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Abstract

Thousands of long noncoding RNAs (lncRNAs) have been annotated in eukaryotic genomes, but comparative transcriptomic

approaches are necessary to understand their biological impact and evolution. To facilitate such comparative studies in

Drosophila, we identified and characterized lncRNAs in a second Drosophilid—the evolutionary model Drosophila pseudoobscura.

Using RNA-Seq and computational filtering of protein-coding potential, we identified 1,589 intergenic lncRNA loci in D. pseudoobs-

cura.Wesurveyedmultiple sex-specificdevelopmental stagesandfound, like inDrosophilamelanogaster, increasinglyprolific lncRNA

expression through male development and an overrepresentation of lncRNAs in the testes. Other trends seen inD. melanogaster, like

reduced pupal expression, were not observed. Nonrandom distributions of female-biased and non-testis-specific male-biased

lncRNAs between the X chromosome and autosomes are consistent with selection-based models of gene trafficking to optimize

genomic location of sex-biased genes. The numerous testis-specific lncRNAs, however, are randomly distributed between the X and

autosomes, and we cannot reject the hypothesis that many of these are likely to be spurious transcripts. Finally, using annotated

lncRNAs in both species, we identified 134 putative lncRNA homologs betweenD. pseudoobscura and D. melanogaster and find that

many have conserved developmental expression dynamics, making them ideal candidates for future functional analyses.
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Introduction

With advances in sequencing technologies and efforts like the

human ENCODE and the Drosophila modENCODE projects to

identify functional elements in the genome, we understand

that the majority of the eukaryotic genome is both nonpro-

tein-coding and transcriptionally active (Celniker et al. 2009;

Encode Project Consortium 2012). Noncoding regions of the

genome, however, are far less likely to be under purifying

selection than coding regions; thus, it is unclear to what

extent noncoding RNAs impact eukaryotic biology (Sella

et al. 2009; Rands et al. 2014). Noncoding RNAs themselves

are diverse. Typically, the term evokes a short molecule with a

conserved secondary structure and a very specific biological

role (e.g. miRNAs), but thousands of long noncoding RNAs

(lncRNAs) have also been documented in complex eukaryotes

(Ulitsky and Bartel 2013; Kapusta and Feschotte 2014).

lncRNAs share many properties with mRNAs: lengths of hun-

dreds or thousands of nucleotides, introns, multiple isoforms

from a single locus, and polyadenylation, which facilitates easy

identification in poly(A+) RNA-Seq libraries (Cabili et al. 2011;

Ulitsky et al. 2011; Derrien et al. 2012; Young et al. 2012;

Brown et al. 2014). In contrast, lncRNAs tend to be expressed

at lower levels than protein-coding genes and in a more tissue-

specific manner (Cabili et al. 2011; Derrien et al. 2012; Young

et al. 2012; Brown et al. 2014; Washietl et al. 2014). They also

have higher rates of evolutionary turnover, both in sequence

and expression, resulting in higher proportions of lineage-spe-

cific lncRNAs than protein-coding genes (Kutter et al. 2012;

Necsulea et al. 2014).

Early efforts to detect purifying selection on lncRNA exonic

sequence produced mixed results, although stronger signals

were detected in Drosophila than in humans and other verte-

brates (Ponjavic et al. 2007; Marques and Ponting 2009; Ward

and Kellis 2012; Young et al. 2012; Haerty and Ponting 2013;

Schuler et al. 2014). Many of these early efforts, however,

only have expression data for a single taxon; thus, it is not

clear whether the RNA is even expressed in other taxa. Recent

studies in vertebrates more explicitly integrate expression
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characteristics into comparative analyses (Necsulea et al.

2014; Washietl et al. 2014; Hezroni et al. 2015; Chen et al.

2016). Although thousands of lncRNAs have been annotated,

only a small fraction of them have been functionally charac-

terized, with documented roles, among others, in dosage

compensation (i.e., the classic lncRNAs Xist in mammals and

roX in Drosophila), development, and cell biology (Kung et al.

2013; Bassett et al. 2014). In the absence of empirical molec-

ular data or convincing evidence of selection on the RNA tran-

script, one cannot reject the possibility that large numbers of

lncRNAs are spuriously transcribed with little impact on organ-

ismal biology.

The fruit fly Drosophila is an ideal system to study the evo-

lution and function of lncRNAs. With extensive genomic re-

sources and knowledge of evolutionary history and population

genetics in Drosophila, evolutionary analyses of lncRNAs are

straight-forward. Mechanistic investigations in Drosophila are

facilitated by well-characterized development and ample tools

for genetic manipulation. About 100 lncRNAs were initially

identified in Drosophila melanogaster from cDNA libraries,

but RNA-Seq data have caused that number to increase rap-

idly, with over 2,000 lncRNAs now annotated in the D. mel-

anogaster FlyBase annotations (Inagaki et al. 2005; Tupy et al.

2005; Young et al. 2012; Brown et al. 2014). lncRNAs in

D. melanogaster show some of the same properties seen in

vertebrates: low expression levels, low but significant evidence

of purifying selection, and high-levels of tissue-specificity

(Young et al. 2012; Haerty and Ponting 2013; Brown et al.

2014). Despite the large numbers of annotated lncRNAs and

the general ease of genetic manipulation in flies, functional

analyses have been performed on relatively few lncRNAs,

most of which have been shown to have neural functions

(Li and Liu 2014).

Despite vast genomic resources throughout the genus,

lncRNAs have yet to be characterized in other Drosophila spe-

cies, and this is necessary to fully understand lncRNA evolution

and identify candidates for future functional studies. D. pseu-

doobscura, which diverged from D. melanogaster 25–55 Ma,

has long been used as a model for evolutionary biology.

Dobzhansky (1936, 1937) first studied hybrid incompatibilities

and investigated causes of hybrid male sterility in D. pseu-

doobscura and its sympatric sister species Drosophila

persimilis. D. pseudoobscura was also the second species of

Drosophila to have its genome sequenced, facilitating

genome-scale comparisons of genomic features like cis-regu-

latory elements that evolve faster than protein-coding se-

quences (Richards et al. 2005). A recent pilot study on a

small number of lncRNAs in D. pseudoobscura and D. persi-

milis showed instances of differential expression between

males of the two species and raises questions about lncRNA

contributions to transcriptome divergence and hybrid incom-

patibilities (Jiang et al. 2011).

Extensive identification of lncRNAs in D. pseudoobscura

and subsequent comparisons to previously annotated

lncRNAs in D. melanogaster will provide key insights and

further test existing hypotheses of lncRNA evolution and func-

tion. In vertebrates, most lncRNAs have been found to be

lineage-specific, but development and morphology often

vary wildly in the surveyed vertebrate taxa (Necsulea et al.

2014; Hezroni et al. 2015). Because development and mor-

phology in D. pseudoobscura and D. melanogaster are quite

similar, it is possible to conduct meaningful comparisons be-

tween the expression dynamics of lncRNAs throughout devel-

opment over more moderate evolutionary timescales. Further,

the strong similarity of gene content across homologous chro-

mosome arms combined with conserved microsynteny among

Drosophila species (Schaeffer et al. 2008) enables the identi-

fication of mutually transcribed regions that may be homolo-

gous lncRNAs even when sequence conservation is poor or

not detectable, as is often the case with lncRNAs (Richards

et al. 2005; Chen et al. 2016). While sequence features like

chromatin binding sites or RNA secondary structures have

been documented as critical for function in some lncRNAs,

they are not universally observed in functional lncRNAs. We

would expect, however, that truly homologous lncRNAs

would have similar expression characteristics, and the exten-

sive transcriptome profiling of D. melanogaster facilitates

these comparisons (Graveley et al. 2011).

It is well documented that sex-biased genes in Drosophila,

especially male-biased genes, are unequally distributed be-

tween the X chromosome and the autosomes (Parisi et al.

2003; Sturgill et al. 2007; Vibranovski et al. 2009; Bachtrog

et al. 2010; Meisel et al. 2012). Several mechanisms have

been offered to explain these observations; all suggest selective

pressures to optimize the genomic location of sex-biased genes.

A recent study reported that male-biased intergenic noncoding

RNAs are also underrepresented on the X in D. melanogaster,

which suggests that similar evolutionary forces act on both pro-

tein-coding genes and lncRNAs (Gao et al. 2014). Because the

right arm of the D. pseudoobscura X chromosome is not ho-

mologous to the D. melanogaster X (Schaeffer et al. 2008),

similar observations in D. pseudoobscura would suggest that

sex-biased lncRNAs are indeed subject to selection. It is thus

possible to use chromosomal distributions of lncRNAs to get

insights into their potential functionality.

In order to facilitate genus-wide comparisons with D. mel-

anogaster and test these evolutionary hypotheses, we anno-

tated and characterized intergenic lncRNAs (lncRNAs) in

D. pseudoobscura. We used unstranded RNA-Seq to generate

developmental and tissue-specific transcriptome data and

computationally identified lncRNAs from unannotated inter-

genic transcripts. We then characterized the expression

dynamics of these lncRNAs throughout sex-specific develop-

ment and in adult gonad and carcass tissues and considered

whether selection could explain chromosomal distributions of

sex-biased lncRNAs throughout the genome. Finally, we cross-

referenced the D. pseudoobscura lncRNAs identified here

with those in D. melanogaster and used conservation of
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developmental expression profiles to identify the first set of

high confidence homologous lncRNAs in Drosophila.

