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RESEARCH ARTICLE

Tandem duplications lead to novel expression

patterns through exon shuffling in Drosophila

yakuba
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1 Department of Bioinformatics and Genomics, University of North Carolina, Charlotte, Charlotte, North

Carolina, United States of America, 2 Ecology and Evolutionary Biology, University of California, Irvine, Irvine,

California, United States of America

* rebekah.rogers@uncc.edu

Abstract

One common hypothesis to explain the impacts of tandem duplications is that whole gene

duplications commonly produce additive changes in gene expression due to copy number

changes. Here, we use genome wide RNA-seq data from a population sample of Drosophila

yakuba to test this ‘gene dosage’ hypothesis. We observe little evidence of expression

changes in response to whole transcript duplication capturing 50 and 30 UTRs. Among whole

gene duplications, we observe evidence that dosage sharing across copies is likely to be

common. The lack of expression changes after whole gene duplication suggests that the

majority of genes are subject to tight regulatory control and therefore not sensitive to

changes in gene copy number. Rather, we observe changes in expression level due to both

shuffling of regulatory elements and the creation of chimeric structures via tandem duplica-

tion. Additionally, we observe 30 de novo gene structures arising from tandem duplications,

23 of which form with expression in the testes. Thus, the value of tandem duplications is

likely to be more intricate than simple changes in gene dosage. The common regulatory

effects from chimeric gene formation after tandem duplication may explain their contribution

to genome evolution.

Author summary

The enclosed work shows that whole gene duplications rarely affect gene expression, in

contrast to widely held views that the adaptive value of duplicate genes is related to addi-

tive changes in gene expression due to gene copy number. We further explain how tan-

dem duplications that create shuffled gene structures can force upregulation of gene

sequences, de novo gene creation, and multifold changes in transcript levels. These results

show that tandem duplications can produce new genes that are a source of immediate

novelty associated with more extreme expression changes than previously suggested by

theory. Further, these gene expression changes are a potential source of both beneficial

and pathogenic mutations, immediately relevant to clinical and medical genetics in

humans and other metazoans.
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Introduction

Tandem duplications are known as a source of genetic novelty that can contribute new genes

with novel functions [1, 2]. For example, duplication of homeobox loci has been associated

developmental changes across vertebrates [3]. The globin gene families have achieved func-

tional differences via copy number expansion in mammals [4]. Venom proteins in snakes are

derived from paralogs of phospholipases [5]. Copy number changes are associated with pesti-

cide resistance in Drosophila (reviewed in [6]). In spite of the many case studies showing adap-

tive changes, theoretical arguments suggested that functional divergence would be difficult to

attain via whole gene duplication [7]. If more than one substitution was required to produce

novel functions across paralogs many generations would be required to facilitate functional

divergence [2, 7]. The expected long wait times to develop new functions raise the risk that

duplicate genes may be eliminated via non-functionalizing mutations before they can evolve

new functions, even in large populations where effects of drift are limited [7]. Indeed, loss

appears to be the prevailing fate of duplicate and chimeric genes [8, 7, 9]. This observed con-

tradiction between the role of duplicates in adaptive evolution and models that led to their ero-

sion of genes from the genome was perceived at the time as a problem for duplicate gene

theory. How might these duplicate genes with novel functions accumulate if loss was swift and

functional divergence was slow?

In this context, proposals arose that might explain forces that could preserve duplicate

genes in genomes long enough to contribute to genome evolution. One solution proposed for

how duplicate genes might accumulate in genomes given these limitations is the duplication-

degeneration-complimentation model [7]. If duplicate genes accumulated even a very few

mutations in regulatory sequences, they might partition expression profiles of duplicate copies

using very few mutations [7]. This expression divergence might drive a situation where neither

copy could be eliminated, resulting in long term preservation in the genome [7]. Similar mod-

els might explain neofunctionalization as well [10]. An alternative hypothesis to explain the

utility of newly formed duplicates invoked adaptive changes in gene expression [6]. Based on

theoretical arguments, it was suggested that newly formed duplicate genes may contribute to

expression variation through additive changes in gene expression due to gene dosage [6].

Here, newly formed duplicates could produce immediate changes of gene expression. If such

expression changes were adaptive, they might offer immediate phenotypic consequences that

would circumvent the long wait times for functional divergence [6]. Selection for dosage

changes might preserve duplicate genes in genomes long enough to accumulate point muta-

tions that might lead to functional divergence [6].

Although this ‘dosage’ hypothesis was viewed as a compelling solution, it remained untested

in a genome wide setting for years. More recently it has become possible to survey natural vari-

ation in gene expression at duplicated loci, in order to better distinguish the factors that con-

tribute to the utility and maintenance of duplicate genes in the genome. With the advent of

Illumina sequencing, we can now test this ‘dosage’ hypothesis by examining empirical data.

We can also survey other types of constructs that are produced by duplications to see how they

may contribute to regulatory and protein sequence diversity in nature. Chimeric genes and

novel recruited UTRs can cause expression changes in novel tissues through the shuffling of

regulatory elements [11, 12, 13, 14]. Yet, previous surveys have simply looked at presence and

absence of transcripts in tissues with no systematic survey of quantitative changes or have

focused on small numbers of candidate genes. Similarly studies of CNVs in D. melanogaster
have identified a role in eQTLs [15], but with assays in whole adult flies that do not resolve dif-

ferent types of regulatory changes or the precise mechanisms of such changes. Systematic,

genome wide surveys of the effects that tandem duplications produce on gene expression is

Tandem duplications alter gene expression
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essential as a first step toward understanding how duplicate genes may contribute to regulatory

variation in natural populations. D. yakuba offers an excellent genetic model to examine

changes in genome architecture and genome content in natural populations. Comparisons

across the Drosophila genus indicate that D. yakuba has experienced a large number of changes

in genome structure [16], and population level surveys have identified large numbers of dupli-

cations that are polymorphic in comparison with sister species [17].

Here, we describe a genome wide survey of polymorphic variation for tandem duplications

in natural populations of D. yakuba and the types of regulatory changes that they can facilitate.

We further describe biases in the ancestral expression patterns of genes that are duplicated.

We show that whole gene duplications rarely produce effects on expression. In order to survey

the detailed changes in gene expression produced by chimeric genes, gene fragments and

recruited non-coding sequence, we introduce a hidden Markov model to assay site specific

changes in gene expression, independent from gene annotations. These mutations form new

gene structures not reflected in reference genome annotations, requiring an alternative

approach from existing differential expression testing software. Using this new model, we

identify 30 cases where duplications result in de novo gene origination, with an excess of new

genes appearing with expression in the testes. Tandem duplications associated with chimeric

constructs, novel UTRs, and recruited non-coding sequence are commonly associated with

regulatory changes. These findings are consistent with previous studies showing testes bias

[18]. The results presented here suggest that complex changes in gene structures will be an

important source of mutations of major effect and that the value of whole gene duplications is

unlikely to lie in additive changes in transcript levels due to gene copy number.

