception hypothesis, light has much more energy
than the magnetic field. It is the absorption of light that brings a photoreceptor molecule (probably a cryptochrome) into an exited state (moves the granite
block onto its corner in the analogy), which is then highly sensitive to even very small magnetic field effects (the fly landing onto the granite block in the

analogy). After Hore (2011).

the spins are not in equilibrium, this is not a fundamental
problem. Very weak magnetic interactions can essentially
affect radical pair reactions for three reasons (Hore, 2011):
(1) radical pair chemistry is controlled by the electron spins
in the radicals, (2) the electron spins are not at thermal equi-
librium, and (3) the electron spins behave quantum mechani-
cally. Weak magnetic fields affect the coherent behavior of
the electron spins in a fundamentally quantum manner in
which kgT plays no role. Instead of comparing interaction
energies to kg7, one must compare the time required for a
magnetic interaction to have an effect with the time required
for the system to reach thermal equilibrium (Hore, 2011). If
the former is shorter than the latter, then the magnetic field
can have an effect (Hore, 2011). As an excellent analogy
(Hore, 2011), one can imagine a fly and a rectangular granite
block. If the granite block is standing on one of its sides (con-
ventional physics, equilibrium), then the fly has no chance
to flip the granite block, but if the granite block is balancing
on one of its corners (quantum mechanics, nonequilibrium),
then, depending on where the fly lands, it might flip the gran-
ite block to one or the other side (Figure 8.10).

Which molecule can be responsible for light-dependent
magnetoreception? Opsins cannot function as radical-pair-
based magnetoreceptors because opsins use the light energy
to change a chemical bond, not to transfer an electron. The

only currently known photoreceptor molecules found in ver-
tebrates that can use light energy to form long-lived radical
pairs are the cryptochromes (Ahmad and Cashmore, 1993;
Cashmore et al., 1999; Ritz et al., 2000, 2010; Giovani et al.,
2003; Liedvogel et al., 2007a; Biskup et al., 2009; Rodgers
and Hore, 2009; Liedvogel and Mouritsen, 2010). Some
cryptochromes are known to be involved in circadian clocks
(Cashmore et al., 1999; Sancar, 2003). However, in birds,
more cryptochromes than the ones thought to be involved in
the clock occur; therefore, it is easy to imagine that they can
play a role in other biochemical processes (Liedvogel and
Mouritsen, 2010). Cryptochromes are related to the DNA
repair enzymes called photolyases (Cashmore et al., 1999;
Sancar, 2003) and consist of a photolyase homology region
and a C-terminal end, which varies greatly between differ-
ent cryptochromes (Cashmore et al., 1999; Sancar, 2003;
Miiller and Carell, 2009; Liedvogel and Mouritsen, 2010).
The C-terminal is thought to be involved in binding crypto-
chromes to currently unknown interaction partners (Sancar,
2003; Liedvogel and Mouritsen, 2010; Mouritsen and Hore,
2012). Cryptochromes noncovalently bind the cofactor fla-
vin. The light-induced electron transfer is thought to take
place between the flavin and three tryptophane residues
within the cryptochrome protein (Gindt et al., 1999; Biskup
etal.,2009; Rodgers and Hore, 2009; Solov’yov et al., 2012).
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Cryptochromes are predominantly found within photorecep-
tor cells and ganglion cells in the eyes of birds (Mouritsen
et al., 2004a; Moller et al., 2004; Niessner et al., 2011), and
cryptochromes are currently the only seriously considered
candidate molecules for radical-pair-based magnetorecep-
tion in birds (Mouritsen and Ritz, 2005; Rodgers and Hore,
2009; Ritz et al., 2010; Mouritsen and Hore, 2012).

