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Abstract

With the advent of transcriptome data, it has become clear that mRNA-like noncoding RNAs (mlncRNAs) are widespread
in eukaryotes. Although their functions are poorly understood, these transcripts may play an important role in
development and could thus be involved in determining developmental complexity and phenotypic diversification.
However, few studies have assessed their potential roles in the divergence of closely related species. Here, we identify and
study patterns of sequence and expression divergence in ten novel candidate mlncRNAs from Drosophila pseudoobscura
and its close relative D. persimilis. The candidate mlncRNAs were identified by randomly sequencing a group of 734 cDNA
clones from a microarray that showed either no difference in expression (187 clones) or differential expression (547 clones)
in comparisons between D. pseudoobscura and D. persimilis and between these two species and their F1 hybrids. Candidate
mlncRNAs are overrepresented among differentially expressed transcripts between males of D. pseudoobscura and
D. persimilis, and although they have high sequence conservation between these two species, seven of them have no
putative homologs in any of the other ten Drosophila species whose genomes have been sequenced. Expression of eight of
the ten candidate mlncRNAs was detected either in whole bodies (adults) or testes using a custom-designed oligonucleotide
microarray. Three of the ten candidate mlncRNAs are highly expressed (in the top 4% of the male transcriptome),
differentially expressed between species, and show extreme levels of sex-bias, with one transcript having the highest level of
male bias in the whole transcriptome. Proteomic data from testes show no traces of any predicted peptides from the
candidate mlncRNAs. Our results suggest that these mlncRNAs may be important in male-specific processes related to sexual
dimorphism and species divergence in this species group.
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Introduction
Understanding the genetic basis of phenotypic diversity is
a major challenge for biologists. Protein-coding genes
traditionally have been considered the most important
group of genomic elements underlying developmental
complexity, and changes either in their amino acid sequen-
ces or in their patterns of expression are considered the
exclusive mechanisms underlying phenotypic diversifica-
tion (King and Wilson 1975; Carroll 2005; Hoekstra and
Coyne 2007). However, two general findings in the last de-
cade suggest that protein-coding genes are not the only set
of genomic elements that play an important role in deter-
mining developmental complexity (Taft et al. 2007). First, in
eukaryotes, only small parts of the genome code for pro-
teins (e.g., less than 5% in humans) , whereas most of the
genome is noncoding (the so-called ‘‘junk DNA’’) (IHGS
2004; Frith et al. 2005). Second, in eukaryotes, the number
of protein-coding genes does not increase comparably with
either genome size or organismal/developmental complex-
ity. For example, the human genome is about 30 times
larger than that of the nematode Caenorhabditis elegans

and the fruit fly D. melanogaster. However, despite having
more physiological and developmental complexity, the hu-
man genome contains only a few thousand additional pro-
tein-coding genes (21,257) than the genomes of C. elegans
(20,224) or D. melanogaster (13,781) (Ensembl release 59,
August 2010).

Recent whole-genome tiling microarray studies, large-
scale sequencing of cDNA libraries, next-generation RNA
sequencing, and other experimental work (Manak et al.
2006; Birney et al. 2007; Nagalakshmi et al. 2008) suggest
that a large fraction of the eukaryotic genome is transcribed
(e.g., ;85% in Drosophila) and that an enormous number
of RNA transcripts in eukaryotes do not code for proteins
(Okazaki et al. 2002; Carninci et al. 2005; Tupy et al. 2005;
Kapranov et al. 2007). Such transcripts are called non-
coding RNAs (ncRNAs) and include all RNAs that are
not translated into functional protein products. The size
of ncRNAs varies considerably, from small microRNAs
(miRNAs) of 18 nucleotides up to very large RNAs of sev-
eral thousand nucleotides like the;17 kb human Xist RNA
(Brockdorff et al. 1992). Most ncRNAs have between 20 and
500 nucleotides and are thus shorter than the majority of
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mRNAs. Some authors have suggested that ncRNAs may be
particularly important for explaining the genetic basis of
biological complexity and thus may be fundamental in ex-
plaining the seeming lack of association among organismal
complexity, genome size, and the number of protein-
coding genes (Mattick 2003; Kapranov et al. 2007; Mattick
2007; Mattick 2009; Mercer et al. 2009; Wilusz et al. 2009).

mRNA-like ncRNAs (mlncRNAs) are a major group of
ncRNAs that possess many of the properties of mRNAs
(e.g., presence of introns and 3# polyadenylation) but have
limited protein-coding ability (Erdmann et al. 2000;
Prasanth and Spector 2007; Rymarquis et al. 2008; Ponting
et al. 2009). Identification of mlncRNAs is difficult because
they do not have structural or sequence features that fa-
cilitate their identification in silico (Tupy et al. 2005; Hiller
et al. 2009). Some mlncRNAs function as long RNAs
(Nakamura et al. 1996), whereas others are precursors of
small RNAs (Riccardo et al. 2007; Carlile et al. 2008).
mlncRNAs are likely transcribed by RNA polymerase II, which
transcribes mRNAs, small RNAs, and miRNAs (Mattick and
Makunin 2006). Most mlncRNAs evolve faster than transfer
RNAs and ribosomal RNAs (rRNAs), which have strong
secondary or tertiary structures, thus making de novo com-
putational prediction of mlncRNAs much harder than for
classic non-coding RNAs such as rRNA (Mattick and Maku-
nin 2006).