Results

Here, we describe expression data for tandem duplications as a first step to elucidate the extent

to which the molecular impacts of tandem duplications may explain their functional and evo-

lutionary impacts. Using high coverage genomic sequence data we previously identified tan-

dem duplications in population genomic samples for D. yakuba, with high validation rates of

97%, for duplications ranging from 74 bp to 25,000 bp in length [17]. We performed RNA-

sequencing for adult male and female soma and reproductive tissues in 15 sample strains of

D. yakuba as well as three replicates of the D. yakuba reference, which contains none of these

tandem duplications. We have assayed transcript levels in new RNA-seq data for 15 of the 20

sample strains from Rogers et al, 2014 [17] as well as previously published data for 3 replicates

of the reference strain [19] to obtain a portrait of regulatory changes that complex mutations

can produce. Among strains assayed with RNA-seq data, we have identified 1116 tandem

duplications in total. Among the 1116 duplications, 112 capture solely intergenic sequence

while 1004 tandem duplications capture a total of 1306 genes or gene fragments based on new

RNA-seq based gene annotations [20]. Among these, we identify 66 whole gene duplications,

76 chimeric genes, and 30 cases of recruited non-coding sequences that might potentially con-

tribute to de novo gene formation.

Scarce support for the dosage hypothesis

One commonly proposed source of adaptive variation suggests tandem duplications may

cause two-fold changes in transcript levels, resulting in quantitative phenotypic change via

“gene dosage” [21, 15, 22, 6]. This “dosage” hypothesis offers one putative genetic mechanism

for immediate evolutionary change prior to pseudogenization and loss. However, we observe

scarce support for changes in RNA levels within tissues in response to duplication using both

quantile normalized expression data (Fig 1, S1 Fig) and FPKM normalized expression data

Tandem duplications alter gene expression
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(P� 0.37; S2 Fig). Using the Tophat/Cufflinks differential expression testing suite, we assayed

52 whole gene duplications (including UTRs) that had gene models that passed cuffdiff quality

filters. In every tissue, the number of genes with significantly increased expression levels com-

pared to the reference strain was not significantly different from genome wide expectations

(S1 Table). In all of these cases, expression levels did not reflect additive two-fold changes in

expression levels but rather indicated much greater fold change (S3 Fig, S2 Table). When we

require at least 1 kb of upstream and downstream sequence, we do not observe any evidence of

additive changes in gene expression. This is equally true when restricting duplications to cases

where reference expression level is FPKM� 2. Cufflinks is fully capable of detecting low level

changes in gene expression [23]. The whole gene duplications with upregulated expression

here are associated with several different functions with no clear functional enrichment.

Functional categories represented among whole gene duplications include testes expressed

endopetidases, a metalloendopeptidase, a chorion protein, and two metabolism genes: sorbitol

dehydrogenase, giberellin oxidase (S3 Table). However it is not clear that any of the high-mag-

nitude expression changes observed at whole gene duplications are the product of duplication.

High frequency duplications may be older and have secondary modifications on expression

Fig 1. Mean fold change in sample strains vs. reference for strains containing chimeras or whole

gene duplicates (red) and unmutated sample strains for the same regions (grey) in A) ovaries B)

female carcass C) testes D) male carcass. Chimeric genes are more likely to result in high mean fold

change than unmutated counterparts in all tissues. Whole gene duplicates create multifold expression

changes more rarely.

https://doi.org/10.1371/journal.pgen.1006795.g001
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levels. They may also be filtered by selective pressures in comparison with low frequency dupli-

cations, possibly weeding out genes with expression changes. We examined 33 singleton vari-

ants that are expected to reflect primarily newly formed duplications, including detrimental

(but not lethal) variants. Qualitatively, results remained unchanged, with no significant excess

of expression changes for whole gene duplications (S4 Table). We additionally find no statisti-

cal support for increases in gene expression due to duplication in any of the four tissues, even

when comparing mean-fold change using only whole gene duplications that have been vali-

dated using PacBio long molecule sequences (P� 0.2). This comparison indicates that the

results are not driven by false positives. Thus, there appears to be little support for this gene

dosage hypothesis for duplicate genes in adult tissues.

One hypothesis for the lack of increased expression is that silencing of additional copies via

secondary mutations might subdue expression changes produced by whole gene duplication.

We identified 52 whole gene duplications with at least one ‘heterozygous’ SNP mutation pres-

ent that might differentiate duplicate copies based on genomic sequencing. We filtered out

SNPs that display asymmetric expression in non-duplicate strains, which would indicate

allele-specific expression independent of duplication. This leaves a remaining 11 candidates

that might represent asymmetric expression of duplicate genes in at least one tissue (S5 and S6

Tables), though the possibility of allele specific expression at a single locus cannot be ruled out.

These numbers represent a minority of whole gene duplications. Thus, we conclude that

whole gene duplication with dosage-sharing is common, even if asymmetric expression cannot

be excluded.

Gene expression changes from alternative gene structures

In light of these surprising results, we determined to take a closer look at the expression

impacts of these tandem duplications, especially alternative gene structures beyond whole

gene duplication. Chimeric gene structures, gene fragments, and cases of recruited non-coding

sequence all reflect partial gene changes, not present in reference GFF files. Precise breakpoints

for most tandem duplications cannot always be determined [17] even with high confirmation

rates in PacBio long molecule data. To identify more detail with respect to changes in gene

expression for alternative gene structures whose precise breakpoints remain unresolved, we

developed a hidden Markov model to identify changes in gene expression for individual sites

in the genome. This HMM allows for differential expression testing for segments of chimeric

genes, gene fragments, and cases of recruited non-coding sequence. The method is agnostic

with respect to size of genetic constructs assayed and it does not require perfect knowledge of

duplication breakpoints, in contrast with standard differential expression testing software. To

establish a baseline for comparison, we used the HMM to identify gene expression changes at

whole gene duplications. In total, a maximum of 5 out of 66 whole gene duplications that

capture both UTRs display signals of increased expression for 50% or more of total exonic

sequence (S3 Fig; Table 1) whereas the majority of genes remain unchanged (e.g. GE18452, Fig

2). Most promoters in Drosophila lie within 50 bp of gene sequences [24]. Restricting whole

gene duplications to cases where 100 bp of upstream and downstream of both UTRs where the

promoter is likely to be captured, 5 out of 58 sequences display expression changes. Both with

and without upstream regions the likelihood of upregulation is not significantly different from

the background rate of 5.26% as estimated from HMM-identified upregulated sites genome

wide (S7 Table; 5

66
, P = 0.7787; binomial test 5

58
, P = 0.2324). The HMM used to identify expres-

sion differences is fully capable of detecting 2x expression changes (S4 Fig), suggesting that the

lack of genes with expression changes is not solely due to a lack of power. Both the number of

whole gene duplications identified as upregulated and the background rates of upregulation

Tandem duplications alter gene expression
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are lower than results from cuffdiff, but both methods suggest that whole gene duplication is

not associated with additive increases in expression where two copies of a gene produce a

greater number of transcripts. Only one gene is identified as upregulated in male carcass, and

this locus also exhibits upregulation in female carcass. Hence, it is unlikely that the use of

paired end reads in male tissues has a strong influence to produce higher power in the HMM.

No gene ontology functions are overrepresented among the five genes (S3 Table).