Materials and Methods

More detailed descriptions of methodologies can be found in

supplementary file S1, Supplementary Material online.

RNA Sequencing and Transcriptome Assembly

A comprehensive D. pseudoobscura transcriptome assembly

was generated using RNA-Seq from multiple developmental

timepoints and isolated adult tissues of the inbred genome

reference line, MV2-25 (Richards et al. 2005). Four unique

developmental timepoints were sampled in whole-body flies,

with male and female samples collected separately: (1) 1st-

instar larva, (2) wandering 3rd-instar larva, (3) mid-stage pupa,

and (4) 6-day post-eclosion virgin adults. Sex was determined

using morphological characters in adults and via PCR with

Y-chromosome specific primers for earlier developmental

stages (Carvalho and Clark 2005). Adult ovaries and testes

and their resulting carcasses were also isolated and se-

quenced, resulting in four additional tissue samples. Twenty

individuals were used for all samples except the much smaller

1st-instar larvae, where between 28 and 49 individuals were

used to generate enough total RNA for RNA-Seq library prep.

Total RNA was generated using a standard Trizol extraction

protocol.

DNase-treated total RNA was used as input to create in-

dexed poly(A+) RNA-Seq libraries using the Illumina TruSeq

RNA Prep Kit. A single deep replicate (replicate A) was gener-

ated for transcriptome assembly, and two lower-depth bio-

logical replicates (replicates B and C) were generated for

expression analyses. RNA sequencing was performed on an

Illumina HiSeq1000 to generate 100 bp, unstranded paired-

end libraries. Multidimensional scaling plots were generated

to assess consistency of replicates (supplementary fig. S2,

Supplementary Material online). Contamination for testes

RNA was detected in the male carcass A sample, likely due

to poor dissections (supplementary fig. S2B, Supplementary

Material online), so an additional male carcass and testes rep-

licate (replicate D) was generated with similar depth to the A

sample and used for all expression analyses (supplementary

fig. S2C, Supplementary Material online). Low-quality reads

were filtered out, and low-quality nucleotides at the 30 ends

were trimmed using the NGS QC Toolkit (Patel and Jain 2012).

Filtered, trimmed reads from each sample were then aligned

to the D. pseudoobscura genome (FlyBase r2) using TopHat

v2.0.5 (Langmead and Salzberg 2012; Kim et al. 2013; St

Pierre et al. 2014). Transcriptomes were then assembled for

each sample using Cufflinks v2.0.2, and a single merged tran-

scriptome assembly was generated using Cuffmerge and the

D. pseudoobscura FlyBase r2.29 annotation (Trapnell et al.

2010). Sequencing and mapping statistics and NCBI SRA

accession numbers for all RNA-Seq samples can be found in

supplementary table S3, Supplementary Material online.

Computational Identification of Intergenic lncRNAs

All loci in the transcriptome were classified in Cuffmerge as

annotated or novel based on the D. pseudoobscura FlyBase

r2.29 annotations. The 2,645 novel intergenic loci that map to

the five major D. pseudoobscura chromosome arms (XL, XR,

2, 3, and 4) were screened for protein-coding ability using

three approaches. Any locus that showed evidence of pro-

tein-coding ability using any of the three approaches was re-

moved from the list of putative intergenic lncRNA loci.

Search against Existing Protein Databases

Novel intergenic loci were screened against three protein data-

bases: the NCBI nr database, the PeptideAtlas D. melanogaster

protein database, and a custom D. pseudoobscura/D. ps.

bogotana testes proteomic dataset. Transcript sequences

were aligned to the NCBI nr database (E-value<1e�10) and

PeptideAtlas database (E-value<1e�5) using BLASTx (Desiere

et al. 2006; Camacho et al. 2009). The longest ORF for each

transcript (minimum of 10 amino acids) was calculated and

translated using custom perl scripts. Putative peptide se-

quences were then matched against testes proteomic datasets

from the MV2-25 line of D. pseudoobscura, the Susa6 line of

D. ps. bogotana, and hybrid crosses between the two

subspecies.

Identification of Conserved ORFs Using RNAcode

RNAcode v0.3 was used to identify signatures of ORF conser-

vation using both the UCSC 15-species Drosophila and two

iterations of the Pseudobase D. pseudoobscura subgroup mul-

tiple genome alignments (P< 0.05) (Kuhn et al. 2007;

Washietl et al. 2011; Noor 2012). Alignments for all loci

were extracted from the UCSC alignment by converting D.

pseudoobscura FlyBase r2 coordinates to D. melanogaster

FlyBase r5 coordinates using liftOver and the maf_parse tool

from Phast v1.1 (Hinrichs et al. 2006; Hubisz et al. 2011).

Alignments for all loci from the Pseudobase alignment,

which include multiple lines for several species, were kindly

extracted for us by the developers. A second iteration of the

Pseudobase alignment was then created using only a single

line from four species: D. pseudoobscura, D. persimilis, D.

miranda, and D. lowei.

Identification of Noncoding Sequence Features Using the
Coding Potential Assessment Tool (CPAT)

CPAT was used to identify sequence features specific to pro-

tein-coding transcripts using the provided logistic regression

model and hexamer frequency tables trained on D. melano-

gaster as well as a custom set created for D. pseudoobscura

(Wang et al. 2013). The custom hexamer frequency table was

Comparative Expression Dynamics of lncRNAs GBE
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built using the set of D. pseudoobscura CDS and a set of all

noncoding sequences including 50 and 30 UTRs, introns, and all

annotated noncoding RNAs (FlyBase r2.30) (St Pierre et al.

2014). The logistic regression model was built using this hex-

amer frequency table and trained on the set of 16,761 anno-

tated protein-coding transcripts (Cuffmerge class code =) and

a high-confidence set of 418 D. pseudoobscura lncRNA tran-

scripts that had passed all previously mentioned filters.

Transcript and Sequence Properties of lncRNAs

A set of nonredundant exons was generated from the tran-

scriptome assembly for each locus with a custom R script. For

the 10,415 annotated protein-coding loci from D. pseudoobs-

cura, all transcripts with the Cuffmerge class codes of “=“,

“j”, and “o” were used. A fasta file was then generated using

gffread, and total exonic length was determined using the

perl script fastaNamesSizes.pl (http://www.molecularevolution.

org/molevolfiles/exercises/QC_of_NGS/fastaNamesSizes.pl).

Isoform number was calculated from the merged.gtf

file. Genome coverage was calculated using the

genomeCoverageBed utility from bedtools v2.17.0

(Quinlan and Hall 2010).

GC, simple repeat, low-complexity sequence, and TE

content were calculated using RepeatMasker v4.0.5 with

cross_match v0.990329 and Drosophila TEs (Smit et al.

2014). Genome and CDS GC content were calculated using

annotated fasta files from the D. pseudoobscura genome

(FlyBase r2.29) that included only sequences from the major

chromosome arms (XL, XR, 2, 3, and 4) (St Pierre et al. 2014).

Expression Properties and Dynamics of lncRNAs

Locus fragment counts were generated for each replicate

using samtools v0.1.18 and HTSeq-count v0.6.1p1 (Li et al.

2009; Anders et al. 2015). Locus fragment were then con-

verted into the TPM metric (number of transcripts per million)

(Li and Dewey 2011). log2(meanTPM) was then calculated

across all three replicates for each sample and compared be-

tween samples. For subsequent expression analyses, loci with

expression values less than an empirically determined thresh-

old of 0.3 cpm (fragment counts per million fragments

mapped) in all samples were removed (supplementary fig.

S4, Supplementary Material online). Fragment counts were

scale normalized across all samples separately for the whole-

body developmental series and the adult tissue samples using

calcNormFactors in the edgeR package v3.6.8 (Robinson et al.

2010). Fragment counts were then converted to log2(cpm)

with precision weights using voom and fit to a linear model,

all within the limma package v3.20.9 (Smyth 2005; Robinson

et al. 2010; Law et al. 2014). Loci were clustered via Pearson’s

correlation using the hcluster function in the amap package

v0.8-12, and heatmaps were generated using the heatmap.2

function in gplots v2.15.0 (Lucas 2014; Warnes et al. 2014).

log2(cpm) values for the developmental series were soft

clustered using a fuzzy c-means algorithm via the R package

Mfuzz (Kumar and Futschik 2007). Expression values were

standardized using the standardise function so that mean ex-

pression for each gene is 0 with a standard deviation of one.

Optimal cluster number c of 16 was determined by looking for

a plateau in the minimum centroid distance using the Dmin

function (supplementary fig. S5A, Supplementary Material

online). The optimal fuzzifier m of 1.436711 was calculated

using the mestimate function. After clustering, all loci with

membership values <0.5 were removed from clusters.

