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Evolutionary responses to nutrition are key to understanding host shifts and the resulting potential for
reproductive isolation. Experimental evolution has previously been used to describe the responses of
the medfly (Ceratitis capitata) to larval diets with different nutritional properties. Within 30 generations
this led to divergence in larval development time, egg to adult survival and adaptation in adult body
size. Here we used mRNA-seq to identify differences in gene expression patterns in these same
populations, using males from the 60" generation of nutritional selection. We validated differential
expression by using qRT-PCR and found that genes linked to metabolism, oxidative phosphorylation
and proteolysis were significantly over-represented among the differentially expressed genes. The
results provide the first genome-wide survey of the putative mechanisms underpinning evolved
responses to nutritional adaptation. In addition, we tested the hypothesis that nutritional adaptation
can alter mating patterns. We found evidence for assortative mating by diet at generation 60, but

not 90. Hence, the pattern was variable across generations and there was no evidence overall for any
isolating mating divergence between the lines. Overall, the results provide insight into the mechanisms
underpinning dietary adaptation and extend our knowledge of which traits represent core responses to
nutritional selection.

Adaptation to different nutritional ecologies can underpin successful expansion into new habitats and reproduc-
tive divergence associated with host shifts with the potential to result in reproductive isolation (RI)!*. For exam-
ple, in Rhagoletis fruit flies* genetic divergence between populations is associated with host plant shifts. If the host
shift occurs in sympatry, this can lead to the subsequent formation of host races®=. Similar examples are found in
the cactophilic fly Drosophila mojavensis® and the pea aphid Acrythosiphon pisum'®. Characteristics of divergent
host plants in these herbivorous insects have led to the formation of host races or biotypes, prior to further genetic
differentiation between populations®!!. Hence, local adaptation and host race formation can lead to divergence
in the specific traits that increase fitness on the new host and, via this, potentially result in RI**'>!*. However,
much is still unknown concerning the instigation, and underlying mechanisms, of nutritional adaptation'*-7.
Mechanistic insights can be gained from next generation sequencing (NGS), which is revolutionizing the study of
natural selection'®, adaptation'>?® and the initial steps of speciation?'. NGS methods can also be combined with
experimental evolution for additional insights into divergence?>* particularly via ‘evolve & resequence’ tech-
niques®*. By imposing selection on a particular trait or suites of traits, experimental evolution studies can reveal
adaptive responses to selection in real time®.

The characterization of patterns of gene expression across genomes offers new opportunities for the study of
the putative causal links between differences in gene expression and adaptive genetic divergence®. For example,
populations of Drosophila mojavensis from different regions of the Sonoran desert exhibit premating isolation,
mediated by cuticular hydrocarbon profiles (CHCs) and courtship song, based on the cactus host they utilise for
reproduction®?”?8, Transcriptomic studies have identified a small suite of metabolic, olfactory and behavioural
trait genes whose expression is directly influenced by the host food plant®-3'. The focal species used here, the

1School of Biological Sciences, University of East Anglia, Norwich Research Park, Norwich, NR4 7TJ, UK. 2Earlham
Institute, Norwich Research Park, Norwich, NR4 7UZ, UK. 3School of Computing Sciences, University of East Anglia,
Norwich Research Park, Norwich, NR4 7TJ, UK. Correspondence and requests for materials should be addressed to
I.M. (email: i.mohorianu@gmail.com) or T.C. (email: tracey.chapman@uea.ac.uk)

SCIENTIFIC REPORTS | (2019) 9:6704 | https://doi.org/10.1038/s41598-019-42610-2 1


https://doi.org/10.1038/s41598-019-42610-2
http://orcid.org/0000-0002-6790-1167
http://orcid.org/0000-0002-2401-8120
mailto:i.mohorianu@gmail.com
mailto:tracey.chapman@uea.ac.uk

www.nature.com/scientificreports/

medfly Ceratitis capitata, is an extreme generalist and exhibits wide plasticity in host selection, utilization**** and
oviposition®»**. Larvae are viable in a wide range of fruits and diets, from both inside and outside of the known
host range®~*%. This highly plastic host choice behaviour is evident in reports that the medfly can infest over 350
different host fruits* including those of very different nutritional compositions such as citrus fruits, coffee, olives,
argan, apples, pears and cherries. As such, the medfly is of economic importance and its ability to exhibit strong
nutritional plasticity®** is thought to have facilitated its global invasion*'*>. Geographically distinct populations
of medfly vary in a wide range of demographic**-*¢ and behavioural traits*’*%, as well as in genetic structure*"#.
However, unlike for some Drosophilid species (e.g.>**!), there are as yet no reports of mating isolation between
medfly strains utilizing different diets>2.

Here we used mRNA sequencing (mRNA-seq) to identify the responses of protein-coding gene expression
to selection under two divergent larval dietary treatments in the medfly (Ceratitis capitata), a global agricultural
pest. We aimed to capture the genome-wide gene expression signatures associated with the previously-described
divergence and nutritional adaptation in these lines®*. In addition, we extended the range of phenotypes investi-
gated, by testing for divergence in mating preferences. Experimental evolution was conducted on two sets of three
independent evolutionary replicates, each selected on different larval diets with different nutritional complexity
and caloric value®. A previous study showed that within 30 generations, this dietary selection led to divergence in
larval development time and egg to adult survival®. There was also evidence for the emergence of local adaptation
in adult body size, with individuals being significantly heavier when raised on the diet on which they had been
selected®. In the current study, we tested for evolved differences in gene expression and conducted separate tests
for evidence of divergent mating preferences, in these same populations. We used mRNA-seq to characterise the
gene expression profiles of pools of sexually mature males from the Starch and ASG lines following 60 generations
of nutritional selection. To measure evolved rather than proximate dietary responses we used a standard method
of testing individuals that had been reared for 2 generations on a nutritionally intermediate common garden
diet. We found evidence for evolved differences in gene expression patterns between the lines and the responses
were highly consistent across biological replicates. We identified 214 transcripts as differentially expressed (DE)
between the dietary treatments. DE was observed in a suite of genes involved in nutrient metabolism, oxidative
phosphorylation (OXPHOS) and proteolysis. These differences may underpin the previously reported divergence
in developmental survival and adult body mass. However, mating patterns across generations 60 and 90 were
variable, providing no evidence for assortative mating by diet.

Methods

Experimental evolution lines. The experimental evolution (EE) lines were derived from the TOLIMAN
wild type (originating from Guatemala and reared in the laboratory since 1990°*). This is an outbred, domesti-
cated strain that harbours selectable genetic variation. For at least two years prior to the start of these experiments
the TOLIMAN strain was reared on a wheat bran diet (24% wheat bran, 16% sugar, 8% yeast, 0.6% citric acid,
0.5% sodium benzoate). To initiate the experimental evolution, flies were established on (i) sucrose-based ‘ASG’
medium (1% agar, 7.4% sugar, 6.7% maize, 4.75% yeast, 2.5% Nipagin (10% in ethanol), 0.2% propionic acid,
684 kcal/L) or (ii) ‘Starch’ (S) medium (1.5% agar, 3% starch, 5% yeast, 0.4% propionic acid, 291 kcal/L)*. These
diets differ in the quality and quantity of both dietary and preservative components and were selected for use as
they are known to successfully support larval growth®® whilst providing marked differences in both calorific value
and carbohydrate complexity. There is as yet little evidence that differences in the presence and concentration of
preservatives used will impact on larval life history responses in a manner that could confound our interpretation
of nutritional responses®”.

Three independent biological replicates of each of the two regimes were maintained under allopatry and each
was tested in the RNA-seq and mating test experiments. However, within each of these three replicate regime
treatments we ran multiple sub replicates (as specified) for the mating tests (otherwise we would test each regime
only ‘once’). The qPCR tests were conducted on each of the 3 EE replicates, with technical replication as standard.
All experiments and culturing were conducted at 25°C, 50% relative humidity, on a 12:12 light dark photoperiod.
Adults emerging from each replicate were maintained each generation in groups of approximately 30 males and
30 females in plastic cages (9 x 9 x 9cm). Adults from all lines received the same standard adult diet (ad libitum
access to sucrose-yeast food; 3:1 w/w sugar:yeast hydrolysate). Each generation, egg density was standardised by
placing approximately 500 eggs on 100 ml of the appropriate diet in a glass bottle. When third instar larvae started
to jump’ from the larval medium, the bottles were laid on sand and pupae allowed to emerge for seven days.
Pupae were then sieved from the sand and held in 9 mm petri dishes until adult eclosion and the propagation of
the next generation.

Identification of gene expression patterns in medfly populations exhibiting divergent nutri-
tional responses, using MRNA-seq. Eggs were derived from the ASG (A) and Starch (S) experimental
evolution lines at generation 60 and reared on a common garden glucose (CG) diet (1.5% agar, 3% glucose,
5% yeast, 0.5% propionic acid) under standard conditions and density for two generations. CG was chosen to
represent an approximate nutritionally intermediate diet on which larvae from both regimes could be reared
through for two generations and placed in an appropriate common garden, to minimise parental effects and at
the same time clearly delineate evolved gene expression responses. All adults received the same 3:1 sucrose:yeast
hydrolysate diet throughout. The use of a common garden diet is standard to minimise proximate ‘immediate’
responses, in this case to different diets, and hence to accurately measure evolved responses (we took a similar
approach below for the mating tests, by using diet ‘swaps’). As the lines originated from the same base population
held for >2 years on the same diet prior to the initiation of the experiments, the same genetic variation was sub-
jected to the two different diet treatments. The mRNA-seq experiment hence captures evolved gene expression
differences that have occurred over time since the start of the experiment. The CG larval diet we used is also
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known from previous work® to fully support larval development in a manner comparable to that of standard
control diets and was hence a suitable diet for this purpose. In this study, we subjected adult males, rather than
larvae, to RNA-seq, as we wished to capture the potential effects of divergent nutritional selection on behavioural
and reproductive traits related to mating success. To generate the samples for mRNA-seq, adults emerging from
daily collected cohorts of pupae were sex-sorted and reared in single sex cages until seven days post eclosion
(which is the age of peak sexual maturity in males®). Samples of 17-30 male flies formed the pool of mRNA
for each replicate of each evolutionary treatment. The flies were flash frozen in liquid N, 30 minutes after lights
on (09:30 (GMT)), being the start of the 12h light period), in groups of 10-15 in Eppendorf tubes and stored at
—80°C until RNA extraction.

RNA extraction and mRNA-seq. Prior to RNA extraction, males were split into Head/Thorax (HT),
and Abdomen (Ab), over dry ice. This allowed us to capture body-part-specific signatures of gene expression
and to minimise tissue swamping effects. Total RNA was extracted from samples of 17-22 body parts pooled
within each replicate of each dietary treatment, using the mirVana kit (Ambion), according to the manufacturer’s
instructions. 5 pg (>200 ng/pl) of Total RNA from male flies was submitted for sequencing. mRNA-seq was con-
ducted (BaseClear provider) on libraries prepared using the Illumina TruSeq protocol, following polyA selection
for mRNA. Sequencing was single-end, 50 cycles on the Illumina HiSeq2500 platform (Rapid Mode). Samples
were sequenced over 3 lanes (4 samples per lane) using a balanced design, to control for batch effects. Identical
sequencing indices were used for each body part and biological replicate from the two different diet regimes,
across lanes.

Bioinformatics. We analysed the RNA-seq data using the bioinformatics pipeline described in*%, which
is based upon a subsampling normalisation. This allows good preservation of the original distributions of gene
abundances and gene expression following normalisation and hence good sensitivity in detection of subtle gene
expression patterns underlying behaviour. Direct comparisons have shown the outputs of this pipeline are fully
comparable, in terms of the number and identity of genes showing DE, to established pipelines such as egdeR and
DEseq2”.

Quality control.  Initial quality control was performed on original FASTQ files, which were then converted into
FASTA format. Reads containing Ns (<1%) were discarded. The set of redundant (R) reads was collapsed into
non-redundant (NR) format and the complexity (ratio of NR:R reads) calculated®”. To evaluate the extent of
sequencing bias, the per-base nucleotide composition was determined. The proportion of reads incident to the
reference genome and available annotations was calculated before and after normalization of expression levels, to
ensure that the normalization targeted technical inter-sample variability without altering the biological features
present®’.

Read mapping and normalization. The mapping of all reads was done using PaTMaN®. This method can be
used for aligning short reads (here, our 50 nt mRNA fragments) and was selected because it is a deterministic,
rather than probabilistic approach (hence it identifies all hits on the genome/transcriptome). We first evaluated
the proportions of genome matching reads resulting from mapping with 0, 1 and 2 mismatches, to balance the
number of reads mapped versus accuracy (data not shown). From this, we chose to map with a maximum of 1
mis-match at any position along each read, full length, with no gaps allowed. This yielded a higher proportion
of genome matching reads over 0 mismatches and increasing it to 2 gave only a negligible increase in propor-
tion mapping. We used the Ccapl.1 version of the Ceratitis capitata genome and curated C. capitata transcripts
downloaded from NCBI (for rRNAs and protein coding genes). First, 'rRNA-reads were excluded from all sam-
ples and we then sampled the filtered reads to a fixed total of 29 M (the minimum sequencing depth, post fil-
tering), using subsampling without replacement®. Gene expression was calculated as the algebraic sum of the
abundances of incident reads. Any remaining variability in the expression matrix was then minimised by using
quantile normalisation®”¢!. The proportion of reads incident to the mRNA annotations corresponding to v1.1 of
the C. capitata genome was significantly lower than the proportion of genome matching reads. Hence, we used
curated C. capitata transcripts downloaded from NCBI®2, which yielded comparable proportion of transcript- and
genome-matching reads.

Differential expression analysis.  We first investigated differential expression (DE) between replicates, using a log,
offset fold change (OFC), with empirically-determined offset of 20°” to filter out low level noise. Transcripts with
a normalized abundance across all samples of <100 were excluded. The DE analysis was conducted using a hier-
archical approach on two levels®: (i) body part (tissue) (HT/Ab) and (ii) dietary treatment (A/S). This allowed
the calling of DE in transcripts that were body-part-specific and those that were expressed in both tissues. The DE
call between treatment types was made on maximal confidence intervals (CIs) and genes with a log,(OFC) > 1
(corresponding to a 2-fold change difference) were called as DE.

Annotation and functional description. The functional annotation of the current C. capitata genome is relatively
limited. Hence to utilise our data to gain the strongest inference, whilst still employing a conservative bioinfor-
matic approach, we also used the D. melanogaster genome (with its enhanced annotation quality) to strengthen
our descriptions of transcript functions. DE transcripts were matched to their corresponding Drosophila mela-
nogaster homologues using tBLASTx®. The similarity threshold for matching was alignment length > 50 nt, with
similarity >50%. The tissue-specific gene lists resulting from this were tested for functional enrichment using
g:Profiler® using all D. melanogaster genes as the background set. The analysis settings used were g:GOSt with the
2:SCS multiple test correction applied®.
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gRT-PCR validation. 15 candidate genes of interest (GOIs) for validation were chosen, based on their
expression levels and to cover representative GO categories and include genes showing both body part-specific
and global expression patterns. Presence plots were used to enhance primer design (i.e. to avoid primers spanning
exon/exon boundaries). We first assessed the stability of expression of 3 reference genes®>*® in our mRNA-seq
data. We selected 3 non DE reference genes (CcRpL13a, CcRpL27, poll) based on a circular permutation test,
high read abundance (>500,000 reads in each sample, in both body parts) and by assessing the consistency of
expression between tissues (log,(DE) < =0.0001) and treatments. The use of three reference genes gives statistical
robustness to reliably infer the reference level of constitutive gene expression in each of the tissues tested. We then
designed primers (using primerBLAST®’) and checked using PatMaN® for potential multiple matches to other
genomic locations (primer details in Table S1).

For primer optimisation we used mRNA extracted from whole wild type flies. We removed DNA using
TURBO™ DNase (Life Technologies) on 2 pg total RNA. DNase was deactivated using the resin in the TURBO™
DNA-free kit (Life Technologies) and all samples were tested for DNA contamination with no-reverse transcrip-
tion controls. The QuantiTect Reverse Transcription Kit (Qiagen) was used to reverse transcribe 1 pug total RNA to
cDNA, which was then stored at —20°C. qRT-PCRs were run using a StepOnePlus™ machine (Life Technologies)
using iTaq Universal SYBR® Green Supermix with triplicate technical replicates using 10 ng RNA as template
in 20 pl reactions in MicroAmp® Fast Optical 96-Well Reaction Plate with Barcode, 0.1 ml (Life Technologies).
The qRT-PCR conditions were 95 °C for 30 seconds followed by 40 cycles of 95°C for 15 seconds and 60 °C for
1 minute and data acquisition. Following the qRT-PCR we ran a melt curve analysis (on default settings). All
samples showed a single peak on the melt curve. We included a no template control for each GOI on each plate.
All primers were used at a final concentration of 5 pM. For primer optimisation (Eurofins MWG Operon) we pro-
duced standard curves using at least five 1:5 dilutions of RNA starting at 50 ng cDNA. qRT-PCR to validate each
GOI was conducted on an aliquot of the original total RNA extraction supplied to the sequencing provider for
mRNA-seq. Samples where no signal was detected during qRT-PCR were given a nominal CT value of 40, to allow
statistical testing. The difference in 27A€T between treatments was tested using a two-sample t-test for each GOL

Tests for assortative mating by diet. In order to further understand the adaptation reported in our pre-
vious study®, we extended our phenotypic assays of the selection lines described above to include assays of adult
mating preferences. We conducted multiple choice mate choice tests at generation 60 and 90 of selection under
the two dietary regimes. Eggs were seeded onto the same common garden glucose (CG) larval diet described
above, for two generations prior to testing. This allowed the potential for mating patterns to be linked to the
underlying genome-wide expression patterns measured in the mRNA-seq experiment. All mating tests at each
generation were conducted simultaneously. At generation 90, we conducted additional tests between replicates
within each dietary treatment to test for the contribution of genetic drift. Flies were sorted by sex within 24 hours
of eclosion to ensure virginity. Experimental flies were reared in standard 0.8L rearing cages. To enable identifi-
cation, males and females from one population in each mating test were marked with a spot of red paint on the
dorsal side of the thorax. Treatments were fully controlled for handling effects and paint marking.

A multiple-choice design was employed to maximise the opportunity for mate choice. Five days post eclosion
and 48 hours prior to the mating tests, 25 A and 25 S regime females and 25 A and S regime males were placed
into two, single sex, 0.8L rearing cages. The two cages were connected via a sliding door. Both cages were supplied
with 3:1 sugar:yeast hydrolysate diet mix ad libitum. Mating tests were conducted when the flies were 7-8 days
post eclosion (at peak sexual maturity®), with sexes and treatments balanced for age composition. Mating tests
were initiated at 09:30, 30 minutes after lights on, by slowly raising the sliding door. Mating pairs were gently
removed and placed in numbered 1.5 ml eppendorf tubes for later identification. Three replicates were conducted
on each test day, starting at 30 min intervals. The order in which the replicate pairs were tested was alternated, to
control for effects of different start times. Each assay continued until 25 mated pairs had been collected, or until
30 minutes had elapsed. The collection of 25 pairs amounted to half of the total population in the cages. Therefore,
any effect of diminishing choice due to removal of flies from the cage was minimized®®. At generation 60, four rep-
licates were conducted for each combination of tests. At generation 90, five replicates each of 16-25 individuals of
each sex per line were tested for the own diet and common garden mating tests. For the within line mating tests,
four replicates of 25 starting individuals of each sex were tested for the A v A mating assays, and three replicates
of 19-25 individuals of each sex per line were tested for S v S. The identity of both individuals in each mating pair
was recorded. As only 50% of matings were sampled, mating pairs were treated as independent®®® and results
were pooled by line replicate prior to further analysis.

Statistical analysis. The number of observed and total possible pairings for each pair type was calculated.
These raw data were then analysed using JMATING v1.07° to calculate descriptive coefficients based on the cross
product estimator of isolation”’. I,g, a joint isolation index, varying from —1 to 1 (with 41 being total assortative
mating, —1 total dissasortative mating and 0 random mating®) was used to describe total isolation. The PTI
coefficient described positive and negative preferences for mating pairs within each line pair, at each time point.
An index of mating asymmetry (IApg) captured the difference in frequency between homotypic and heterotypic
pairs’2. Values of [Apg centre around 1 (no asymmetry), with values below one reflecting asymmetry towards the
first pair type, and >1 representing asymmetry towards the second. Finally, we calculated W, the cross product
estimator of sexual selection, to compare the sexual fitness of males and females” and to give the relative fitness
of each treatment in comparison to the fittest treatment within each line pairing. The significance of PSI, PSS,
and PTT coefficients was determined as the bootstrap probability of rejecting the null hypothesis of random
distribution, after 10,000 iterations of resampling’’. When applied to the isolation index (Ipg), the asymmetry
index (IApg)), and the estimator of sexual selection (W), this is the two-tail bootstrap probability that the value is
significantly different from one (i.e. random mating, or zero asymmetry). To test for the overall effect of diet in RI
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Tissue

Head/Thorax | Abdomen
Total DE transcripts 122 237
# DE, Starch > ASG 43 151
# DE, ASG > Starch 75 86
D.melanogaster homologues 29 65
GO/KEGG terms enriched 0 4

Table 1. Differentially expressed (DE) transcripts used for functional enrichment. DE between treatment types
was called on maximal confidence intervals, with genes exhibiting a log,(OFC) > 1 (corresponding to a 2-fold
change difference) classed as DE. From this set tBLASTx% was used to retrieve homologues from Drosophila
melanogaster. These homologues were functionally enriched using g:Profiler®. The number of transcripts which
were retained in the analysis at each stage, and the resulting number of enrichment terms are displayed per
tissue.

as indicated by Ipg;, IApg; or W, probability values for each line replicate comparison were combined using Fisher’s
sum of logs method, implemented with the ‘metap’ package in R”®. All other data handling and statistical analysis
was conducted in R7.

Results

mRNA-SEQ. Quality control. Raw FASTQ files contained between 34.3 M and 53.2 M reads. Following
conversion to FASTA format and exclusion of reads containing Ns, we accepted >99% reads for every sample
(Table S2). Other initial checks, such as the nucleotide composition across reads, revealed the expected RNA-seq
bias, which was consistent for all samples*. Next, to optimize the alignment step, the files were transformed from
redundant to non-redundant format, yielding between 7.6 M and 10.2 M unique (non-redundant) reads, with
a complexity of between 0.192 and 0.23. The tight range of complexities indicated a reliable sequencing output.
The variation in complexities observed between replicates, derived primarily from variation in sequencing depth,
suggested that a subsampling normalization would be appropriate®”®,

Genome matching and normalisation of expression levels.  First, rRNA mapping reads were excluded. Next, the
resulting reads were subsampled at a fixed total (29 M). The non-redundant read count varied between 7 M and
8.2M reads, with complexity between 0.235 and 0.277, showing that the variation in complexity between repli-
cates was reduced following normalization (Table S2). On the normalized data, the proportion of reads match-
ing to the Ccapl.1 genome was: redundant 80 to 83%, non-redundant 77%. The proportion of redundant reads
incident to the genome was in line with the results observed for the original data, suggesting that the normali-
zation successfully minimised technical variability. The proportion of reads matching to Ceratitis capitata NCBI
transcripts was: redundant 75 to 83%, non-redundant 75 to 79% (Table S2). This was similar to the proportion of
genome matching reads, a result that was expected as polyA selection was employed during the sample prepara-
tion for the mRNA-seq. As the C. capitata NCBI transcript annotations provided a similar proportion of R/NR
mapping reads to the reference genome, this dataset was used for the subsequent analysis.

Identification of differentially expressed protein-coding genes. The normalisation provided com-
parable distributions of expression across samples, with good agreement between replicates throughout (Fig. S1).
The amplitude and frequency of DE (Table S3A-D) between tissues was greater than for diets (Fig. S2). A total of
359 transcripts showed DE between treatments (Table 1), with 198 being expressed higher in Starch flies, and 161
higher in ASG. These transcripts were matched to D. melanogaster homologues using tBLASTX, which yielded a
total of 94 matching genes, 29 expressed in the HT tissue and 65 in Ab. Tests for functional enrichment of this set
highlighted 3 enriched GO terms and 1 KEGG pathway, associated with 15 C. capitata transcripts (Fig. 1). To test
whether unidentified DE transcripts were enriched for transposable elements (TEs), we used BLAST with relaxed
parameters (megablast, nr/nt database, not limited by organism, word size: 28 (default)) to check every transcript
called as DE that did not bear a C. capitata annotation on NCBI, or that was annotated as C. capitata unclassified.
In the HT there were 30 such transcripts and only one (GAMC01015130.1) returned a BLAST hit related to TEs.
In the Ab, of 70 such transcripts, none returned a hit relating to TEs, though GAMC01015130.1 matched to an
LTR retrotransposon known only from Ceratitis. Overall, unidentified sequences did not enrich for TEs.

Differential gene expression in the head +thorax. ~Of the 122 transcripts that yielded a signature of DE in the
HT, 43 were expressed at higher levels in ASG flies, and 75 higher in Starch (Table S3A,B). 29 of these were
matched to D. melanogaster identifiers following tBLASTx searching. Functional enrichment did not return
any significant terms. After removal of duplicates present due to isoform variation, 65 DE transcripts remained
(Table S3B). Of these, 22 bore informative NCBI predicted annotations and 9 were predicted as uncharacterised
loci. As examples from this set, homologues for the D. melanogaster serine protease genes vTry and CG34458, as
well as cytochrome P450 genes Cyp6a9 and Cyp6a2l were expressed at higher levels in Starch flies. Consistent
with this, several transcripts predicted to be serine proteases also showed higher expression in Starch flies (e.g.
XM_004517825.1, XM_004517721.1). Homologues of the developmentally associated larval cuticle protein genes
Lcp3 and Lep56Ab1 were expressed at higher levels in ASG flies. The functional significance of the enrichment for
serine proteases in Starch and cuticle genes in ASG flies is not yet clear.
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Figure 1. Differentially expressed transcripts in Abdominal tissue of males after 60 generations of adaptation
to divergent larval diets. Colour represents row wise Z-score of expression levels normalised by row mean and
standard deviation, red represents comparative up regulation, blue represents comparative down regulation.
Groupings based on GO enrichment of D. melanogaster homologues of medfly DE transcripts are displayed on
the left side of the heat map. Gene names are displayed on the right-hand side. ASG samples (AG) are displayed
in the 3 left hand columns of the heat map, Starch samples (SG) in the 3 right hand columns, each for replicates
1-3, male abdomen (MADb).

Differential gene expression in the abdomen. 237 transcripts were DE in abdomen, with 151 expressed higher
in Starch flies and 86 higher in ASG (Table S3C,D). Following tBLASTX, 65 D. melanogaster identifiers were
retrieved. Functional enrichment of these revealed significant overrepresentation for genes involved in the molt-
ing cycle (GO-BP:0042303, P=0.0432) and apical constriction (GO:0003383, P=0.0493). Additional enrichment
was observed in the molecular function GO term serine-type endopeptidase activity (GO:0004252, P=0.0399)
and in genes associated with the oxidative phosphorylation KEGG pathway (ko00190, P=0.0495; Fig. 1). The
biological process (BP) ‘molting cycle’ was associated with 5 C. capitata genes. Of these, the majority were
expressed at a higher level in Starch flies (Fig. 1). However, a single C. capitata gene (LCP5) showed the opposite
pattern and was expressed at higher levels in ASG flies. This pattern of LCP5 expression was also seen in the HT
for ASG flies. Of the five genes enriched for molting cycle, 3 were also enriched for apical constriction. These
genes were all expressed at higher levels in Starch than in ASG flies. For all three of these transcripts there were
no C. capitata annotations, and hence these genes are referred to by their D. melanogaster identifiers in Fig. 1. The
majority of genes associated with a functional enrichment were serine-like peptidases. 7 C. capitata transcripts
were associated with this GO term, and exhibited a bidirectional expression pattern, with 4 expressed at higher
levels in Starch than in ASG, and the remaining 3 showing the opposite pattern. The final functional enrichment
information came from 3 C. capitata transcripts that were associated with the KEGG pathway describing oxida-
tive phosphorylation, these were all expressed at higher levels in Starch flies.

After duplicates were removed, 152 abdomen transcripts showing DE remained (Table S3B). Of these, 53
were associated with C. capitata annotations or predicted annotations and 21 were predicted as uncharacterised
C. capitata loci. Within this set were 7 genes with D. melanogaster homologues that were functionally enriched
for serine peptidase activity (up in ASG: CG3916, CG32808, Ser6; up in Starch: lint, CG34458, yTry, Jon65Aiii).
Further to this enrichment, another D. melanogaster gene with a serine endopeptidase domain (CG6800) was
DE, with higher expression in ASG abdomens. 4 transcripts with predicted annotations as C. capitata serine
proteases were also called DE (up in ASG: GAMCO01001732.1; up in Starch: XM_004517721.1, XM_004517825.1,
XM_012306933.1). 5C. capitata transcripts with D. melanogaster homologues showed functional enrichment for
the molting cycle (Cht6, Lcp65AbI (C. capitata LCP5), mey, neo, nyo). Three of these (mey, neo, nyo) also showed
enrichment for apical constriction. 3 C. capitata transcripts with D. melanogaster homologues contributed to the
enrichment of the oxidative phosphorylation KEGG pathway (SdhA, Vhal00-2, Vhal00-4).

Beyond the transcripts described by functional enrichment, there was a wide range of additional C. capitata
transcripts with D. melanogaster homologues showing DE. Of particular interest was a transcription factor asso-
ciated with behaviour in D. melanogaster (acj6), which is associated with odorant receptor gene expression, as
well as another transcription factor (CG15073). Given the dietary selection imposed, it was also interesting to
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observe DE in ppk28, a gene involved in response to water and osmoregulation in D. melanogaster’”® and in Ent2,
with reported roles in stress/stress signalling and associative learning in D. melanogaster’®. Predicted annotations
of several of the C. capitata transcripts lacking D. melanogaster homologues was also interesting, as within this set
there were one odorant receptor (XM_004534136.1 (LOC101450382, Odorant receptor 67a-like)) and one odor-
ant binding protein (XM_004521128.2 (Obp99a)) and the C. capitata gene CYP4E6 (AF028819.1), a cytochrome
P450 associated with the processing of extrinsic and intrinsic metabolites”’.

Validation by qRT-PCR. Variation in gene expression as determined by mRNA-seq was validated using
qRT-PCR (Tables S1 and S4). There was extremely close agreement between qRT-PCR and mRNA-seq expression.
The pattern of gene expression was identical in all replicates for all 15 GOIs tested (Figs S3-S17; Table S4) except
one (GAMCO01008957.1, AGIHT/SGIHT, Fig. S10). Statistical testing showed significant (P < 0.05) differences
in 27ACT values between ASG and Starch flies in 14 out of 20 tests (Table S4). Within the set of validated GOIs,
genes matching D. melanogaster homologues, such as SER1 (GAMC01003520.1) and TRY7 (GAMC01004081.1)
were also validated. Overall, the qRT-PCR experiments provided a strong validation of the bioinformatics anal-
ysis of the mRNA-seq data, with 119 out of 120 qRT-PCR tests showing the same direction and/or magnitude as
the mRNA-seq.

Mate choice tests. At generation 60, there was a predominance of homotypic pairs (i.e. pairing between flies
from the same diet regimes, Fig. 2, Table S5) and S males were observed to mate most frequently (Fig. 2, Table S5).
However, at generation 90, which also included tests to indicate the presence of genetic drift, these patterns were
no longer evident. Hence, overall, there was no evidence of diet-associated mating preferences. The results are
described in more detail, below.

Sexual isolation (PSI), sexual selection (PSS) and total isolation (PTI) indices. At generation 60, there was a
significant deviation from random PTI (Tables S6 and S7) driven by significant deviations from random PSI
(Tables S6 and S7). This was evident as homotypic (diet assortative) pairings generally exhibited sexual isolation
(PSI) > 1, and heterotypic (diet disassortative) pairings showed negative values. Total isolation (PTI) was signif-
icantly >1 for ‘AA’ mating type pairs in 2/3 replicates and significantly <1 for the ‘AB’ mating pair types for all
lines (0.44-0.52). In the common garden tests, 2/3 replicates (Tables S6 and S8) showed no significant effect of
treatment on PSI and the sexual selection index (PSS) was also not significantly different from one in 2/3 rep-
licates. PTT was significantly <1 for all ‘BA’ mating type replicates (0.4-0.64). Hence at generation 60 there was
evidence for significant assortative mating by diet in both the ‘on diet’ and common garden tests. A competitive
advantage of ASG males was evident ‘on diet, mediated by sexual selection. At generation 90, on diet mating tests
again showed significant deviations from random PTI (Tables S6 and S9) and a significant deviation from random
PSI in a single replicate (Table S9). However, all line replicates showed significant deviations from random PSS
(Table S9), indicating that the assortative mating by diet observed at generation 60 was not repeated. This was
also found in the common garden tests, where only one line showed significant deviation from random PTI, PSI
or PSS (Tables S6 and S10). This effect was not driven by PSI and not linked to assortative mating by diet. At gen-
eration 90 the line replicates were also tested against each other to test directly for genetic drift. Within the ASG
regime, significant deviation from random PTI was observed in only one replicate (Tables S6 and S11), driven by
significant deviation in PSS, again suggesting no assortative mating. There was no significant deviation from PTI
in the Starch regime (Table S11).

Analysis of isolation - IPSI - Isolation index. At generation 60, all lines showed significant assortative mating
when tested on their own (X*=27.03, d.f. =6, P< 0.001) or common garden (X*=19.7, d.f. =6, P=10.003) diets
(Table S12). However, at generation 90 this signature of assortative mating was not observed (Fisher’s Combined
test, X*=5.3, d.f. =6, P=0.51). Tests of lines within dietary regimes showed a significant isolation index in Starch
(X*=19.3, d.f. =6, P=10.004) but not ASG regime (X*=7.5, d.f. =6, P=0.26) flies.

Asymmetry in matings - IAPSI - Asymmetry index. In generation 60, [Apg (i.e. asymmetry in the proportion
of homo- versus heterotypic matings) was consistently significantly <1 for heterotypic pairs (‘BA mating type)
(Fisher’s X =23.22, d.f.=6, P <0.001). The frequency of heterotypic pairs was skewed towards BA type matings
(i.e. S females and ASG males). No such asymmetry was observed in generation 90.

Divergence in W - Cross product estimator of sexual selection.  There was no significant difference between treat-
ments in female-specific W at generation 60. However, W for S males was lower than for ASG in generation 60
(Fisher's X*=24.28, d.f. =6, P< 0.001) and 90 (X*>= 15.76, d.f. =6, P=0.015).

Discussion

We observed evolved differences in the expression patterns of genes involved in metabolism, development and
OXPHOS in adult males from experimentally evolved populations subjected to divergent nutritional selection.
These differences may underlie the phenotypic signatures of adaptation in body mass previously described™.
Independent tests of mating preference in the same populations provided no consistent evidence for assorta-
tive mating by diet between the populations at the same generational timepoints. mRNA-seq successfully cap-
tured variation in gene expression in sexually mature males from both diet regimes. As all flies were reared on
a common garden diet prior to RNA extraction, the measurement of evolved gene expression differences was
maximised and proximate responses to diets minimised. The mRNA-seq results for each diet regime and body
part were highly repeatable across independent biological replicates. qRT-PCR provided strong support for the
genome-wide patterns of gene expression in the mRNA-seq. 214 transcripts showed DE above 2 log,OFC between
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Figure 2. The number of mating pairs formed in multiple choice mating tests between ASG and Starch dietary
selection lines after 60 & 90 generations of selection. Each plot shows three replicates, with lowercase letters
representing diet (ASG =a or Starch =s) and replicate information (1-3). Upper case letters represent ‘pair
types’ formed within that replicate (homotypic = AA, SS; heterotypic = AS, SA). Dark Orange bars represent
homotypic pairings between the ASG males and females. Light orange bars represent heterotypic pairings
composed of a male from ASG, and a female from Starch. Light blue bars represent the opposite heterotypic
pairing, Starch male and ASG female. Dark blue bars represent homotypic matings between a Starch male and
female. (A) Flies reared on their own larval diet, tested at 60 generations. (B) Flies reared on a common garden
glucose diet for two generations prior to testing, tested at 60 generations. (C) Flies reared on their own larval
diet, tested at 90 generations. (D) Flies reared on a common garden glucose diet for two generations prior to
testing, tested at 90 generations. (E) Flies from ASG line replicates tested against other ASG line replicates.
Colours represent hetero- and homotypic matings by the same light/dark pattern as above, but with an
individual colour pair for each line replicate. All flies reared on their own larval diet, tested at 90 generations.
(F) Flies from Starch line replicates tested against other Starch line replicates. Colouration as in (E). All flies
reared on their own larval diet, tested at 90 generations.
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treatments. Within this set, 94 transcripts were matched to homologous genes in D. melanogaster (44%). The
functional description of these homologues showed evidence for divergence in gene expression between sexually
mature adult males from both nutritional regimes.

The larval diets which defined the ASG and Starch regimes differed in caloric value and nutritional content,
giving insight into the likely selection pressures to which each population was challenged. The ASG larval diet
contained over twice the Kcal/L in comparison to the Starch. Also, the corn meal in the ASG diet offered addi-
tional sources of carbohydrates, proteins, and other dietary nutrients (http://ndb.nal.usda.gov/). It is this type
of dietary complexity, rather than the caloric content per se, that we aimed to impose in our selection lines, as it
is known to affect life history traits such as lifespan’®. The successful effects of selection arising from exposure
to these diets is evidenced by our previous report of dietary adaptation in male body mass at sexual maturity*.

The divergent nutritional selection during development resulted in a pattern of evolved differences in gene
expression in adult males. Given the major differences between the diets in the complexity and diversity of car-
bohydrate content, DE in some form of nutrient metabolism was predicted. Indeed, homologues of DE genes in
the abdomen tissues of males were functionally enriched for ‘Serine-type endopeptidase activity’ The finding that
different suites of these peptidases, (putative digestive enzymes’®) showed differential expression could suggest
that differentiation in digestive strategies might contribute to the observed diet-associated divergence®. Several
Drosophilid systems that exhibit divergence driven by host specialisation show similar, although more extensive,
patterns of DE in nutrient related metabolic genes®*"%9-82, This effect is predicted on the basis that nutrients
available in the larval diet can have large effects on survivorship and also have the potential to drive selection for
optimal ability to utilise novel host nutrients. Within the medfly, the impact of larval rearing diet on male adult
life history is substantial®**%. DE in metabolic genes could be associated with phenotypes manifested through
effects on body size and nutrient reserves®>%, but also through the potential for metabolic programming of adult
metabolic traits by larval conditions®”%.

Interestingly, divergent DE was observed in genes associated with OXPHOS in the Starch regime flies. Such
genes are expressed in, or interact with, the mitochondria, which as centres of energy production with rapidly
evolving independent genomes, are thought essential in adaptation and speciation®”*°. For example, in the lake
whitefish species complex (Coregonus spp.), divergence in OXPHOS gene expression in adult fish shows a tight
relationship with the energetic phenotypes represented by two reproductively isolated morphs®=*’. The tissue
specific DE seen in OXPHOS genes between males from ASG and Starch backgrounds may be associated with
the previously observed behavioural divergence (courtship activity) in these lines™. Starch males showed elevated
levels of courtship behaviours related to the expression of pheromones® and the up regulation of energy-related
genes in Starch male abdomens could reflect the energetically costly process of pheromone biosynthesis®®%.
The capture of signatures of change to OXPHOS gene expression is interesting because it has been suggested
to be important in responses to novel diets through detoxification and altered patterns of host related hormone
regulation®®8!.

Olfactory and gustatory receptor (OGR) genes are often associated with population divergence by host spe-
cialisation®#1% and the establishment of prezygotic barriers during speciation'”!. Such genes mediate chemosen-
sory responses and are associated with host recognition, but also perception of pheromonal communication'®.
DE was observed in this study in an OGR gene (OR67a-like), as well as two olfactory binding proteins (OBPs)
(Obp19d, Obp99a). Patterns of DE in similar OBPs are seen between allopatric populations of D. mojavensis
adapted to different host cacti and, in conjunction with other OBPs and behavioural genes, have been suggested
to contribute to further population divergence®. Future improvements to the quality of the medfly genome will
deepen our understanding further. However, our transcriptomic data presented here are important in giving key
initial genomic and functional insights into dietary adaptation in this important and significant pest species.

Despite the previously reported nutritional adaptation®, and the evolved differences in gene expression
described above, we found no evidence for evolved differences in diet-associated mating patterns. Hence, in
principle the two larval rearing diets provided sufficiently distinct selective environments to drive divergence
and resulted in gene expression differences in classes of genes such as proteases, OXYPHOS-related and odorant
genes that are reported to be associated with divergence and adaptation in other species®?!81:8291-97.103 However,
this did not result in a consistent signal of mating divergence between populations. This absence of mating isola-
tion is consistent with the reported lack of significant RI across a global scale in this species™!*, despite the pres-
ence of significant behavioural differences in courtship song and behaviour**®. Further differentiation has been
observed between global populations in other life history traits such as growth rate, longevity, and sexual matu-
ration**, as well as pre-adult traits'®, and resilience to domestication (a potential proxy for an enforced change
of host)*. The variance seen across these traits in global populations of medfly reflects overall genetic diversity
of these populations, which is closely linked to the medfly’s invasion history*"*. Lack of divergence (isolation)
between populations that vary globally is likely due to the effects of gene flow*>**1%, potentially mediated by
invasions due to human transport!'”’. This migration between populations has likely suppressed the capacity for
specialisation, even though, as we show here it is potentially possible at the transcriptional level, and has instead
maintained the plasticity exhibited by the medfly as a generalist®®. Despite this, this study demonstrates that a
laboratory population (over 20 years isolated from the wild) maintained sufficient genetic variation to respond to
experimentally-imposed divergent selection. Relating this to natural populations, as quarantine measures become
increasingly effective and reduce gene flow between global medfly populations®, suggests that the adaptive poten-
tial observed here may lead global populations to diverge further.

Data Archiving
Data are available on the GEO database!: GSE86029; GSM2291180 to GSM2291191. Raw data for the mating
tests are included in Table S5.

SCIENTIFIC REPORTS |

(2019) 9:6704 | https://doi.org/10.1038/s41598-019-42610-2 9


https://doi.org/10.1038/s41598-019-42610-2
http://ndb.nal.usda.gov/

www.nature.com/scientificreports/

References

1.

10.
11.

12.

13.

25.
26.
27.
28.

29.
. Rajpurohit, S., Oliveira, C. C., Etges, W. J. & Gibbs, A. G. Functional genomic and phenotypic responses to desiccation in natural

31.
32.

33.
34.
35.

36.
37.

38.
39.
40.
41.

42.
43.

44,
45.
46.
47.

48.

Schluter, D. The Ecology of Adaptive Radiation. (Oxford University Press, 2000).

2. Rundle, H. D. & Nosil, P. Ecological speciation. Ecol. Lett. 8, 336-352 (2005).
3.
4. Feder, ]. L. et al. Host fidelity is an effective premating barrier between sympatric races of the apple maggot fly. Proc. Natl. Acad. Sci.

Coyne, J. A. & Orr, H. A. Speciation. (Sinauer Associates, 2004).

USA 91, 7990-4 (1994).

. Powell, T. H. Q,, Forbes, A. A., Hood, G. R. & Feder, J. L. Ecological adaptation and reproductive isolation in sympatry: genetic and

phenotypic evidence for native host races of Rhagoletis pomonella. Mol. Ecol. 23, 688-704 (2014).

. Nosil, P. et al. Genomic consequences of multiple speciation processes in a stick insect. Proc. R. Soc. B 279, 5058-65 (2012).
. Soria-Carrasco, V. et al. Stick insect genomes reveal natural selection’s role in parallel speciation. Science 344, 738-42 (2014).
. Linn, C. et al. Fruit odor discrimination and sympatric host race formation in Rhagoletis. Proc. Natl. Acad. Sci. USA 100,

11490-11493 (2003).

. Etges, W. ]. No boundaries: Genomes, organisms, and ecological interactions responsible for divergence and reproductive isolation.

J. Hered. 105, 756-770 (2014).

Peccoud, J. & Simon, J.-C. The pea aphid complex as a model of ecological speciation. Ecol. Entomol. 35, 119-130 (2010).
Peccoud, J., Ollivier, A., Plantegenest, M. & Simon, J.-C. A continuum of genetic divergence from sympatric host races to species
in the pea aphid complex. Proc. Natl. Acad. Sci. USA 106, 7495-7500 (2009).

Dambroski, H. R. & Feder, J. L. Host plant and latitude-related diapause variation in Rhagoletis pomonella: A test for multifaceted
life history adaptation on different stages of diapause development. J. Evol. Biol. 20,2101-2112 (2007).

Nosil, P. Divergent host plant adaptation and reproductive isolation between ecotypes of Timema cristinae walking sticks. Am. Nat.
169, 151-62 (2007).

. Panhuis, T. M., Butlin, R., Zuk, M. & Tregenza, T. Sexual selection and speciation. Trends Ecol. Evol. 16, 364-371 (2001).
. Butlin, R. ef al. What do we need to know about speciation? Trends Ecol. Evol. 27,27-39 (2012).
. Safran, R. ], Scordato, E. S. C., Symes, L. B., Rodriguez, R. L. & Mendelson, T. C. Contributions of natural and sexual selection to

the evolution of premating reproductive isolation: A research agenda. Trends Ecol. Evol. 28, 643-650 (2013).

. Maan, M. E. & Seehausen, O. Ecology, sexual selection and speciation. Ecol. Lett. 14, 591-602 (2011).
. Seehausen, O. et al. Genomics and the origin of species. Nat. Rev. Genet. 15,176-192 (2014).
. Elmer, K. R. & Meyer, A. Adaptation in the age of ecological genomics: Insights from parallelism and convergence. Trends Ecol.

Evol. 26,298-306 (2011).

. Savolainen, O., Lascoux, M. & Meril, J. Ecological genomics of local adaptation. