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Abstract Type I interferons (IFNs) are produced by leukocytes in reaction to

pathogenic infection and function as positive mediators in antiviral pathways.

Among IFNs, IFN alpha (IFNA) has the largest number of family members and

plays an important role against the invasion of pathogens. Bats are putative and

proven vectors for numerous viruses; however, the evolution of the IFNA family

in bats has not been addressed. Here, we construct a phylogeny of IFNA fam-

ilies, including one fruit bat (Dobsonia viridis), with other vertebrates as refer-

ences. Site-model estimation reveals that positive selection has shaped bat

IFNA genes, showing that positive selection drives the evolution of bat IFNA

genes.
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Introduction

Type I IFN homologous proteins are found in many organisms including

mammalian and nonmammalian species (Schultz et al. 2004). They function to

activate the IFN signaling pathways by binding to the IFNA receptors IFNAR1 and

IFNAR2 (Cutrone and Langer 1997). IFNA proteins are secreted by leukocytes

during the innate immune response against viral infection and stimulate cellular
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resistance to such infections by the induction of antiviral proteins like eukaryotic

translation initiation factor 2-alpha kinase 2 (EIF2AK2), 20,50-oligoadenylate

synthetase, RNase L, and the Mx protein GTPases (Pestka et al. 1987; Samuel

2001).

The typical type I IFN signaling pathway starts from recognition between IFN

and IFN receptors (IFNAR1 and IFNAR2), followed by the JAK-STAT signaling

pathway (O’Shea et al. 2002). Invasion of DNA or RNA viruses can be

recognized by host pattern recognition receptors that are expressed in immune

cells (Theofilopoulos et al. 2005; Kawai and Akira 2006). The type I IFNs are key

cytokines that are produced after pathogenic infection and can induce both the

innate immune response and the subsequent adaptive immunity to pathogens

(Theofilopoulos et al. 2005; Kawai and Akira 2006). Type I IFNs provide the

most effective antiviral abilities, and even a weak signal of infection could

enhance a response of the immune cells (Taniguchi and Takaoka 2001).

Recombinant IFNAs have been clinically approved for antiviral therapy for

humans (Bekisz et al. 2004).

Bats can carry more than 60 kinds of virus, including emerging or re-emerged

viruses like Ebola virus, Henipah virus, SARS-like Coronavirus, Japanese

encephalitis virus, and Lyssavirus (Halpin et al. 1999; Yob et al. 2001; Leroy

et al. 2005; Li et al. 2005; Calisher et al. 2006; Cui et al. 2008). It has been reported

that Ebola and West Nile viruses invade host cells by blocking the activation of the

interferon signaling pathway (Basler et al. 2003; Guo et al. 2005; Reid et al. 2006).

Thus, IFN families play pivotal roles in the complex cytokine networks and defense

against pathogens (Pestka et al. 1987; Samuel 2001). Bats may have special

immunological systems (Dobson 2005; Calisher et al. 2006), thus requiring adaptive

evolution of the immune system to conquer these bat pathogens.

Gene conversion and gene duplication are the main forces that drive the

evolution of the mammalian type I IFN gene family (Hughes 1995; Woelk et al.

2007). Phylogenetic analysis of the evolutionary history of mammalian type I IFN

suggests that IFNA genes have duplicated independently within different mamma-

lian orders and have been subjected to purifying selection (Hughes 1995).

Especially for the IFNA genes, gene conversion has become the main evolutionary

force after the divergence of birds and mammals but before the divergence of the

ancestors of eutherian species (Shaw et al. 1983; Gillespie and Carter 1983; Hughes

1995). The selection pressures shaping the evolution of the bat IFNA family remain

unknown. Here we provide a phylogenetic analysis of the bat IFNA genes and use

maximum likelihood methods to evaluate the molecular evolution in the bat IFNA

family.

Materials and Methods

Cloning and Sequencing

Genomic DNA was extracted from 3-mm biopsy punches (Stiefel, Germany) of one

bat (Dobsonia viridis), following the manufacturer’s protocol provided with the
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DNeasy Blood and Tissue Kit (Qiagen, Switzerland). We designed a pair of

degenerate primers to amplify the bat IFNA genes: BATINFAF [50-ATGGC(C/

T)CTGCCCT(G/T)TTCCTT(C/A)CTGATGG-30] and BATINFR [50-AAGAG(A/

T)AGGA(T/C)CTCATGATCTCTGCTCTGA-30]. The N terminus primer encodes

the first 28 nucleotides of the coding region. The C terminus primer, positioned at

the downstream side of the coding region, is missing the last 34 nucleotides; thus,

the gene products are about 530 bp. Conditions of the polymerase chain reaction

(PCR) were 94�C for 5 min; 33 cycles at 94�C for 30 s, 57�C for 30 s, and 72�C for

1 min; and 72�C for 10 min. The PCR volume (50 ll) contained 50 ng genomic

DNA, 10 lM each primer, and 25 ll 29 ExTaq polymerase mix (Takara, Japan).