Relationships between clusters are depicted in a Principal

Components Analyses plot (supplementary fig. S5B,

Supplementary Material online). lncRNA over- or underrepre-

sentation was determined using a two-tailed Fisher’s exact

test with a Benjamini–Hochberg adjustment. Significant

Biological Process GO terms (FDR< 0.05) for protein-coding

genes in each cluster were identified using GeneCodis3

(Tabas-Madrid et al. 2012).

Differential Expression Analyses

Significant sex-bias was detected using limma-voom (Smyth

2005; Law et al. 2014). After being fit to a linear model as

previously described, log2(cpm) expression values were used

to calculate differential expression. Pairwise contrasts were

made between male and female equivalents of all four devel-

opmental samples, gonads, and carcasses. After Benjamini–

Hochberg correction for multiple tests, significant expression

bias was determined using an adjusted P-value<0.01.

To assign an overall sex-bias designation to genes, we parsed

out sex-bias observations from all six sample types. Genes that

are unbiased in all samples were designated “unbiased”.

Genes with male-biased expression (adj. P-value<0.01) in at

least one sample and without female-biased expression in any

sample were designated “male-biased”. Genes with female-

biased expression (adj. P-value<0.01) in at least one sample

and without male-biased expression in any sample were

designated “female-biased”. Genes with both male and

female bias in different samples were designated “dynamic-

bias” genes.

To identify a list of testis-specific and ovary-specific genes,

we identified a set of genes (both lncRNA and protein-coding)

with cpm>0.3 in only the testes or ovaries among all tissue

samples.

Genomic Distributions of Sex-Biased Genes

To determine whether sex-biased lncRNAs are depleted or

enriched on the X chromosome as compared to the auto-

somes, we calculated the odds ratio (OR) between the unbi-

ased gene distributions (autosomes/X) and the sex-biased

gene distributions (autosomes/X) (Gao et al. 2014). An OR

below 1.0 indicates that the X-chromosome is depleted for

that class of genes, and an OR above 1.0 indicates that the

X-chromosome is enriched for that class of genes.
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Genomic coordinates were determined by concatenating

and modifying FlyBase r2.29 scaffolds where necessary

(Schaeffer et al. 2008). Chromosomes 2 and 3 consist of a

single scaffold, so no modifications were necessary.

Chromosomes 4, XL, and XR scaffolds were concatenated

in the order shown in published cytogenetic maps. Note that

some scaffolds needed to be broken before concatenation

and that portions of XL_group3a and XL_group1a and all of

XL_group3b actually map to XR. BLASTn (E-value<1e�10)

was performed using testis-specific and male-biased

non-testis-specific locus sequences against four Drosophila

genome assemblies: D. miranda [SRA:SRX105954], D. lowei

[SRA:SRX091467], D. affinis [SRA:ERX103525], and D. mel-

anogaster (FlyBase r6.02) (Camacho et al. 2009; St Pierre

et al. 2014). Genome assemblies for D. miranda, D. lowei,

and D. affinis were created by aligning reads to the D. pseu-

doobscura genome (Flybase r3.2) using bwa v0.7.9a-r786 (Li

and Durbin 2009; St Pierre et al. 2014). Random sets of

intergenic sequences were generated using shuffleBed and

testis-specific sets of lncRNAs and protein-coding genes

(Quinlan and Hall 2010).

Pearson’s correlations were calculated between develop-

mental expression profiles (eight whole-body samples) of

lncRNA loci and nearest protein-coding neighbor, protein-

coding loci and nearest protein-coding neighbor, and 1,000

permutations of lncRNA loci and randomly-associated protein-

coding loci for unbiased and sex-biased gene sets. The nearest

single nonoverlapping protein neighbors to the genes from

unbiased or sex-biased gene sets were identified using the

closest utility in bedtools (Quinlan and Hall 2010).

Identification of Putative lncRNA Homologs between
D. pseudoobscura and D. melanogaster

Reciprocal BLASTn searches were performed using parameters

that are more tolerant of gaps and mismatches than default

parameters (Mount et al. 2007; Camacho et al. 2009). The

first BLASTn search queried the set of 1,771 D. pseudoobscura

lncRNA transcripts against the full D. melanogaster transcrip-

tome (FlyBase r6.02) (St Pierre et al. 2014). D. melanogaster

best hits were used as query for a BLASTn search with identical

parameters against a database with all transcripts from the

D. pseudoobscura annotation (r2.30) and the set of 1,771

D. pseudoobscura lncRNA transcripts. Reciprocal best hits

that matched were retained as putative lncRNA homologs.

We also searched for putative homology between the

1,589 D. pseudoobscura lncRNA loci and the 2,359 annotated

lncRNA loci in D. melanogaster (FlyBase r6.02) using coordi-

nate overlap (St Pierre et al. 2014). D. pseudoobscura lncRNA

coordinates (FlyBase r2 or UCSC dp4) were first converted to

D. melanogaster FlyBase r5 coordinates (i.e., UCSC Dm3) with

the UCSC liftOver tool, and D. melanogaster coordinates were

then converted from FlyBase r5 to r6 in FlyBase (Hinrichs et al.

2006; Kuhn et al. 2007; St Pierre et al. 2014). Overlap was

detected using intersectBed (Quinlan and Hall 2010).

Unambiguous one-to-one lncRNA locus matches were re-

tained as putative lncRNA homologs.

Correlation of Developmental Expression Profiles
between D. pseudoobscura and D. melanogaster

To generate developmental expression data from D. melano-

gaster, we used RNA-Seq datasets originally generated for the

modENCODE project and available through the Sequence

Read Archive (Graveley et al. 2011). D. melanogaster devel-

opmental stages are roughly equivalent to those collected in

D. pseudoobscura, and are mixed single-end and paired-end

75-bp Illumina sequence reads, though only adult samples

are sex-specific. Reads were QC filtered and mapped to

D. melanogaster genome (FlyBase r6), and fragment counts

were obtained using the same pipeline described above for

D. pseudoobscura.

Because the D. melanogaster data are not sex-specific in

early developmental stages, male and female D. pseudoobs-

cura datasets were pooled to create an approximation of the

five stages available in D. melanogaster: 1st-instar larvae, 3rd-

instar larvae, mid-pupae, adult males, and adult females. We

generated log2(cpm) expression values for all annotated genes

individually for both species (D. pseudoobscura r2.29 plus

lncRNAs, D. melanogaster r6.02) using limma-voom as previ-

ously described (Law et al. 2014). A minimum cpm of 0.3 was

required in at least three replicates for the locus to be retained

for correlation analysis. Protein-coding orthologs between

D. pseudoobscura and D. melanogaster were identified

using OrthoDB data from FlyBase (Kriventseva et al. 2008;

Waterhouse et al. 2013; St Pierre et al. 2014). Pearson corre-

lation coefficients between 134 putative lncRNA homologs,

7,451 orthologous protein-coding genes, and a set of ran-

domly associated lncRNAs between the two species were gen-

erated in R (R Core Team 2014). To generate the randomized

control, the 65 lncRNAs with homologs in both species were

randomly associated, and a P-value was generated by com-

paring the median correlation coefficients from each of 1,000

permutations with the empirically derived median correlation

coefficient of 0.7435 for the putative lncRNA homologs.

The nearest single and five nonoverlapping neighbors to the

D. melanogaster lincRNA homologs were identified using the

closest utility in bedtools (Quinlan and Hall 2010).

Results

Identification of lncRNAs in D. pseudoobscura

Using RNA-Seq data from 12 sex-specific developmental

(whole-body 1st-instar larvae, 3rd-instar larvae, pupae, and

adults) and adult tissue samples (gonads and carcasses) of

D. pseudoobscura, we generated a single merged transcrip-

tome that contains 50,459 transcripts expressed from 18,317

genomic loci (fig. 1A). Only three of these loci are annotated
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as lncRNAs in FlyBase r2.29: RNaseP:RNA (GA29345), HSR-

omega (GA30101), and SRP (GA29352) (St Pierre et al.

2014). When compared with the D. pseudoobscura gene an-

notations (FlyBase r2.29), 5,261 loci are annotated as both

novel and intergenic. The 2,616 novel, intergenic loci that

do not map to one of the major D. pseudoobscura chromo-

some scaffolds but instead to an “Unknown_group” or

“Unknown_singleton” are not considered further.

The remaining 2,645 novel, intergenic loci were screened

for protein-coding potential using multiple filters (fig. 1A). In

total, 1,059 loci showed evidence of protein-coding potential

using at least one filter method and were removed from con-

sideration as lncRNA loci. Matches to existing protein data-

bases were found for 308 loci (fig. 1B). De novo searches for

protein-coding potential using conserved ORFs via RNAcode

and noncoding sequence features via CPAT found hits in 777

and 233 loci, respectively (Washietl et al. 2011; Wang et al.

2013). Protein-coding potential is evident in only 51 loci using

all three approaches, and RNAcode alone accounts for the

majority of loci that were eliminated from consideration as

lncRNAs. Results of specific iterations for each approach can

be found in supplementary fig. S6, Supplementary Material

online. After filtering, we are left with 1,586 novel putative

intergenic lncRNA loci in addition to the three previously an-

notated lncRNA loci (supplementary table S7, Supplementary

Material online).