In Drosophila, the first mlncRNA was discovered two
decades ago (Lipshitz et al. 1987), but additional mlncRNA
transcripts have been identified only recently through tiling
array experiments and large-scale screening of cDNA librar-
ies (Stolc et al. 2004; Inagaki et al. 2005; Tupy et al. 2005;
Manak et al. 2006; Hiller et al. 2009; Li et al. 2009). So far, 169
mlncRNA genes have been identified in D. melanogaster
(version 5.29) and just two in D. pseudoobscura (version
2.12). Although the function and expression profiles of only
a handful of Drosophila mlncRNAs have been investigated
(Rajendra et al. 2001; Hardiman et al. 2002; Stuckenholz
et al. 2003; Martinho et al. 2004; Inagaki et al. 2005; Tupy
et al. 2005; Sanchez-Elsner et al. 2006), some have been
shown to be vital for normal development and cell func-
tion. For instance, loss of the bereft RNA in the peripheral
nervous system of D. melanogaster causes aberrant devel-
opment of both extrasensory organs and interommatidial
bristles of the eye (Hardiman et al. 2002). Furthermore, in
Drosophila, the roX1 and roX2 RNAs are essential for dos-
age compensation (Stuckenholz et al. 2003), and the Pgc
RNA is expressed only in primordial germ cells, regulates
transcriptional repression during early embryonic develop-
ment, and is required for maintenance of germ cell fate
(Nakamura et al. 1996; Martinho et al. 2004).

Despite the potential importance of ncRNAs in explain-
ing organismal complexity and phenotypic diversity, no
studies have investigated their possible role in the diver-
gence of closely related species. Here, we identify ten
putative mlncRNAs from D. pseudoobscura and its close
relative, D. persimilis, and describe their patterns of
sequence and transcriptional divergence between these
two recently diverged (,1 Ma) species that constitute

an important model system for studying the genetic basis
of speciation and the process of species divergence
(Dobzhansky 1933; Dobzhansky and Epling 1944; Orr
1987; Wang et al. 1997; Noor, Grams, Bertucci, and Reiland
2001; Noor, Grams, Bertucci, et al. 2001; Machado et al.
2002; Machado and Hey 2003; Machado et al. 2007; Noor
et al. 2007; Kulathinal et al. 2009).

Materials and Methods

cDNA Library Preparation, Clone Selection, and
Sequencing
We constructed a normalized cDNA library of D.
pseudoobscura to build a cDNA microarray and 734 cDNA
clones from that library were sequenced after selecting
them based on results from a microarray experiment
(see details below). Detailed information about the cDNA
library and microarray construction, array hybridization,
and data analyses can be found in the supplementary
materials (SupplementaryMaterial online). Briefly, we pooled
total RNA from all life stages (embryo to seven-day-old adult)
of four inbred lines of D. pseudoobscura: Mather17, Math-
er48, Abajo36, and AFC2 (Machado et al. 2002). The RNA
was used to construct a D. pseudoobscura cDNA library us-
ing the SMART cDNA library construction kit (Clontech).
We normalized the cDNA library (Ali et al. 2000) to reduce
the overall frequency of highly expressed genes. Close to
10,000 clones were picked and stored individually in 96 well
plates, and cDNA inserts were amplified for half of the
clones using primers from the SMART kit. Clones that
showed a clean band in polymerase chain reaction
(PCR) amplification products (4,416 total) were printed
on nylon filters (Hybond Nþ) with a GeneMachines Om-
nigrid Arrayer. cDNA probes were synthesized from total
RNA with a33P-dCTP by oligo dT-primed polymerization
following standard protocols (Becker et al. 2003). RNA sam-
ples from each sex were obtained separately from virgin
seven-day-old (sexually mature) adults, from three lines
of each species (D. pseudoobscura: Mather10, Mather32,
Flagstaff18; D. persimilis: MatherG, MSH3, MSH42), and
from F1 hybrids of the two species. Hybrids were created
by mass mating virgin female or male individuals from
a mixture of 13 inbred lines of D. pseudoobscura
(MSH10, AF2, AFC7, AFC3, Abajo36, Easton54, MSH42,
Mather17, Flagstaff16, MSH9, MSH21, MSH32, and
MSH24) with virgin individuals of the opposite sex
from a mixture of ten inbred lines of D. persimilis
(MSH25, Mather6, Mather10, MSH1, MSH7, Mather40,
Mather37, MSH42, MSH7, and Mather39). Array hy-
bridizations were conducted using standard methods
(Becker et al. 2003), and the ImaGene software (Biodis-
covery) was used to grid the phosphor image, record
the pixel density of each spot, and perform background
subtractions.