After the suggestion of Klaus Schulten (Schulten et al.,
1978), it was shown that the compass orientation behav-
ior of night-migrating songbirds is influenced by the color
(i.e., wavelengths) of the light available in the room where
the orientation tests are performed (Wiltschko et al., 1993,
2010b). This wavelength dependence is difficult to explain
if the eyes and/or pineal organ are not somehow involved
in the magnetic compass. In birds, the pineal organ is not
needed for magnetic compass orientation (Schneider et al.,
1994), but photoreceptor molecules in the pineal organ
seem to be essential for magnetic compass orientation in
newts (Phillips et al., 2001).

It has been reported that oscillating magnetic fields at
specific resonance frequencies in the low-megahertz range
disrupt the magnetic compass orientation capabilities of
night-migratory songbirds (Ritz et al., 2004, 2009). A
recent double-blinded set of experiments has indicated that
the disruptive effects of low-megahertz range electromag-
netic fields are real, but that they are not limited to specific
resonance frequencies (Engels et al., 2014). Furthermore,
Engels et al. (2014) could show that anthropogenic electro-
magnetic noise, omnipresent in most urban environments
where birds and humans live, disrupts magnetic compass
orientation in migratory European Robins. The intensities
of the disruptive fields are ca. 1000 times lower than the
current WHO guideline limits for human exposure (Engels
etal.,2014). Such effects are still difficult to understand from
a theoretical perspective, but they are likely to be diagnostic
for the involvement of a fundamentally quantum mechani-
cal mechanism in the birds’ magnetic compass sense (Ritz
et al., 2009; Mouritsen & Hore, 2012; Engels et al., 2014).

On the molecular level, it has been shown that putatively
magnetosensitive cryptochrome molecules exist in the retina
of many vertebrates including migratory birds (Mouritsen
et al., 2004a; Moller et al., 2004; Liedvogel and Mouritsen,
2010; Niessner et al., 2011). Furthermore, cryptochromes
from migratory Garden Warblers (Sylvia borin) have been
shown to form long-lived radical pairs upon light excitation
(Liedvogel et al., 2007a), and effects of Earth-strength mag-
netic fields on a radical pair reaction in an artificially pro-
duced molecule mimicking the reaction principle thought to
take place in cryptochromes have supported the theoretical
feasibility of the suggested mechanism (Maeda et al., 2008;
reviewed in Mouritsen and Hore, 2012).

On the neuroanatomical level, a region named Cluster
N (Figure 8.11) is by far the most active forebrain region
when night-migrating birds perform magnetic compass

orientation, and this activation disappears when the birds’
eyes are covered (Mouritsen et al., 2005; Feenders et al.,
2008; Zapka et al., 2010). Cluster N consists of parts of
the hyperpallium and the dorsal mesopallium (Jarvis et al.,
2013) and is the lateral-most part of the visual Wulst in
European robins because Cluster N receives its neuronal
input from the eyes via the thalamofugal visual pathway
(Heyers et al., 2007). The presence and activation of Clus-
ter N at night has been independently replicated in another
night-migratory songbird, the Black-Headed Bunting
(Emberiza melanocephala) (Rastogi et al., 2011). Could
Cluster N be a processing center of light-dependent mag-
netic compass information?

Double-blind experiments with European robins have
shown that birds with bilateral Cluster N lesions were
unable to orient using their magnetic compass (Zapka et al.,
2009, see Figure 8.12). In contrast, sham Cluster N lesions
or bilateral sections of the ophthalmic branch of the trigemi-
nal nerves did not influence the robins’ ability to use their
magnetic compass for orientation (Zapka et al., 2009, see
Figure 8.12). Cluster N lesions only affect the magnetic
compass because Cluster N lesioned robins orient well
using their Sun and star compasses (Zapka et al., 2009, see
Figure 8.12). These data (1) show that Cluster N is required
for magnetic compass orientation in this species, (2) indi-
cate that Cluster N may be specifically involved in process-
ing magnetic compass information, (3) strongly suggest
that a vision-mediated mechanism underlies the magnetic
compass in this migratory songbird, (4) indicate that input
from the lagena is not sufficient for magnetic compass ori-
entation in robins, and (5) show that the proposed magnetic
input to the brain transmitted via the trigeminal nerve is nei-
ther necessary nor sufficient for magnetic compass orienta-
tion of European robins tested in an orientation cage (Zapka
et al., 2009; Mouritsen, 2013). The exact role of Cluster N
within the magnetic compass information processing cir-
cuit has not been determined, but the existing results raise
the distinct possibility that this small part of the visual sys-
tem enables birds to “see” magnetic compass information
(Mouritsen, 2013).