Transcript, Sequence, and Expression Properties of D.
pseudoobscura lncRNAs

Exons from the 1,589 annotated lncRNA loci cover only 1.2%

of the major chromosome scaffolds in the D. pseudoobscura

genome (1,483,658/127,291,806 bp, FlyBase r2), as opposed

to the 26.5% (40,419,012 bp) coverage of exons, including

CDS and UTR, from a reference set of 10,415 protein-coding

loci present in our transcriptome data. Including introns,

lncRNA and protein-coding loci cover 1.9% (2,357,269 bp)

and 74.9% (95,338,393 bp) of the major scaffolds, respec-

tively. As observed in other eukaryotes, transcript and se-

quence properties of D. pseudoobscura lncRNA loci

distinguish them from protein-coding loci (Cabili et al. 2011;

Derrien et al. 2012; Niazi and Valadkhan 2012; Pauli et al.

2012; Young et al. 2012; Brown et al. 2014; Li et al. 2014).

Total exonic length at a locus is shorter for lncRNA loci than

protein-coding loci (median 772 vs. 3,165 bp, Mann–Whitney

P<2.2e�16, fig. 2A). lncRNA loci typically contain fewer

exons than protein-coding loci (mean 1.5 vs. 6.0 exons per

locus, Mann–Whitney p<2.2e�16, fig. 2B). A majority of

lncRNA loci (68.5%, 1,088 loci) contain only a single exon.

Consequently, alternative transcription at an lncRNA locus is

rare, with only 9.4% (149 loci) showing evidence of multiple

isoforms as compared with 69.7% (7,264) of protein-coding

loci.

A

B

FIG. 1.—Computational identification of D. pseudoobscura lncRNAs

from RNA-Seq data. (A) RNA from 12 different samples of D. pseudoobs-

cura were sequenced, filtered for quality, mapped to the D. pseudoobs-

cura genome, and assembled into a single comprehensive transcriptome.

Unannotated, intergenic loci were screened for protein-coding ability

using three complementary approaches, with the numbers of protein-

coding loci identified via each approach detailed in (B). In total, 1,589

putative lncRNA loci were identified.
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Sequence properties of lncRNA and CDS differ, with

lncRNA sequence showing less deviation from genome-wide

levels. lncRNA loci have lower GC content (43.8% vs. 56.0%,

fig. 2C) and higher levels of low-complexity (0.73% vs.

0.18%, fig. 2D) and simple repeat sequence (5.09% vs.

2.28%, fig. 2D) than protein-coding loci . Three classes of

transposable elements (TEs) are found in a greater percentage

of lncRNA sequence than CDS (fig. 2E): LTR retrotransposons

(0.95% vs. 0.36% of total sequence), DNA transposons

(0.69% vs. 0.02%), and rolling-circle transposons (1.20%

vs. 0.01%). LINE retrotransposons, however, comprise

0.65% of lncRNA sequence and 0.98% of CDS sequence

A B

C

F G

D E

FIG. 2.—Transcript, sequence, and expression properties of D. pseudoobscura lncRNAs. (A) Total exonic length of 1,589 lncRNA loci and 10,415 protein-

coding loci. (B) Distribution of exon number per locus for lncRNA and protein-coding loci. (C) GC content of lncRNA exons, CDS, and whole genome (XL, XR,

2, 3, and 4 scaffolds only). (D) Low complexity and simple repeat sequence content of lncRNA exons, CDS, and whole genome (XL, XR, 2, 3, and 4 scaffolds

only). (E) TE content (LINE and LTR retrotransposons, DNA transposons, and rolling-circle transposons) of lncRNA exons, CDS, and whole genome (XL, XR, 2,

3, and 4 scaffolds only). (F) Percent of lncRNA loci and CDS with detectable TE content. (G) Expression values for lncRNA and protein-coding loci in each of 12

samples in log2(meanTPM). All loci with TPM >0 are included, and all comparisons between classes are significant (Mann–Whitney, P<2.2e�16).
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(fig. 2E). Altogether, TEs are found in 14.4% of lncRNA loci

and 9.1% of all CDS (fig. 2F).

Expression levels observed at lncRNA loci are significantly

lower than at protein-coding loci in each of the 12 samples

surveyed via RNA-Seq (Mann–Whitney, P< 2.2e�16, fig. 2G).

Expression Dynamics of lncRNAs

The expression dynamics of lncRNAs were analyzed in a sex-

specific manner throughout development in whole-body flies

and in dissected adult gonads. Developmental time points

were chosen around major developmental and sexual mile-

stones: a single time point before extensive proliferation of

gonadal precursors with presumably little differences between

the sexes (1st-instar larvae); a time point where gonadal pro-

liferation has occurred and spermatogenesis is underway (3rd-

instar larvae); a time point in the midst of metamorphosis

(pupae); and a time point at sexual maturity (adults) (King

1970; Bate and Martinez Arias 1993; Hartenstein 1993). In

these expression analyses, we included 925 lncRNA loci

(58.2%) and 7,649 protein-coding loci (73.4%) with a mini-

mum mean expression value of 0.3 fragment counts per mil-

lion mapped fragments (cpm) across three biological replicates

in any of the 12 development or tissue samples.

lncRNA Expression throughout Development

The numbers of expressed lncRNAs increase in both sexes as

development proceeds from the 1st-instar larval (115 in male,

110 in female) through 3rd-instar larval stage (242 in male,

177 in female) and into the mid-pupal stage (452 in male, 279

in female), though increasingly higher numbers are seen as

male development proceeds (fig. 3). The highest number of

expressed lncRNAs is observed in the adult males (481), but

the number of expressed lncRNAs drops drastically in adult

females (140). These overall trends are mirrored in the pro-

tein-coding loci, though the magnitude of these changes

throughout development appears to be lower. As seen in D.

melanogaster, few (42/925, 4.5%) lncRNA loci are expressed

at all developmental stages, particularly when compared with

the numbers of broadly expressed protein-coding loci (4,587/

7,649, 60.0%) (Brown et al. 2014). On the whole, lncRNAs

are expressed in far fewer developmental samples than pro-

tein-coding loci (lncRNA mean = 2.70, protein mean = 6.34,

Mann–Whitney test, P< 2.2e�16).

Total expression of lncRNAs is more variable than protein-

coding expression throughout D. melanogaster development,

with peak expression in adult males and minimum expression

in the pupae (Graveley et al. 2011; Young et al. 2012). To

facilitate a more rigorous statistical analysis of lncRNA expres-

sion through D. pseudoobscura development, we performed

fuzzy c-means cluster analysis of developmental expression

profiles for all lncRNA and protein-coding loci (Kumar and

Futschik 2007). 729 of the 925 expressed lncRNA loci

(78.8%) and 5,716 of the 7,649 expressed protein-coding

loci (74.7%) clustered into 16 clusters that are nonoverlapping

when only genes with membership values >0.5 are consid-

ered (fig. 4). Clusters are clearly defined by developmental

stage and sex. Three clusters with increasing male-specific

expression (clusters 2, 6, and 14) contain the highest numbers

of lncRNA loci. The numbers of lncRNA loci are significantly

overrepresented as compared with protein-coding loci in two

of these (clusters 2 and 14, Fisher’s exact test, Benjamini–

Hochberg adjusted P<0.05). lncRNAs are also significantly

overrepresented in a cluster (cluster 4) with nonsex-biased in-

creases in expression in pupal stages (Fisher’s exact test,

Benjamini–Hochberg adjusted P = 1.49e�6). lncRNAs are sig-

nificantly underrepresented in a number of clusters (Fisher’s

exact test, Benjamini–Hochberg adjusted P< 0.05), particu-

larly those that show female-specific expression (clusters 1,

9, and 10) and expression in both 1st-instar larval stages (clus-

ters 1, 3, 11, and 16). Numbers of lncRNA and protein-coding

genes for all clusters are listed in supplementary table S8,

Supplementary Material online.

Top Biological Process Gene Ontology (GO) matches were

determined for each cluster (Tabas-Madrid et al. 2012). Top

GO hits for the three clusters with an overrepresentation of

lncRNAs are: spermatogenesis and sensory-perception of

smell (cluster 2), homophilic cell adhesion (cluster 4), and mi-

crotubule-based movement (cluster 14) (supplementary table

S9, Supplementary Material online). Top GO hits for the nine

clusters with an underrepresentation of lncRNAs are listed in

supplementary table S10, Supplementary Material online.

lncRNA Expression in Gonads

lncRNA and protein-coding locus expression follows a similar

pattern in the gonadal and carcass tissues, with parallels in

direction of change but differences in magnitude (fig. 3). As

also seen in D. melanogaster, the highest number of expressed

lncRNAs is seen in the testes (525) and the lowest seen in the

ovaries (77) (Brown et al. 2014). The carcass samples show

intermediate levels of lncRNA expression, with 272 expressed

in the male carcass and 172 expressed in the female carcass.