The normalized data sets were log-transformed and
analyzed in SAS v.9.0 (SAS Institute, Inc.) using a mixed-
model analysis of variance (ANOVA). Signal intensity across
membranes was normalized using this ANOVAmodel: yi5
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lþMiþ ei, where yj is the log2-transformed score for each
spot,l is the overall mean intensity for genes across themem-
branes, species, sexes, and spots, Mi is the effect of the ith
membrane, and ei is the random error. The residuals from
this model were fitted to clone-specific mixed-model
ANOVAs of the form yijkl 5 l þ Mi þ Xj þ Gk þ Sl þ (G �
S)kl þ eijkl, where Xj is the jth spot in each membrane (each
clone was printed twice in each membrane), Gk is the kth spe-
cies (D. pseudoobscura, D. persimilis, F1 $ D. pseudoobscura �
# D. persimilis, F1 $ D. persimilis � # D. pseudoobscura), Sl is
the lth sex (male or female), (G � S)kl is the species by sex
interaction, and eijkl is the residual. The gene-specific models
were fitted using membrane (Mi) and spot (Xj) as random
effects. A total of 734 cDNAs were selected for sequencing:
208 clones that were differentially expressed between females
of D. pseudoobscura and D persimilis or between females of
these two parental species and their F1 hybrids, 339 clones
that were differentially expressed between males of the same
comparisons, and 187 clones that showed no significant ex-
pression differences in any of those comparisons. Clones
were sequenced unidirectionally from the 5# end using the
TriplEx5#LD primer (5#-CTCGGGAAGCGCGCCATTGTGTT-
GGT-3#) (Clontech).

Identification of Putative mlncRNAs
The sequences of the 734 selected clones were blasted
against the D. melanogaster and D. pseudoobscura anno-
tated genomes. We found that 71 clones (9.6% of all se-
quenced clones), corresponding to 51 unique transcripts,
did not match the D. melanogaster annotation (version
5.29), the D. pseudoobscura annotation or its intron set
(version 2.12) (supplementary table S1, Supplementary
Material online). ‘‘Full-length’’ cDNAs among these 51
unique transcripts were identified by manually checking
against the chromatogram for possible sequencing errors
and for the existence of a poly-A tail. We aligned the
full-length cDNAs to the D. pseudoobscura genome se-
quence with BLAT (Kent 2002) to determine genome lo-
cation and identify putative introns (highest score;
identity .95%). Because the genome assembly available
for BLAT is outdated (version: November 2004 Flybase
1.03/dp3), we translated the coordinates to the current ver-
sion of the genome assembly (release 2.12). For these can-
didate mlncRNAs, we wrote PERL scripts that identified
open reading frame (ORF) sequences and calculated
ORF length. We also compared the longest Met-initiated
ORF with the longest non-Met–initiated ORF to rule
out the possibility that the start codon of the current
cDNA sequence is missing. When there was a difference
in length, we kept the longer ORF for further analyses.

We further removed transcripts that partially inter-
sected predictions generated by additional algorithms
because they are likely to be protein-coding genes that
are not yet included in the genome annotation. We ran
a local blast of the 51 unique transcripts to predicted
D. pseudoobscura genes (release 2.12) and observed
matches (E , 10�10) in 26 transcripts to predictions from
the following prediction programs: twinscan, genscan,

BREN_N-Scan, SNAP, GleanR, PACH_genemapper, RGUI_-
geneid, and DGIL_snap (supplementary table S2, Supple-
mentary Material online). This filtering step left a total
of 25 unique transcripts that we considered candidate
mlncRNAs (fig. 1). Because of the difficulty in differentiat-
ing small peptide–coding genes from noncoding genes, we
set a stringent size criterion and only included sequences
with ORFs that were less than 50 codons in our set of can-
didates. This is very conservative because only 0.5% of the
annotated protein-coding genes (71 of 13,752) in the entire
D. melanogaster genome (release 5.29) have such small ORF
lengths, and most previous ncRNA studies have identified
putative ncRNA sequences using an ORF size cutoff up to
100 codons (Inagaki et al. 2005; Tupy et al. 2005; Dinger
et al. 2008). This criterion resulted in the removal of eight
transcripts rendering 17 candidate mlncRNAs (supplemen-
tary table S3, Supplementary Material online).

