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Abstract. A genomic pattern of new gene origina-
tion is often dependent on a genomic method that can
efficiently identify a statistically adequate number of
recently originated genes. The heterochromatic
regions have often been viewed as genomic deserts
with low coding potential and thus a low flux of new
genes. However, increasing reports revealed unex-
pected roles of heterochromatic regions in the
evolution of genes and genomes. We identified re-
cently retroposed genes that originated in hetero-
chromatic regions in Drosophila, by developing
microarray-based comparative genomic hybridiza-
tion (CGH) with multiple species. This new gene
family, named Ifc-2h, originated in the common
ancestor of the clade of D. simulans, D. mauritiana,
and D. sechellia. The sequence features and phylo-
genetic distribution indicated that Ifc-2h resulted
from the retroposition from its parental gene, Infer-
tile crescent (Ifc), and integrated into heterochro-
matic region of common ancester of the three sibling
species 2 million years ago. Expression analysis re-
vealed that Ifc-2h had developed a new expression
pattern by recruiting a putative regulatory element
from its target sequence. The distribution of indel
variation in Ifc-2h of D. simulans and D. mauritiana
revealed a significant sequence constraint, suggesting
that the Ifc-2h gene may be functional. These analy-
ses cast fresh insight into the evolution of hetero-
chromatin and the origin of its coding regions.
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Introduction

It has been widely held that gene duplication is a
major source for new gene functions (Ohno 1970).
The high frequency of gene duplication in eukaryotes
has been revealed in many organisms (Long et al.
2003; Eichler and Sankoff 2003; Inoue et al. 2001;
Rubin et al. 2000). However, in order to understand
the molecular mechanism underlying the evolution of
novel genes and their functions that shaped the
present patterns of gene duplications and functional
components of genomes, we have to depend on direct
observation of dynamics of recent duplicate copies.
The well-studied cases of young gene evolution from
Drosophila add significant insight into the early pro-
cesses of gene duplication. The relatively small gen-
ome size of D. melanogaster and its well-defined
phylogeny with known divergence times provide a
convenient context to find young genes in Drosophila.
Previous studies have shown that duplicates detected
in Drosophila are more likely to be functional than
psuedogenes, in contrast to the situation in verte-
brates (Petrov 2001; Petrov et al. 1996).

Since the first young gene was identified in
Drosophila (Long and Langley 1993), a number of
Drosophila new genes have been reported. These new
genes showed elevated rates of sequence substitutions
driven by adaptive evolution (Jones and Begun 2005;



Jones et al. 2005; Long and Langley 1993), new gene
structures generated by various molecular mecha-
nisms (Betran and Long 2003; Nurminsky et al. 1998;
Wang et al. 2002, 2004b; Yi and Charlseworth 2000),
and unexpected cellular and biochemical functions
(Loppin et al. 2005; Zhang et al. 2004). The new genes
described so far are all located in euchromatic regions
of chromosomes. However, little is known about the
origin and evolution of genes in heterochromatic
regions.

Heterochromatic regions comprise a large
portion of many genomes (approximately 30% of the
D. melanogaster genome) (Hoskins et al. 2002), and
heterochromatin is usually considered to be a genomic
desert: gene-poor, mostly consisting of repetitive DNA
and transposable elements and their relics (Maka-
lowski 2003). However, these regions serve many bio-
logical functions, from gene silencing to accurate
chromosome segregation (Bernard et al. 2001; Choo
2001; Dillon 2004). Recent studies, moreover, show
that heterochromatin contains genes important for
fertility and viability (Hoskins et al. 2002; Wakimoto
and Hearn 1990). For example, genetic screens in D.
melanogaster identified 14 and 12 vital loci in the het-
erochromatin of chromosomes 2 and 3, respectively
(Marchant and Holm 1988). The D. melanogaster
whole-genome shotgun assembly for heterochromatic
sequences has defined 30 known protein coding genes
with intron-exon structure and 267 predicted protein-
coding genes (Hoskins et al. 2002). Therefore, whether
and how these genes originated in heterochromatin are
an interesting problem (Schulze et al. 2006).

Despite recent advances in molecular technology
and the rapidly expanding databases from different
organisms, finding new genes is still a challenging and
time-consuming endeavor, especially in these organ-
isms whose genomes have not been sequenced.
Fluorescence in situ hybridization (FISH) has been
applied in an effort to search for new genes in various
organisms (Betran et al. 2002; Wang et al. 2004b), but
it can only detect new genes in a part of genome;
computational search of genomic data depends on
the availability of genomic data that are currently
limited to only a few model organisms.

Microarray-based comparative genomic hybrid-
ization (CGH) has been developed to survey DNA
copy-number variation across a whole genome in
cancer and other genomic disorder in humans and
other model organisms (Barrett et al. 2004; Greshock
et al. 2004; Pinkel et al. 1998). A standard protocol is
to use the DNA from different cell populations to
hybridize to the microarray designed from the genome
of the same species (Pinkel and Albertson 2005).
However, adopting this technology to detect the var-
iation of gene copy number by gene gain or gene loss
in different species is not straightforward, because one
has to solve a problem in which the sequences of
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microarray often exhibit mismatches with the DNA of
the tested species. A more diverged species would have
more mismatches. The subgroup Drosophila mela-
nogaster, containing nine closely related species, is
well defined and carries divergence times ranging from
0.2 million to 15 million years ago (mya) (Lachaise et
al. 1988, 2000). This phylogeny, thus, provides an
ideal system to adopt the microarray-based CGH
method to detect new gene candidate. In the present
study, we report young gene candidates (derived
less than 2 mya) that were initially identified from
an Affymatrix oligonucleotide array comparative
hybridization experiment. Unexpectedly, we found
new retrogenes present in the heterochromatic region.
Analysis of these new genes provides a first insight
into the origin and evolution of coding regions within
this important portion of a genome.