We observe one case where a duplication followed by a secondary deletion (S5 Fig) [17],

has resulted in upregulation of a gene fragment only at the modified locus, not the faithfully

copied parental gene, showing that complex mutations can produce regulatory changes when

RNA-level is unaltered at the unmodified paralog (Fig 3). Coverage from whole genome Illu-

mina sequencing libraries of genomic DNA [17] shows a two-fold to three-fold increase in

coverage for the portion of the duplicated segment not affected by the deletion, indicating that

this segment is not multi-copy to a level that would explain the observed expression change

(S5 Fig). Tandem duplications that do not respect gene boundaries can also create chimeric

gene sequences via exon-shuffling [25] (S6A Fig). In contrast to whole gene duplications, chi-

meric gene structures often result in expression changes. Among the 15 lines we identified 76

chimeric genes arising from tandem duplication. Of these a total of 24 chimeras display

increased expression for 50% or more of exonic sequence within the duplicated gene segment

(either 50 or 30). These numbers are significantly different from random expectations given a

background rate of 5.26% (binomial test 24

76
, P = 5.16 × 10−13). The high mean fold change

across all sites captured in chimera formation indicates high levels of upregulation indepen-

dently from HMM results regardless of the tissue assayed (Fig 1).

Table 1. Upregulated genes.

Chimeras Tissue Upregulated Total

Female Carcass 5 76

Female Ovary 11 76

Male Carcass 10 76

Male Testes 7 76

Aggregate 24 76

Whole Gene Tissue Upregulated Total

Female Carcass 3 66

Female Ovary 2 66

Male Carcass 1 66

Male Testes 0 66

Aggregate 5 66

Whole Gene and 100 bp Intergenic Tissue Upregulated Total

Female Carcass 3 58

Female Ovary 2 58

Male Carcass 1 58

Male Testes 0 58

Aggregate 5 58

de novo Tissue Upregulated Total

Female Carcass 7 1116

Female Ovary 2 1116

Male Carcass 10 1116

Male Testes 23 1116

Aggregate 30 1116

https://doi.org/10.1371/journal.pgen.1006795.t001
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These changes in gene expression are not consistent with additive effects of gene dosage,

but rather reflect gene upregulation above two-fold changes due to the shuffling of regulatory

elements in 50 and 30 segments of the gene. Plots of RNA-seq coverage and HMM output for

these regions reflect the changes in gene structure, with only regions matching to chimeras

exhibiting expression changes, not parental genes (Fig 2). These results suggest that expression

changes are a direct product of chimera formation, not of environmental variation or second-

ary mutations that alter gene expression. Even with substantially less stringent criteria allowing

for any expression change at least 50 bp in length, chimeric genes have a larger percentage of

expression effects than whole gene duplications, an indication that the greater number of upre-

gulated chimeras is not the product of gene sequence length (S8 Table). Thus, we suggest that

chimeric constructs and other complex mutations that shuffle regulatory elements commonly

alter expression. Therefore, they are likely to be a force that can produce immediate and drastic

changes in RNA levels. In contrast, whole gene duplications rarely produce expression effects

in adult gonads and soma studied here. Tandem duplications that form chimeric genes are

more likely to be found at lower frequency in comparison to whole gene duplications (Wil-

coxon rank sum test W = 2452.5, P = 0.03881), suggesting predominantly detrimental impacts.

However, chimeras have been shown to be more likely to show signals of selection favoring

Fig 2. Chimeric gene structures result in novel expression patterns. A tandem duplication that does not respect gene

boundaries unites the 50 end of GE18453 with the 30 end of GE18451 to produce a chimeric gene on chromosome 2L. Plot

shows quantile normalized coverage in RNA seq data for sample (red) and reference (grey) with HMM output (blue) on

chromosome 2L for female carcass. The chimera displays a change in transcript levels, while transcript levels for parental

gene sequence are not altered. Sites with upregulated or downregulated sequence as defined by HMM output is shown in

blue, using the right axis. HMM state calls for sites with unchanged expression are not shown. The region spanned by the

tandem duplication is shaded in grey. The region spanned by the chimeric gene shows high-level upregulation. The whole

gene duplication of GE18452 does not display a significant change in mRNA levels but rather falls within the bounds of

expression profiles for reference replicates (Ref FPKM = 19.9; Sample FPKM = 24.5; uncorrected P = 0:52; corrected

P = 1:0).

https://doi.org/10.1371/journal.pgen.1006795.g002
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their spread in natural populations [14]. The observed role of chimeric genes as mutations that

can produce non-neutral impacts, especially in comparison to whole gene duplications, is at

least partially explained by their ability to produce large magnitude changes in gene

expression.

Recruitment of non-coding sequence and de novo gene origination

In addition to chimeric gene structures, duplicated gene fragments that capture the 50 portion

of a transcript have the potential to activate neighboring sequences that were previously

untranscribed, thereby creating the potential for de novo genes (S6B Fig). We observe signs

consistent with putative de novo gene origination through the combination of 50 gene

sequences with untranscribed regions during tandem duplication. We observe 43 cases of

putative recruited non-coding sequence, 15 of which do not inherit a start codon from the

parental gene. Among tandem duplications, we observe 30 cases associated with activation of

transcription in neighboring regions that were previously untranscribed. These new genes are

typically associated with duplication within a transcript or through the union of a 50 UTR and

neighboring non-transcribed sequence (Fig 4, Table 1).

In the absence of information about genome structure these will appear to be de novo gene

creation, but with clearly defined boundaries of tandem duplications we can clarify that shuf-

fling of 50 segments of transcripts is one potential mechanism for activation of previously

Fig 3. Duplication followed by secondary deletion, as indicated by a total of 104 long-spanning read pairs, leads to an

expression change in a gene fragment of GE21202 on chromosome 3L. Plot shows normalized coverage in RNA seq data for

sample (red) and reference (grey) with HMM output (blue) on chromosome 3L. Only the sample strain with the deletion shows such

upregulation. Transcript levels increase by greater than two-fold, beyond changes that would be produced by additive changes in

gene dosage. Sites with upregulated or downregulated sequence as defined by HMM output is shown in blue, using the right axis.

HMM state calls for sites with unchanged expression are not shown. HMM output for upregulated regions match well with the

predicted gene structures formed by this complex mutation. The region spanned by the tandem duplication is shaded in grey.

https://doi.org/10.1371/journal.pgen.1006795.g003
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untranscribed regions. Among these putative cases of de novo activation, 23 are identified in

the testes (Table 1), consistent with the out-of-the-testes hypothesis observed for new genes

[26, 18]. The mean size of these de novo expressed regions is 385 bp, with no evidence of signif-

icant size differences across tissues (F = 0.798, df = 2 P = 0.458; S9 Table). For single tran-

scripts, however, there can be variation in length across tissues, possibly reflecting isoform

switching across tissues or general imprecision (S9 Table). Reference genome expression level

for parental genes that contribute to de novo gene formation are given in S10 Table. These

results offer one potential molecular mechanism to explain previously observed de novo gene

origination, which is expected to have widespread results on evolution of new genes [27] and

potential contribution to disease. Given the large number of sequences identified in such a

small fraction of the genome that is spanned by tandem duplications, we would suggest that

tandem duplicates can be a powerful force for new gene creation and neofunctionalization as

well as contributors to pathogenic misexpression. While the predominant fate of new proto-

genes is eventual loss [13, 7, 9, 28], such variants are expected to contribute a steady stream of

new transcripts.

Duplication of ancestrally carcass-expressed genes

To determine whether ancestral expression patterns of genes influence their propensity for

tandem duplication, we compare genes that are captured by duplications with those that are

Fig 4. Tandem duplication creates a de novo gene on chromosome 3R. The 50 end of GE24349 is duplicated and placed

adjacent to formerly untranscribed sequence, producing transcription and putative de novo gene creation. The reference strain

does not show transcription in the region (grey) and no other sample strain exhibits upregulated sequence across the region.