Carcass samples for both lncRNAs and protein-coding loci

show very similar expression profiles, suggesting that major

differences in sex-specific gene expression in the adults are

due to expression in the gonads. lncRNAs are significantly

overrepresented in the testes and underrepresented in the

ovaries as compared to protein-coding gene representation

(Fisher’s exact test, P< 0.05). In general, lncRNAs are ex-

pressed in significantly fewer of the four tissue types than

protein-coding loci (lncRNA mean = 1.39, protein

mean = 3.04, Mann–Whitney test, P< 2.2e�16).

Sex-Biased Expression of D. pseudoobscura lncRNAs

Sex-specific expression data are limited in D. melanogaster,

with sex-specific RNA-Seq data available only for adult

stages in the modENCODE datasets (Graveley et al. 2011).
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In D. melanogaster adults, lncRNA expression is higher in

males than females (Young et al. 2012). Developmental clus-

tering in D. pseudoobscura strongly suggests that a large

number of loci, both lncRNA and protein-coding, show sex-

biased expression in earlier developmental stages as well. To

tease apart whether lncRNAs and protein-coding loci show

the same patterns of sex-bias, we analyzed differential expres-

sion using the limma-voom package (adj. P< 0.01) for each

developmental stage and the carcass and gonad tissues (Law

et al. 2014).

We found few sex-biased genes of either class in the 1st-

instar larvae, and progressive increases in the numbers of sex-

FIG. 3.—Heatmaps of lncRNA and protein-coding locus expression through development and in adult tissues. log2(cpm) values were used to generate

heatmaps for the 925 lncRNA loci and 7,649 protein-coding loci included in expression analyses. Each row represents an individual locus, and row clustering

was performed using Pearson’s correlation. The numbers of expressed loci (mean cpm> 0.3) for each sample are located above (lncRNA) or below (protein-

coding) each sample column.
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biased genes thereafter (fig. 5A, supplementary table S11,

Supplementary Material online). While the total proportions

of sex-biased lncRNA and protein-coding loci remain compa-

rable in every developmental stage, with roughly 80%

of genes showing sex-biased expression in adults, the expres-

sion bias in lncRNAs is significantly skewed toward males in

the 3rd-instar larval, pupal, and adult stages (Fisher’s exact

test, P<0.05). Male expression bias in lncRNAs is more fre-

quent as development proceeds; female expression bias in

lncRNAs remains relatively low throughout development,

with a maximum 10.1% of all lncRNAs showing female

expression bias in the pupal stage while over 30% of pro-

tein-coding genes are female-biased in the pupal and adult

stages.

FIG. 4.—Soft clustering of expression profiles through development. Soft clustering of developmental expression profiles for the combined set of lncRNA

and protein-coding loci. The y-axis of each chart represents relative expression changes, with the mean expression value for each locus centered on 0. The

color of an individual locus’ expression profile indicates its membership value in the cluster. Up and down arrows next to the cluster name indicate whether

lncRNAs are significantly overrepresented or underrepresented, respectively, in the cluster (Fisher’s exact test with Benjamini-Hochberg correction for multiple

comparisons, P< 0.05).
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Patterns of sex-bias in the dissected gonads and carcasses

suggest a basis for the developmental sex-bias patterns

(fig. 5B). Female-biased lncRNAs are rare in the carcasses, as

are both male and female-biased protein-coding genes (all

<7.2%). On the other hand, 32.6% of expressed lncRNAs

show male-biased expression in the carcasses. Patterns of

sex-bias in the gonads mirror the patterns seen in the

whole-body adults. Gonad sex-bias is high for both lncRNAs

and proteins, with a significant skew towards male-biased

expression for the lncRNAs. lncRNA and protein-coding pro-

portions of sex-biased genes are significantly different (Fisher’s

exact test, P<0.05).

When we integrate data from all six different sample types,

both whole-body developmental stages and dissected adult

tissues, we find 583 lncRNA loci that show male-biased

expression in at least one sample but no female-biased expres-

sion in any sample (i.e., “male-biased”, fig. 5C, supplemen-

tary table S11, Supplementary Material online). 75 lncRNA loci

show female-biased expression in at least one sample but no

male-biased expression in any sample (i.e., “female-biased”,

fig. 5C). 248 lncRNAs have no sex-biased expression in any

sample (i.e., “unbiased lncRNAs”, fig. 5C). 19 lncRNA loci

show evidence of both male and female expression bias in

different samples (i.e., “dynamic-bias lncRNAs”, fig. 5C).

Using the same criteria for protein-coding genes across all

samples, we identify 2,927 male-biased genes, 2,563

female-biased genes, 830 unbiased genes, and 1,329 dy-

namic-bias genes (fig. 5C). The cumulative proportions of

sex-biased loci in lncRNAs and protein-coding genes are sig-

nificantly different (Fisher’s exact test, P< 0.05). The majority

of the dynamic-bias genes, in both lncRNAs (78.9%) and pro-

tein-coding genes (77.1%), exhibit switches in sex-bias as de-

velopment proceeds, with a switch from female-to-male bias

more common than a male-to-female switch for both classes

of genes.

Genomic Localization of Sex-Biased lncRNAs

Nonrandom distributions of sex-biased genes among

chromosomes, particularly the demasculinization of the X

A

C

B

FIG. 5.—Sex-biased expression of lncRNAs. Fractions of loci that show significant sex-biased expression (adj. P< 0.01) in (A) whole-body developmental

samples and (B) adult gonadal tissue samples. Numbers above the columns indicate the total number of expressed loci at that stage (mean cpm>0.3). *

indicates a significant difference between proportions of sex-biased genes via Fisher’s exact test (P< 0.05). (C) Overall proportions of sex-biased genes

integrated across all samples.
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chromosome, have been observed in Drosophila for both pro-

tein-coding genes and intergenic noncoding RNAs (Parisi et al.

2003; Sturgill et al. 2007; Vibranovski et al. 2009; Bachtrog

et al. 2010; Meisel et al. 2012; Gao et al. 2014). These pat-

terns have been explained using evolutionary models that

invoke selection to, for example, localize male-beneficial

genes off of a precociously silenced X during meiosis in

testes or localize female-beneficial genes on the relatively

more-abundant X in females (Rice 1984; Charlesworth et al.

1987; Vibranovski et al. 2009; Bachtrog et al. 2010). Here, we

explore the effects of sex-biased expression on D. pseudoobs-

cura lncRNA chromosomal localization using an Odds Ratio

(OR) of the genomic distributions of unbiased and sex-biased

genes and significance determined using the Fisher’s exact

test (P< 0.05).

Male-biased lncRNAs and male-biased protein-coding

genes, as determined from the integrated sex-bias analyses

(fig. 5C), are both significantly underrepresented on the X

chromosome (OR = 0.71 for both, fig. 6A, supplementary

table S12, Supplementary Material online). Female-biased

lncRNAs display the opposite trend: significant enrichment

on the X chromosome (OR = 2.15, P< 0.001). In contrast,

there is no evidence of significant female-biased protein-

coding gene enrichment on the X (OR = 1.10, P = 0.2415).

We further divided our male-biased genes into two sets:

testis-specific genes and non-testis-specific genes. Male-

biased genes that are not testis-specific are significantly un-

derrepresented on the X chromosome, both for lncRNA

(OR = 0.63, P = 0.04042) and protein-coding loci (OR = 0.60,

P = 7.6e�9) (fig. 6B). On the other hand, testis-specific

lncRNAs (OR = 0.74, P = 0.0887) and protein-coding genes

(OR = 0.91, P = 0.3502) show statistically random distributions

between the X and autosomes (fig. 6B). To see whether these

random distributions can be explained by gene age, we per-

formed BLASTn of male-biased genes as categorized in fig. 6B

against genomes of four increasingly divergent species of

Drosophila: D. miranda, D. lowei, D. affinis, and D. melano-

gaster. Testis-specific protein-coding genes have noticeably

lower rates of BLASTn hits in the D. affinis (84.0%) and D.

melanogaster (27.7%) genomes than male-biased but

nontestis-specific protein-coding genes (98.4% and 68.4%,

respectively), but this trend is not observed with lncRNAs

(fig. 6C). Rates of BLASTn hits for testis-specific and non-tes-

tis-specific male biased lncRNAs are roughly equal for both the

D. affinis (84.7% vs. 86.7%) and D. melanogaster (50.5% vs.

48.7%) genomes. One thousand BLASTn permutations of

randomly-selected intergenic sequences, controlled for

lncRNA length, against the D. melanogaster genome suggest

that conservation levels of D. pseudoosbcura testis-specific

lncRNA sequences and random intergenic sequences are

equivalent (median = 51.7%, P = 0.327). The corresponding

permutation analysis using random intergenic sequences ad-

justed for protein-coding lengths suggests that testis-specific

protein-coding genes are significantly less conserved than

random intergenic sequences (median = 61.4%, P< 0.001).