Nine of the 17 putative mlncRNAs are located within 3 kb
of annotated protein-coding genes and in the same strand
(supplementary table S3, Supplementary Material online).
Those transcripts could be unannotated exons, 5# untrans-
lated regions (UTRs), or 3#UTRs that are part of those genes.
To determine if their expression was independent of the
neighboring genes, we conducted reverse transcriptase

FIG. 1. Workflow of the filtering process used to identify candidate
mRNA-like ncRNA genes. Numbers are the remaining candidate
ncRNAs after each filtering step, and numbers in parenthesis are the
number of candidate genes eliminated after each filtering step.
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PCR (RT-PCR) reactions with RNA from all life stages using
a primer in the candidate mlncRNA and a primer from the
nearest exon of the coding gene (see supplementary Meth-
ods, SupplementaryMaterial online). In two of the nine cases
no RT-PCR products were observed (clones 2731 and 2338,
supplementary table S3, Supplementary Material online),
suggesting that expression of those putative mlncRNAs is
independent of the expression of neighboring annotated
protein-coding genes. The positive RT-PCR reactions for
the remaining seven cases suggest that gene models need
to be revised for those genes (supplementary table S3
and fig. S1, Supplementary Material online). This filtering
step left us with a final list of ten candidate mlncRNAs
(table 1).

To identify orthologous sequences of these genes in the
genomes of other sequenced Drosophila species, we used
the BlastN tool in Flybase using a cutoff E value of 10�5. To
determine if the sequences were homologous to identified
ncRNAs, we searched the Rfam database (Gardner et al.
2009) using WU-Blast with an E value threshold of 1. To
determine if the sequences were possible miRNA precur-
sors, we searched the miRBase database (Griffiths-Jones
et al. 2008) using BlastN with an E value threshold of
0.1. Using the ORFs, we also calculated pairwise Ka/Ks
between D. pseudoobscura and the ortholog sequences
in D. persimilis. The longest ortholog ORF sequences
were aligned using ClustalW (Thompson et al. 1994),
and the alignments were passed to PAML for estima-
tion of Ks and Ka using the codeml program with the
pairwise distance estimation option (runmode 5 �2)
(Yang 1997). The sequences of the unique transcripts,
including the putative ncRNAs considered here, were de-
posited in Genbank (accession numbers GW774481–
GW774563).

Proteomics
To further confirm that candidate clones are mlncRNAs,
we searched against a testis proteomics data set prepared
from D. pseudoobscura adults of the genome sequence line
MV2-25 (Richards et al. 2005). A detailed description of
protocols applied to acquire the proteomics data can be

found in the supplementary material (Supplementary
Material online). Briefly, proteins were extracted from 50
seven-day old virgin adult testes, digested with trypsin,
and fractionated into 24 fractions by isoelectric focusing.
Each fraction was injected into a Pepmap C18 trapping car-
tridge for liquid chromatography–mass spectrometry anal-
ysis. Data files from the 24 fractions were merged into
a single file and searched against a peptide database con-
sisting of the D. pseudoobscura protein database (version
2.12) plus the longest predicted peptides from the original
51 candidate ncRNA transcripts.

Expression of Putative mlncRNAs
To investigate expression divergence of these mlncRNAs in
D. pseudoobscura and D. persimilis, we designed 60-mer
oligonucleotide probes for the putative mlncRNAs and in-
cluded them in an Agilent custom-designed oligonucleotide
microarray (Jiang andMachado 2009). Probes were designed
to be identical in sequence between D. pseudoobscura and
D. persimilis to reduce potential hybridization differences
due to sequence mismatches. A detailed description of
methods and statistical analyses of the Agilent microarray
data have been described elsewhere (Jiang and Machado
2009). We corrected for multiple statistical tests in the con-
text of the whole genome by estimating the false discovery
rate with the Q-value software (Storey and Tibshirani 2003).
Significance cutoff was set at q , 10�6, which is slightly
more stringent than the Bonferroni correction (P 5

2.65� 10�6). The microarray data are available in the Gene
Expression Omnibus Depository (Accession GSE17192).

In addition, we validated microarray results for two can-
didate mlncRNAs using quantitative real-time PCR (for pro-
tocols and primer sequences, see supplementary material,
Supplementary Material online). Transcription levels were
measured in three lines of D. pseudoobscura (MV2-25,
MSH21, andMather 10) and two lines ofD. persimilis (Mather
G and MSH3), using RNA collected from whole bodies. Fur-
thermore, as these transcripts have extremely male-biased
patterns of expression, we measured expression in testes
and in male bodies without testes to determine if expression
is predominantly testes-specific.

Table 1. Location and Sequence Divergence Patterns of 10 Candidate mlncRNAs from Drosophila pseudoobscura.