Materials and Methods

Stocks and DNA Extraction

Isofemale stocks of D. melanogaster (Oregon-R), D. mauritiana,
D. sechellia, D. yakuba, D. teissieri, D. santomea, and D. erecta
were raised in our laboratory for over 50 generations. In addition,
38 D. simulans strains were kindly provided by Chung-1 Wu, Jerry
Coyne, Peter Andolfatto, and Eviatar Nevo. These D. simulans
lines are samples from 13 different localities worldwide: 19 are from
France, 9 are from Africa, 4 from North America, 2 from Israel,
2 from South America, and 1 from Cook Island in the Pacific.

Genomic DNA of D. melanogaster, D. simulans, D. mauritiana,
D. sechellia, D. yakuba, D. tessieri, D. santomea, and D. erecta was
extracted using the Puregene DNA isolation kits (Gentra Systems)
from 25-30 flies (for microarray hybridization, Southern blotting,
and genomic DNA PCR amplification) or a single male fly (for the
D. simulans population survey).

Oligonucleotide Microarray Hybridization and
Duplication Identification

Ten micrograms of genomic DNA was digested using DNase I. The
digested DNA was then terminally labeled using Enzo BioArray
terminal labeling kit with biotin-ddUTP to generate 3’ termini of
the fragmentation products. The labeled DNA fragments (~100—
150 bp) were hybridized onto The GeneChip Drosophila melanog-
aster Genome Array following the standard Affymetrix proto-
col (Affymetrix, Santa Clara, CA) of the Functional Genomics
Facility, The University of Chicago. The hybridization intensity for
each probe was calculated using the RAM algorithm (Wu et al.
2004) following array neutralization, and background correction in
R using the Bioconductor Affy package (Gautier et al. 2004). The
ratio of pairwise comparisons for each probe was calculated using
intensity among eight species, and the median value of intensity
fold in all probes for each feature was taken as threshold for gene
duplication criterion.

Southern Hybridization

Two micrograms of genomic DNA was digested by HindIIl and then
transferred to a positively charged nylon membrane (Roche
Molecular Biochemials) by Southern blotting. A digoxigenin-labeled
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partial Ifc-2h sequence was hybridized to the membrane to confirm
the copy numbers in different species.

Expression Analysis

Retrotranscription (RT)-PCR was used to analyze the expression
profile in different developmental stages and tissues. Total RNA
was extracted from D. simulans adult virgin females, males, 2-h-old
eggs, second- and third-instar larvae, and pupae using a
Qiagen total RNA extraction kit. For species of D. mauritiana and
D. sechellia, total RNA was obtained from adult female and male
flies. To amplify Ifc-2h cDNA in different species, species specific
primers were designed based on genomic sequences of D. simulans,
D. mauritiana, and D. sechellia.

Characterization of Duplicated Genes Using RACE

To characterize the gene structure, we applied rapid amplification
of cDNA ends (RACE) assays and retrotranscription (RT)-PCR
following the manufacturer’s protocol. 5 RACE was conducted
using a kit and protocol from Ambion. As for the 3 RACE, the
adapter-linked oligo(dT) primer (Life Technologies) was used to
synthesize the first strand of ¢cDNA, and two forward specific
primers were designed to amplify the 3’ end of the cDNA against
the adapter primer (AUAP, Life Technology).

DNA Amplification and Sequencing

Both the parental and the young genes were amplified using gene-
specific primers. The double-stranded PCR products were purified
using the Qiagen PCR purification kit or Qiagen miniprep Gel
purification system. Purified PCR products were directly sequenced
using the Applied Biosystems 3730XL 96-capillary automated
DNA sequencer. Flanking sequences were obtained using thermal
asymmetric interlaced (TAIL) PCR (Liu and Whittier 1995).

DNA Sequence Analyses

Sequences were edited and assembled. Clustal X (Thompson et al.
1997) was used to align sequences for further analyses. Because the
homologous sequences are highly similar and the multiple sequence
alignment is robust, only limited manual adjustments were neces-
sary.

Monte Carlo simulation was conducted to estimate the prob-
ability of obtaining the observed indel distributions in various gene
regions of Ifc-2h. A random distribution of indels was hypothesized
in which the numbers of indels were expected to be proportional to
the lengths of the gene regions. An algorithm was written using C
language in a UNIX environment. In the simulation, the observed
number of indels was scaled to the lengths of the five gene seg-
ments (5" flanking, 5" untranslated region [UTR], coding, 3" UTR,
and 3’ flanking) and a random indel was generated using a pseudo-
random number generator. A simulation was scored if any sym-
metrical patterns of the 5" flanking region >5" UTR > coding re-
gion <3 UTR <3’ flanking region appeared. The observed
pattern is one of all these symmetrical patterns. The probability of
the symmetrical pattern was estimated from 1 million simulations.