Do these results exclude the possibility that iron-
mineral-based and/or trigeminally mediated and/or lagena-
mediated magnetoreception exists? Absolutely not! In
birds, iron-mineral-based magnetoreception may very
well exist, and magnetic field-dependent neuronal activa-
tion in trigemino-recipient and lagena-recipient regions
has been documented (see previous section). Trigeminally
and lagena-mediated magnetoreception just does not seem
to be the primary mechanism for the magnetic compass
of night-migratory songbirds (Zapka et al., 2009), but it
could be a primary source for magnetic positional infor-
mation (Mora et al., 2004; Kishkinev et al., 2013). In fact,
it is likely that light-mediated, radical pair-based mag-
netoreception and iron-mineral-based magnetoreception
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FIGURE 8.11 Cluster N. (A) Cluster N is the most active brain area when migratory birds perform magnetic sensing and/or compass orientation at
night, and Cluster N is required for magnetic compass orientation (see Figure 8.12). (B) Cluster N is a part of the visual Wulst and receives input from
the eyes via the thalamofugal visual pathway (Heyers et al., 2007). Top view of the brain in gray indicates the medial-lateral and the frontal-caudal extent
of Cluster N and the DNH and DNH-shell. (C) Cluster N is a functional unit consisting of a part of the hyperpallium, a part of the dorsal mesopallium
(Jarvis et al., 2013), and a nucleus embedded within the hyperpallium and named DNH with a shell of cells around the DNH. Anatomy: A =arcopallium,
P=pallidum, E=entopallium, St=striatum, N=nidopallium, M=mesopallium, MD =mesopallium dorsale, MV =mesopallium ventrale, H=hyperpal-
lium, v=ventricle, OT =optic tectum, HF =hippocampal formation, IHA =HI =interstitial region of the hyperpallium intercalatum, DNH =dorsal nucleus
of the hyperpallium, DNH-shell=shell around the DNH, W =visual Wulst, LGd=Lateral geniculate nucleus, dorsal part, Rt=nucleus rotundus. Scale
bar=0.5mm. From Mouritsen (2013) after Mouritsen et al. (2005).
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FIGURE 8.12 The brain region Cluster N is necessary for magnetic compass orientation behavior, but not for star and Sun compass orientation.
The trigeminal nerve is neither necessary nor sufficient for magnetic compass orientation in European robins. (A) The European robin (Photo ©
Henrik Mouritsen). (B-D) Bilateral sectioning of the ophthalmic branch of the trigeminal nerve (B) does not affect the birds’ magnetic compass orientation
capabilities (C, D; mN=magnetic North). (E-H) Bilateral chemical lesions of Cluster N (E) destroyed the magnetic compass capabilities of the birds (G),
whereas star compass orientation in a planetarium (F) and Sun compass orientation outdoors with view of the setting Sun (H) was unaffected by Cluster N
lesions. The circular diagrams are explained in the legend of Figure 8.3. (E) A schematic drawing and an example part of a brain section saggitally cut through
the center of Cluster N and stained with a neuronal marker. Scale bar=500 um. Rostral is left, caudal is right. Note that the tissue where Cluster N should
have been in the lesioned bird (E) is destroyed. Anatomy: A =arcopallium, E=entopallium, H=hyperpallium, ICo=intercollicular complex, M=mesopallium,
MD =mesopallium dorsale, MV =mesopallium ventrale, N=nidopallium, OT =optic tectum, P=pallidum. From Mouritsen (2013) after Zapka et al. (2009).
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mechanisms exist side by side in several animal species
and that they may provide the animals with different types
of magnetic information (Wiltschko and Wiltschko, 2007,
Mouritsen and Hore, 2012).