Clone
ID

Chromosome
Scaffold (Strand)

Length
(bp)

ORF
Length
(codons) Intron

Distance to Closest
Gene 5# End Scaffold (strand)a

Distance to Closest
Gene 3# End Scaffold (strand)a

Percent Sequence
Similarity to
D. persimilis Ka/Ks

b

991 2 (2) 260 38 N 6,622 bp 5# end GA15970 (2) 1,607 bp 5# end GA11876 (1) 98.5 NC
2731 2 (1) 206 47 N 891 bp 3# end GA27083 (1) 19,940 bp 5# end GA27083 (1) 97.3 NC
1383 2 (2) 260 36 N 4,558 bp 5# end GA22066 (2) 3,009 bp 3# end GA22058 (2) 99.4 NC
354 3 (2) 270 28 N 398 bp 3# end GA19331 (1) 2,202 bp 5# end GA24816 (1) 99.3 NC
233 3 (2) 330 22 N 19,098 bp 5# end GA12588 (2) 19,714 bp 5# end GA24784 (1) 97.2 NC
97 4_group1 (2) 358 35 Y 22,774 bp 3# end GA25317 (1) 8,793 bp 5# end GA16361 (1) 98.1 1.20
3982 4_group3 (2) 290 36 Y 6,537 bp 5# end GA19649 (2) 732 bp 5# end GA10584 (1) 98.7 NC
1108 4_group4 (2) 149 9 Y 1,286 bp 3# end GA21432 (1) 3,833 bp 3# end GA16495 (2) 98.2 Indel
2090 XL_group1e (1) 316 36 N 23,962 bp 5# end GA15495 (2) 430 bp 3# end GA25756 (2) 96.0 3.52
2338 XR_group8 (1) 236 31 N 20 bp 3# end GA28512 (1) 23,39 bp 5# end GA12013 (1) 98.3 Stop

a Distances are approximate, based on the range of the Blat hit to the genome.
b Estimated between the aligned ORF sequences from the D. pseudoobscura and D. persimilis genomes. NC, no change. Stop and indel denotes the presence of stop codons
or indels in either of the two genome sequences.
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Results

Identification of Putative mlncRNAs
We found 51 unique transcripts that did not match the
current D. pseudoobscura genome annotation (version
2.12) (supplementary table S1, Supplementary Material on-
line). All transcripts are single-copy except transcript
(4048), which has two identical copies on the same chro-
mosome but on opposite strands. Among those 51 tran-
scripts, our stringent set of filtering criteria (fig. 1)
identified ten transcripts that are likely to be mRNA-like
ncRNAs (table 1). Most of the putative mlncRNAs are lo-
cated in intergenic regions, several kilobases away from the
closest annotated protein-coding gene (table 1). RT-PCR
results show that the expression of transcripts that are
within 3 kb of gene models on the same strand is indepen-
dent of the neighboring annotated gene (supplementary
table S3 and fig. S1, Supplementary Material online).

None of these putative mlncRNAs have annotated ho-
mologs in D. melanogaster or in the Rfam (version 9.1)
(Gardner et al. 2009) and miRBase (Griffiths-Jones et al.
2008) databases (E, 10�6). Furthermore, none of the tran-
scripts match any of the annotated miRNAs from
D. pseudoobscura (release 2.12; 152 miRNAs). More impor-
tantly, no peptides from the ten putative mlncRNAs were
detected in the proteomics data, whereas peptides from
six of the 41 transcripts that failed to pass our filtering pipe-
line were found under the same search conditions (supple-
mentary table S4, Supplementary Material online).

The lack of conservation of ORFs and observation of Ka/
Ks . 1 are helpful criteria for distinguishing putative
mlncRNAs from protein-coding genes (Dinger et al.
2008). We found that the longest ORFs of two of the ten
putative mlncRNAs have either an indel or a stop codon
in the homologous region of the genome of D. persimilis
(strain MSH3; Clark et al. 2007) (table 1), supporting their
identification as putative mlncRNAs. We calculated pairwise
Ka/Ks between the predicted translations of the longest ORF
of the eight remaining cDNA sequences and the putative
orthologous sequences in the D. persimilis genome (table
1). The longest ORFs in two of the eight putative mlncRNAs
have Ka/Ks . 1, also consistent with their classification as
putative mlncRNAs. However, the remaining six evaluated
ORFs have identical sequences in the two species.

Sequence Divergence
To assess evolutionary conservation and rate of sequence
divergence of these putative mlncRNAs, we first Blasted the

transcripts against the genome sequence of D. persimilis,
the closest relative of D. pseudoobscura among the 12
genome-sequenced Drosophila species (Richards et al.
2005; Clark et al. 2007). The average sequence divergence
among these putative mlncRNAs is not significantly dif-
ferent from the average sequence divergence among
12,973 orthologous protein-coding genes (,20% aa diver-
gence) shared between the two species (P5 0.06, Wilcoxon
rank-sum test).

Despite the observed sequence conservation of the ten
candidate mlncRNAs between D. pseudoobscura and
D. persimilis, partial putative homolog sequences in other
sequenced Drosophila species (BlastN E , 10�5) were
found in only three of the ten transcripts (354, 2731,
1383; supplementary table S5, Supplementary Material on-
line). In each case, the significant match covered less than
26% of the transcript length. Therefore, at least seven of the
ten putative mlncRNAs described here appear to be newly
evolved transcripts that could have originated during the
evolution of the obscura group of Drosophila.

Source of the ncRNA Sequences
Five of the ten putative mlncRNAs (five clones in total)
came from the group of 187 clones (2.7%, 5/187) that
showed no differences in expression in the cDNA array
between D. pseudoobscura and D. persimilis and between
the F1 hybrids and the pure species (table 2). The other five
putative mlncRNAs (11 clones in total) came from the
group of differentially expressed clones between males
of D. pseudoobscura and D. persimilis (10.9%, 8/73) or
between F1 male hybrids and pure species males (1.1%,
3/266). Interestingly, none of the putative mlncRNAs came
from the 208 clones differentially expressed between
females of both species or between F1 female hybrids
and pure-species females. Thus, the putative mlncRNAs
identified here are significantly more likely to be differen-
tially expressed in males than in females (v2 5 6.95, df5 1,
P5 0.008) and make up a sizable fraction (10.9%) of clones
differentially expressed between males of both species.

Patterns of Expression and Expression Divergence
To investigate patterns of expression of these transcripts in
adult D. pseudoobscura and D. persimilis, the ten putative
mlncRNAs were printed in a whole-genome oligonucleotide
array designed for D. pseudoobscura (Jiang and Machado
2009). Six of the ten putative mlncRNAs show significant
above-background levels of expression in whole bodies
of virgin seven-day-old flies, and six transcripts are also

Table 2. Source of the 10 Putative mRNA-Like ncRNAs from Drosophila pseudoobscura (D.ps) and D. persimilis (D.per).

Category
Sequenced
Clones

mRNA-Like
ncRNAs

Clones Identified
as ncRNAs (%)

Not differentially expressed in any of the comparisons 187 5 5 (2.7)
Differentially expressed between D.ps and D.per males 73 3 8 (10.9)
Differentially expressed between pure species and F1 hybrid males 266 2 3 (1.1)
Differentially expressed between D.ps and D.per females 49 0 0
Differentially expressed between pure species and F1 hybrid females 159 0 0
Total 734 10 16 (2.2)
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expressed in testes (table 3). We could not detect
expression in whole adult bodies of four of the putative
mlncRNAs printed in the oligonucleotide array (table 3).
The most likely explanation for the latter result is the fact
that although the cDNA library was constructed using RNA
from all life stages, we only surveyed expression in adults
(see supplementary material, Supplementary Material
online).

The expression levels of three of the ten putative
mlncRNAs (233, 991, and 97) fall in the top 4% of the adult
male transcriptome. Furthermore, putative mlncRNA 233
is one of the top ten transcripts of the adult male transcrip-
tome of D. pseudoobscura, with levels of expression similar
to that of several mitochondrial genes (see table S1 in Jiang
and Machado 2009). The same three top transcripts
detected in adult whole bodies (233, 991, and 97) are in
the top 1% of the most highly expressed transcripts in tes-
tes, with putative mlncRNA 233 being also one of the top
ten transcripts in this tissue (Jiang Z-F and Machado CA, in
preparation). The fact that predicted peptides from these
highly expressed transcripts were not observed in the testes
proteomics data set provides additional strong support to
their identification as ncRNAs.

Four of the ten putative mlncRNAs have male-biased
expression in both species, one has female-biased expres-
sion only in D. pseudoobscura, and one has non-sex-biased
expression in both species (table 3). Three male-biased
mlncRNAs (233, 991, and 97) show greater than 10-fold
differences in expression between sexes in D. pseudoobs-
cura and two of them in D. persimilis (991 and 97). Three
of the six expressed putative mlncRNAs are differentially
expressed between species in at least one sex under a strin-
gent significance cutoff (q , 10�6) (table 3). Most expres-
sion differences are less than 2-fold, consistent with
previous observations that in the transcriptome, sex differ-
ences are greater than species differences (Ranz et al. 2003;
Jiang and Machado 2009). Interestingly, transcript 233 is

the most extremely male-biased transcript in the entire
transcriptome of D. pseudoobscura showing greater than
a 40-fold difference in expression between males and fe-
males. This enrichment of highly sex-biased transcripts
in our small sample (3/10; 30%) is quite remarkable con-
sidering that only 4.1% of the D. pseudoobscura
transcriptome shows greater than 10-fold sex-biased
expression (Jiang and Machado 2009) (v2 5 11.046,
df 5 1, P 5 0.0009).

To validate the microarray results from the Agilent ol-
igonucleotide, we conducted quantitative real-time PCR
for two putative mlncRNAs (233 and 991) (fig. 2). The re-
sults from real-time PCR are consistent with the results
from Agilent oligonucleotide microarray: the transcripts
are male biased and differentially expressed between males
of the two species (233: #D.ps . #D.per [P , 0.001]; 991:
#D.ps.#D.per [P, 0.0001]) (fig. 2A and C). Furthermore,
the two putative mlncRNAs are expressed predominantly
in testes in both species (testes . body-testes: 233
D.ps [P , 0.0001], 233 D.per [P 5 0.004], 991 D.ps
[P , 0.0001], 991 D.ps [P 5 0.04]) (fig. 2B and D).

Discussion
One of the most exciting recent advances in genome biol-
ogy has been the discovery of a large number of ncRNAs
expressed in diverse organisms (Mattick 2003; Prasanth and
Spector 2007; Ponting et al. 2009). Although the functions
of most ncRNAs are unknown, some case studies suggest
that they play important roles in a broad spectrum of de-
velopmental and physiological phenomena, such as dosage
compensation and the expansion of human brain function
(reviewed in Mattick 2009). The discovery of ncRNAs and
the realization of their biological importance are providing
new and potentially fundamental insights on the genetic
basis of biological complexity, as these findings shift explan-
ations away from traditional views that have emphasized

Table 3. Microarray Expression Results for the 10 Putative mlncRNAs.

Clone ID

Normalized Microarray Expression Intensity

Sex-Bias Ratio (#/$)c Sex-Bias Patternd
q Value Expression Divergence

(sex, [species)eD.ps $a D.ps #a D.per $a D.per #a Testesb

233 0.1264 5.5171 0.7067 4.9454 5.2426 43.66 MB 8.7 3 1028 (# ps), 8.8 3 1029 ($ pe)
991 0.1279 3.2753 0.1554 2.3997 3.6826 25.62 MB 2.3 3 10213 (# ps)
97 0.1254 2.3763 0.2112 2.9429 3.7234 18.96 MB 3.2 3 1028 (# pe)
354 0.2904 0.6492 0.3292 0.5868 N/Af 2.24 MB NS
2731 1.8406 1.3989 1.7612 1.5144 1.0216 0.76 FB in D.ps NS
1383 0.1348 0.1327 0.1419 0.1642 N/Af 0.98 NSB NS
1108 N/Af N/Af N/Af N/Af 0.3153 — — —
3982 N/Af N/Af N/Af N/Af N/Af — — —
2090 N/Af N/Af N/Af N/Af N/Af — — —
2338 N/Af N/Af N/Af N/Af 0.0526 — — —

a Average normalized log-transformed expression values in whole adult bodies (Jiang and Machado 2009). 12,507 expressed genes of Median in D. pseudoobscura males:
0.416; 2.5th percentile: 0.154; 97.5th percentile: 2.765.
b Average normalized log-transformed expression values for testes (Jiang Z-F and Machado CA, in preparation). 12,272 expressed genes. Median in D. pseudoobscura: 0.325;
2.5th percentile: 0.049; 97.5th percentile: 2.705.
c In D. pseudoobscura.
d MB: male-biased in both species; FB: female biased (in D. pseudoobscura); NSB: non-sex-biased in both species.
e Only significant values shown (q , 10�6). In parenthesis: sex in which there is a significant difference and species in which transcript is expressed at higher level. NS, no
significant difference between species.
f N/A: no expression detected in the oligonucleotide micro array.
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the roles of protein-coding genes. To date, most ncRNA
studies have simply cataloged and characterized new genes
in model species. However, very few evolutionary studies of
ncRNA sequence and expression divergence in closely
related species have been conducted (Pollard et al. 2006;
Yang et al. 2007; Lu et al. 2008), and thus the potential role
of ncRNAs in the process of species divergence remains
largely unexplored.

In this study, we have identified ten novel putative
mlncRNAs in D. pseudoobscura, an important increase in
the number of identified mlncRNAs in this species consid-
ering that there are only two currently annotated ncRNAs
in the D. pseudoobscura genome (version 2.12). Owing to
the difficulty in differentiating small peptide–coding genes
from mlncRNAs with some coding potential (Dinger et al.
2008), we conservatively considered only loci with ORFs
smaller than 50 codons in length to be candidate
mlncRNAs. However, we cannot completely reject the pos-
sibility that some of these putative mlncRNAs are small
peptide–coding genes (e.g., the ‘‘polished rice’’ locus in
D. melanogaster; Kondo et al. 2007; Kondo et al. 2010). Sim-
ilarly, some additional transcripts that were not among the
final list of putative mlncRNAs (supplementary tables S1–
S3, Supplementary Material online) may actually be
ncRNAs despite having ORFs longer than 50 codons.