Basic population genetic analyses were implemented in DnaSP
(Rozas et al. 2003). The sequence diversity was calculated using
nucleotide diversity (w) (Nei 1987) and the population mutation
parameter of Watterson’s (1975) 6 (denoted 6,,). Tests of deviation
from neutrality were conducted using Tajima’s (1989) and Fu and
Li’s (1993) D. Significance of Tajima’s D and Fu and Li’s D was

assessed using coalescent simulation of 2000 replicates incorpo-
rated with the number of segregation sites. We calculated the above
statistics for the coding sequences of Ifc and Ifc-2h genes and then
generated statistical comparisons for values of sequence variations
(ms, sequence diversity for synonymous sites) between Ifc and Ifc-2h
by computing the values of Pn(s), the probability that a sample of
alleles is associated with s polymorphic sites at a level of nucleotide
variation expected under the hypothesis of neutrality (Hudson
1990; Wang et al. 2004a). The value of m used in calculations
was 0.0292 (see Results and Discussion), which is close to the
D. simulans genome average mg = 0.0306 (Powell 1997). The
mutation rates were inferred from Ks values of Ifc and Ifc-2h,
which were calculated using sequence comparison between
D. simulans and D. mauritiana. The minimum number of recom-
bination events R,, (Hudson and Kaplan 1985) and the linkage
equilibrium among all pairwise comparisons of polymorphic sites
(Rozas et al. 2001) were estimated using DnaSP.

The phylogenetic analysis was performed using the neighbor-
joining method with Jukes-Cantor distance implemented in
PAUP*4.0b10 (Swofford 2002). Since the start and stop codons
in Ifc-2h have disappeared from its parental gene Ifc, only the
369-bp Ifc-2h and Ifc fragment shared in all eight species was used
in tests of molecular evolutionary hypotheses using the codon
model (codeml) (Goldman and Yang 1994; Yang 1998) imple-
mented in PAML (Yang 1997). For this analysis, a tree depicting
Ifc-2h and Ifc phylogeny was used with the D. melanogaster Ifc
gene sequence as outgroup (see Results). Since Ifc-2h appeared
after the D. simulans and D. melanogaster lineages diverged
(Fig. 5B), for the initial Codeml analyses, two models, (i) a single
ratio () for all branches and (ii) a free ratio () for each branch,
were employed first to determine whether the Ka/Ks ratios were
indeed different among lineages. If so, subsequent tests with
multiple-ratio models were conducted. Ka/Ks ratio differences
among branches were evaluated by the maximum likelihood ratio
test (LRT). Log likelihoods of the defined models were compared
with a chi-square distribution with degrees of freedom equal to
the difference in the number of variable parameters between the
nested models. The numbers of synonymous and nonsynonymous
substitution along each branch were calculated based on branch
length (1) and Ka/Ks ratio (o) together with the estimated tran-
sition/transversion ratio (x) under the free-ratio model. Because
the D. sechellia Ifc-2h gene shares a short coding region with the
D. simulans Ifc-2h gene but a reasonably long region (297 bp)
with the D. mauritiana Ifc-2h gene, we partitioned Ka/Ks analyses
into two steps: (1) use the dataset for the 369-bp fragment shared
by ifc and ifc-2h in all sequences except the D. sechellia Ifc-2h
gene, and then (2) investigate constraint in D. sechellia Ifc-2h. We
did a Ka/Ks analysis on the coding region of 297 bp fragment
shared between D. sechellia and D. mauritiana Ifc-2h genes with
one Ifc outgroup from D. simulans. We thus excluded the
noncoding region following the premature stop codon in the
D. sechellia genome from analysis.

Promoter Prediction

We manually searched for putative promoter motifs in the
5" flanking sequences of Ifc-2h (e.g., TATA-boxes) and further
applied two programs (NNPP and McPromoter) to predict regu-
latory sequences. NNPP (Reese 2001) can predict the regulatory
region by application of a time-delay neural network with a
threshold of 0.8 (which is predicted to give a false-positive rate of
0.4% for NNPP). McPromoter (Ohler et al. 2002) is a statistical
tool aiming at identifying the exact localization of eukaryotic RNA
polymerase II transcription start sites based on specific models
designed in D. melanogaster DNA (sequence sensitivity set for
highest 65% and threshold of 0.8).



Results

Duplication Identification Using Microarray-Based
Comparative Genomic Hybridization

Our CGH pilot study using a D. melanogaster line
with known segmental duplication (z[1]w[118];
Dp(1;2)w[+]70h; Bloomington Drosophila Stock
Center) suggested that a ratio > 1.5 is likely indica-
tive of a duplication in the Drosophila genome (Noe,
Emerson, and Long, unpublished data). By examin-
ing the microarray intensity ratios in pairwise com-
parisons, we identified duplication candidates with
ratios >1.5 in these species. We further applied
genomic Southern hybridization and/or blast search
to genomic sequence data of D. simulans and
D. yakuba to confirm the duplicate copies and survey
their phylogenetic distribution. By these means, we
found a number of new duplicates in species of
D. melanogaster, D. yakuba, and a sibling species
clade consisting of D. simulans, D. mauritiana, and
D. sechellia (Fan, Emerson, and Long, unpublished).
For example, we identified 12 new candidate dupli-
cates in the branch leading to D. melanogaster since
its divergence from the D. simulans clades and
5 putative candidate new genes in the D. simulans
branch since the common ancestor of that clade. We
will focus on one peculiar gene in this paper, to fur-
ther understand its origination process in a genomic
location not previously expected and interpret the
value of the genomic technology we developed.