PCR products were purified using the Agarose Gel DNA Purification Kit (Takara)

and cloned into the pMD19-T vector (Takara). The positive clones were then

sequenced in both directions with the universal M13 primers M13-47 (50-
CGCCAGGGTTTTCCCAGTCACGAC-30) and M13-48 (50-GAGCGGATAA-

CAATTTCACACAGG-30), using a Big Dye Terminator Cycle Sequencing Kit

(Applied Biosystems, USA) on an ABI 3730 sequencer (Applied Biosystems). All

the new IFNA genes were submitted to NCBI under accession nos. HM217768-

HM217775.

Phylogenetic Reconstruction

The phylogenetic reconstruction was conducted using the neighbor-joining method,

with 1,000 bootstrap replications, in Mega 4 (Tamura et al. 2007). The evolutionary

distances were computed using the maximum composite likelihood method

(Tamura et al. 2004). The bat IFNA sequences and the published subtypes from

cat (Felis catus), ferret (Mustela putorius furo), panda (Ailuropoda melanoleuca),

pig (Sus scrofa), human (Homo sapiens), and mouse (Mus musculus) (Supplemen-

tary Table 1) were used to resolve the evolutionary history of the IFNA gene family.

Four sequences of interferon omega (Supplementary Table 1) were used to root the

tree. All the sequences were aligned using Clustal X (Thompson et al. 1997) based

on the amino acid sequences.

Molecular Evolution

To detect gene conversion, GeneConv software (version 1.81a) was used (Sawyer

1989). To evaluate the pattern of nucleotide substitution in and among sites, the

number of synonymous substitutions per synonymous site and the number of

nonsynonymous substitutions per nonsynonymous site were estimated in PAML4

(Yang 2007). Two pairs of models are recommended: M1a (a neutral model

characterized as 0 \ x0 \ 1, x1 = 1) versus M2a (a positive selection model

characterized as x2[1); M7 (a b-distributed model constrained by x\1) versus M8

(a, b, and x model to evaluate positively selected sites) (Yang 2007). Likelihood

ratio tests were also performed to test for positive selection (Yang 1998), and the

Bayesian posterior probability of potential selected sites was evaluated under Bayes

empirical Bayes (BEB) criteria.
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Results

We sequenced 81 positive clones of Dobsonia viridis and successfully obtained

eight IFNA gene types (with amino acid similarity 88.4–99.4%) and one

pseudogene. Our phylogenetic tree based on all IFNA genes (without the

pseudogene) exhibited moderately well-grouped clades of the superorder Laurasia-

theria (bat, cow, cat, panda, and ferret; bootstrap value 60) and the superorder

Euarchontoglires (human and mouse; bootstrap value 70) (Fig. 1).

In the output, GeneConv identified that gene conversion could happen between a

pair of sequences (IFNA7 and 8) from the alignment (Supplementary Table 2). Both

models allowing sites under positive selection (M2a and M8) showed significant

differences against the neutral models (M1a and M7) in likelihood ratio tests

(Table 1). The signal for positive selection was decreased when IFNA7, which was

shown to undergo positive selection, was removed, and the x ratio was also lower

(3.488 vs. 2.697). Thus, our results also suggest that consideration of gene

conversion is necessary for evaluation of selective pressure among the gene family.

Discussion

Duplication is the main force leading to the evolution of gene families (Ohno et al.

1968), and positive selection of a gene family could result in diversification among

gene family members, which suggests that the divergent regions may be related to

specific functions of family members (Hughes and Hughes 1993; Hughes 1994). An

elevated x ratio ([1) is an indicator of positive selection among gene families

(Hughes 2000). Our results revealed that positive selection had favored the bat

INFA genes with the detection of positively selected sites among bat IFNA genes,

and gene conversion could contribute to a change of selective force. Among the four

amino acid sites under positive selection (after removing IFNA7), positions 11 and

15 belong to the signal peptide region that directs protein transport to certain

organelles, such as the endoplasmic reticulum, and codons 54 and 107 belong to the

chain region. Of all type I IFNs, IFNA has the largest number of subtypes (Shaw

et al. 1983; Pestka et al. 2004), and all subtypes may have different biological

activities (Foster et al. 1996; Yeow et al. 1998; Baldwin et al. 2004). We have also

successfully cloned the multiple genotypes of bat IFNA, and our evolutionary

analysis suggested that evolution of the bat IFNA family has been favored by

positive selection. The cloned pseudogene revealed that the evolutionary loss of

function also shaped the bat genome during IFNA evolution.

Pathogens have evolved various ways to avoid the antiviral effects of the host’s

immune system. Type I IFN, however, induces the most basic defense mechanisms

against those pathogens (Garcı́a-Sastre and Biron 2006). The positive selection

noted in bat IFNA genes probably reflects the conflict between bat pathogens and

the interferon-mediated immune system, as the pathogens evolve blocks to

recognition by the immune system and the immune system tries to maintain

recognition. This phenomenon is probably not unique to bats, and drawing
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conclusions about it would require positive selection analysis of IFNA genes in a

broad range of other species.
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