The fact that none of the candidate transcripts were
detected in a proteomics data set of D. pseudoobscura
testes provides further support to their identification as
candidate mlncRNAs. That evidence is particularly impor-
tant for the three highly expressed, and likely testes-
specific, transcripts (233, 991, and 97) that are among
the most highly expressed transcripts in males. Interest-
ingly, none of the male-biased putative mlncRNAs are lo-
cated on the X chromosome, consistent with results
showing a demasculinization of the X chromosome in sev-
eral Drosophila species (Parisi et al. 2003; Ranz et al. 2003;
Sturgill et al. 2007; Jiang and Machado 2009).

Although only 2.2% of the total number of sequenced
cDNA clones (16/734) were identified as mlncRNAs, close
to 11% of the clones (8/73) differentially expressed between
males of D. pseudoobscura and D. persimilis were
mlncRNAs (table 2). In contrast, none of the 208 clones
differentially expressed cDNAs between females of both
species or in female hybrids were mlncRNAs. Furthermore,
a large proportion (4/6) of putative mlncRNAs expressed in
sexually mature adults are male-biased, and themost highly
expressed (233, 991, 97) are likely testes-specific (table 3, fig.
2). In contrast to previous efforts that focus on the rapid
evolution of protein-coding genes as the underlying reason
behind the general observation of faster evolution of male-

C

A B

D

FIG. 2. Real-time PCR measurements of relative expression in two putative mlncRNAs from Drosophila pseudoobscura (D.ps) and D. persimilis
(D.per). Panels on the left (A, C) show expression differences between sexes and species for whole-body samples; values are shown relative to
expression in D. pseudoobscura males. Panels on the right (B, D) show expression differences in males between tissues and species for testes and
whole-body/no testes (Body–Testes); values are shown relative to expression in D. pseudoobscura testes. These two transcripts are extremely male-
biased, differentially expressed between species (except for 991 in females), and predominantly expressed in testes. ***P , 0.0001, **P , 0.001, *P
, 0.01.
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specific characters in the divergence of animals (Civetta
and Singh 1998; Swanson and Vacquier 2002), our data sug-
gest the possibility that mlncRNAs could also be a major
factor underlying the rapid evolution of the male transcrip-
tome. However, this conclusion will need to be substanti-
ated by data from a comprehensive transcriptome survey.

Seven of the ten candidate mlncRNAs have no homo-
logs in any of the other ten sequenced Drosophila species
suggesting that they are novel transcripts. This observation
is consistent with previous studies showing that most
mlncRNAs known in D. melanogaster have no homologs
in D. pseudoobscura (Inagaki et al. 2005; Tupy et al.
2005). It is, however, not clear if the patterns of sequence
divergence in these new mlncRNAs, conserved between
closely related species but not over longer evolutionary dis-
tances, imply lack of function or newly evolved functions.
Although standard molecular evolution theory suggests
that there should be a positive correlation between the
level of sequence conservation and the functional impor-
tance of a gene, recent work has shown that this may not
hold, at least for noncoding regions. For example, the Xist
RNA gene is responsible for the fundamental process of
dosage compensation in eutherians but shows very large
sequence divergence over short evolutionary divergences
(Pang et al. 2006). Furthermore, experimental studies in
mice show that removal of ultraconserved regions do
not have detrimental effects in development (Nobrega
et al. 2004; Ahituv et al. 2007).

Although sequence divergence may not be the best in-
dicator of function, expression is an important indicator of
functionality. Eight of the ten putative mlncRNAs have
above-background levels of expression either in whole bod-
ies or in testes. Moreover, data from a time course devel-
opment study show that the expression of these transcripts
is different in larval and pupal stages than in adults (Jiang Z-
F andMachado CA, in preparation), suggesting modulation
during development. Three of the transcripts (233, 991, and
97), together with mitochondrial genes involved in meta-
bolic activity, are among the most highly expressed genes in
the transcriptome, further suggesting that they may be in-
volved in important functions. mlncRNAs that were not
detected by the microarray expression assay may also have
important functions. Expression of important genes may
have been too low for detection, in part because of our
conservative criteria for inclusion in the set of expressed
genes (Jiang and Machado 2009). Previous studies suggest
that genes expressed at low levels in certain tissues during
specific life stages are critical for normal development
(Ponting et al. 2009).

The advent of RNA-Seq (Nagalakshmi et al. 2008; Sultan
et al. 2008), a method that allows complete characteriza-
tion of transcriptomes at the sequence level, will permit
conducting a thorough identification and characterization
of all coding and noncoding elements of a genome (e.g., the
modENCODE project in D. melanogaster and C. elegans;
Celniker et al. 2009). Results from comprehensive transcrip-
tome divergence surveys using RNA-Seq will provide the
opportunity to conduct comparative genome-wide studies

of ncRNA evolution in closely related species and will allow
testing our suggestion, based on this partial survey of
cDNAs, that mlncRNAs are important in male-specific pro-
cesses related to sexual dimorphism and species divergence
in Drosophila.

Supplementary Material
Supplementary tables S1–S3, fig S1, and Methods are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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