Two Homologous Copies of Ifc Gene Sequences Exist
in D. simulans, D. mauritiana, and D. sechellia

Our CGH comparisons found candidates yielding
elevated fluorescence intensity ratios (threshold
> 1.5) in the clade containing the three sibling species
D. simulans, D. mauritiana, and D. sechellia. Expres-
sion and evolutionary analyses of these candidates led
to the discovery of a new gene copy of infertile cres-
cent (defined as Ifc-2h) originated in the heterochro-
matic region of the second chromosome and its
parental gene infertile crescent (Ifc). Ifc, containing a
single intron, located in the large arm of the second
chromosome (2L, 26B2).

The fluorescence intensity ratios of D. simulans,
D. mauritiana, and D. sechellia to D. melanogaster
are higher than those of the other four species
(sim/mel = 1.74, mau/mel=1.73, sec/mel=1.56, yak/
mel=1.15, tei/mel=1.42, san/mel=1.49, ere/
mel=1.23), suggesting that multiple copies of Ifc
gene sequence are likely to be present in D. simulans,
D. mauritiana, and D. sechellia, and a single copy in
the rest of species in which the ratio is slightly higher
than unity. The control experiment that tested the
D. melanogaster line with the known segmental
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duplicate genomic region ((z[1]w[118];Dp(1;2)w[+]
70h) revealed that the intensity for the single copy
fluctuated from 0.8 to 1.5 (Noe, Emerson, and Long,
unpublished results). By blasting the Ifc sequence of
D. melanogaster to genomic data of D. simulans, we
found two homologous sequences to Ifc. One, with a
single intron, apparently is the parental copy;
the other, without an intron, is likely to have been
derived via retrotransposition. A blast search against
the D. simulans (strain white 501) sequences posi-
tioned the duplicate on the second chromosome
within heterochromatin (chr2h_random_005 genomic
scaffold). A Southern hybridization using HindIII
digestion further confirmed the blast result. Only a
single band was found in D. melanogaster, D. teissieri,
D. santomea, and D. erecta. Two bands were found in
D. simulans, D. mauritiana, and D. sechellia. The
D. yakuba Ifc has a HindIIl site in its intron, as
shown by our PCR sequencing (unpublished data not
shown), so D. yakuba actually has one copy though
two bands (Fig. 1).

Both Ifc and Ifc-2h genomic sequences were
amplified wusing locus-specific primers. Coding
sequences of Ifc in the three species are conserved
except for a few point mutations. In contrast, the se-
quences of Ifc-2h have a different structural pattern in
the three species. In D. simulans, there are three
deletions in Ifc-2h (Fig. 2 and Supplemental Data).
The first deletion of 13 base pairs (bp), located 150 bp
downstream of the start codon of Ifc, results in a
premature stop codon by a change in reading frame. A
short peptide sequence of only 56 amino acid residues
could be redefined by this new stop codon. The second
is the loss of the only intron of the parental gene,
suggesting retroposition association. The third is a
deletion of 375 bp located between the coding region
and the 3" UTR of Ifc, which removed the original
stop codon. Therefore, a new start codon (92 nucle-
otides downstream of the deletion) and stop codon
have to be defined if the new gene is functionally
transcribed and translated (see Supplemental Data).
This defines a coding region of 462 nucleotides
encoding a peptide sequence of 154 amino acid resi-
dues, a more reasonable size of protein sequence than
the first short peptide sequence. Most of this sequence
is similar to [Ifc in the same reading frame. In
D. mauritiana, in addition to intron loss, we found
three deletions (24, 30, and 42 bp, respectively) in the
coding region, which do not disrupt the original
reading frame, and one deletion in the 3* UTR. In
D. sechellia, Ifc-2h has a 122-bp deletion of a sequence
between the two parental exons, so Ifc-2h in D.
sechellia has the original (Ifc) start codon but a new
stop codon (Fig. 2 and Supplemental Data). Given
the premature stop codon that shortened the coding
region to 297 bp in the D. sechellia Ifc-2h, there is a
possibility that this D. sechellia gene may be degen-
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Fig. 1. Genomic Southern blot using a probe of
Ifc-2h with HindIII digestion. Species names are
shown above each lane. mel, D. melanogaster; sim,
D. simulans; mau, D. mauritiana; sech, D. sechellia,
yak, D. yakuba; tei, D. teissieri; san, D. santomea,
ere, D. erecta.
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erating while the other two new gene lineages are
evolving new functions. We thus focused on the
analyses of Ifc-2h in the other two species, D. simulans
and mauritiana.

