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ABSTRACT

Recent progress in genome projects for diverse species allows understanding of specific differences in genetic information among
diverse species. Antimicrobial peptides (AMPs) are found in various species including plants, insects, and vertebrates and serve as
a first line defense system that exhibits a broad and antimicrobial reactions against pathogens. Several families of classical AMPs
have been identified, including defensins, cathelicidins, dermcidin, hepcidin, NK-lysin and granulysin. Interestingly, the number of
AMP family genes among mammalian species varies and this could be attributed to differences in the opportunistic exposure to
pathogens according to their living environments or habitats. In this review, we discussed the current finding on differences in the
copy number of AMP genes in mammals and possible mechanisms associated to copy number difference especially in 3-defensins,
one of major AMP families. This review suggest that environmental changes could contribute to the evolution of the innate immune
system in mammals.

Key words: genome duplication, copy number variation, antimicrobial peptides, mammalian evolution, and environmental
change

Introduction

The copy number variations of immune genes may play an important role to improve animal fitness and their survival (Wang et al. 2016;
Waurschum et al. 2017; Zhang et al. 2019; Li et al. 2020). The difference in the copy number of immune genes among difference species may have
been resulted from biological needs of each species during their evolution (Hollox and Abujaber 2017; Minias et al. 2019). Intraspecies differences
in the copy number differences or lacking a specific immune gene influence the immune capacity of animals (Qutob et al. 2009; Siddle et al. 2010;
Wong et al. 2022). Antimicrobial peptides (AMPs) are found in various species including plants, insects, and vertebrates and serves as a first line
defense system that exhibits a broad and antimicrobial reactions against pathogens (Izadpanah and Gallo 2005; Bahar and Ren 2013). Several
families of AMPs have been found including defensins, cathelicidins, dermcidin, hepcidin, NK-lysin and granulysin (Ganz et al. 1985; Andersson
etal. 1995; Pena and Krensky 1997; Park et al. 2001b; Schittek et al. 2001b; Zanetti 2005). Interestingly, the number of AMP family genes among
mammalian species varies, and the difference was clear especially for cathelicidins and defensins (Zanetti 2005; Choi et al. 2012; Kang et al. 2020).
In this review, we tried to summarize the current understanding on the evolution and species variations of 3-defensin genes among different
mammalian species. This review provides a basis to understand the changes of AMP genes and genetic structures in livestock animals during their

evolution.
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Antimicrobial peptide and innate immunity

AMPs are diverse peptides with broad spectrum antimicrobial activities against bacteria, fungi, and viruses and are a part of the innate immune
system (Hwang and Vogel 1998; Lai and Gallo 2009). Most endogenous AMPs are positively charged small peptides with hydrophobic residues
comprising approximately 12—50 amino acids (Lai and Gallo 2009; Kim et al. 2017). They are widely distributed throughout the plant and
animal kingdoms (Zasloff 2002), and are also being considered as potential candidates for pharmaceutical applications (Kang et al. 2012; Seo et
al. 2012).

The broad antimicrobial activity of AMP is manifested by their ability to form pores on the surface of pathogenic substances (Yeaman and
Yount 2003). The mechanistic models for the pore formation by AMPs have been described (Nguyen et al. 2011), but the mechanisms may vary
among AMPs, and the precise mechanism is less clear. However, most AMPs have cationic charges and amphipathic structures with hydrophobic
residues (Nguyen et al. 2011). The cationic nature of AMPs is thought to interact with negatively charged membranes of pathogenic organisms.
However, some AMPs are known to exhibit antimicrobial activity through mechanisms that inhibit DNA or protein synthesis rather than cell
membranes (Brogden 2005; Nicolas 2009). In accordance with the characteristics of AMP which exhibits activity through various mechanisms,
AMP forms various protein structures including d-helical, [3-stranded, (3-hairpin, loop, and extended structure which are different from the others.
Advances in nuclear magnetic resonance (NMR) technology has revealed some of the details of AMP structures (Hwang and Vogel 1998).

Although it is difficult to clearly classify all AMPs according to a specific type due to the structure of AMPs, AMPs are classified into several
classes according to their structure (Table 1). The largest group of a-helical AMPs is a-helical cathelicidin. Cathelicidin has a highly conserved
sequence in the N-terminal, a cathelin like domain, and a highly diverse C-terminal antimicrobial domain. These highly variable regions form
various structures of cathelicidin. As a result, cathelicidin has many other forms besides a-helical structure (KoSciuczuk et al. 2012). Another
a-helical structure AMPs include NK-lysin and granulysin. Those peptides are consisted with five compact a-helical segments. NK-lysin and
granulysin are found in pig and human lymphocytes and are known to be employed by by cytotoxic lymphocytes to kill pathogens (Andreu
et al. 1999). Another main group of AMPs is defensins. These group of AMPs are characterized by abundant cysteines and disulfide bonds
connecting them (Ganz 2003).

Defensins are found from various species including plants, insects and all vertebrates (Ganz 2004). Hepcidin and LEAP-2 are also AMPs
rich in cysteine. Hepcidin and LEAP-2, in which eight cysteines are linked by disulfide bonds, are known as AMPs expressed in the liver (Park
et al. 2001a; Krause et al. 2003). Dermcidin, an AMP produced by the glands and secreted with sweat, was first discovered in humans and has
no homology with any other AMP (Schittek et al. 2001a). The secondary structure of dermcidin analyzed by circular dichroism spectroscopy
indicated that the structure of dermcidin is variable and seems to have both a-helix and (3-sheet structure (Lai et al. 2005). Different types of
AMPs depending on peptide structure and function allow to cope with various pathogenic agents, which serve as a part of important nonspecific

Immune substances.

Defensins - the biggest group of antimicrobial peptides

Among the classification according to the structure of AMP, defensins belonging to {3-sheet AMP and are one of the largest family of antimicrobial
peptide family. Defensins are widely expressed in mammalian epithelium and phagocytes and is known to help antimicrobial activity of phagocytes
or to be secreted by epithelial cells (Ganz 2004). Defensins have six cysteine motifs that are conserved among different species and are classified into

a-defensins and [3-defensins depending on the binding pattern and placement of these cysteines.
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Table 1. Summary of classical antimicrobial peptides among different species

AMP type structural features Reported species
Cathelicidin group ahelical human (LL-37)}, rhesus monkey (RL-37)}, horse
(eCATH)Y, cattle (BMAP)Y, pig (PMAP)', dog (canine
CATH)!, rabbit (CAP18)!, mouse (CRAMP)!, chicken
(CMAP), frog (magainin)®
linear, proline and arginine-rich, tryptophan rich  cattle (Bac, Indolicidin)!, pig (PR-39, prophenin)’,
goat (ChBac)', dolphin (TurlA)*

several disulfide bond cattle (dodecapeptide)’, pig (protegrin)!
Defensin 8 cysteine linked by 4 disulfide bonds radish (RsAFP2)5
B-sheet rich and 6 cysteine linked by 3 disulfide ~ fruit fly (Drosomycin)?, vertebrate 3-defensins’,
bonds mammal a-defensin’
tridisulfide bond and cyclized backbone rhesus macaque (B-defensin)?
NK lysin, Granulysin 5 a-helices, spaced by 3 loops zebrafish’, chicken!’, human, cattle12, pig"
Dermcidin may contain a-helix and [3-sheet human®
Hepcidin, LEAP-2 cysteine rich, disulfide bond human (hepcidin, LEAP-2)*, mouse (hepcidin,
LEAP-2), dog (hepcidin), chicken (LEAP-2)",
zebrafish (hepcidin)®

Reference: (Tomasinsig and Zanetti 2005)", (van Dijk et al. 2005)% (Terras et al. 1992), (Mardirossian et al. 2018), (Landon et
al. 1997)%, (Belov et al. 2007)%, (Tang et al. 1999)’, (Pereiro et al. 2015)%, (Hong et al. 2006)°, (Gansert et al. 2003)"°, (Endsley et al.
2004)", (Andersson et al. 1995)2 (Schittek et al. 2001a)™%, (Park et al. 2001a)*, (Pigeon et al. 2001), (Fry et al. 2004)'®, (Townes et
al. 2004)7, (Shike et al. 2004)'

The a-defensin has disulfide bonds in 1-6, 2-4, 3-5 cysteines and [3-defensin, on the other hand, has disulfide bonds in 1-5, 2-5, 3-6 cysteines
(Ganz 2003). Recently, 6-defensin, a defensin subfamily found in primates, has been discovered and is known to be very structurally different
from existing defensins such as having a cyclic form (Tang et al. 1999). Interestingly, the defensin family is evolutionarily well conserved, such
as forming identical clustering in vertebrate lineages or having similar peptide precursors, suggesting that vertebrate defensins may be evolved
from common genes of identical origin (Hughes 1999). In particular, various studies have shown that the [3-defensin family, the largest of
the vertebrate defensin family, is formed by repetitive duplication events (Hughes and Yeager 1997). As a result, the (3-defensin gene appears
to form constant clusters in vertebrate lineages, and the number of 3-defensin clusters and 3-defensin genes was relatively high in the more
recently evolved species. For example, a chicken phylogenetically distant to mammals has a single defensin cluster and 13 (3-defensin genes
(Xiao et al. 2004), but opossums have three defensin clusters and 37 [3-defensin genes (Belov et al. 2007).

In humans, defensins diverged in the relatively recent time period and has 5 defensin clusters and 43 genes (Patil et al. 2005). A more
interesting fact about the evolution of (3-defensin is that peptides with similar structures to [3-defensin in vertebrates are found in non-vertebral
lineages. Big defensin, an AMP found in horseshoe crab, mussels and amphioxus, has a [3-sheet structure and disulfide bonds similar to that
of vertebrate [3-defensin and the gene positions encoding these have been evolutionarily conserved as a single exon upstream of the phase I
intron. Also, similarly with 3-defensin, when comparing big defensin of Protostome (mussels are included) and Deuterostomes (amphioxus
are included), the big defensin are found to be monophyletic (Zhu and Gao 2013). These findings suggest that the origin of 3-defensin in
vertebrates may have appeared relatively early enough to be associated with the evolution time period of some invertebrates. Interestingly,
plants and insects also have defensin genes with cysteine motifs, which appear to originate from the bacterial defensin-like peptide (Gao
et al. 2009). However, the evolutionary relationship between those defensins and big defensin and vertebrate {3-defensin is still vague. But

evolutionary facts about [3-defensin show that these AMP genes are closely related to vertebrate evolution.
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Genome duplication as a main cause of B-defensin gene amplification

Gene and genome duplication is an important factor in gene evolution by generating additional copy of the gene and provides a new source for
evolution while maintaining the function of existing genes (Ohno 1974; Holland 2003). Gene duplications can occur by chromosomal nondisjunction
and tandem duplication caused by unequal crossing over, transposon-mediated duplication by transposable element, segmental duplication, and
retroduplication forming duplicated sequences by insertion of reverse-transcribed DNA (Figure 1). Especially, segmental duplication forms long
repeats of 1 to 200 kb, offers a structure that is very suitable target for homologous recombination (Samonte and Eichler 2002).
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Figure 1. Types and mechanisms of gene duplication. Whole genome duplication due to ploidy (A). Tandem
duplication formed by unequal crossover of similar sequences (B). Transposon-mediated duplication formed by
mutator-like elements (MULESs) (C). Segmental duplication formed by long interspersed nuclear elements (LINE)
and long terminal repeat retroposons (LTR) in mammals (D). Retroduplication formed by insertion of a retrogene
which is a reverse transcript of mRNA (E).

Very few of the highly replicated sequences formed by duplication are transcribed and translated to have specific functions, and in the most cases
they exist as pseudogenes. However, a duplicated pseudogene may remain neutrally selected by its functional pair gene (Zhang 2003). In addition,
the duplicated genes with functions remain free from purifying selection and form a gene family composed of paralogous genes (Zhang 2003).
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Gene families have very different family sizes depending on the composition of the paralogous genes and the species. For example, in case
of Drosophila, the trypsin gene family is the largest gene family (Gu et al. 2002), while in mammals the olfactory receptor gene family is the
largest (Zhang and Firestein 2002). However, the size of the gene family and the proportion of functional genes present in the gene family
are not directly proportional and vary widely between species. In humans, more than 60% of the olfactory receptor family is a pseudogene,
whereas in mice only 20% (Rouquier et al. 2000). This is thought to be the result of natural selection because of the greater dependence on
the olfactory sense in mice than that of humans. Gene duplication is thus an important evolutionary trigger that leads to the emergence of new
genes to enter natural competition. The association of genome duplication with the duplication of 3-defensin genes was described recently

(Figure 2).
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Figure 2. A diagram showing the expansion of 3-defensin (BD) clusters in mammals. The tree indicates the order
of speciation from the mammalian ancestors without considering genetic distances. Chicken (Gallus gallus) was
used as an out-group. BD clusters of the same syntenic origins are indicated with the same color. Therefore, the
BD clusters in green are of the ancestral cluster. The expansion of BD clusters is indicated by arrows at the tree
branch. Arrangements of BD clusters for each species are shown next to species names together with names of
chromosomes or letters in the case of scaffolds. Deletions of BD cluster are indicated for Odontoceti species (Yangtze
river dolphin (Lipotes vexillifer) and bottlenose dolphin (Tursiops truncatus)). The accession numbers for each
scaffold are NW_003573442.1 (A), NW_003573439.1 (B), NW_003573420.1 (C), NW_004444027.1 (D), NW_004443944.1
(E), NW_004444151.1 (F), NW_004450303.1 (G), NW_004450527.1 (H), NW_004450277.1 (I), NW_004452022.1,
NW_004451088.1 (J), NW_006731901.1 (K), NW_006729679.1 (L), NW_006732234.1 (M), NW_006732678.1 (N),
NW_006798803.1 (O), NW_006773710.1 (P), NW_006771517.1 (Q), NW_017842997.1 (R), NW_017844527.1 (S), and
NW_017844299.1 (T).
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Underwater re-adaptation of marine mammals

In late Devonian, first terrestrial vertebrates were evolved from marine sarcopterygian fish. Since this evolutionary event, all vertebrates in
terrene time periods were formed (Carroll 2001). Since the appearance of terrestrial vertebrates, some of their descendants had left their land
environment and adapted to aquatic environments again. Based on fossil data, placodonts, turtles, penguins, sirenians, and pinnipeds were
adapted to aquatic environments from approximately 245, 220, 62, 49, and 28 Mya, respectively (Uhen 2010a). The oldest Cetacean lineage
fossil for mammalian lineage was found 52.5 Mya, early Eocene (Bajpai and Gingerich 1998).

There are three major families of aquatic mammals: Cetacea, Sirenia, and Pinnipedia. Cetaceans include whales and dolphins and sirenians
include dugongs and manatees, and they have fully adapted to aquatic environment. In contrast, pinnipeds including seals and walruses dwell
both aquatic and land environment (Domning 2018a). Cetaceans are subdivided into two sublineages, Mysticeti and Odontoceti which contain
whales and dolphins respectively. Recent molecular biological analyses using DNA sequences have shown that Cetaceans are closely related
with Artiodactyla, including cattle, sheep and pigs, with the nearest land sister taxa, Hippopotamidae which includes hippopotamus (Nikaido et
al. 1999; Gatesy and O'Leary 2001).

Another interesting point is that river dolphins, a subgroup of Odontoceti, are morphologically and phylogenetically different with marine
dolphins and adapts to freshwater rather than sea water (Hamilton et al. 2001). Molecular genetic studies based on mitochondrial gene and
fossil records of river dolphins have shown that they had spread throughout the whole globe in middle Miocene, when sea levels were high.
However, when the sea level lowered and the ocean changed to freshwater during late Neogene, the river dolphins were thought to have
evolved and adapted to the area (Hamilton et al. 2001).

Sirenia is the only herbivore marine mammal lineage which has a complete marine lifeform. According to the fossil record, Sirenia existed
on Earth from about 50 Mya, late early Eocene. Only four species (1 Dugong and 3 Trichechus) survive today, and sirenians are the closest
species to elephants in Proboscidea. Sirenia and Proboscidea genera form Tethytheria. The main habitat of sirenians is shallow seas and river
coasts around the world (Domning 2018b).

Pinnipedia, another independent aquatic mammal lineage, comprise fur seals and sea lions (otariids), walruses(odobenid), seals(phocids).
According to the fossil record, their appearance was 27-25 Mya, late Oligocene. Recent molecular biological information indicate that
Pinnipeds are a monophyletic group, and their closest modern family is Ursidae which bears are included. It is believed that early pinnipeds

were coastal predators that ate small fish according to the maxilla fossil of Pteronarctos, the ancestor of pinnipeds (Berta 2018).

Convergent evolution of aquatic mammals

Despite three independent evolutionary events in aquatic mammalian lineages, several convergent evolutionary characters are found in aquatic
mammals, such as streamlined body, hind limb degeneration, and loss of sweat and eccrine glands (Foote et al. 2015; Huelsmann et al. 2019).
Various studies have now identified and explained the function of positively or negatively selected genes in aquatic mammals comparing to
terrestrial mammals. As a result, many genes appear to be involved in the adaptation of marine mammals to the aquatic environment. For examples,
S100A9 and MGP genes, which encode calcium binding proteins, were found to be positively selected to alter the amino acid sequences in aquatic
mammals unlike in terrestrial mammals (Foote et al. 2015). As a result, they could evolve to have bone density appropriate for their aquatic habitat
convergently.

However, despite a variety of studies, information on immune-related genes which are directly associated with individual survival of aquatic
mammals are still limited (Shen et al. 2012; de Sa et al. 2019). Enormous environmental change in adaptation from land to sea would have resulted
in a very strong selection pressure on the genes involved in the organism's biological defense system. The ability of the innate immune system to

primarily block the invasion of pathogenic substances by using physical and physiological methods would be very important for the survival of
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species. The changes of antimicrobial peptide (AMP) gene families in the aquatic mammals would be interesting and meaningful to understand the

changes of immune systems according to the environmental changes.

Duplication and contraction of 3-defensin gene family in Odontoceti due to habitat change

The independent terrestrial to aquatic habitat changes in different lineages of marine mammals including sirenians, pinnipeds, and cetaceans
indicate that the common ancestors of each lineage had to adapt to entirely new environments (Uhen 2010b). As these marine lineages
gradually adapted to the aquatic environment, there was a potential loss of genes that are not required for adaptation to the new environment
(Hecker et al. 2017; Sharma et al. 2018; Huelsmann et al. 2019; Liu et al. 2019). Among the genes that undergo more relaxed selection in
response to reduced environmental selection pressure, the genes showing the most significant gene loss are the olfactory receptor genes. The
olfactory receptor gene family which consists of more than hundreds of genes across the entire chromosome has been extensively contracted
in each lineage of marine mammals especially in cetaceans which were fully adapted to aquatic habitat and showed a dramatic change in OR
gene repertoire (McGowen et al. 2008; Zhou et al. 2013; Feng et al. 2014). This rapid contraction of the gene family was also found in the 3

-defensin gene families consisting of the largest gene family among antibacterial peptide genes (Kang et al. 2020).
Like the OR gene, the decrease in the number of [3-defensin genes was remarkable in cetaceans and the complete loss of orthologous [3
-defensin block 1 was observed in most species classified as toothed whale (Odontoceti) (Figure 3, (Kang et al. 2020)). The only Odontoceti
species having functional 3-defensin genes in BD block 1 was the sperm whale (Physeter catodon), and thus the contraction of [3-defensin
block 1 in Odontoceti is thought to have occurred after the sperm whale evolutionarily diverged from other toothed whale suborders because
the sperm whale shared the most common ancestor earlier with the other Odontoceti species (Kang et al. 2020).

The contraction of the gene families in response to habitat changes provides important insights into how species adapted genetically to
their environments. Gene contraction emerged as a result of relaxed selection to a varied environment, but this reduction may improve the
fitness of the species in adapting to the new environment. For example, the AMPD3 gene which encodes an erythrocyte-specific enzyme that
increases erythrocyte ATP levels is lost in sperm whales because ATP serves as an allosteric effector that stabilizes O>-unloaded hemoglobin in
vertebrates and the loss of AMPD3 results in a reduced O: affinity of hemoglobin (O'Brien et al. 2015). This loss lowers the affinity for O2 in
hemoglobin, allowing a smoother supply of oxygen to oxygen-poor tissue. As a result, sperm whales evolved to be able to dive into very deep
water and survive without suffocation.

Another example is the loss of SLC22A12, SLC2A9, and SLC22A6 genes in fruit bats. There is a study showing that loss of these genes
reduces urine osmolality in experiments using KO mice (Eraly et al. 2008; Preitner et al. 2009). These gene losses cause fruit bats to excrete
very dilute urine. This change helps to preserve electrolytes in fruit bats because the conservation of electrolytes is very important due to the
ecological characteristics of fruit bats which feed on juicy fruits (Sharma et al. 2018). As seen in sperm whales and fruit bats, the loss of gene
function caused by relaxed selection can facilitate important changes to adapt to a new environment, and accordingly, the loss of [3-defensin

blocks in Odontoceti may be an important adaptive consequence for these species to adapt to the marine environment.

Challenges and limitations

Although genome information of diverse animal species is currently available, their assembly levels are not chromosome level, and accuracy
often need further improvements except several species extensively studies. Such limitation serves as a bottleneck for the identification of
orthologs for the gene families of interest. Therefore, the availability of genome assemblies with high accuracy for various mammalian species
inhabiting diverse environments should provide more insights into the interesting questions on the adaptive genetic changes to environmental
changes. Especially, comparative analysis on reproduction and immune related genes would be interesting for mammals. The results should

contribute to illuminating the influence of diverse evolutionary dynamics occurring for the genetic adaptation to environmental changes.
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Figure 3. Comparison of intact B-defensin gene clusters among 10 representative mammalian species. Species
with structural similarity were close to each other while considering their evolutionary relationship. The top and
bottom of the map indicates the 5' and 3' directions, respectively. The inverted triangle (¥) and triangle (A)
in black represent ORFs of 5' to 3' and 3' to 5' directions, respectively. The red triangles (A and V) represent
conserved flanking genes shared by all species. The blue triangles (A and ¥) represent novel intact BD (B
-defensin) genes identified in this study. Evolutionary conserved BD cluster flanking genes are connected by gray
lines across species. Each BD cluster defined by two flanking genes is marked by lines in different colors. The
distance between genes is not precisely considered in the map. Chromosome numbers associated to each synteny
block are indicated at the right side of each map when determined.

Conclusion

Gene duplication is a major mechanism to form a new gene group and a major driving force involved in the generation of gene clusters,
functional changes of genes, and even speciation. There is evidence that the gene group consisting of multiple clusters evolved according to
repeated duplications following birth-and-death model of evolution. The mechanism also influenced the formation of the (3-defensin gene
family which constitutes the largest gene family among the antimicrobial peptide genes. In this review, we summarized the results of previous
research on the duplication and contraction of the AMP gene family in mammals especially focusing on animals adjusted to the marine
environment including sirenians, pinnipeds, and cetaceans. The relaxed selection of pathogenic bacteria in the marine environment may trigger

the contraction of AMP family genes such as defensins comparing to their terrestrial relatives such as artiodactyls. However, it is still unclear
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how this gene loss in cetacean lineages is related to their adaptation to the habitat change. Further studies on genetic changes according to
environmental adjustment will be interesting. This review provides current understanding on the adaptive changes of AMP repertoire according

to environmental changes.

Reference

Andersson M, Gunne H, Agerberth B, Boman A, Bergman T, Sillard R, Jornvall H, Mutt V, Olsson B and Wigzell H. 1995. NK-lysin, a novel
effector peptide of cytotoxic T and NK cells. Structure and cDNA cloning of the porcine form, induction by interleukin 2, antibacterial and
antitumour activity. EMBO J 14(8):1615-25

Andreu D, Carreno C, Linde C, Boman HG and Andersson M. 1999. Identification of an anti-mycobacterial domain in NK-lysin and granulysin.
Biochem J 344 Pt 3(Pt 3):845-9

Bahar AA and Ren D. 2013. Antimicrobial peptides. Pharmaceuticals (Basel) 6(12):1543-75

Bajpai S and Gingerich PD. 1998. A new Eocene archaeocete (Mammalia, Cetacea) from India and the time of origin of whales. Proc Natl Acad Sci
U S A95(26):15464-8

Belov K, Sanderson CE, Deakin JE, Wong ES, Assange D, McColl KA, Gout A, de Bono B, Barrow AD, Speed TP, Trowsdale J and Papenfuss AT.
2007. Characterization of the opossum immune genome provides insights into the evolution of the mammalian immune system. Genome Res
17(7):982-91

Berta A. 2018. Pinniped Evolution. In: Wiirsig B, Thewissen JGM, Kovacs KM (eds) Encyclopedia of Marine Mammals (Third Edition). Academic
Press, p 712-722

Brogden KA. 2005. Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? Nat Rev Microbiol 3(3):238-50

Carroll RL. 2001. The origin and early radiation of terrestrial vertebrates. pleo 75(6):1202-1213

Choi MK, Le MT, Nguyen DT, Choi H, Kim W, Kim JH, Chun J, Hyeon J, Seo K and Park C. 2012. Genome-level identification, gene expression,
and comparative analysis of porcine ss-defensin genes. BMC Genet 13(1):98

de Sa ALA, Breaux B, Burlamaqui TCT, Deiss TC, Sena L, Criscitiello MF and Schneider MPC. 2019. The Marine Mammal Class I Major
Histocompatibility Complex Organization. Front Immunol 10:696

Domning DP. 2018a. Encyclopedia of Marine Mammals. In: Wiirsig B, Thewissen JGM, Kovacs KM (eds) Encyclopedia of Marine Mammals
(Third Edition). Academic Press, p 856-859

Domning DP. 2018b. Sirenian Evolution. In: Wiirsig B, Thewissen JGM, Kovacs KM (eds) Encyclopedia of Marine Mammals (Third Edition).
Academic Press, p 856-859

Endsley JJ, Furrer JL, Endsley MA, McIntosh MA, Maue AC, Waters WR, Lee DR and Estes DM. 2004. Characterization of bovine homologues of
granulysin and NK-lysin. J Immunol 173(4):2607-14

Eraly SA, Vallon V, Rieg T, Gangoiti JA, Wikoff WR, Siuzdak G, Barshop BA and Nigam SK. 2008. Multiple organic anion transporters contribute
to net renal excretion of uric acid. Physiol Genomics 33(2):180-92

Feng P, Zheng J, Rossiter SJ, Wang D and Zhao H. 2014. Massive losses of taste receptor genes in toothed and baleen whales. Genome Biol Evol
6(6):1254-65

Foote AD, Liu Y, Thomas GW, Vinar T, Alfoldi J, Deng J, Dugan S, van Elk CE, Hunter ME, Joshi V, Khan Z, Kovar C, Lee SL, Lindblad-Toh
K, Mancia A, Nielsen R, Qin X, Qu J, Raney BJ, Vijay N, Wolf JB, Hahn MW, Muzny DM, Worley KC, Gilbert MT and Gibbs RA. 2015.
Convergent evolution of the genomes of marine mammals. Nat Genet 47(3):272-5

Fry MM, Liggett JL and Back SJ. 2004. Molecular cloning and expression of canine hepcidin. Vet Clin Pathol 33(4):223-7Gansert JL, Kiessler
V, Engele M, Wittke F, Rollinghoff M, Krensky AM, Porcelli SA, Modlin RL and Stenger S. 2003. Human NKT cells express granulysin and
exhibit antimycobacterial activity. J Immunol 170(6):3154-61

Ganz T. 2003. Defensins: antimicrobial peptides of innate immunity. Nat Rev Immunol 3(9):710-20Ganz T. 2004. Defensins: antimicrobial peptides
of vertebrates. C R Biol 327(6):539-49

Ganz T, Selsted ME, Szklarek D, Harwig SS, Daher K, Bainton DF and Lehrer RI. 1985. Defensins. Natural peptide antibiotics of human
neutrophils. J Clin Invest 76(4):1427-35

Journal of Animal Breeding and Genomics 151



Adaptive evolution of B-defensin in mammals

Gao B, Rodriguez Mdel C, Lanz-Mendoza H and Zhu S. 2009. AADLP, a bacterial defensin-like peptide, exhibits anti-Plasmodium activity.
Biochem Biophys Res Commun 387(2):393-8

Gatesy J and O'Leary MA. 2001. Deciphering whale origins with molecules and fossils. Trends Ecol Evol 16(10):562-570Gu Z, Cavalcanti A, Chen
FC, Bouman P and Li WH. 2002. Extent of gene duplication in the genomes of Drosophila, nematode, and yeast. Mol Biol Evol 19(3):256-62

Hamilton H, Caballero S, Collins AG and Brownell RL, Jr. 2001. Evolution of river dolphins. Proc Biol Sci 268(1466):549-56

Hecker N, Sharma V and Hiller M. 2017. Transition to an Aquatic Habitat Permitted the Repeated Loss of the Pleiotropic KLK8 Gene in Mammals.
Genome Biol Evol 9(11):3179-3188

Holland PWH. 2003. More genes in vertebrates? In: Meyer A, Van de Peer Y (eds) Genome Evolution: Gene and Genome Duplications and the
Origin of Novel Gene Functions. Springer Netherlands, Dordrecht, p 75-84

Hollox EJ and Abujaber R. 2017. Evolution and Diversity of Defensins in Vertebrates. In: Pontarotti P (ed) Evolutionary Biology: Self/Nonself
Evolution, Species and Complex Traits Evolution, Methods and Concepts. Springer International Publishing, Cham, p 27-50

Hong YH, Lillehoj HS, Dalloul RA, Min W, Miska KB, Tuo W, Lee SH, Han JY and Lillehoj EP. 2006. Molecular cloning and characterization of
chicken NK-lysin. Vet Immunol Immunopathol 110(3-4):339-47

Huelsmann M, Hecker N, Springer MS, Gatesy J, Sharma V and Hiller M. 2019. Genes lost during the transition from land to water in cetaceans
highlight genomic changes associated with aquatic adaptations. Sci Adv 5(9):eaaw6671Hughes AL. 1999. Evolutionary diversification of the
mammalian defensins. Cell Mol Life Sci 56(1-2):94-103

Hughes AL and Yeager M. 1997. Coordinated amino acid changes in the evolution of mammalian defensins. ] Mol Evol 44(6):675-82

Hwang PM and Vogel HJ. 1998. Structure-function relationships of antimicrobial peptides. Biochem Cell Biol 76(2-3):235-46

Izadpanah A and Gallo RL. 2005. Antimicrobial peptides. ] Am Acad Dermatol 52(3 Pt 1):381-90; quiz 391-2

Kang M, Ahn B, Yum J, Cho Hs, Choi M, Hong K, Choi Y, Kim JH and Park C. 2020. Influence of habitat change from land to sea on the evolution
of antimicrobial peptide gene families, including 3-defensin gene clusters, in mammals. J Zool Syst Evol Res 59(2):510-521

Kang SJ, Kim DH, Mishig-Ochir T and Lee BJ. 2012. Antimicrobial peptides: their physicochemical properties and therapeutic application. Arch
Pharm Res 35(3):409-13

Kim D, Soundrarajan N, Lee J, Cho HS, Choi M, Cha SY, Ahn B, Jeon H, Le MT, Song H, Kim JH and Park C. 2017. Genomewide Analysis of
the Antimicrobial Peptides in Python bivittatus and Characterization of Cathelicidins with Potent Antimicrobial Activity and Low Cytotoxicity.
Antimicrob Agents Chemother 61(9):¢00530-17

KoS$ciuczuk EM, Lisowski P, Jarczak J, Strzalkowska N, Jozwik A, Horbaniczuk J, Krzyzewski J, Zwierzchowski L and Bagnicka E. 2012.
Cathelicidins: family of antimicrobial peptides. A review. Mol Biol Rep 39(12):10957-70

Krause A, Sillard R, Kleemeier B, Kluver E, Maronde E, Conejo-Garcia JR, Forssmann WG, Schulz-Knappe P, Nehls MC, Wattler F, Wattler S and
Adermann K. 2003. Isolation and biochemical characterization of LEAP-2, a novel blood peptide expressed in the liver. Protein Sci 12(1):143-
52

Lai Y and Gallo RL. 2009. AMPed up immunity: how antimicrobial peptides have multiple roles in immune defense. Trends Immunol 30(3):131-41

Lai YP, Peng YF, Zuo Y, Li J, Huang J, Wang LF and Wu ZR. 2005. Functional and structural characterization of recombinant dermcidin-1L, a
human antimicrobial peptide. Biochem Biophys Res Commun 328(1):243-50

Landon C, Sodano P, Hetru C, Hoffmann J and Ptak M. 1997. Solution structure of drosomycin, the first inducible antifungal protein from insects.
Protein Sci 6(9):1878-84

Li J, Fan Z, Shen F, Pendleton AL, Song Y, Xing J, Yue B, Kidd JM and Li J. 2020. Genomic Copy Number Variation Study of Nine Macaca
Species Provides New Insights into Their Genetic Divergence, Adaptation, and Biomedical Application. Genome Biol Evol 12(12):2211-2230

Liu A, He F, Shen L, Liu R, Wang Z and Zhou J. 2019. Convergent degeneration of olfactory receptor gene repertoires in marine mammals. BMC
Genomics 20(1):977

Mardirossian M, Perebaskine N, Benincasa M, Gambato S, Hofmann S, Huter P, Muller C, Hilpert K, Innis CA, Tossi A and Wilson DN. 2018. The
Dolphin Proline-Rich Antimicrobial Peptide Turl A Inhibits Protein Synthesis by Targeting the Bacterial Ribosome. Cell Chem Biol 25(5):530-
539 ¢7

McGowen MR, Clark C and Gatesy J. 2008. The vestigial olfactory receptor subgenome of odontocete whales: phylogenetic congruence between
gene-tree reconciliation and supermatrix methods. Syst Biol 57(4):574-90

Journal of Animal Breeding and Genomics 152



Adaptive evolution of 3-defensin in mammals

Minias P, Pikus E, Whittingham LA and Dunn PO. 2019. Evolution of Copy Number at the MHC Varies across the Avian Tree of Life. Genome
Biol Evol 11(1):17-28

Nguyen LT, Haney EF and Vogel HJ. 2011. The expanding scope of antimicrobial peptide structures and their modes of action. Trends Biotechnol
29(9):464-72

Nicolas P. 2009. Multifunctional host defense peptides: intracellular-targeting antimicrobial peptides. FEBS J 276(22):6483-96

Nikaido M, Rooney AP and Okada N. 1999. Phylogenetic relationships among cetartiodactyls based on insertions of short and long interpersed
elements: Hippopotamuses are the closest extant relatives of whales. Proceedings of the National Academy of Sciences of the United States of
America 96(18):10261-10266

O'Brien WG, 3rd, Berka V, Tsai AL, Zhao Z and Lee CC. 2015. CD73 and AMPD?3 deficiency enhance metabolic performance via erythrocyte ATP
that decreases hemoglobin oxygen affinity. Sci Rep 5(1):13147

Ohno S. 1974. Evolution by Gene Duplication. Springer Science & Business Media, p 171

Park CH, Valore EV, Waring AJ and Ganz T. 2001a. Hepcidin, a urinary antimicrobial peptide synthesized in the liver. J Biol Chem 276(11):7806-
10

Park CH, Valore EV, Waring AJ and Ganz T. 2001b. Hepcidin, a Urinary Antimicrobial Peptide Synthesized in the Liver. ] Biol Chem 276(11):7806-
7810

Patil AA, Cai Y, Sang Y, Blecha F and Zhang G. 2005. Cross-species analysis of the mammalian beta-defensin gene family: presence of syntenic
gene clusters and preferential expression in the male reproductive tract. Physiol Genomics 23(1):5-17

Pena SV and Krensky AM. 1997. Granulysin, a new human cytolytic granule-associated protein with possible involvement in cell-mediated
cytotoxicity. Semin Immunol 9(2):117-25

Pereiro P, Varela M, Diaz-Rosales P, Romero A, Dios S, Figueras A and Novoa B. 2015. Zebrafish Nk-lysins: First insights about their cellular and
functional diversification. Dev Comp Immunol 51(1):148-59

Pigeon C, Ilyin G, Courselaud B, Leroyer P, Turlin B, Brissot P and Loreal O. 2001. A new mouse liver-specific gene, encoding a protein
homologous to human antimicrobial peptide hepcidin, is overexpressed during iron overload. J Biol Chem 276(11):7811-9

Preitner F, Bonny O, Laverriere A, Rotman S, Firsov D, Da Costa A, Metref S and Thorens B. 2009. Glut9 is a major regulator of urate homeostasis
and its genetic inactivation induces hyperuricosuria and urate nephropathy. Proc Natl Acad Sci U S A 106(36):15501-6

Qutob D, Tedman-Jones J, Dong S, Kuflu K, Pham H, Wang Y, Dou D, Kale SD, Arredondo FD, Tyler BM and Gijzen M. 2009. Copy number
variation and transcriptional polymorphisms of Phytophthora sojac RXLR effector genes Avrla and Avr3a. PLoS One 4(4):e5066

Rougquier S, Blancher A and Giorgi D. 2000. The olfactory receptor gene repertoire in primates and mouse: evidence for reduction of the functional
fraction in primates. Proc Natl Acad Sci U S A 97(6):2870-4

Samonte RV and Eichler EE. 2002. Segmental duplications and the evolution of the primate genome. Nat Rev Genet 3(1):65-72

Schittek B, Hipfel R, Sauer B, Bauer J, Kalbacher H, Stevanovic S, Schirle M, Schroeder K, Blin N, Meier F, Rassner G and Garbe C. 2001a.
Dermcidin: a novel human antibiotic peptide secreted by sweat glands. Nat Immunol 2(12):1133-7

Schittek B, Hipfel R, Sauer B, Bauer J, Kalbacher H, Stevanovic S, Schirle M, Schroeder K, Blin N, Meier F, Rassner G and Garbe C. 2001b.
Dermcidin: a novel human antibiotic peptide secreted by sweat glands. Nat Immunol 2(12):1133-1137

Seo MD, Won HS, Kim JH, Mishig-Ochir T and Lee BJ. 2012. Antimicrobial peptides for therapeutic applications: a review. Molecules
17(10):12276-86

Sharma V, Hecker N, Roscito JG, Foerster L, Langer BE and Hiller M. 2018. A genomics approach reveals insights into the importance of gene
losses for mammalian adaptations. Nat Commun 9(1):1215

Shen T, Xu S, Wang X, Yu W, Zhou K and Yang G. 2012. Adaptive evolution and functional constraint at TLR4 during the secondary aquatic
adaptation and diversification of cetaceans. BMC Evol Biol 12(1):39

Shike H, Shimizu C, Lauth X and Burns JC. 2004. Organization and expression analysis of the zebrafish hepcidin gene, an antimicrobial peptide
gene conserved among vertebrates. Dev Comp Immunol 28(7-8):747-54

Siddle HV, Marzec J, Cheng Y, Jones M and Belov K. 2010. MHC gene copy number variation in Tasmanian devils: implications for the spread of a
contagious cancer. Proc Biol Sci 277(1690):2001-6

Tang YQ, Yuan J, Osapay G, Osapay K, Tran D, Miller CJ, Ouellette AJ and Selsted ME. 1999. A cyclic antimicrobial peptide produced in primate
leukocytes by the ligation of two truncated alpha-defensins. Science 286(5439):498-502

Journal of Animal Breeding and Genomics 153



Adaptive evolution of B-defensin in mammals

Terras FR, Schoofs HM, De Bolle MF, Van Leuven F, Rees SB, Vanderleyden J, Cammue BP and Broekaert WF. 1992. Analysis of two novel
classes of plant antifungal proteins from radish (Raphanus sativus L.) seeds. J Biol Chem 267(22):15301-9

Tomasinsig L and Zanetti M. 2005. The cathelicidins--structure, function and evolution. Curr Protein Pept Sci 6(1):23-34Townes CL, Michailidis
G, Nile CJ and Hall J. 2004. Induction of cationic chicken liver-expressed antimicrobial peptide 2 in response to Salmonella enterica infection.
Infect Immun 72(12):6987-93

Uhen MD. 2010a. The Origin(s) of Whales. Annual Review of Earth and Planetary Sciences, Vol 38 38(1):189-219

Uhen MD. 2010b. The Origin(s) of Whales. Annual Review of Earth and Planetary Sciences 38(1):189-219

van Dijk A, Veldhuizen EJ, van Asten AJ and Haagsman HP. 2005. CMAP27, a novel chicken cathelicidin-like antimicrobial protein. Vet Immunol
Immunopathol 106(3-4):321-7

Wang MD, Dzama K, Rees DJ and Muchadeyi FC. 2016. Tropically adapted cattle of Africa: perspectives on potential role of copy number
variations. Anim Genet 47(2):154-64

Wong ATC, Lam DK, Poon ESK, Chan DTC and Sin SYW. 2022. Intra-specific copy number variation of MHC class II genes in the Siamese
fighting fish. Immunogenetics 74(3):327-346

Wurschum T, Longin CF, Hahn V, Tucker MR and Leiser WL. 2017. Copy number variations of CBF genes at the Fr-A2 locus are essential
components of winter hardiness in wheat. Plant J 89(4):764-773

Xiao Y, Hughes AL, Ando J, Matsuda Y, Cheng JF, Skinner-Noble D and Zhang G. 2004. A genome-wide screen identifies a single beta-defensin
gene cluster in the chicken: implications for the origin and evolution of mammalian defensins. BMC Genomics 5(1):56

Yeaman MR and Yount NY. 2003. Mechanisms of antimicrobial peptide action and resistance. Pharmacol Rev 55(1):27-55

Zanetti M. 2005. The Role of Cathelicidins in the Innate Host Defenses of Mammals. Curr Issues Mol BiolZasloff M. 2002. Antimicrobial peptides
of multicellular organisms. Nature 415(6870):389-95

Zhang JZ. 2003. Evolution by gene duplication: an update. Trends in Ecology & Evolution 18(6):292-298

Zhang X and Firestein S. 2002. The olfactory receptor gene superfamily of the mouse. Nat Neurosci 5(2):124-33

Zhang Y, Hu Y, Wang X, Jiang Q, Zhao H, Wang J, Ju Z, Yang L, Gao Y, Wei X, Bai J, Zhou Y and Huang J. 2019. Population Structure, and
Selection Signatures Underlying High-Altitude Adaptation Inferred From Genome-Wide Copy Number Variations in Chinese Indigenous Cattle.
Front Genet 10:1404

Zhou X, Sun F, Xu S, Fan G, Zhu K, Liu X, Chen Y, Shi C, Yang Y, Huang Z, Chen J, Hou H, Guo X, Chen W, Chen Y, Wang X, Lv T, Yang
D, Zhou J, Huang B, Wang Z, Zhao W, Tian R, Xiong Z, Xu J, Liang X, Chen B, Liu W, Wang J, Pan S, Fang X, Li M, Wei F, Xu X, Zhou
K, Wang J and Yang G. 2013. Baiji genomes reveal low genetic variability and new insights into secondary aquatic adaptations. Nat Commun
4(1):2708

Zhu S and Gao B. 2013. Evolutionary origin of beta-defensins. Dev Comp Immunol 39(1-2):79-84

Journal of Animal Breeding and Genomics 154