Sites with upregulated or downregulated sequence as defined by HMM output is shown in blue, using the right axis. HMM state

calls for sites with unchanged expression are not shown. The region spanned by the tandem duplication is shaded in grey. The

tandem duplication activates a previously untranscribed region from roughly 14703500–14705000 bp. There is also

upregulation in some exons for GE24349, possibly indicating a longer fusion transcript that reads through to the end of the

nearest adjacent 30 UTR.

https://doi.org/10.1371/journal.pgen.1006795.g004
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not. Three replicates of the D. yakuba reference were previously assayed for differential expres-

sion across tissues [20]. These reference strains contain none of the tandem duplications

described here and should reflect the unmutated ancestral state. Among genes captured by

duplications, 195 are biased toward ovary in the ancestral state whereas 345 are biased toward

female carcass based on comparisons of ovary vs. carcass. In male somatic and germline com-

parisons, 168 genes captured by tandem duplication are biased toward testes in the ancestral

state, and 131 are biased toward the male carcass. Based on resampling of genes in the refer-

ence, there is an excess of genes with biased expression toward female carcass (one-sided

P< 10−4) and a deficit of genes that are duplicated with biased expression toward the ovaries

in the ancestral state (one-sided P = 0.002). In males we observe an excess of genes that are

duplicated with biased expression toward the carcass (one-sided P = 0.0029) but no bias with

respect to testes expressed genes (one-sided P = 0.1443). Genes that duplicate have higher

expression level in reference strains in every tissue (Fig 5,S11 Table), pointing to the potential

for biases in tandem duplicate formation or putatively selection to retain genes. Tandem dupli-

cations that are present only in 1 or 2 sample strains are expected to be newly formed, with lit-

tle room for selection to bias relationships. When we limit analyses to rare variants present

only in 1 or 2 sample strains, the excess of expressed genes is equally true (S12 Table), suggest-

ing that biases in formation toward transcribed regions certainly contribute to a large portion

of the expression difference for duplicated sequence.

Discussion

Little evidence of expression differences due to whole gene duplication

One hypothesis to explain the phenotypic impacts of duplicate genes is that changes in tran-

script levels due to gene copy number result in novel phenotypes [6]. In contrast to these com-

mon assumptions about the molecular impacts of tandem duplications, we observe little

evidence for increased expression in response to duplication, with 7.6% or fewer duplicated

Fig 5. Expression levels (in FPKM) for unduplicated ancestral state for three D. yakuba reference replicates for genes

that are duplicated in sample strains compared to expression levels for all genes. FPKM values are indicative of ancestral

expression patterns prior to duplication. Duplicated genes have higher mean and median ancestral expression compared to non-

duplicated genes in female tissues (A) and male tissues (B). Genes that are duplicated have lower median expression in ovary

compared to carcass in females (A) but there is no difference in expression in reproductive vs. somatic tissue in males (B). Plots

shown exclude outliers.

https://doi.org/10.1371/journal.pgen.1006795.g005

Tandem duplications alter gene expression

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006795 May 22, 2017 10 / 25

https://doi.org/10.1371/journal.pgen.1006795.g005
https://doi.org/10.1371/journal.pgen.1006795


genes showing evidence for increased expression in each tissue. These numbers are not signifi-

cantly different from the random expectation based on the frequency of upregulation across

the genome as a whole (S1 Table). Results based on the HMM which uses site specific criteria

show qualitatively similar results, with no enrichment for expression differences compared

with background rates. The concordance with genome wide background rates points to the

possibility of secondary mutations modifying expression or environmental effects on gene

expression in spite of controlled growth conditions. Similar expression buffering has been

observed for deleted genes and for ubiquitously expressed duplicated genes (but not for non-

ubiquitously expressed duplicates) for large chromosomal abnormalities in a small number of

Drosophila mutants [29]. Ubx deletions often exhibit buffered phenotypes [30]. The results

described here suggest that these early results for lab mutants directly reflect patterns that can

be observed in natural populations.

The observed lack of expression changes is consistent with previous results showing that

expression changes at CNVs are not commonly targets of natural selection [31]. Furthermore,

many such expression changes appear to be qualitative changes that are not compatible with

the notion that duplication commonly results in two-fold increases in expression. The majority

of genes show no evidence for asymmetrical expression of duplicates, suggesting that dosage

sharing is common. These results are compatible with the hypothesis that many genes are sub-

ject to tight regulatory control and that transcription is not the limiting factor in protein pro-

duction for many genes. Alternatively, it may be that promotors and full transcripts including

UTRs are not sufficient to drive gene expression, implying strong cis-regulatory effects beyond

the promoter. Together, these results suggest that the phenotypic impacts of tandem duplica-

tions are more complex than additive changes in transcript abundance due to copy number.

Previous work has suggested that selection to maintain total expression levels across ohnologs

might lead to expression subfunctionalization [32]. If the majority of genes are subject to feed-

back loops in whole genome duplication as we observe for whole gene duplications here, it

might partially explain these results. Rather than genes increasing expression due to additive

changes, then having to evolve back toward lower levels, we would suggest that genes initially

might be held at that same constant level through regulatory feedback loops.

Similarly low rates of expression changes for CNVs in humans [33] and rodents [34] imply

that these results are likely to be general across many organisms. In humans, copy number

changes are associated with a large number of diseases. For some genes, especially those where

relative dosage is more likely to matter, the phenotypic and selective impacts may be different

and we might expect to see different patterns for this small minority of genes [35, 22, 6]. Pesti-

cide resistance genes have been reported to have changes in gene dosage after duplication

(reviewed in [6]). The most highly expressed genes, which may be more likely to be transcrip-

tion limited may be more likely to exhibit such expression changes from gene dosage. One of

the most highly expressed genes in Drosophila is Adh. Recent transgenic experiments using the

highly expressed gene Adh show transcription levels respond in response to higher copy num-

ber [36]. At the moment we do not have sufficient duplications for very highly expressed genes

to test this hypothesis in a meaningful way. Further experiments to assay differences in expres-

sion levels for various classes of genes will be necessary to determine the relationship between

expression levels and regulatory changes produced by duplication. Hemizygous deletions in

D. melanogaster suggest that expression effects for many genes are mediated by robust regula-

tory architecture, but with larger effects from copy number reduction in the most highly

expressed genes [37]. Ohnologs, retained in the genome after whole genome duplication, also

appear to be more sensitive to copy number changes than general CNVs, suggesting qualitative

differences in certain gene’s responses after copy number changes [38]. If similar phenomena

affect single copy number variants, there may be classes of genes that behave differently from
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the majority of genes. The whole gene duplications with upregulated expression here encom-

pass diverse functional roles, including a testes-expressed endopeptidase, metabolism peptides,

and a chorion protein. Yet, given the rarity of regulatory changes due to increases in gene copy

number presented here, we suggest that alternative mechanisms are necessary to explain the

role tandem duplications play in generating pathogenic phenotypes [39].

Recent work has found some evidence for increases in expression at CNVs, in contradiction

with the data presented here [40]. However, this previous study also found that two-fold upre-

gulation is rare [40]. The two datasets identify duplications using different bioinformatic

methods with different false positive rates and potentially with different accounting for precise

breakpoints of duplications [40]. D. melanogaster CNVs may also include dispersed duplica-

tions as well as tandem duplications. If these two classes behave differently from one another,

it could potentially yield differences in the regulatory consequences observed. It is also possible

that their filters only for highly expressed genes focus on genes that are more likely to be lim-

ited by transcription. The molecular and statistical methods used to establish regulatory

changes also differ between the two manuscripts. Here, we have used RNAseq data, with cuf-

flinks, an HMM, and comparisons of mean fold change between sample strains and the undu-

plicated reference for adult gonads and soma. Cardoso-Moreira et al. [40] uses a permutation

test on microarray data comparing duplicated lines to a pool of sample strains using whole

adult males. Finally, it is possible but unlikely that these differences in observations may repre-

sent species-specific differences in the regulatory consequences of gene duplications. It is

unclear which of these explanations may ultimately clarify the discrepancy between the results

for D. melanogaster and the data presented here for D. yakuba.

Regulatory novelty from exon shuffling

In contrast with unaltered expression patterns among whole gene duplications, chimeric

genes, UTR shuffling, and recruitment of non-coding sequence often produce changes in

expression with extreme up-regulation. These variants are polymorphic, and expression effects

are seen even among genes at low frequency in the sample, suggesting that many of these con-

structs are very young with little time to accumulate secondary mutations that might explain

patterns observed. Furthermore, such changes in gene expression reflect the chimeric and frag-

mented gene structures produced, indicating that they are the direct product of chimera for-

mation, not environmental effects or other spurious signals. Regulatory modules for genes can

be complex, with promoters and enhancers located at 50 or 30 ends of genes. Additionally, tran-

scripts may carry motifs or secondary structures that are part of regulatory feedback loops via

degradation pathways [41, 42]. Because chimeric genes shuffle the 50 and 30 ends of gene

sequences, they can recombine diverse regulatory elements to generate novel expression pat-

terns. Similarly, gain or loss of regulatory elements for gene fragments or genes that recruit

non-coding sequences could produce novel combinations, resulting in altered transcript levels.

Here, we observe a regulatory novelty in chimeric constructs, analogous to novel combinations

of functional domains that result from exon shuffling [43, 44, 25]. This regulatory novelty may

explain one mechanism to generate immediate regulatory divergence between tandem dupli-

cations that can contribute to genome evolution and population level variation.

One hypothesis to explain the evolution of network structure after whole gene duplication

involves loss of expression or interaction after polyploidy [45]. However, we have found that

upregulation, not silencing, is a common result of tandem duplication, indicating that such

results reflect either major differences between polyploidy and gene expression or that present

interaction and expression information does not perfectly reflect ancestral states. Previous

results have suggested that duplications produce dosage changes in transcript levels [21, 15, 6].
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However, such results are likely the product of limited ability to detect tissue-specific changes

in whole adult flies, with no tissue level resolution (for associated data description [46, 47]).

Separation of tissues is critical to establishing effects on gene expression, as upregulation in a

single tissue that is only a fraction of the biomass will give a false signal of minor expression

changes. Given the limited effect of gene copy number for whole gene duplication and the

extreme expression changes associated with alternative gene structures, we suggest that such

additive models of duplicate gene evolution do not reflect the full complexity of regulatory

pathways or the fundamental nature of mutation.

We have observed regulatory changes and misexpression of gene fragments as a product of

chimera formation, recruitment of non-coding sequence, and deletions that proceed rapidly

after duplication to create variants with unusual gene structures. De novo proto-genes are com-

monly found in subtelomeric regions in yeast [28] and changes in genome structure are com-

mon in these regions as well [17] possibly explaining a portion of the pattern. One mechanism

for origination of de novo genes that has been proposed is antisense transcription from diver-

gent promotors [48, 49]. These results offer a second mechanism that relies on canonical

promoters, transcription start signals, and translation start signals with genome shuffling to

serve as drivers of new gene sequences. These newly originated exons outside annotated gene

sequences have a mean length of 385 bp. These are slightly shorter than previous assays of de
novo genes [27], although these numbers do not include length of copied gene fragments.

We observe no clear evidence of divergent promoters generating new genes at the tandem

duplicates surveyed here, suggesting that the two mechanisms operate independently to serve

as sources of new gene sequences. Many of the de novo transcript sequences that are newly

formed may have abnormal translation products, and most new genes that form are expected

to be eventually lost [28]. However, a portion of such new proto-genes can be modified by

selection to form fully functional genes [28]. Thus, the tandem duplications described here

are expected to serve as a steady source of new gene sequences, and a minority of these are

expected to be sources of novel functions [50, 28, 13, 14, 51, 52, 53, 27]. RNA-seq based anno-

tations in D. yakuba have identified 1340 lineage specific genes based on the D. yakuba refer-

ence, which do not have orthologs in other Drosophila genomes [20]. The observed high rates

of de novo gene formation are likely to explain a significant portion of this signal.

Previous work has found qualitatively similar results for small numbers of genes and such

mutations have potential to cause other types of qualitative changes in gene regulation beyond

the limited amount captured in the current study. Chimeric genes can produce differences in

presence or absence of transcripts in tissues or timepoints [14, 13], and a synthetic lab-gener-

ated chimera produces differential regulation in spatial patterning of hox gene expression dur-

ing development [12]. Although differing methods of regulatory feedback mechanisms in

mammals might be thought to render different effects, there are three case studies of chimeric

gene formation in humans associated with expression changes, suggesting that the phenome-

non deserves more careful study in human datasets. First, a chimeric gene that forces novel

expression in the brain is associated with schizophrenia in humans [11]. Second, a newly

formed chimeric gene is known to have novel expression in human testes [54], suggesting that

these results are likely to be generally applicable to studies of human health. Finally, one

known case of de novo gene origination through chromosomal rearrangement is know to have

formed a new testis-expressed gene in humans [55]. Our data strongly suggest shuffling of

modular genomic units can be a powerful force to develop novel regulatory profiles or unique

expression patterns that has not been fully explored. We therefore suggest that these genes

with altered transcription patterns are a prime source for genetic novelty, immediate neofunc-

tionalization, and genes with widespread potential for non-neutral effects well deserving of

future study in model and clinical systems.
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Mutations of major effect

Young whole gene duplications are expected to be highly similar and modification of amino

acid sequences through point mutations can take many generations. Barring changes in tran-

script dosage, these new faithfully copied whole gene duplications are unlikely to have extreme

and immediate phenotypic effects. Mutations that shuffle UTRs, recruit non-coding sequence,

or combine separate coding sequence can produce regulatory changes and protein sequence

changes immediately upon formation and a priori are more likely to produce phenotypic

effects. Although many such effects are likely to be pathogenic [39, 56, 57, 19, 58, 59, 60], they

may often be adaptive as well [13, 14, 51, 52, 53]. Indeed, chimeric genes that combine seg-

ments of two or more coding sequences are more likely to be involved in selective sweeps

immediately after formation in comparison to whole gene duplications and are a richer source

of genetic novelty [14]. Because many of these variants capture only portions of gene sequences

[17], high-throughput use of gene models in reference strains will underreport expression dif-

ferences, thereby missing a large portion of variation in gene expression that could potentially

explain phenotypic variation. The use of gene-model free expression testing in high coverage

data, as we have presented here, offers greater power to assay gene expression changes at

abnormal gene structures and could have important impacts even in organisms outside Dro-
sophila. Similar approaches can readily complement standard differential expression testing

software to gain additional information in studies for the genetic basis of adaptation, quantita-

tive genetics, and studies of pathogenic phenotypes.

We have previously described large numbers of deletions that appear rapidly after duplica-

tion [17] which here are found to be associated with expression changes. CNV identification

methods that do not account for secondary deletions, or that cluster all putatively duplicated

loci too broadly thereby misidentifying breakpoints will lose important information with

respect to gene structure. Such missing information can have a detrimental impact on the

ability to correctly identify variation, associated expression effects, and regulatory changes

associated with gene fragmentation. Although common CNVs at a frequency�10%, which

are well tagged by SNPs, are unable to explain missing complex trait and disease heritability in

humans [61] the majority of tandem duplicates described here appear to be at low frequency

and tandem duplicates modified by secondary deletions will be rarer still [17]. Especially given

the difficulties of identifying variants where linked SNPs are more common than causative

mutations [62], the inability to identify modified duplicates may explain some portion of fail-

ure to identify causative variants or eQTLs in GWAS and other clinical studies [39, 58]. Here,

the precision that is available in Drosophila allows greater resolution than has been previously

provided in non-model systems, allowing inferences concerning the nature of mutation that

are well worth exploring in future studies of phenotype and disease in more complex genomes,

including humans.

Ancestral expression patterns of duplicated genes

We observe elevated ancestral expression level in the unduplicated reference strain for genes

that are captured by duplications in at least one sample strain, suggesting that genes that are

originally highly expressed are more likely to be associated with duplications (Fig 5, S11

Table). Even limiting the genes surveyed to genes that are identified in only one or two strains,

expression still appears to be elevated above the genome wide background (S11 Table). Thus,

we suggest that genes that duplicate are more likely to be expressed or are more highly

expressed in the unduplicated ancestral state compared to the genome wide average. This pat-

tern is observed in male and female somatic and reproductive tissues as well as low-frequency

variants, making it unlikely that selection on a single functional category or gene family is
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responsible for the duplication of transcribed genes. Although mutations in somatic tissue are

not passed on to progeny, we observe high expression for duplicate genes in somatic tissue. It

is possible that selective pressures or correlations between expression in germ line and soma

could lead to such results.

Tandem duplications can form through several mechanisms, including replication slippage,

ectopic recombination, aberrant DNA break repair, and non-homologous end joining. Tran-

scription-coupled repair and the avoidance of repair in regions bound by nucleosomes is

commonly invoked to explain mutational patterns for SNPs in mammals and yeast [63, 64].

However there is no strong evidence for such transcript coupled repair in Drosophila [65, 66].

Genes that are transcribed are often members of open chromatin, and it is possible that the

correlation between actively transcribed genes and chromatin states might promote greater

recombination and repair and thereby explain the excess of transcribed genes among tandem

duplications. We observe equal levels of upregulation for chimeric gene segments in female

germline as in male germline, but lower fold-change in the testes (Fig 1). Because many genes

are already expressed in the testes, chimeric portions which are already highly expressed are less

likely to show high level upregulation under a scheme of non-additive expression effects from

shuffling of regulatory elements. Similarly, widespread transcription of parental genes in the

ancestral state rather than selection is likely to explain the overabundance of novel gene expres-

sion we observe in the testes due to a simple abundance of testes-driving promoters. This wide-

spread transcription may be due to spurious, non-functional transcription in the testes, which

combined with tandem duplication can be a fortuitous but powerful source of new genes.

Methods

Identifying tandem duplications and gene expression changes

We identified tandem duplications using paired-end Illumina genomic sequencing, as previ-

ously described [17]. Briefly, tandem duplications were defined by three or more divergently

oriented read pairs that lie within 25 kb of one another. We excluded duplications indicated

with divergent read pairs in the reference strain, which are indicative of technical challenges or

reference mis-assembly. We also excluded duplicates which were present in D. erecta, resulting

in a high quality data set of newly derived tandem duplications that are segregating in natural

populations. Duplications were clustered across strains within a threshold distance of 200 bp

and the maximum span of divergently oriented reads across all strains were used to define the

span of each duplication. We then identified gene sequences captured by tandem duplications

using RNA-seq based gene models previously described in Rogers et al [20].

RNA-seq samples were prepared from virgin flies collected within 2 hrs. of eclosion, then

aged 2-5 days post eclosion before dissection. We dissected ovaries and headless carcass for

adult females, and testes plus glands for adult males. Samples were flash frozen in liquid nitro-

gen and stored at -80˚C before extraction in trizol. Illumina sequencing libraries were pre-

pared using the Nextrera library preparation kit, and were sequenced on an Illumina HiSeq

2500. Fastq data were aligned to the D. yakuba reference genome using Tophat v.2.0.6 and

Bowtie2 v.2.0.2 [67]. Site specific changes in gene expression were determined using a Hidden

Markov Model that implements the underlying statistical model of the Cufflinks suite [23].

Sequence data are available in the NCBI SRA under PRJNA269314 and PRJNA196536. Code

is available at https://github.com/evolscientist/ExpressionHMM.git.

Sample preparation and RNA-sequencing

We gathered RNA-seq data for 15 samples and the reference genome (S13 Table). Fly stocks

were incubated under controlled conditions at 25˚C and 40% humidity. Virgin flies were
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collected within 2 hrs. of eclosion, then aged 2-5 days post eclosion before dissection. We dis-

sected samples in isotonic Ringers solution, using female ovaries and headless gonadectomized

carcass from two adult flies as well as testes plus glands and male headless gonadectomized car-

cass for four adult flies for each sample RNA prep. We collected three biological replicates of

the D. yakuba reference, and one replicate per sample strain for 15 samples of D. yakuba. Sam-

ples were flash frozen in liquid nitrogen immediately after dissection, and and stored in 0.2ml

Trizol at -80˚C. All samples were homogenized in 0.5ml Trizol Reagent (Invitrogen) with plas-

tic pestle in 1.5ml tube, mixed with 0.1ml chloroform, and centrifuged 12,000g 15min at 4˚C,

as Trizol RNA extraction protocol. The RNAs in the supernatant about 0.4ml were then col-

lected and purified with Direct-Zol RNA MiniPrep Kit (Zymo), followed the protocol. The

total RNAs were eluted in 65μL RNase-Free H2O. About 1μg purified RNAs were treated with

2μL Turbo DNase (Invitrogen) in 65μL reaction, incubated 15min at room temperature with

gentle shaking. These RNAs were further purified with RNA Clean and Concentrator-5

(Zymo). One extra wash with fresh 80% ethanol after the final wash step was added into the

original protocol. The treated RNAs were eluted with 15μL RNAse-Free H2O, and stored at

-80˚C.

The amplified cDNAs were prepared from 100ng DNase treated RNA with Ovation RNA-

Seq System V2 (Nugen) and modified protocol. The preparations followed the protocol to the

step of SPIA Amplification (Single Primer Isothermal Amplification). The amplified cDNAs

were first purified with Purelink PCR Purification Kit (Invitrogen, HC Binding Buffer) and

eluted in 100μL EB (Invitrogen). These cDNAs were purified again to 25μL EB with DNA

Clean and Concentrator -5 Kit (Zymo) for Nextera library preparation. About 43ng cDNAs

were used to construct libraries with Nextera DNA Sample Preparation Kit (Illumina) and

modified protocol. After Tagmentation, Purelink PCR Purification Kit with HC Binding

Buffer was used for purification and eluted with 30μL EB or H2O. The products (libraries) of

final PCR amplification were purified with DNA Clean and Concentractor-5 and eluted in

20μL EB. The average library lengths roughly 500bp were estimated from profiles of Bioanaly-

zer (Agilent) with DNA HS Assay. All libraries were normalized to 2-10nM based on real-time

PCR method with Kapa Library Quant Kits (Kapa Biosystems). The qualities and quantities of

these RNAs, cDNAs and final libraries were measured from Bioanalyzer with RNA HS or

DNA HS Assays and Qubit (Invitrogen) with RNA HS or DNA HS Reagents, respectively.

Samples were barcoded and sequenced in 4-plex with 76 bp reads on an Illumina HiSeq 2500

using standard Illumina barcodes, resulting in high coverage with thousands of reads for Adh,

the most highly expressed gene in Drosophila (S7 Fig). We sequenced one replicate per sample

strain as well as three biological replicates of each reference strain for all tissues. Female tissues

for sample strains and one replicate of the reference genome were sequenced with single end

reads, while two replicates of reference genome female tissues and all male tissue samples were

sequenced with paired end reads.

Reference expression patterns

Expression patterns in the reference genome, indicative of the ancestral, unduplicated state,

were established according to Rogers et al. [20]. Briefly, sequences were mapped to the genome

using Tophat v.2.0.6 and Bowtie2 v.2.0.2, using reference annotations as a guide, ignoring

reads which fell outside reference annotations (-G). We estimated transcript abundances and

tested for differential expression at an FDR� 0.1 using Cuffdiff from Cufflinks v. 2.0.2 with

quantile normalized expression values (-N), again using only reads which aligned to annotated

gene sequences. All other parameters were set to default. We compared female ovaries to

female carcass and male testes to male carcass for the reference strain replicates to determine
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tissue biased expression prior to duplication. Overrepresentation and underrepresentation of

genes with tissue biased expression were established by resampling 10,000 replicates of ran-

domly selected genes.

Duplicated gene sequences

We used gene models developed from RNA-seq guided reannotation of the D. yakuba refer-

ence genome [20]. The maximum span of divergently oriented reads was considered the

bounds of duplication, similar to previous analysis [17] using FlyBase gene models [16]. These

revised gene models include 50 and 30 UTRs, and are essential to correctly establish the effects

tandem duplicates will have on gene structures. These revised gene models show greater con-

cordance with D. melanogaster, resulting in an additional 1000 D. melanogaster genes with an

ortholog in D. yakuba compared to previous gene annotations [20]. We additionally identify

1340 lineage specific genes in D. yakuba, hundreds of which display expression bias across tis-

sues [20].

Differential expression testing using cuffdiff

Sequences for each reference replicate and barcoded sample strain were mapped to the

genome using Tophat v.2.0.6 and Bowtie2 v.2.0.2, using reference annotations [20] as a guide

on the D. yakuba r1.3 reference genome, ignoring reads which fell outside reference annota-

tions (-G). We estimated transcript abundances and tested for differential expression in an all-

by-all comparison at an FDR� 0.1 using Cuffdiff from Cufflinks v. 2.0.2 with quantile normal-

ized expression values (-N), again using only reads which aligned to annotated gene sequences

with all other parameters set to default. Reference replicates were grouped for differential

expression testing in Cuffdiff. For each tissue the total number of duplications displaying

increases in expression for whole gene duplication and for background rates based on expres-

sion changes for unduplicated genes were compared using a chi-squared test with 1 degree of

freedom.

Test of dosage-sharing

One hypothesis for the lack of gene expression changes among whole gene duplications is that

secondary mutations might result in asymmetric silencing of one duplicate copy. If duplicate

copies have differentiated from one another, this should be apparent in large numbers of seem-

ingly heterozygous sites in the genomic SNP data. To test for differential expression among

copies of whole gene duplication, we identified all putatively ‘heterozygous’ sites that might

indicate differentiating SNPs across copies. Using samtools mpileup (v. 1.3) and bcftools con-

sensus caller (v.1.3) with parameters set to default, we identified all putatively heterozygous

sites in the genomic sequences for each strain. We then generated SNP calls using identical cri-

teria for RNA sequencing data. The number of reads supporting heterozygous calls for the ref-

erence sequence and SNP sequence were then compared using a Fisher’s exact test. Only SNPs

with at least 10 reads covering the site in both genomic and RNA sequencing datasets were

used for differential expression testing. Sites which exhibited significant differential expression

of SNPs in at least one strain that housed a duplication were considered candidates for differ-

ential expression of duplicate copies. Similar signals could be produced by allele specific

expression even at unduplicated sites. We filtered out all sites that displayed such allele specific

expression in strains that did not contain the duplication in question, as these are unlikely to

reflect processes specific the duplication.
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HMM for expression patterns

Coverage in mapped RNA-seq data per site for each strain was calculated using samtools

depth. Sample strains show variable FPKM based on cuffdiff analysis (S8 and S9 Figs), which

might potentially influence power to detect differential expression. To reduce the influence of

coverage differences across samples and generate more robust expression calls [68], we quan-

tile normalized each chromosome in R so that coverage per site across all strains has the same

mean and variance for a given chromosome in a given tissue. Mean quantile-normalized cov-

erage among regions corresponding to annotated exon sequences was 61 X. This quantile nor-

malized coverage depth per site was used as input for a Hidden Markov Model (HMM) to

identify site specific changes in gene expression, offering differential expression testing inde-

pendent of gene models and exon annotations. This gene-model free expression testing is

essential for discovering the regulatory impacts of complex mutations such as chimeric genes,

recruited non-coding sequence, and duplication-deletion constructs all of which do not

respect gene boundaries. This HMM also performs comparative hypothesis testing, choosing

the most likely expression state for each site, rather than simply testing adherence to a null sta-

tistical model, an important methodological advantage.

The HMM attempts to identify three underlying states: decreased expression, stable expres-

sion, and increased expression. Initial state probabilities were set according to π0 and transi-

tion probabilities were set according to T, where row and column indices 0, 1, 2 are indicative

of decreased, stable, and increased expression, respectively. Initial probabilities are set such

that the singleton state is initially most likely and states are initially most likely to remain con-

stant during transitions.

p0 ¼ 0:05 0:9 0:05½ �

T ¼

0:8 0:1 0:1

0:1 0:8 0:1

0:1 0:1 0:8

2

6
4

3

7
5

Very low transition probabilities can have a chilling effect on output of HMMs, which

might potentially bias results away from detecting expression changes, a major hypothesis that

is tested in the current work. However, results with alternate transition matrices defined by the

Baum-Welch algorithm do not differ qualitatively from those presented in the main text (S14

Table). This is equally true for de novo genes.

Emission probabilities were modeled as follows: We compare the ratio of quantile normal-

ized coverage per site for each sample strain to the mean for the three reference replicates. We

assume the natural log of the fold change is normally distributed. Under a null model of no

expression change, we can assume mean and variance in the sample will be equal to the mean

and variance in the reference replicates, and use the delta method to approximate the variance,

a common method of variance estimation in differential expression testing [23]. Under such

an approximation, the variance of the natural log of the fold change is equal to 2s2

m2 where σ2 is

the observed variance in quantile normalized coverage for the reference variance and μ is the

observed mean quantile normalized coverage in the reference replicates. For stable expression,

the distribution of the natural log of the mean fold change should be centered about 1, corre-

sponding to no expression difference.

For increased expression we again assume a normal distribution for the log fold change, but

assuming a true mean quantile normalized coverage at the upper critical value of the distribu-

tion under no difference in gene expression. For decreased expression we again model the log
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fold change as a normal distribution, but assume a true mean of quantile normalized coverage

at the lower critical value of the distribution under no difference in gene expression. We

model the likelihood of the data given no change in expression as the probability of a test statis-

tic with an absolute value as large or larger than the observed, given a normal distribution of

the log mean fold change. For sites with increased expression, we model emission probabilities

as the probability of a test statistic at least as high as that observed. For sites with decreased

expression, we model emission probabilities the probability of a test statistic at least as low as

that observed.

The log fold-change distribution for emission probabilities is unable to accurately assign

likelihood of upregulated expression if the mean coverage in all reference strains is close to

zero. In cases where the reference strain mean for three replicates was less than 0.5, if sample

strains exhibited coverage greater than 5 or more reads, we assigned a probability of upregu-

lation of 0.95 as these indicate clear signs of upregulation of silenced sequence, but other-

wise assigned a probability of stable expression of 0.95. State decoding was performed using

the Forward-Backward algorithm, which maximizes the number of correctly predicted

states [69]. The choice to maximize predictions per site rather than the most likely path

(using the Viterbi algorithm) is important to maintain decoding of independent results

across sites given the use of the HMM in site-specific differential expression testing. The use

of high coverage RNA-seq data is essential for accurate performance of the HMM to detect

site specific changes in expression and applications in lower coverage sequencing may have

reduced power. Plots of HMM output with quantile normalized RNA-seq data show that

the HMM detects increased and decreased expression for modest expression differences

(S4 Fig).

For each chimeric gene and whole gene duplication, we used the HMM output by tissue to

define genes where duplicated sequence has been significantly upregulated in response to tan-

dem duplication. We require that each gene or gene fragment have at least 50% of annotated

exon sequence upregulated, considering only blocks of upregulated sequence 50 bp or longer.

For putative cases of de novo gene creation, we identified blocks of upregulated sequence 50 bp

or longer which do not overlap with annotated exons, and which do not have quantile normal-

ized coverage above 2.0 in the three reference replicates. We then retained only cases that

spanned at least 200 bp of the tandem duplication, in accordance with methods used by Zhao

et al. [27]. Performance of the HMM to call sites with increased and decreased expression is

shown in S4 Fig. Genes with signals of expression changes in at least one strain were consid-

ered to be upregulated.

Mean fold change comparisons

To further establish regulatory profiles for each chimeric gene and whole gene duplication,

we additionally estimated the mean fold change across all sites. This data are independent of

HMM performance and gives a detailed portrait of the quantile normalized coverage data.

We estimate mean coverage per site across all sites in sample and reference for a given chi-

mera segment in a given strain. We consider segments independently as parental genes may

have differing levels of ancestral expression in the reference strain. The ratio of mean cover-

age in the sample to mean coverage in the reference is then recorded as mean fold change

per site, placing a lower bound on reference coverage level of one read per site. The mean

fold change for each chimeric gene and each duplicate gene is plotted in Fig 1. The mean

fold change for chimeric genes were compared to the mean fold change at the same gene

fragments in strains that lacked the duplication in question in individual tissues using a

Wilcoxon rank sum test.
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S1 Fig. Mean fold change for chimeric genes in sample strains vs. reference for strains con-

taining chimeras or whole gene duplicates (red) and unmutated sample strains for the

same regions (grey). Chimeric genes are more likely to result in high mean fold change than

unmutated counterparts in all tissues. Whole gene duplicates create multifold expression

changes more rarely.
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S2 Fig. Mean fold change using FPKM normalized data for chimeric genes in sample

strains vs. reference for strains containing chimeras or whole gene duplicates (red) and
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unmutated sample strains for the same regions (grey). Chimeric genes are more likely to

result in high mean fold change than unmutated counterparts in all tissues. Whole gene dupli-

cates create multifold expression changes more rarely.

(PDF)

S3 Fig. Expression change in a sample strain containing a whole gene duplication of

GE26133 (reference FPKM = 22.0725, sample FPKM = 58.6217, uncorrected P =

0.00263417, corrected P = 0.0420917). The tandem duplication also captures the entire gene

sequence of GE26134, as well as portions of GE26132 and GE24588. The duplicate exhibits

greater than two-fold expression of GE26133 in the sample strain containing the duplication.

It is unclear whether the expression change is a direct consequence of duplication, secondary

mutation, environmental effects, or other stochastic variation in expression.

(PDF)

S4 Fig. HMM performance in quantile normalized coverage data. Quantile normalized

coverage in a single sample vs. the mean of quantile normalized coverage in the reference for

sites with upregulated sequence are plotted in red, while that of down regulated sequence is

shown in blue for 500,000 bp beginning at 6.5 Mb on chromosome 3L for sites with quantile

normalized coverage� 500. Sites with no expression change identified using the HMM are

not shown. The case of equal expression is shown with the black solid line, while two-fold cov-

erage increase in the sample are indicated with the dashed line. Even modest increases in

expression can be identified with the HMM, suggesting that its ability to detect site level differ-

ences in high coverage RNA-seq data is high.

(PDF)

S5 Fig. Genomic DNA sequencing coverage in the sample (red) and resequenced reference

(grey) [17] and RNA-seq HMM expression output for a region experiencing a secondary

deletion after duplication. The deleted segment is supported by a decrease in genome cover-

age as well as 104 long-spanning Illumina sequencing reads. Coverage increases two-fold to

three-fold in the duplicated segment, and is not supportive of higher level copy number that

might explain the increase in expression as defined by RNA-seq data. HMM output for the

region with increased expression in RNA-seq data is shown in blue, for comparison. The

region the gene segment with the expression change corresponds well with the region display-

ing elevated genomic sequencing coverage given the structure of ancestral gene models (see

Fig 3).

(PDF)

S6 Fig. Formation of alternative gene structures through tandem duplications. A) A tan-

dem duplication captures the 50 segment of GE18453 and the 30 segment of GE18451. The tan-

dem duplication unites these gene segments to form a novel open reading frame distinct from

the parental genes. Shuffling of regulatory elements in the 50 and 30 ends results in a new regu-

latory profile for the chimera. The tandem duplication also copies the full gene sequence of

GE18452. B) A tandem duplication captures the 50 end of GE24349, placing it next to previ-

ously untranscribed sequence. The promoter and UTR of GE24349 drives expression of a pre-

viously untranscribed region.

(PDF)

S7 Fig. Normalized coverage in RNA-seq data for Adh in 15 sample strains and 3 replicates

of the reference. RNA-seq data shows differentiation between intron and exon sequence and

spans the entire length of the the transcript.

(PDF)
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S8 Fig. FPKM values in RNA-seq data in female tissues for 15 sample strains. Coverage var-

ies across strains, but is generally high with thousands of reads for the most highly expressed

genes. To reduce variability in coverage and generate more robust differential expression calls,

we quantile normalized coverage inputs for the HMM.

(PDF)

S9 Fig. FPKM values in RNA-seq data in male tissues for 15 sample strains. Coverage varies

across strains, but is generally high with thousands of reads for the most highly expressed

genes. To reduce variability in coverage and generate more robust differential expression calls,

we quantile normalized coverage inputs for the HMM.

(PDF)
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