Ifc-2h in D. simulans, D. sechellia, and D. mauritiana
Is Transcribed

Both Ifc and Ifc-2h are transcribed but show different
expression patterns (Fig. 3). The parental gene, Ifc, is
ubiquitously transcribed in all developmental stages
of D. simulans (Fig. 3A). Ifc-2h is expressed in
all three species (Figs. 3B, D, and E) and equally ex-
pressed in both head and body in D. simulans
(Fig. 3C). The expression profile for developmental
stages in D. simulans displays high transcription in
egg, second-instar larva, and adult, but relatively low
transcription in third-instar larva and pupae
(Fig. 3B). These expression patterns are consistent
with a possible functional divergence between the new
gene and its parents. However, its expression profile

Deletion compared to Ifc sequence

Fig. 2. Schematic sketch of gene structure of Ifc
and Ifc-2h. Start codon, stop codons, and
adenylation signal are shown.

alone is not evidence that the new gene is functional
since some pseudogenes are expressed. Further evi-
dence of functionality can be sought by examining the
evolutionary constraints on the gene sequences.

Sequence Evolutionary Constraints in the Coding
Region of 1fc-2h

Significantly functional constraint of Ifc-2h was
observed in patterns of indel from polymorphism and
divergence in coding and noncoding regions.

First, we compared fixed indel changes in Ifc-2h
between D. simulans, D. mauritiana, and D. sechellia.
These indels were determined by aligning all three
Ifc-2h sequences (see Fig. 2). We identified 12 fixed
indels from coding and noncoding regions, including
4 in the coding region (3 in D. mauritiana) and 8 in
noncoding regions (Table 1). There are two distinct
patterns associated with the two regions: the lengths
of all four indels in coding regions are multiples of
three. This pattern in D. mauritiana is significantly
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Fig. 3. RT-PCR for (A) Ifc in D. simulans, (B) Ifc-2h in D. simulans, (C) Ifc-2h in head and body for D. simulans, (D) Ifc-2h in D. sechellia,

and (E) Ifc-2h in D. mauritiana.

Table 1. Fixed indels identified in aligned D. simulans,
D. mauritiana, and D. sechellia Ifc-2h sequences

No. of

indels
Location found Length of indels (bp)
Coding region 4 24, 30, 42, 375
Noncoding region 8 1(2),2,6, 13,33, 122, 182

(including flanking
and UTR regions)

different (p = (1/3)* = 0.0369) from random distri-
bution found in the noncoding regions. This revealed
significant evolutionary constraint to maintain a
nondisrupted long reading frame in the coding region
of D. mauritiana (Table 1).

Second, we examined polymorphic indels in the
sequence data of 38 D. simulans alleles. We identified
eight indel polymorphisms in the Ifc-2h gene region
(Fig. 4). None of these polymorphisms are present in

the coding region; all are located in the flanking
region and UTR. Furthermore, a gradient appears in
the distribution of indel numbers: flanking regions
>UTR > coding region. This gradient is symmetrical
on the 5" and 3’ sides of the coding region, namely,
the 5" flanking region >5" UTR > coding region <3’
UTR <3’ flanking region. After scaling the distri-
bution of these indels to the length of each segment,
Monte Carlo simulation showed that the probability
for random occurrence of all possible symmetrical
gradient patterns including this observed one is sig-
nificant (p = 0.0263). These analyses reveal that the
Ifc-2h genes in D. simulans and D. mauritiana are
evolutionarily constrained.

Single-Nucleotide Polymorphism and Divergence in
Ifc-2h

We analyzed the polymorphism spectrum of the
D. simulans Ifc-2h gene sequences, transcribed se-
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Table 2. Population genetic analysis of Ifc and Ife-2h in D. simulans

indel size (bp).

Region L (bp) n Nhap S m Oy Tajima’s D Fu & Li’'s D

Ifc-2h transcript sequence 1500 38 14 23 0.00249  0.00445  —1.48864* (p = 0.043)  —2.8371* (p = 0.020)
(coding region & UTRs)

Ifc-2h coding sequence 375 38 8 9 0.00272  0.00571 —1.54503* (p = 0.043)  —2.35108* (p = 0.013)

Ife-2h 5 flanking 602 38 15 18 0.00869  0.00801 0.28262 (p > 0.1) —-0.95822 (p > 0.1)

Ifc-2h 3 flanking 649 38 7 6  0.00180  0.00228  —0.57510 (»p > 0.1) 0.38048 (p > 0.1)

Ifc 1571 20 13 62 0.00901 0.0112 —0.77255 (p > 0.1) —1.38408 (» > 0.1)

Note. L, length of sequence; n, population size; Nj,,, number of haplotypes; S, segregating sites. For three synonymous sites of Ifc-2h,
Tajima’s D = 1.5660 (p > 0.10); for six replacement sites of Ifc-2h, Tajima’s D = 1.1612 (p > 0.10).

quences (including coding region and two UTRs),
and flanking regions. We compared the pattern
of molecular evolution of the transcript and flank
regions.

Tajima’s and Fu and Li’s D for transcribed se-
quences were —1.49 and —2.83, respectively, which is
deviated significantly from neutrality (p = 0.04 and
0.02) (Table 2). We note here that the partition of
coding polymorphisms into replacement sites (six
sites) and synonymous sites (three sites) led to
nonsignificant Tajima’s D values, which may be
interpreted into small sample sizes. This may be
interpreted as a consequence of positive Darwinian
selection or association with a particular demographic
history of the population (e.g., population expansion).
However, the parental copy, Ifc, shows no usual sign
of demographic history since its polymorphism is
less biased (Table 2; Tajima’s D = —0.7726, p >0.1;
Fu-Li’'s D = —1.3841, p >0.1).

After testing the parental copy that is located distal
to the heterochromatic regions near the centromere,
we tested two regions directly proximal to the coding
region of Ifc-2h. Tajima’s D and Fu and Li’s D show
no significant deviation from neutrality in both the
5" and the 3’ flanking regions (p = 0.7 and 0.2 for

Tajima’s D and Fu and Li’s D, respectively) (Table 2).
Thus, these different genomic regions seemingly show
different evolutionary histories.

We compared the polymorphism levels of If¢ and
Ifc-2h, revealing that Ifc-2h has a much lower level of
nucleotide variation than that of Ifc. The sequence
diversity of Ifc-2h is significantly lower than that of
Ifc: in the whole gene, 3.6 times lower (nt = 0.00249
for Ifc-2h and mt = 0.00906 for Ifc); at synonymous
sites, an order of magnitude lower (ng = 0.00238 for
Ifc-2h and mg = 0.02819 for Ifc, which is highly
similar to the average value in the D. simulans
genome; see Materials and Methods) (Table 3). And
statistical comparison assuming neutrality (see
Materials and Methods) indicated that the synony-
mous site diversity of the coding region Ifc-2h is
significantly lower than the ng of Ifc (p = 0.000128).

However, the nucleotide diversity in two flanking
regions, especially the 3’ flanking region, is also lower
than the nucleotide diversity of Ifc, suggesting that
the gene region may not have a distinct evolutionary
history that would have been defined by adaptive
evolution. Furthermore, recombination analysis of
Ifc-2h revealed low recombination in the entire
genomic region; 5 was the minimum number of
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Table 3. Polymorphism analysis of Ifc and Ifc-2h in D. simulans

Gene L (bp) n S Tt Or TR Or s Os
Ife-2h 1500 (375 coding) 38 23 0.00249 0.00445 0.00283 0.00497 0.00238 0.00817
Ife 1572 (837 coding) 20 62 0.00901 0.0112 0.00016 0.00044 0.02819 0.03757

Note. L—length of sequence; n—sample size; S—segregating sites; subscripts T, R, and S—total sites, replacement sites, and silent sites in
the coding region.

Table 4. Likelihood values and parameters estimated under different maximum likelihood models

Branch
(see Fig. 5A) A: one ® B: free o C: two ® D: two & E: three & F: two ®
7.8 0.2215 1.8708 1.0166 1 1.8204 1
8..1 0.2215 1.0072 1.0166 1 0.8586 0.8948
8.2 0.2215 0.6978 1.0166 1 0.8586 0.8948
7.9 0.2215 0.9801 0.0526 0.0526 0.0524 0.0524
9..10 0.2215 0.0001 0.0526 0.0526 0.0524 0.0524
10..3 0.2215 0.0537 0.0526 0.0526 0.0524 0.0524
10..4 0.2215 1.0430 0.0526 0.0526 0.0524 0.0524
9.5 0.2215 0.0001 0.0526 0.0526 0.0524 0.0524
7.6 0.2215 0.0683 0.0526 0.0526 0.0524 0.0524
P 6 19 12 11 13 12
/ -712.73 —693.92 —694.54 —694.54 —694.45 —694.53
K 2.37524 2.34638 2.38842 2.38480 2.34812 2.74958

Note. Model A: one o for all branches. Model B: free . Model C: one @ for young duplicate, one @ for parental copy. Model D: young
locus @ fixed at 1, one @ for parental gene. Model E: one @ for fast-evolving branch (7..8) of new gene, one @ for other branches of new gene,
and one ratio for parental gene. Model F: as Model E, with fast-evolving branch of young locus @ fixed at 1. P, parameter; /, likelihood

value; x, transition/transversion ratio.

recombination events, R,,, in 2751 nucleotides in 38
alleles, which is much lower than the level of R, in
the Adh gene in a moderate-recombination region
(Kreitman and Hudson 1991; Hudson and Kaplan
1985).

A linkage disequilibrium (LD) analysis in the gene
region and flanking regions was conducted by chi-
square test (Rozas et al. 2001, 2003) for 1081 pairwise
comparisons in 47 polymorphic sites. One hundred
fifty-six of 1081 pairwise comparisons showed a sig-
nificant association; 85 of these comparisons
remained significant after applying the Bonferroni
procedure. Among the 85 significant pairwise com-
parisons, 28 are located between the 5 flanking
region and the transcription gene region, whereas 17
and 25 are found within the 5" flanking region and the
gene region, respectively. However, we found that the
3’ flanking region has a much lower LD: only 8 of 85
significant pairwise comparisons are between the 3’
flanking region and the gene region, and 2 reside
within the 3’ flanking region. These data clearly
indicate strong linkage disequilibrium between the
gene region and the flanking regions, compared to the
LD distribution within all three regions.

Finally, the McDonald-Kreitman test of evolu-
tion of Ifc-2h was not significant (G = 0.024,
p = 0.73476) for the comparison between D. simulans
and D. mauritiana, consistent with Ka/Ks ratio, did

not reveal excess amino acid changes. Therefore, the
protein sequence evolution may have been neutral.

Sequence Evolution of 1fc-2h

Divergence analyses were carried out using sequences
from Ifc of D. melanogaster, D. simulans, D. mauri-
tiana, and D. sechellia and Ifc-2h of D. simulans,
D. mauritiana, and D. sechellia. The LRT test showed
that the free-ratio model is significantly better than
the one-ratio model (Table 4, Fig. 5), indicating the
different o values (Ka/Ks) along different branches.

Comparisons of Model A vs. C and Model A vs. E
showed that Ifc evolved much slower than Ifc-2h. As
shown in Table 4, the Ka/Ks ratio for Ifc is on
average very low: 0.0526. Thus, Ifc evolved under
strong purifying selection, e.g., high functional con-
straint. In contrast, Ifc-2h had accelerated evolution,
resulting from either relaxed selection or Darwinian
positive selection, which may be discriminated by the
Ka/Ks ratio. Under neutrality, the nonsynonymous
substitution rate should be equal to the synonymous
substitution rate. If positive selection favors adaptive
changes in a particular lineage, the Ka/Ks ratio may
exceed 1. When we look at all branches of the Ifc and
Ifc-2h gene tree, we find that the two segments (7..,8
from the origin of Ifc-2h till the separation of Ifc-2h;
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A X507 D. sechellia Ifc-2h
s 6..1/240 1 D. mauritiana Ifc-2h
3.6/0.6 .
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9 0.0/1.0 0/— 4 D. mauritiana Ifc
0/0
-
0.072.0 5D Ife
1,
22/10.7 6 D. gaster Ife
B
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D. sechellia Ifc-2h
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100%
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100% D. teissieri Ifc
D. erecta Ifc
10

Fig. 5. A Gene and species genealogy used in the Codeml analy-
sis. Estimated numbers of nonsynonymous (Ka)/synonymous
substitutions (Ks) are shown under every branch. The values for
the D. sechellia Ifc-2h gene (dashed line) were calculated using its
297-bp coding region aligned with the sequences of the D. mauri-
tiana Ifc-2h gene and the D. simulans Ifc gene. B The neighbor-
joining tree inferred from transcript sequences of Ifc and Ifc-2h.
Bootstrap values are given above branches.

8...1 in the subsequent lineage) have Ka/Ks ratios > 1
(Table 6), indicating potential positive selection act-
ing Ifc-2h. However, the model comparison tests
(Model C vs. D and Model E vs. F) did not suggest a
significant difference in Ka/Ks for these two branches
(Table 5).

5" Regulatory Region of Ifc-2h

Searching the flanking sequences of the Ifc-2h gene, we
first found a putatively conserved TATA-box motif
(TATAGAAGAAAA) in D. simulans, D. mauritiana,
and D. sechellia located 26 bp upstream of the tran-
scription start sites (see Supplemental Data). It has
67% sequence identity with the TATA-box motif of Ifc
(TATAGTTTTAAAA). A similar TATA motif has
also been found in heterochromatic genes (Yasuhara
et al. 2005). Furthermore, one putative promoter
sequence region (ATTTCCCCCTTAAAACCCCC

Table 5. Model comparison using likelihood ratio test (LRT)

Models Degrees x> value
compared of freedom LRT statistic (0.05<p<0.01)
Avs. B 13 37.62%* 22.36-34.53
Avs. C 6 36.38%* 12.59-22.46
Avs. E 7 36.56%* 14.07-24.32
Cvs.D 1 0.000 3.84-10.83
Evs. F 1 0.16 3.84-10.83

TCGCGTCTTCATACGGACCTAGCGCAGCGA)
located +98 from the transcription start site was
identified by both NNPP (with a high score of 0.97)
and McPromoter prediction (see Supplemental Data).
As discussed above, Ifc-2h is located in a gene-poor
region containing primarily transposable element
sequences. We searched several thousand base pairs of
the 5" flanking region up, and were unable to identify
any genes. Therefore, Ifc-2h must have co-opted an
intergenic sequence that is similar to a promoter
sequence.

Discussion

Based on the structure and sequences (Fig. 2) of Ifc
and Ifc-2h, we can infer the series of events that led to
the origination of the new gene Ifc-2h. First, in the
ancestral species of D. simulans, D. sechellia, and
D. mauritiana, an mRNA transcribed from Ifc was
reverse-transcribed and inserted into a heterochro-
matic region. Second, the newly generated Ifc-2h
recruited nearby regulatory regions and other regions
to become an actively transcribed gene. Third, the
structure and sequence of Ifc-2h further evolved by
accumulating new mutations including major chan-
ges such as indels and coding substitutions. Fourth,
the major evolutionary including background selec-
tion and genetic drift continue to act on mutations
to characterize the gene structures in the three
Drosophila species.

Our analyses of the between-species fixed in-
dels and within-species indel polymorphisms in
D. simulans reveal that the coding region sequence is
under strong constraint to maintain reading frame.
Furthermore, we have identified the new specific
expression profiles that the Ifc-2h gene evolved. These
data suggest that purifying selection is acting on the
standing variation of D. simulans, suggesting that
the D. simulans Ifc-2h is likely a functional gene.
However, the D. sechellia copy is likely degenerating
to a pseudogene, because a premature nonsense
mutation in its coding region shortened the reading
frame extensively. The intact long reading frame
of Ifc-2h in D. mauritiana with all three in-frame
deletions suggests that this copy is more likely a
functional gene.
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Table 6. Detailed output identifying parameters by free-ratio model in Codeml

Branch t S N Ka Ks Ka/Ks (w)
7.8 0.034 91.5 2717.5 0.0130 0.0069 1.8708
8..1 0.065 91.5 271.5 0.0218 0.0217 1.0072
8.2 0.043 91.5 2717.5 0.0129 0.0185 0.6978
7.9 0.000 91.5 277.5 0.0000 0.0000 0.0000
9..10 0.008 91.5 2717.5 0.0000 0.0111 0.0001
10..3 0.059 91.5 277.5 0.0037 0.0684 0.0537
10..4 0.000 91.5 2717.5 0.0000 0.0000 0.0000
9.5 0.017 91.5 271.5 0.0000 0.0223 0.0001
7..6 0.105 91.5 2717.5 0.0080 0.1168 0.0683

Note. k (ts/tv) = 2.34638. t, branch length; S, total number of synonymous substitutions; N, total number of nonsynonymous substitutions;
Ka, number of nonsynonymous substitutions per site; Ks, number of synonymous substitutions per site.

The analysis of variation, recombination, and
linkage disequilibrium in the gene regions and
flanking regions does not support the conclusion
from the polymorphism spectrum distribution that
the gene region and flanking regions are associated
with different evolutionary histories. The negative
Tajima’s D may be a consequence of stochastic fluc-
tuation of the spectrum of polymorphisms, rather
than a signal from selective sweep (Braverman et al.
2005). The reduced level of variation detected in
Ifc-2h and its flanking regions more likely results
from background selection (Charlesworth et al.
1993; Nordborg et al. 1996). Furthermore, both
McDonald-Kreitman test and likelihood analysis of
the Ka/Ks ratio in evolution of Ifc-2h sequences
reveal a neutral evolution, consistent with the con-
clusions of nucleotide polymorphism analyses that
estimated a high proportion of nonsynonymous
polymorphisms (Table 3).

These results are reminiscent of an important
functional gene, fibronectin, which is involved in
many important cellular processes but is associated
with low sequence constraint, with a Ka/Ks ratio
close to unity (Solidar et al. 2004). Thus, in general, a
Ka/Ks ratio of unity may indicate neutral evolution
but does not necessarily implicate pseudogene.
Meanwhile, the nucleotide diversity of Ifc-2h at
replacement sites was not lower than that at synon-
ymous sites (mg = 0.00283 vs. mwg = 0.00238;
Table 3), suggesting that the replacement and syn-
onymous mutations are similarly constrained. The
peculiarity of Ifc-2h and fibronectin in the distribu-
tion of selective constraint is that the constraint is on
the maintenance of the reading frame rather than the
particular amino acid sequence.

Given the fact that heterochromatic regions in
Drosophila generally have low rates of recombination,
and commensurately low levels of polymorphism due
presumably to Hill-Robertson effects (McVean and
Charlesworth 2000), the efficacy of selection is also
low. Therefore, after a new gene landed in the het-
erochromatic regions, the new mutations in the gene
that might push the new gene toward a novel function

have a higher selection threshold to overcome in order
to be fixed by selection and not be eliminated by drift.
This makes the origination of new gene functions in
heterochromatin more difficult than for genes in
euchromatin. Here we provide an example of a gene
that may be overcoming this increased challenge and
demonstrate that retroposition is a viable mechanism
in heterochromatin.

Our array-based CGH analysis provided an effi-
cient experimental genomic method to detect young
genes in closely related species of model organisms,
though we have to consider two challenges for
adopting this method to detect new genes in differ-
ent species. First, the GeneChip oligo array was
designed from genomic sequences of D. melanogas-
ter, so the divergence between D. melanogaster and
other Drosophila species may compromise hybrid-
ization signals. We found that 1% sequence diver-
gence can lead to a 5%-8% decline in signal in
genomic hybridization. Hybridization performs bet-
ter with species evolutionarily closer to the source
species from which the microarray oligonucleotide
chip was developed. Second, we also noted here that
the signals from duplicate copies vary over a con-
siderable range. Paralogous duplicates in the related
species anticipate the divergence from the sequence
of probes. The degree of divergence will be corre-
lated with the time of the duplication event and the
degree of functional constraint on the genes. We
have observed that new genes tend to evolve at an
accelerated rate early in their evolution, so the signal
intensity may drop considerably, hampering their
detection.

Conclusions

Our results show that [fc-2h originated recently
through the retroposition and might be a functional
protein coding gene. Subsequently, the new gene
evolved new expression patterns by recruiting new
regulatory elements from the target sequences,
revealing the rise of new functions in the sibling
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species of Drosophila within 1 million—2 million years.
Further, our study demonstrates that in Drosophila
not only does the “genome desert” (heterochromatin)
have fertile ““gene oases,” but also new genes may
originate and add to existing gene populations in the
heterochromatic portion of the genome. Although it
is unknown whether or not the Ifc-2h/Ifc system
represents a general scenario for the origination
processes of many other heterochromatic genes, its
origination and evolution provide new insight into
this interesting but less known portion of the genome.
Finally, our array-based CGH analysis provided an
efficient experimental genomic method for detecting
young genes in closely related species of model
organisms.
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