As so often in biology, when there are two hypotheses
how something works, it often turns out that both of them are
correct to a certain degree. Furthermore, seemingly unnec-
essary redundancy seems to be a very common occurrence
in biology, probably because organisms that can perform a
function in several ways will be more robust to changes and
thus be favored by evolution (Mouritsen, 2013).

8.13 IRREPRODUCIBLE RESULTS AND
THE URGENT NEED FOR INDEPENDENT
REPLICATION

Magnetic sense research is strongly influenced by several
claims that nobody has ever been able to independently
replicate. This is particularly true for electrophysiological
evidence (Semm and Demaine, 1986; Beason and Semm,
1987), but there are also many other examples of contra-
dicting or irreproducible results in the literature, including
all claims that humans have a magnetic sense (Westby and
Partridge, 1986; Baker, 1989) and the claim that the mag-
netic compass of birds should only be located in their right
eye (Wiltschko et al., 2002, 2003; Liedvogel et al., 2007b;
Stapput et al., 2010; Hein et al., 2010, 2011; Engels et al.,
2012). These problems with reproducibility do not neces-
sarily mean that the original claims were wrong. However,
it means that any result in magnetoreception—and in any
other field for that matter—should be treated with caution
until a given finding has been independently replicated.

This lack of reproducibility in magnetic sense-related
research is unfortunately accompanied by an almost com-
plete lack of double-blind procedures. Considering its
history and the fact that humans have no intuitive feel for
magnetic stimuli (and therefore are less likely to detect even
obvious artifacts), double-blind procedures should become
the standard, and studies representing the first independent,
double-blind replication of key findings in magnetorecep-
tion are as important as the original finding (Mouritsen,
2013).

8.14 WHERE DO WE GO FROM HERE?

Although the magnetic senses are still not completely
understood, many studies from different fields support the
iron-mineral-based and the light-dependent magnetorecep-
tion hypotheses. However, fundamental questions remain in
all relevant fields.

For example, functional understanding of any particu-
lar iron-mineral-based structure proven to be involved in an
active sensory system is lacking (Mouritsen, 2012; Mourit-
sen and Hore, 2012). Likewise, we yet have to understand

biophysically how nature designed radical-pair receptors
so that they can be sensitive to Earth-strength magnetic
fields at physiological temperatures, a feat that has been
approximated, but not yet fully accomplished, in man-
made radical-pair reactions (Maeda et al., 2008; Rodgers
and Hore, 2009). Furthermore, studies at the protein level
suggest that bird cryptochromes have properties optimal for
magnetic sensing, such as formation of long-lived radical
pairs (Liedvogel et al., 2007a). However, we yet have to
demonstrate Earth-strength magnetic field effects on bird
cryptochromes at the protein level and in vivo.

On the neuroanatomical level, we have just begun to
explore the brain circuits processing magnetic informa-
tion, but we are still far from understanding how a bird gets
from the detection of magnetic information to a directional
choice, which is made based on integration of information
from multiple sensory systems. In addition, so far, none of
the reported responses of single neurons to magnetic stimuli
have been independently replicated. Even at the behavioral
level, where most studies about magnetic senses have been
published, a clear separation of experimental parameters
has proven difficult, and many behaviors appear to be mul-
timodal, or at least modulated by other modalities, such as
vision and olfaction (Mouritsen, 2013).

In conclusion, magnetoreception is an important part of
life for birds and a wide variety of other animals, and there
are still many opportunities to perform new, groundbreak-
ing research on the molecules, cells, and neural processes
underlying any kind of magnetoreception.
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