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Abstract

Defensin genes encode small cationic antimicrobial peptides that form an important part of the innate immune system. They
are divided into three families, alpha (a), beta (b), and theta (h), according to arrangement of the disulfide bonding pattern
between cysteine residues. Considering the functional importance of defensins, investigators have studied the evolution and
the genomic organization of defensin genes. However, these studies have been restricted mainly to b-defensins. To understand
the evolutionary dynamics of a-defensin genes among primates, we identified the a-defensin repertoires in human, chim-
panzee, orangutan, macaque, and marmoset. The a-defensin genes in primates can be classified into three phylogenetic classes
(class I, II, and III). The presence of all three classes in the marmoset indicates that their divergence occurred before the
separation of New World and Old World monkeys. Comparative analysis of the a-defensin genomic clusters suggests that the
makeup of the a-defensin gene repertoires between primates is quite different, as their genes have undergone dramatic birth-
and-death evolution. Analysis of the encoded peptides of the a-defensin genes indicates that despite the overall high level of
sequence divergence, certain amino acid residues or motifs are conserved within and between the three phylogenetic classes.
The evolution of a-defensins in primates, therefore, appears to be governed by two opposing evolutionary forces. One force
stabilizes specific amino acid residues and motifs to preserve the functional and structural integrity of the molecules and the
other diversifies the sequences generating molecules with a wide range of activities against a large number of pathogens.

Key words: alpha-defensin gene, primate evolution, innate immunity, comparative genomics, positive selection, birth-
and-death evolution.

Introduction
Innate immunity is an evolutionarily ancient defense strat-
egy used by multiple species to defend against pathogens.
A large number of antimicrobial peptides are known to be
involved in the innate immunity. Among them defensins
constitute one of the most important families of antimicro-
bial peptides because of their capacity to enhance phago-
cytosis and the production of proinflammatory cytokines,
promote neutrophil recruitment, suppress anti-inflamma-
tory mediators, and regulate complement activation (Yang
et al. 2002; Zhang et al. 2002; Ganz 2003; Kim et al. 2005;
Wehkamp et al. 2005; Presicce et al. 2009). The defensins
are engaged in host defenses against a broad spectrum of
pathogens (i.e. bacteria, fungi, and viruses) by either inter-
acting directly with the pathogens, or acting in concert
with other components of the immune system (Ganz
2003; Klotman and Chang 2006; Menendez and Brett Finlay
2007). In mammals and especially in primates, in addition
to their natural antimicrobial activity, defensins participate
in other physiological processes such as sperm protection,
immune recognition, and cell signaling (Yang et al. 2002;
Yudin et al. 2005). It has also been proposed that defensins
may function as a link between innate and adaptive
immune responses (Yang et al. 1999).

Mammalian defensins are small cationic peptides con-
taining three pairs of intramolecular disulfide bonds medi-
ated by six conserved cysteines (Ganz and Lehrer 1994;
Ganz 2003). On the basis of the disulfide bonding pattern
and the position of the cysteines, defensins are divided into
alpha (a), beta (b), and theta (h) families (Ganz 2003),
although functional h-defensin genes are found only in
the rhesus macaque (Macaca mulatta) and olive baboon
(Papio anubis) (Garcia et al. 2008; Tran et al. 2008). The
a- and b-defensins form a triple-stranded b-sheet structure
stabilized by disulfide bonds, whereas h-defensins are struc-
turally unrelated to the a and b families (Tang et al. 1999;
Selsted 2004). All functional a-defensin genes are expressed
as prepropeptides (Valore and Ganz 1992). The mature
peptide results from sequential removal of the signal pep-
tide and prosegment giving rise to a mature, tridisulfide-
containing peptide (Michaelson et al. 1992).

Recent studies have shown that many physiological and
morphological characters are generally controlled by genes
belonging to multigene families (i.e., immunoglobulin, T-
cell receptor, major histocompatibility complex, histone,
ubiquitin, and olfactory receptor genes). Therefore, detailed
investigation of the evolution of multigene families is an
important step toward understanding the evolution of
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phenotypic characters. It has been shown that several mul-
tigene families are subject to birth-and-death evolution
and that the rates of gene gain and gene loss vary consid-
erably between families (Ota and Nei 1994; Nei et al. 1997;
Su and Nei 2001; Niimura and Nei 2005; Das et al. 2008a).
Due to rapid birth-and-death evolution, the number of
functional genes may be quite different between closely re-
lated species or even between individuals of the same spe-
cies (Nei 2007; Nozawa et al. 2007; Das et al. 2008b; Das
2009). Considering the functional importance of defensins,
investigators have studied the genomic organization and
the evolution of defensin genes in several vertebrate spe-
cies. However, these studies are largely restricted to
b-defensins (Boniotto et al. 2003; Morrison et al. 2003; Sem-
ple et al. 2003; Xiao et al. 2004; Semple et al. 2005; Hollox
and Armour 2008) with the exception of only a few studies
on the a-defensin family (Patil et al. 2004; Lynn and Bradley
2007). Fortunately, the draft genome sequences of several
primate species with greater than 5� coverage are avail-
able. These sequences allow us to carry out genome-wide
comparisons of the a-defensin clusters in primates. Here,
we present the complete repertoire of a-defensin genes
in human, chimpanzee, orangutan, macaque, and marmo-
set. This analysis aims to provide a better understanding
into the general pattern of the evolutionary processes that
have shaped the differences in a-defensin repertoire be-
tween primate species and new insights into the evolution-
ary changes of the functional activities of a-defensin genes.