To address the possibility that the observed genomic distri-

butions of lncRNAs could be the indirect result of spurious

transcriptional events arising from the regulation of neighbor-

ing protein-coding genes, we estimated correlations between

developmental expression profiles of lncRNA loci and their

nearest protein-coding neighbor (fig. 6D). These correlations

were then compared with correlations of lncRNAs and

random protein-coding loci as well as correlations of pro-

tein-coding loci within the same sex-bias class and their near-

est neighbors. Correlations between lncRNAs and their

nearest neighbors were significantly higher than those for

randomly associated genes in all classes (Mann–Whitney,

P<6.453e�4), though the testis-specific lncRNAs had the

highest median correlation and lowest P-value by at least

nine orders of magnitude (P<2.2e�16). However, correla-

tions between protein-coding genes and their nearest neigh-

bors were also significantly higher for all classes. While median

correlations for female-biased and both classes of male-biased

lncRNAs were higher than their protein-coding counterparts,

none were significantly different (fig. 6D). These results are

consistent with general coexpression patterns observed

among neighboring protein-coding genes (Ghanbarian and

Hurst 2015) and in lncRNAs from humans and D. melanoga-

ster (Derrien et al. 2012; Young et al. 2012), although here we

have also looked at sex-biased transcription.

Homology of Drosophila lncRNAs

With annotated sets of lncRNAs in both D. pseudoobscura

described here and D. melanogaster available through

FlyBase, we set out to identify potentially homologous

lncRNAs (St Pierre et al. 2014). Using a best-hit reciprocal

BLASTn approach, we identified 80 putative lncRNA homo-

logs (fig. 7A). We further identified evidence of homology in

114 lncRNA loci by looking for coordinate overlap in a whole

genome alignment between the two species (fig. 7A). Sixty

putative homologs were identified using both methods; taken

together, we found 134 putative lncRNA homologs between

D. pseudoobscura and D. melanogaster (supplementary table

S13, Supplementary Material online).

With developmental poly(A+) RNA-Seq now available in

both D. pseudoobscura and D. melanogaster, we looked for

correlations between developmental expression profiles.

Because the D. melanogaster RNA-Seq data are not sex-spe-

cific before the adult stage, we pooled our male and female

data together for the 1st-instar larval, 3rd-instar larval, and

pupal stages. We included these three stages and whole-

body adult males and females in our analyses. Sixty-five of

the 134 putative lncRNA homologs have expression levels

above the 0.3 cpm threshold in both species. Of these, 21

(32.3%) have Pearson’s correlation coefficients above 0.9, in-

dicating strong correlation. Thirty-six (55.4%) and 43 (66.2%)
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A

C

D

B

FIG. 6.—Sex-biased expression and genomic localization. Odds Ratios (ORs) between genomic distributions of unbiased and sex-biased genes shown for

(A) all male-biased and female-biased lncRNA and protein-coding loci (Fisher’s exact test, ***P< 0.001, *P< 0.05) and (B) male-biased genes subdivided by

tissue specificity in adults. OR above 1.0 indicates relative enrichment on the X chromosome, and OR below 1.0 indicates relative depletion on the X

chromosome. P-values from Fisher’s exact test are indicated above or below each column in (B). (C) BLASTn hit rates of testis-specific and all male-biased non-

testis-specific genes (lncRNAs and protein-coding genes) against four increasingly divergent Drosophila genomes: D. miranda, D. lowei, D. affinis, and D.

melanogaster. Black bars in each column for D. affinis and D. melanogaster indicate the median BLASTn hit rate from 1,000 permutations of random

intergenic sequence with the same length distributions as the queried sequence. Significance of the observed BLASTn hit rate as compared with these 1,000

permutations is noted (***P� 0.001; *P< 0.01). (D) Distributions of Pearson’s correlations between developmental expression profiles (eight samples) for:

(1) lncRNA loci and random protein-coding loci (1,000 permutations), (2) lncRNA loci and nearest protein-coding neighbor, and (3) protein-coding loci and

their nearest protein-coding neighbor. Correlations were determined for unbiased, female-biased, male-biased but nontestis-specific, and testis-specific gene

sets. (***P< 2.2e�16; **P< 6.453e�4).
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have correlation coefficients >0.7 and 0.5, respectively

(fig. 7B). Seventy of the 134 putative lncRNA homologs

have expression levels above the 0.3 cpm threshold in the

adult tissue samples of D. pseudoobscura. Of these, 34

(48.6%) have testis-specific expression in D. pseudoobscura,

which is less than the 56.9% (427/750) of all lncRNAs that

have testis-specific expression in D. pseudoobscura, albeit not

significantly so (Fisher’s exact test, P = 0.2078). Sixty-three pu-

tative lncRNA homologs are included in the developmental

expression profile clusters (fig. 4). Of these, 54.0% (34/63)

are present in clusters with male-bias (clusters 2, 6 and 14).

This is less than the 62.3% (454/729) of all lncRNAs that are

included in the cluster analysis, though again, not significantly

so (Fisher’s exact test, P = 0.5147).

To compare developmental expression profiles of putative

lncRNA homologues with those of protein coding orthologs,

we also determined correlation coefficients for 7,845

orthologous protein-coding genes and a control set of

lncRNA loci coupled at random. Of the protein-coding ortho-

logs, 2,048 are not expressed above our threshold. Expression

correlations for protein-coding orthologs are only moderately

higher than those for lncRNAs, though not significantly so

(Mann–Whitney, P = 0.4385, fig. 7C), with 1,940 (33.5%)

with r> 0.9, 3,422 (59.0%) with r>0.7, and 4,157

(71.7%) with r>0.5. The distribution of expression correla-

tions for the putative lncRNA homologs is significantly higher

than the control of randomly paired lncRNA loci (1,000 per-

mutations, P< 0.001, fig. 7C). These high correlations among

putative lncRNA homologs are locus-specific, as expression

correlations between the D. pseudoobscura lncRNA homologs

and the nearest neighbors of their corresponding D. melano-

gaster lncRNA homologs are significantly lower (Mann–

Whitney, P = 0.008063 for the nearest single neighbor,

P = 5.034e�06 for the nearest five neighbors, fig. 7C).

A

C

B

FIG. 7.—Identification of putative lncRNA homologs between D. pseudoobscura and D. melanogaster. (A) Numbers of putative lncRNA homologs

identified between D. pseudoobscura and D. melanogaster using a best-hit reciprocal BLAST approach and a genome coordinate overlap approach. (B)

Developmental expression profiles of three pairs of putative lncRNA homologs with high Pearson’s correlation coefficients. (C) Distributions of Pearson’s

correlation coefficients among a set of randomly paired lncRNA loci between D. pseudobscura and D. melanogaster, 65 D. pseudoobscura lncRNA homologs

and the nearest single and five neighboring protein-coding genes to their corresponding D. melanogaster homologs, 65 putative lncRNA homologs, and

5,797 protein-coding orthologs. Distributions between putative lncRNA loci and randomly-paired lncRNA loci over 1,000 permutations are significantly

different (*P<0.01, ***P<0.001).

Nyberg and Machado GBE

1852 Genome Biol. Evol. 8(6):1839–1858. doi:10.1093/gbe/evw116 Advance Access publication May 18, 2016

Deleted Text: greater than 
Deleted Text: orthologues
Deleted Text: ou
Deleted Text: -
Deleted Text: -
Deleted Text: -


Discussion

Identification of lncRNAs from RNA-Seq Data

Using RNA-Seq from multiple developmental stages and adult

tissue samples, we computationally identified and character-

ized intergenic lncRNAs in a second species of Drosophila: the

important evolutionary model D. pseudoobscura. Since anno-

tation of the D. pseudoobscura genome has lagged behind

D. melanogaster, with only three annotated lncRNAs in

FlyBase r2.29, we screened all novel intergenic transcripts

that map to the major chromosome scaffolds for evidence

of protein-coding ability using three different approaches:

(1) local alignments to existing protein databases, (2) con-

served ORF identification using RNAcode, and (3) identifica-

tion of noncoding sequence features using CPAT (Desiere

et al. 2006; Camacho et al. 2009; Jiang et al. 2011;

Washietl et al. 2011; Wang et al. 2013). We wanted to use

a stringent approach to identify a high-confidence set of

lncRNAs, so protein-coding signal from even a single

method eliminated a transcript from contention as a putative

lncRNA. After filtering and inclusion of previously annotated

lncRNAs, we identified a set of 1,771 intergenic lncRNA tran-

scripts at 1,589 loci in D. pseudoobscura (fig. 1A).

Of the 2,645 novel intergenic loci that we screened, pro-

tein-coding ability was evident in 1,059. Most of these loci

were identified using only a single approach (fig. 1B). This is

not surprising, as each approach has its own particular

strengths and weaknesses. We identified 308 protein-coding

loci (154 uniquely) through protein databases that contain

predominantly long and conserved peptides (Camacho et al.

2009). CPAT and RNAcode, however, can identify proteins

with no previous annotation (Washietl et al. 2011; Wang

et al. 2013). CPAT does not require sequence from other

taxa but does require protein-coding and noncoding training

sets and assumes complete transcript models. Our transcript

models were generated using RNA-Seq without any targeted

capture of the 50 and 30 ends of the locus; thus, low coverage

locus models are likely to be incomplete. Even so, CPAT offers

perhaps the best means to identify lineage-specific protein-

coding transcripts, and we identified 233 protein-coding loci

(76 uniquely) using CPAT.

We identified 777 protein-coding loci (621 uniquely) using

RNAcode, by far the largest number of any approach.

RNAcode analyzes variation across taxa for signals consistent

with ORF conservation but has no direct dependency on

length; thus, RNAcode can uniquely identify short peptides

of only a few amino acids like tarsal-less but does require a

high quality multiple sequence alignment (Washietl et al.

2011). The calculated specificities for RNAcode using the an-

notated short noncoding RNA loci are high using both the

UCSC alignment (0.953) and the Pseudobase alignment

(0.976), so we are skeptical that the unique performance of

RNAcode is due to a substantially elevated false positive rate.

We speculate that these loci are unannotated, avoiding

detection from existing protein databases, and may also

code for short peptides or have incomplete transcript

models, avoiding detection via CPAT. Like lncRNAs, the

number of short peptides in the proteome is proving to be

larger than previously thought, and short peptide-producing

loci have been misidentified as noncoding multiple times

(Kondo et al. 2007; Hanyu-Nakamura et al. 2008; Andrews

and Rothnagel 2014). As ORF-conservation identification pro-

grams like RNAcode and PhyloCSF can reliably identify short

ORFs, we recommend including these tools whenever possible

in lncRNA identification efforts (Lin et al. 2011; Washietl et al.

2011).

Recent updates to the D. pseudoobscura genome annota-

tions (FlyBase r3.03) include more extensive lncRNA annota-

tions generated using the NCBI Gnomon pipeline (Souvorov

et al. 2010; St Pierre et al. 2014). While there is some overlap

between Gnomon-identified lncRNAs and lncRNAs identified

here, we also find evidence of protein-coding ability in almost

200 Gnomon-annotated lncRNA loci. The Gnomon pipeline is

likely not as good at identifying short, conserved coding re-

gions as RNAcode, and whether these loci are truly noncoding

remains unclear.

Universal and Unique Features of D. pseudoobscura
lncRNAs

Large sets of lncRNAs have now been described in a number

of eukaryotic species (Ulitsky and Bartel 2013; Kapusta and

Feschotte 2014). The D. pseudoobscura lncRNAs that we de-

scribe here display a number of features that are typical of

lncRNAs in other systems (fig. 2). While longer than “classic”

noncoding RNAs, the D. pseudoobscura lncRNAs, on the

whole, are shorter than protein-coding transcripts (Derrien

et al. 2012; Pauli et al. 2012; Young et al. 2012; Li et al.

2014). They tend to have fewer exons, and alternative splicing

is rare (Derrien et al. 2012; Pauli et al. 2012; Young et al.

2012; Li et al. 2014). lncRNA exonic sequence has lower GC

content and contains higher proportions of simple sequence

repeats and low-complexity sequence (Niazi and Valadkhan

2012). lncRNAs tend to be expressed at lower levels than

protein-coding genes (Derrien et al. 2012; Pauli et al. 2012;

Young et al. 2012; Necsulea et al. 2014). There is still little

consensus on how, or even if, the majority of lncRNAs func-

tion. Interestingly, the common features of lncRNAs across

diverse taxa suggest that there are distinct forces that drive

lncRNA evolution, even if they are primarily derived from the

lack of amino acid coding constraint.

That said, most lncRNA studies have been performed in

vertebrates, and generalized lncRNA properties observed in

vertebrates may not hold for all eukaryotes. For example, TE

sequences are found in most lncRNAs in several vertebrate

species with high genomic TE content, and TEs are hypothe-

sized to be major drivers of lncRNA evolution and function

(Kapusta et al. 2013; Johnson and Guigo 2014). Even though
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TEs are detectable at slightly higher levels in lncRNA sequence

than coding sequence, we still find relatively minimal TE con-

tributions to lncRNA sequence in the low-TE content D. pseu-

doobscura genome (fig. 2E and F). We do point out that 2,616

(49.7%) of novel intergenic transcripts map to the TE-rich

“Unknown” genomic contigs and are not considered in this

study, leaving open the possibility that the true number of

TE-associated lncRNAs in D. pseudoobscura is higher than

presented here. Further exploration of TE contributions to

lncRNAs in other low-TE genomes will reveal whether TEs

are fundamental to eukaryotic lncRNA biology.

Expression Dynamics of lncRNAs

The overall expression properties of D. pseudoobscura

lncRNAs are not identical to those observed for protein-

coding genes. D. pseudoobscura lncRNAs tend to be more

narrowly expressed than protein-coding genes (mean 2.70

developmental stages vs. 6.34), with few expressed in all

eight developmental stages in both sexes. Both gene classes

show similar developmental trends, with the lowest numbers

expressed in the 1st-instar larvae and adult females and the

highest numbers expressed in adult males (fig. 3). That said, a

larger proportion of lncRNAs display developmental variability,

with the number of expressed lncRNAs in males quadrupling

over developmental time. Only a minority of lncRNAs are ex-

pressed in any female stage, while a majority of protein-

coding genes are expressed. This, along with the significant

over- or underrepresentation of lncRNAs in specific develop-

mental clusters, suggests that lncRNAs may be deployed to

varying degrees in different biological processes (fig. 4).

Associated GO annotations may provide useful hypotheses

for further functional investigations. Interestingly, while most

functionally characterized lncRNAs in D. melanogaster have

neural functions, nervous system-related GO terms are asso-

ciated with multiple clusters with lncRNA underrepresentation

(Li and Liu 2014)

Previous studies in Drosophila show extensive sex-biased

gene expression for protein-coding genes, and changes in

sex-bias during development largely follow the differentiation

and proliferation of the gonads (Parisi et al. 2004; Jiang and

Machado 2009; Abdilleh 2014). Similarly, the sex-specific de-

velopmental trends of lncRNAs can largely be explained by

sex-biased expression in the gonads, both of which undergo

proliferation by the 3rd-instar larval stage (fig. 5A and B) (King

1970; Bate and Martinez Arias 1993; Hartenstein 1993; Parisi

et al. 2004). Tissue heterogeneity in adult females, with large

mature ovaries containing abundant RNA transcribed from

comparatively small numbers of loci, likely underlies the seem-

ing reduction in the number of expressed genes in adult fe-

males. Thus, the severe decline in the number of expressed

lncRNAs in adult females is a reflection of the general reduc-

tion in the number of genes expressed in the ovaries. The

opposite trend is seen in males, where the small but

transcriptionally active testes contribute much less to the

total RNA output of the whole body. Spermatogenesis is un-

derstood to be underway by the late 3rd-instar stage, with the

transcript-rich primary spermatocytes already present, and the

consistent increase of lncRNA expression through develop-

ment can largely be attributed to the development of the

testes (Bate and Martinez Arias 1993; Hartenstein 1993).

The observed increases in tissue- or developmental stage-

specificity of D. melanogaster lncRNAs versus protein-coding

genes are mirrored in D. pseudoobscura (Young et al. 2012;

Brown et al. 2014). The D. melanogaster modENCODE data

only had sex-specific samples in adults, but the trend of overall

increased lncRNA expression in adult males is consistent in

both species (Graveley et al. 2011; Young et al. 2012). The

observation that D. pseudoobscura lncRNAs are overrepre-

sented in a non-sex-biased pupae-enriched cluster, however,

is not seen in the previously published D. melanogaster data

(Young et al. 2012). In fact, the pupal stages show the lowest

lncRNA expression levels of the four major life cycle stages in

D. melanogaster (Young et al. 2012). Key differences in meth-

ods of lncRNA identification and expression analyses might

explain this difference, but studies in vertebrates have also

shown evidence of high volatility in lncRNA expression evolu-

tion (Necsulea et al. 2014).

Sex-Biased lncRNAs Are Unevenly Distributed in the
Genome

By integrating sex-bias data from all developmental stages and

adult tissues, we were able to assign each gene an overall sex-

bias classification (fig. 5C). Not surprisingly, a higher propor-

tion of lncRNA loci (63.0%) were designated as male-biased

as compared with protein-coding genes (38.3%), and a lower

proportion of lncRNA loci (8.1% vs. 33.5%) were designated

as female-biased. Previous studies in Drosophila and other

species have shown that sex-biased genes are often unequally

distributed between the sex chromosome and the autosomes

(Parisi et al. 2003; Khil et al. 2004; Sturgill et al. 2007;

Vibranovski et al. 2009; Bachtrog et al. 2010; Meisel et al.

2012; Gao et al. 2014). In Drosophila, both male-biased pro-

tein-coding genes and intergenic noncoding RNAs (though

not specifically long intergenic ncRNAs) have been shown to

be underrepresented on the X chromosome.

Different selection-based models have been posited to ex-

plain these observations. Under the meiotic sex chromosome

inactivation model, a precociously silenced X chromosome

during meiosis favors the buildup of advantageous testes-ex-

pressed alleles on the autosomes (Vibranovski et al. 2009).

Under the dosage compensation model, the male X is hyper-

transcribed in order to maintain equal dosage levels between

the X and autosomes in both males and females. Because of

its hypertranscribed state, there is little room for modulation or

further upregulation of X-linked male-biased genes, and se-

lection favors the movement of beneficial alleles to the

Nyberg and Machado GBE

1854 Genome Biol. Evol. 8(6):1839–1858. doi:10.1093/gbe/evw116 Advance Access publication May 18, 2016

Deleted Text: d
Deleted Text: ersus 
Deleted Text: -
Deleted Text: <xref ref-type=
Deleted Text: <xref ref-type=
Deleted Text: Brown, et&nbsp;al. 2014; Young, et&nbsp;al. 2012
Deleted Text: b
Deleted Text: a
Deleted Text: u
Deleted Text: d
Deleted Text: g
Deleted Text: to 
Deleted Text: Bachtrog, et&nbsp;al. 2010; Gao, et&nbsp;al. 2014; Khil, et&nbsp;al. 2004; Meisel, et&nbsp;al. 2012; Parisi, et&nbsp;al. 2003; Sturgill, et&nbsp;al. 2007; Vibranovski, et&nbsp;al. 2009
Deleted Text: (MSCI) 


autosomes (Bachtrog et al. 2010). Neither of these models,

however, adequately addresses unequal distributions of

female-biased genes. With two copies of the X in

Drosophila females and just one copy in males, the X

spends relatively more time in females, encouraging the accu-

mulation of advantageous dominant female-biased alleles on

the X (Rice 1984; Charlesworth et al. 1987). Likewise, the

reduced time that the X spends in males favors the accumu-

lation of advantageous male-biased alleles on the autosomes.

In D. pseudoobscura, we observe a significant depletion of

male-biased lncRNA loci on the X, consistent with patterns

seen for protein-coding loci, and a significant enrichment of

female-biased lncRNAs in the X chromosome that is not seen

for protein-coding loci (fig. 6A). These patterns are consistent

with all three previously proposed selection-based models and

may be interpreted as indirect evidence of functional signifi-

cance of lncRNAs as a whole, though we lack sufficient power

in this dataset to offer further support in favor of a particular

model. Because this evidence is based purely on expression

data, this evidence cannot be confounded by unannotated

sequence features and neatly complements previous studies

that show evidence of selection on lncRNA exonic sequence in

D. melanogaster (Young et al. 2012; Haerty and Ponting

2013). While correlations between expression profiles of

lncRNAs and their nearest protein-coding loci are higher

than would be expected by chance, similarly high correlations

between neighboring protein-coding loci impede our ability to

distinguish between spurious transcription and active regula-

tion of lncRNAs (fig. 6D).

Several studies of D. melanogaster have shown that,

in contrast to patterns observed for male-biased genes in

general, testis-specific genes are not significantly depleted

from the X (Meiklejohn and Presgraves 2012; Meisel et al.

2012; Gao et al. 2014). This observation has been rational-

ized as a consequence of gene age, with an excess of

young genes in the testes that have not existed long

enough for selection to act upon (Gao et al. 2014).

Consistent with those observations, we find that neither

testis-specific lncRNAs nor protein-coding genes are signifi-

cantly underrepresented on the X in D. pseudoobscura,

while male-biased and non-testis-specific genes of both clas-

ses are (fig. 6B).

Gao et al. (2014) showed that young testis-specific protein-

coding genes are more likely to be X-linked in D. melanogaster

than older testis-specific coding genes, and this could reason-

ably explain the lack of X-chromosome demasculinization in

D. pseudoobscura testis-specific lncRNAs and protein-coding

genes. The testes provide an ideal environment for the origi-

nation of new genes, with an open chromatin environment

that permits broad transcription of the genome and selective

pressures like sexual conflict, sperm competition, and germline

pathogens that can result in the rapid evolution of new genes

(Kaessmann et al. 2009; Kaessmann 2010). Indeed, many

newly-evolved genes are expressed in the testes (Reinhardt

et al. 2013; Zhao et al. 2014). Using simple BLASTn searches,

we show that D. pseudoobscura testis-specific protein-coding

gene sequences are far less likely to be present in more diver-

gent Drosophila genomes than male-biased but non-testis-

specific coding sequences and even random intergenic se-

quences, suggesting that testis-specific protein-coding genes

indeed tend to be younger (Gao et al. 2014). However, testis-

specific lncRNA sequences have similar BLASTn hit rates as

male-biased non-testis-specific lncRNA sequences in D. affinis

and D. melanogaster, both of which are similar to BLASTn hit

rates for random intergenic sequence (fig. 6C). We posit two

potential explanations: (1) as opposed to protein-coding

genes, many of which contain de novo sequence, new

lncRNA transcription tends to originate from existing genomic

sequence; or (2) testis-specific lncRNAs are not more likely to

be new genes at all, and the absence of their underrepresen-

tation on the X chromosome cannot be explained by invoking

a lack of time for selection to act.

In the absence of compelling evidence of selection, we

cannot reject the hypothesis that many of these testis-specific

lncRNAs, which comprise a near-majority (45.8%) of all de-

tected lncRNAs in D. pseudoobscura, are not under selection

and are likely to be spurious or “junk” transcription.

Interestingly, of all gene classes, the highest correlations in

expression are seen between testis-specific lncRNAs and

their nearest protein-coding neighbors (fig. 6D). Whether

this is a consequence of spurious transcription due to shared

chromatin environment or evidence of active and elevated cis

regulation of or by lncRNAs remains unclear.

Putative lncRNA Homolog Show Conservation of
Developmental Expression Profiles

Our comparative transcriptomic analyses have revealed the

first large set of putative lncRNA homologs within the

Drosophila genus, with 134 putative lncRNA homologs iden-

tified between D. melanogaster and D. pseudoobscura. Eighty

of these putative homologs were identified directly through

local alignment of transcript sequences. However, lncRNA se-

quence is often poorly conserved over large areas of a tran-

script with only short domains of conservation (Brockdorff

et al. 1992; He et al. 2011; Ulitsky et al. 2011; Diederichs

2014; Chen et al. 2016). By searching for coordinate overlap

via a whole genome alignment, a method less reliant on pri-

mary sequence conservation, we were able to identify an ad-

ditional 54 putative homologs.

Sufficient developmental RNA-Seq data in both species

enable comparison of expression dynamics of putative homo-

logs. Levels of expression correlation for putative lncRNA ho-

mologs mirror those found for protein-coding orthologs and

are significantly higher than randomly-associated lncRNAs

from both species (fig. 7C). Further, expression correlations

are locus-specific; expression profiles of the D. pseudoobscura

lncRNAs show little correlation with genes neighboring their
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putative D. melanogaster homologs. Thus, the high correla-

tions between putative lncRNA homologs cannot be explained

as a consequence of a shared open chromatin environment

(Struhl 2007; Ulitsky and Bartel 2013). While we cannot ex-

clude that some of these putative homologs are actually inde-

pendently evolved transcriptional events, we consider this

strong evidence in support of homology of these lncRNAs.

Potentially incomplete lncRNA gene models in

D. pseudoobscura, largely due to a lack of transcript end se-

quencing (e.g., 50 CAGE, RNA-PET), complicate further com-

parisons of transcript start and stop sites and promoter

characteristics between the two species that would also fur-

ther support homolog classifications.

The statistically random distributions of testis-specific

lncRNAs between the X and the autosomes led us to argue

that they are more likely to be the result of spurious transcrip-

tion than female-biased or more broadly-expressed male-

biased lncRNAs. If this is the case, we expect to see a lower

fraction of testis-specific lncRNAs in the set of putative lncRNA

homologs than in the larger set of all lncRNAs in D. pseu-

doobscura. We observe this trend; 56.9% of all lncRNAs in

D. pseudoobscura are testis-specific, while only 48.6% of pu-

tative homologs are the same. Similarly, 62.3% of all lncRNAs

that are included in the fuzzy c-means cluster analysis are

found in clusters with male-bias in development, but only

54.0% of putative lncRNA homologs are found in these clus-

ters. These differences are not statistically significant, although

the low numbers of putative lncRNA homologs may provide

low power for detecting significance.

Conclusions

The extent of the biological relevance of lncRNAs remains

unresolved. Using a comparative transcriptomic approach,

we showed commonalities in lncRNA expression dynamics,

like overrepresentation in males, in two species of

Drosophila. By observing the genomic location of sex-biased

lncRNAs, we also were able to construct testable hypotheses

of the biological impact of lncRNAs in particular tissues.

lncRNAs expressed in somatic tissues and the ovaries show

indirect evidence of selection to optimize genomic location.

This evidence was not observed, however, for the numerous

testis-specific lncRNAs, and we cannot reject the possibility

that these are more likely to be spurious transcriptional

events. To satisfyingly explore not only the biological function

of lncRNAs but also how that function influences their evolu-

tion, we need to identify conserved lncRNAs in multiple ge-

netically amenable species. With catalogs of natural variations

and the ability to induce disruptive mutations in Drosophila,

we have the opportunity to tease apart what features are

critical for the core function of lncRNAs. The lncRNAs identi-

fied here display the strongest evidence for lncRNA homology

within the genus and are obvious candidates for further inves-

tigations into lncRNA biology.

Supplementary Material

Supplementary file, tables S3 and S7–S13, and figures S2 and

S4–S6 are available at Genome Biology and Evolution online

(http://www.gbe.oxfordjournals.org/).
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