Materials and Methods

Identification of Alpha-Defensin Genes
The procedure of the retrieval of functional and nonfunc-
tional a-defensin genes is drawn as a flow chart in supple-
mentary figure S1 (Supplementary Material online). To
identify all the a-defensin genes, we performed a two-
round TBlastN search against the draft genome sequences
of human (Homo sapiens; assembly: GRCh37, February
2009), chimpanzee (Pan troglodytes, assembly: CHIMP
2.1, March 2006), orangutan (Pongo pygmaeus, assembly:
PPYG2, September 2007), macaque (Macaca mulatta, as-
sembly: MMUL 1.0, February 2006), and marmoset (Calli-
thrix jacchus, assembly: Callithrix_jacchus-3.2, February
2009) from Ensembl Genome Browser. In the first round,
the amino acid sequences of five functional a-defensin
genes from human available at the RefSeq protein database
(accession numbers: NP_001916, NP_001917, NP_004075,
NP_005208, and NP_066290) were used as queries. These
five a-defensin sequences in the query data set align to the
same genomic regions because they are similar to one an-
other. For this reason, we retrieved only nonoverlapping
genomic sequences that produced alignments with the
lowest E values. Taking into account the alignment with
the query a-defensin genes, we categorized the retrieved
sequences into potential functional genes if they contained
a start codon, aligned with query sequence without any
frameshifts or premature stop codons, and encoded for
six conserved cysteine residues in the mature peptide

region. Other sequences were regarded as a-defensin pseu-
dogenes. In the second round, the procedure was repeated
by using the a-defensin genes identified in the first round
to identify additional a-defensin genes. Intron–exon
boundaries were identified with reference to the open
reading frame. For each species after collecting all nonover-
lapping sequences, we annotated the entire a-defensin
cluster according to their genomic positions.

Phylogenetic Analysis
The translated amino acid sequences from identified
a-defensin genes were aligned using ClustalW program.
To ensure codon-to-codon alignment, the nucleotide align-
ments were retrieved from the amino acid sequences. The
evolutionary distances were computed using the maximum
composite likelihood method (Tamura et al. 2004) after
elimination of nucleotide sequence alignment gaps only
in pairwise sequence comparisons (pairwise deletion op-
tion). The phylogenetic trees were constructed by 1) neigh-
bor joining (NJ) (Saitou and Nei 1987) and 2) maximum
parsimony (MP) (Eck and Dayhoff 1966) methods using
the MEGA4.0 program (Tamura et al. 2007). The reliability
of the trees was assessed by bootstrap resampling of 1000
replications. One mouse a-defensin sequence (accession
no. NM_010031) was used as outgroup.

Determination of Orthologous Sequences
Because a-defensin coding sequences are short and evolve
rapidly (Patil et al. 2004), to determine true orthologous
relationships, we have used three different methods: 1)
phylogenetic analysis with the combination of any two
species under study (i.e., human–chimpanzee, human–
orangutan, chimpanzee–macaque, orangutan–macaque,
macaque–marmoset, etc.); 2) reciprocal Blast best hits
and 3) comparison of the repetitive elements flanking
the 5# and 3# sides of a-defensin genes. The repetitive
elements of the entire a-defensin cluster were identified
using the CENSOR software tool (Kohany et al. 2006).

Tests for Positive Selection
To detect positive selection, the CODEML program as
implemented in PAML was used to calculate the codon
substitution models for heterogeneous selection pressure
at amino acid positions (Yang 2007; Yang et al. 2000,
2005). The models used in this study were M0, M1a,
M2a, M7, M8, and M8a. M1a (nearly neutral), M7 (beta),
and M8 (beta and x 5 1) were null models that did not
support x . 1, whereas the alternative models M2a (pos-
itive selection) and M8a (beta and x) have an additional
class that allowed x . 1. Using these null and alternative
models, three likelihood ratio tests (LRT) were carried out:
1) M1a versus M2a, 2) M7 versus M8, and 3) M8a versus
M8. For LRTs, twice the log-likelihood difference, 2Dl 5
2(l1 � l0) was compared with a v2 distribution to test
whether the null model could be rejected, where l1 and
l0 were the log likelihood for the alternative model and
the null model, respectively. Moreover, naive empirical
Bayes analysis was employed to calculate the posterior
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probability that each site belonged to a particular site class.
Sites with high posterior probability of belonging to the site
class of x. 1 were inferred to be under positive selection.

Structural Analysis
To understand the structural characteristics of a-defensin
peptides, we predicted the folding pattern of several primate
sequences using the SWISS-MODEL (http://swissmodel
.expasy.org) (Arnold et al. 2006) and PHYRE (http://
www.sbg.bio.ic.ac.uk/;phyre) (Bennett-Lovsey et al. 2008)
web servers. Pairwise structural alignments and structural
superimposition were performed using the DaliLite (http://
www.ebi.ac.uk/Tools/dalilite) (Holm and Park 2000) web
server. Electrostatic potential was calculated using the
PBEQ-Solver (Jo et al. 2008) web server. All figures were gen-
erated with PyMOL (DeLano Scientific; http://pymol.org).
The hydrophobicity score was calculated using the
Kyte–Doolittle scale (Kyte and Doolittle 1982).

Results

Number of a-Defensin Genes in Five Primate
Species
Our homology searches (see Materials and Methods) de-
tected 41 functional and 30 nonfunctional a-defensin
genes in the genomes of the five primate species under
study (table 1). The a-defensin genes in human, chimpan-
zee, orangutan, and macaque are located in the subtelo-
meric region of chromosome 8 of the respective species
(supplementary fig. S2, Supplementary Material online).
The chromosomal location for marmoset a-defensin
genes is not available due to incompleteness of the ge-
nome assembly. However, most (12 of 14) of the a-defen-
sin genes in marmoset are located in a single genomic
region (contig 333). All identified a-defensin genes in five
primate species are listed in supplementary table S1 (Sup-
plementary Material online). In all species, with the excep-
tion of human, the numbers of functional genes given in
table 1 are the minimum estimates because some geno-
mic regions of the a-defensin cluster are incomplete in the
draft genome sequences. It is possible that the partial
genes can be annotated as functional genes when more
complete versions of the genome sequences will be avail-
able. In this study, we have found five partial genes
(two from chimpanzee, one from orangutan, and two

from macaque). These genes contain either the entire first
exon or the entire second exon and some portion of the
intron. We used these partial sequences as queries in sim-
ilarity searches against the nucleotide database of NCBI
to find out whether these partial a-defensin sequences
are functional or nonfunctional genes. We found that
two of five identified partial a-defensin genes, chimpanzee
Ptr 1 and macaque Mmu 18 (see supplementary table S1,
Supplementary Material online) exhibit 100% sequence
identity with two nucleotide sequences. The sequence ex-
hibiting 100% identity with Ptr 1 is a full-length messenger
RNA sequence (accession number AY746440), whereas for
Mmu 18 the 100% identical sequence is part of a BAC clone
(accession number AC202726). The retrieved a-defensin
gene (100% identical to the nucleotide sequence of Mmu
18) from this BAC clone is a full-length gene. Therefore,
we decided to regard Ptr 1 and Mmu 18 sequences as func-
tional genes in this study. As shown in table 1, the propor-
tions of total numbers of functional and nonfunctional
a-defensin genes are nearly the same for hominids (human,
chimpanzee, and orangutan) and Old World monkeys
(macaque). By contrast, the total number of functional
a-defensin genes in marmoset (member of New World mon-
keys) is considerably higher than that of catarrhine primate
species (hominids and Old World monkeys). It is also notice-
able that marmoset showed the lowest number of pseudo-
genes from all the species studied.

Phylogenetic Relationships of a-Defensin Genes
To examine the evolutionary relationships between the
a-defensin genes, we constructed phylogenetic trees for
the data set of 41 functional and 22 nonfunctional
a-defensin genes using the NJ and MP methods. We ex-
cluded three partial genes and eight pseudogenes because
they were truncated and they had highly diverged sequen-
ces, respectively. In fig. 1, we present condensed phyloge-
netic trees at the 50% bootstrap consensus value level. The
tree topologies produced by both methods (figs. 1a and 1b)
are nearly the same and classify the a-defensin genes in pri-
mates into three major phylogenetic classes (classes I, II,
and III). In both phylogenetic trees, the branch leading
to class I is supported by .90% bootstrap values. For clas-
ses II and III, although the bootstrap support is relatively
low (.60% and ,80%), both classes are reproduced by
NJ and MP trees. The presence of a-defensin genes from
all five primate species in all three phylogenetic classes sug-
gests that the separation between the classes I, II, and III
genes occurred before the divergence between New World
and Old World monkeys.

The number of a-defensin genes varies considerably
among the three classes (table 2). In all species, the largest
numbers of genes belong to class III, with the exception of
macaque. In the latter species, the highest number of genes
is found in class I. In hominids, class II contains one func-
tional gene and two pseudogenes, indicating that no sig-
nificant gain or loss occurred in class II genes after
divergence of Old World monkeys and hominids from their
last common ancestor.

Table 1. Number of a-Defensin Genes in the Five Primate Species.

Species Func Pseu Part Total

Hominidae

Human 6 7 0 13
Chimpanzee 6 (1) 6 1 14
Orangutan 7 7 1 15

Old World monkey Macaque 8 (1) 8 1 18
New World monkey Marmoset 12 2 0 14

NOTE.—Due to incompleteness of few genomic regions, the genes located on
these regions are represented as partial. The number in the parenthesis is the
number of partial genes, which are designated as functional on the basis of 100%
unique identities with the deposited nucleotide sequences in NCBI (see text).
Func, functional genes; Pseu, pseudogenes; Part, partial genes.
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Identification of Phylogenetic Class-Specific Amino
Acid Residues in a-Defensins
To identify whether there are specific amino acid residues
or motifs that distinguish the three phylogenetic classes, we
analyzed the amino acid sequences of a-defensins. The
class-specific consensus sequences were generated by iden-
tifying the most commonly used amino acid residues or

motifs in each class of a-defensin (fig. 2). From the align-
ment of the encoded proteins of all functional a-defensin
genes, we identified five molecular markers, which can dis-
tinguish the a-defensin sequences belonging to classes I, II,
and III. Interestingly, all five molecular markers are located
in the prosegment regions of a-defensins. Although the
identified molecular markers are mostly class specific, in
certain cases, the same amino acid residue(s) in a particular
position are shared by two phylogenetic classes. For exam-
ple, class I a-defensin sequences possess Ser residues at po-
sition 22, whereas at the same position classes II and III
consensus sequences contain Pro residues. At positions
39–40, 49–50, 57–60, and 70–72, the class I sequences have
TQ, DL(X), NGLS, and QAR motifs, respectively (fig. 2).
Here, ‘‘X’’ represents any amino acid that appeared due
to the substitution of consensus residue at particular po-
sition. In contrast, the motifs present at the same positions
in class II a-defensin sequences are AQ, DF, DASS, and
T(R)R(T), whereas relatively less conserved motifs are
found at the same positions of class III sequences.

FIG. 1. Phylogenetic tree condensed at the 50% bootstrap value level for a-defensin genes of five primate species. The phylogenetic trees are
calculated by the (a) NJ and (b) MP methods, respectively. The pseudogenes are shown by ‘‘/’’ symbol. In both trees, a mouse a-defensin
sequence is used as an outgroup .

Table 2. Number of a-Defensin Genes for Three Phylogenetic
Classes in Each Primate Species.

Species

Class I Class II Class III

Func Pseu Func Pseu Func Pseu

Human 1 0 1 2 4 5
Chimpanzee 1 0 1 2 5 4 (1)
Orangutan 2 0 1 2 4 5 (1)
Macaque 5 0 (1) 1 2 3 6
Marmoset 1 0 4 2 7 0

NOTE.—The phylogenetic classes in this table are defined in fig. 1. The number in
the parenthesis is the number of partial gene. Func, functional genes; Pseu,
pseudogenes.
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Structural Characteristics of Primate a-Defensins
We analyzed the amino acid sequences of signal peptide,
propeptide, and mature peptide regions to understand the
structural features of primate a-defensin peptides. In all pri-
mate sequences studied, the signal peptide is the most con-
served segment, followed by the prosegment and mature
peptide regions (supplementary fig. S3, Supplementary Ma-
terial online). It has been shown that the prosegment re-
gion of defensins contains several amino acids, which are
involved in folding and functional inhibition of the mature
peptides (Zou et al. 2008; Figueredo et al. 2009). Most of the
negatively charged residues are conserved in the proseg-
ment of primate defensins (E20, D27, E28, E34, D39, and
E42) (numbering is according to sequence Hsa 6 in fig. 2
excluding gaps). In addition to the negatively charged
amino acids, three regions that are predominantly occu-
pied by hydrophobic residues (positions 29–33, 35–38,
and 43–49) are also reasonably well conserved. These ob-
servations suggest that although the prosegment sequence
is not highly conserved, specific structural characteristics
are preserved most probably due to functional constraints.

The most well-studied region of a-defensins is the mature
peptide. Defensin structures have been solved using both

X-ray crystallography and nuclear magnetic resonance. To
date, structures for several a-defensins have been reported
from human and other mammals (McManus et al. 2000;
Szyk et al. 2006). The overall fold of the a-defensin monomer
is composed of three b-strands arranged into an antiparallel
b-sheet. These architectural elements are restrained in their
relative orientations by three disulfide bridges, C66–C94,
C68–C83, C73–C93, and one salt bridge formed by the side
chains of R69 and E77 (numbering is according to sequence
Hsa 6 in fig. 2 excluding gaps). These residues are well con-
served in all primate defensins (fig. 2). These observations
indicate that despite the high level of divergence at their
primary amino acid sequences, primate a-defensins fold very
similar to each other. This notion is also supported by the-
oretical models built by homology (fig. 3). These models sug-
gest that primate defensins display the canonical a-defensin
disulfide arrangement and a similar fold, but differ markedly
in surface charge distribution and loop sizes/orientations
(fig. 3). The electrostatic surface analysis also supports
the above notion and shows the amphipathicity of these
proteins (supplementary fig. S4, Supplementary Material
online). All primate a-defensin structures contain several
Arg residues distributed fairly evenly in the primary

FIG. 2. Multiple sequence alignment of the functional a-defensin amino acid sequences. The conserved Cys residues are highlighted in gray and
the amino acid residues or motifs that distinguish the three phylogenetic classes (classes I, II, and III) are marked with boxes. The probable
consensus sequences (shown below the boxes) are the most commonly used amino acid residues (�50%) or motifs in each a-defensin class. If
only one specific residue appeared due to a substitution of the consensus residue at a particular position, that residue is shown in parentheses
after the consensus sequence. If multiple residues are found in a particular position, an ‘‘X’’ has been used, either within parentheses after the
consensus sequence or without parentheses (where no consensus found), which represents any amino acid. The potential positively selected
sites are indicated by asterisks below the alignment. These sites are detected by both M2 and M8 models (see text for description). * and **
indicate significance at 95% and 99% levels, respectively.

Evolution of a-Defensin Genes in Primates · doi:10.1093/molbev/msq118 MBE

2337Downloaded from https://academic.oup.com/mbe/article-abstract/27/10/2333/967051
by guest
on 29 July 2018

supplementary fig. S5
Supplementary Material
Supplementary Material
supplementary fig. S5
Supplementary Material


sequence; however, when the protein is folded, most of
these basic residues are located on one face. As has been
observed for other primate defensins (Vasudevan et al.
2008), the positively charged surface is distinct and separate
from the hydrophobic region. The positively charged surface
distinguishes both paralogous and orthologous defensin
proteins (supplementary fig. S4, Supplementary Material
online). Furthermore, the different classes can be differen-
tiated by the differential presence of one or two small
negatively charged regions (supplementary fig. S4, Supple-
mentary Material online). These variations in a-defensin

electrostatic surface distributions imply that these proteins
have distinct mechanisms for their mode of antimicrobial
action. In addition to the charge distributions, it has been
hypothesized that the large hydrophobic surfaces of defen-
sins may play a role in hydrophobic interactions with the
membrane hydrocarbons of the target cell (Vasudevan
et al. 2008). Thus, the differences in hydrophobicity (supple-
mentary fig. S5, Supplementary Material online) and the dis-
tribution of these surfaces, together with the presence/
absence of exposed aromatic amino acids (figs. 2 and 3;
supplementary fig. S4, Supplementary Material online),

FIG. 3. Primate a-defensins fold similarly but have different composition of charged and surface amino acids. The theoretical 3D models for the
marmoset proteins were constructed using as templates the experimentally resolved structures of human a-defensins, which are shown on the
left panels for comparison. For convenience, the cartoon representations of the molecules are also shown inside the semitransparent surfaces.
Three sets of amino acids are shown with different colors (blue, positive; red, negative; yellow, aromatic). The Protein Data Bank code of the
templates used are 1ZMP for class I, 1ZMQ for class II, 2PM4 for class III (HNP1), and 1ZMM for class III (HNP4 ).
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may be additional determinants of functional specificity and
differentiation between the different primate a-defensins.

Genomic Organization of a-Defensin Cluster
For relatively short and highly evolving sequences, the estab-
lishment of true orthologous relationships is often difficult
using conventional phylogenetic tree–building methods
(Das et al. 2008a, 2008b). In the case of a-defensin sequen-
ces, which are short (�100 aa) and evolve rapidly (Lynn et al.
2004; Patil et al. 2004), we used three different methods to
identify orthologous relationships: 1) phylogenetic analysis,
2) reciprocal Blast best hits, and 3) comparison of the flank-
ing repetitive elements of a-defensin genes (see Materials
and Methods). For the third method, we have identified
the repetitive elements in the entire a-defensin cluster
and compared the repetitive elements flanking the 5#
and 3# sides of each a-defensin gene. One example of
the comparison of flanking repetitive elements of a-defensin
gene is shown diagrammatically in figure 4. In our study, we
regarded as orthologs, genes for which orthology was sup-
ported by at least two methods. These analyses allowed us
to establish orthologous relationships between a-defensin
genes in all primates, with the exception of some marmoset
sequences. The estimated divergence time between New
World and Old World Monkeys is ;3 My (Steiper and
Young 2006). It is possible that due to their relatively long
divergence time, establishing true orthologous relationships
between a-defensin genes of marmoset and Old World
Monkeys is difficult. Hence, the orthology between a-defen-
sin genes is established for four primate species (human,
chimpanzee, orangutan, and macaque) as they are sepa-
rated from each other by a relatively short divergence time.

Using the orthologous sequences, we have carried out
a comparative genomic analysis of a-defensin clusters of hu-
man, chimpanzee, and macaque. Due to the incompleteness
of the genome assembly (see supplementary table S1, Sup-
plementary Material online), the complete genomic organi-
zation of the orangutan a-defensin cluster could not be
established. Therefore, we excluded orangutan from the
comparative genomics analysis of the a-defensin locus. Be-
cause of this limitation, certain conclusions can be drawn
only tentatively. The physical maps of a-defensin genes in
human, chimpanzee, and macaque are shown in figure 5.
The results of the analysis reveal conservation in the synteny
of five genes (i.e., Hsa1, Hsa2, Hsa3, Hsa4, and Hsa5 and their
orthologous sequences), located at the 3# regions of
a-defensin clusters in the human, chimpanzee, and ma-
caque (fig. 5). Although no duplication or deletion of genes
is observed in this region, one a-defensin gene (Mmu2) be-
came nonfunctional in the macaque lineage. Similarly, Hsa3
and Ptr3 became nonfunctional in the human–chimpanzee
lineage, whereas the ortholog in macaque (Mmu3) is func-
tional. In contrast to the conservation observed in the 3#
region, in the 5# regions of a-defensin clusters, we identified
a few events of species-specific gene duplication or deletion.

To gain a better understanding of the evolution of the
a-defensin cluster, we analyzed the distribution ofa-defensin
functional genes and pseudogenes in the three phylogenetic

classes. This analysis showed that the genes in all three phy-
logenetic classes are intermingled in the genome (fig. 5). The
genomic distribution of classes I and III a-defensin genes in
macaque is quite different from that of hominids (human
and chimpanzee). In contrast, it is noticeable that the
functional and pseudogenes belonging to class II are con-
served (i.e., no duplication or deletion) from macaque
to human.

Examination of Positive Selection
Intrigued by the high divergence among a-defensin genes,
we investigated whether this observation could be ex-
plained by positive selection. To examine if positive selec-
tion acts on a-defensin genes, we carried out three LRT
using six codon-substitution models for heterogeneous se-
lection pressure at amino acid positions (Yang et al. 2000;
Yang et al. 2005; Yang 2007): 1) M1a versus M2a, 2) M7
versus M8, and 3) M8a versus M8 (tables 3 and 4). For this
analysis, we used all the potentially functional genes from
five primate species and compared both orthologous and
paralogous defensin genes. This analysis suggests the action
of positive selection on some specific sites of a-defensins

FIG. 4. A representative example of flanking repetitive elements that
were used to determine the orthologous relationships between
a-defensin genes. Ten flanking repetitive elements from the 5# and
3# ends of Hsa1, Ptr1, Ppy1, and Mmu1 genes are shown. The
a-defensin gene is shown as circles and the repetitive elements as
rods. Rods above and below the lines indicate that the repetitive
elements are located on different strands. The lines connecting the
rods show orthologous and paralogous relationships of repetitive
elements. The figure is not drawn in scale.
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(table 3 and 4 and fig. 2). Except for one site at the boundary
of prosegments and mature peptides, all of the other sites
that could be positively selected were detected in the ma-
ture peptides. Our results are similar with previous obser-
vations by Patil et al. (2004) and Lynn et al. (2004). These
results indicate that the presence of multiple potential pos-
itively selected sites in the mature peptide might be func-
tionally important for the broad range of antimicrobial
activities of a-defensin.

Discussion
In this study, we identified the a-defensin gene repertoires
in human, chimpanzee, orangutan, macaque, and marmo-
set based on currently available genome sequences and
analyzed the genomic organization using comparative ge-
nomic and evolutionary approaches. We found that the
ratio between functional and nonfunctional a-defensin
genes is nearly identical for hominids (human, chimpanzee,
and orangutan) and Old World monkeys (macaque),
whereas that of marmoset (New World monkey) is quite
different. The latter species also showed the lowest fraction
of pseudogenes compared with all species studied (table 1).

In several multigene families, a considerable number of
pseudogenes has been described (Piontkivska and Nei
2003; Nei 2007; Das et al. 2010). These genes have accumu-
lated nonsense mutations, frameshift deletions and inser-
tions, or single nucleotide substitutions within functionally
important sites, which disrupt the expression of functional
proteins (Kawasaki et al. 1997; Das et al. 2008a). It is, there-
fore, possible that comparatively higher accumulation of
mutations in the a-defensin locus of catarrhine primates
(human, chimpanzee, orangutan, and macaque) may have
led to the higher number of pseudogenes compared with
that of platyrrhine (or New World monkey) primate species
(marmoset).

Our analysis suggests that the a-defensin genes of pri-
mates fall into three major phylogenetic classes (classes
I, II, and III). The presence of all three classes in the mar-
moset indicates that their divergence occurred before the
separation of New World and Old World monkeys and
these classes have persisted for ;43 Myr in the primate
genomes. The comparative analysis of the a-defensin geno-
mic clusters suggests that several genomic rearrangements
occurred in these genomic regions. In all classes, with the
exception of class II genes, the differences in the number of

FIG. 5. Chromosomal localization of a-defensin genes and their orthologous and paralogous relationships in human (Hsa), chimpanzee (Ptr),
and macaque (Mmu). The large oval and the small oval shapes represent functional genes and pseudogenes, respectively. The rectangular
shapes indicate partial genes. The open, gray, and black shapes represent class I, class II, and class III genes (as defined by the phylogenetic
analysis), respectively. The lines connecting the shapes show orthologous and paralogous relationships of a-defensin genes. The figure is not
drawn in scale.

Table 3. Parameter Estimates and Log-Likelihood Values Under Models of Variable x Ratios Among Sites.

Model p Parameter InL dN/dS Positively Selected Sites

M0: one ratio 1 v 5 1.141 23854.68 5 v
M1a: neutral 1 p0 5 0.465, v0 5 0.173;

p1 5 0.535, v1 5 1.000 23755.88 0.6158
M2a: selection 3 p0 5 0.324, v0 5 0.170;

p1 5 0.462, v1 5 1.000;
p2 5 0.214, v2 5 4.078 23672.53 1.3913

73, 74, 76, 79, 81, 83, 84,
85, 88, 89, 91, 93, 94, 95

M7: beta 2 p 5 0.500,
q 5 0.315 23761.11 0.6136

M8: beta and v 4 p0 5 0.777, p 5 0.497,
q 5 0.320; p1 5 0.223,
v 5 3.874 23673.45 1.3358

73, 74, 76, 79, 81, 83, 84, 85,
87, 88, 89, 91, 93, 94, 95

M8a: beta and v 5 1 4 p0 5 0.528, p 5 1.154,
q 5 4.021; p1 5 0.472,
v 5 1.000 23752.41 0.5856

NOTE.—Bold number indicates significance at the 99 % level and the other indicates significance at the 95% level. The dS and dN stand for the numbers of synonymous and
nonsynonymous substitutions per site, respectively.
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class I and class III genes between the hominids and ma-
caque lineages have been generated mainly by repeated
tandem gene duplication within each genomic cluster
(fig. 5). In the phylogenetic trees, all three classes contain
a-defensin genes from five primate species and the phylo-
genetically distantly related genes are more or less inter-
mingled in the genomic cluster. Hence, considering the
phylogeny and the genomic organization of a-defensin
genes, we can infer that the a-defensin multigene family
is mainly subject to the birth-and-death model of evolution
rather than to concerted evolution. In the birth-and-death
model, new genes are originated by repeated gene dupli-
cation and by accumulation of mutation some of them
may acquire a new function and remain in the genome
for a long time, whereas others become pseudogenes or
are deleted from the genome (Nei et al. 2000; Su and
Nei 2001; Rooney 2004; Das et al. 2008b). In contrast,
the concerted evolution model proposes that the genes
in a multigene family of a species are homogenized over
some period of time by gene conversion or unequal
crossing-over, causing higher sequence similarity of genes
within species than between species (Liao 1999; Nikolaidis
and Nei 2004).

In catarrhine primates, the a-defensin cluster is located
in the subtelomeric region of the chromosome. Due to in-
completeness of the genome assembly, the chromosomal
location for marmoset a-defensin cluster is not available.
The subtelomeres harbor several multigene families, includ-
ing the olfactory receptor and immunoglobulin heavy chain
variable region genes that exhibit a fairly high level of se-
quence divergence as well as multiple duplication and de-
letion events (Linardopoulou et al. 2001; Das et al. 2008b).
Recent studies suggest that the subtelomeric and the peri-
centromeric regions might be less constrained than other
genomic regions for recombination, duplication, gene con-
version, point mutation, and translocation (Linardopoulou
et al. 2005; Webber and Ponting 2005). Thus, these regions
may facilitate the birth and death of their harboring genes.
The multiple duplications and the acquisition of several
point mutations observed in the a-defensin locus are
consistent with this notion. Due to point mutations,
a-defensin genes have been diversified and some of them
became pseudogenes in certain lineages. In fact, we found
that less than 50% of the a-defensin genes are functional
genes in human, chimpanzee, orangutan, and macaque.
Moreover, our analyses, together with previous studies
(Lynn et al. 2004; Patil et al. 2004), imply that the functional
a-defensin genes may have evolved under positive selec-
tion. In our analysis, we have detected potential positively
selected sites in the a-defensin matured region, most of
which are consistent with the sites predicted to be under

positive selection by Lynn et al. (2004). The experimental
evidence available for primate’s a-defensins shows that the
variation in the mature peptides leads to the diversity in
their potency against different pathogens. For example, al-
though the primary amino acid sequences of Hsa6 (HNP1),
Hsa8 (HNP2), and Hsa10 (HNP3) are identical, except for
a single amino acid alteration at the N-terminal end of
the mature peptide (Ala to Asp), the Hsa6 (HNP1) and
Hsa8 (HNP2) are different from Hsa10 (HNP3) in the activ-
ities to kill Candida albicans (Lehrer et al. 1988). The selec-
tive replacements of Arg residues in Hsa13 (HD5) at
positions 81 (numbering is according to the alignment
of a-defensins presented in fig. 2) significantly decrease
the antimicrobial activity, whereas a replacement of Arg
to His at position 85 as found in a patient suffering from
Crohn’s disease (a chronic inflammatory disease) severely
reduce the bactericidal activity of Hsa13 (HD5) (de Leeuw
et al. 2009). In macaque, the matured regions of functional
class I a-defensins are diverged from each other except for
canonical conservation of six Cys residues and one Arg
residue (fig. 2). Tanabe et al. (2004) showed that these
a-defensins are expressed in the intestine of macaque
and that their matured regions are highly variable in bac-
tericidal activities. It is, therefore, possible that positive se-
lection in the specific regions of a-defensin may facilitate
diverse profiles of antimicrobial activity and maximize host
ability to defend against infections.

The a-defensin gene classes are defined by phylogenetic
relationships only in this study and therefore the classifica-
tion may not be related to gene function or expression pat-
tern. However, considering the 100% sequence similarity
with the deposited human a-defensin sequences in NCBI,
we found that human class I and class II genes are primarily
expressed in the paneth cells of intestine, whereas class III
genes are expressed mainly in neutrophils (see supplemen-
tary table S2, Supplementary Material online). To test
whether the phylogenetic classification reflects any struc-
tural and functional clustering, we undertook a systematic
analysis of the translation products of all functional
a-defensin genes. Our analysis reveals that certain peptide
residues differentiate the a-defensin sequences belonging
to classes I, II, and III (fig. 2). Hence, corresponding con-
served nucleotide sequences define phylogenetic class-
specific amino acid residues or motifs whose structures
have been maintained across species and evolutionary bar-
riers. Interestingly, all of the class-specific signatures are
located in the prosegments and not in the matured pep-
tides. It has been reported that the acidic prosegment may
be important for neutralization, processing, and/or folding
of the cationic C-terminal matured peptide (Valore and
Ganz 1992; Liu and Ganz 1995). The arrangement of neg-
atively charged residues (Glu, Asp) in the prosegment is
functionally important for the interaction of the proseg-
ment and the mature peptides (Liu and Ganz 1995; Zou
et al. 2008). It is possible that the conservation in phyloge-
netic class-specific amino acid residues or motifs in the pro-
peptides might have some functional importance.
Moreover, our results suggest that despite the high level

Table 4. Likelihood Ratio Statistics (2DInL).

Models 2DInL P value

M1a versus M2a 166.709442 <10210

M7 versus M8 175.301622 <10210

M8a versus M8 157.9137 <10210
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of divergence at the primary amino acid sequences of the
mature peptide, primate a-defensins fold in a very similar
fashion to each other (fig. 3). The differences observed in
the surface charge distribution and the loop sizes/orienta-
tions (fig. 3; supplementary fig. S4, Supplementary Material
online) together with the divergent hydrophobicity pat-
terns and the presence or absence of exposed aromatic
amino acids (figs. 2 and 3; supplementary fig. S5, Supple-
mentary Material online) suggests functional differentia-
tion between the different a-defensin classes. The latter
supposition is in accordance with the birth-and-death
model of evolution, which postulates that new genes
may acquire a new function. Therefore, it seems that
the evolution of the a-defensins in primates is driven by
two opposing forces, one diversifying and the other stabi-
lizing the specific amino acid residues or motifs due to
functional constraints.

Supplementary Material
Supplementary tables S1 and S2 and figures S1–S5 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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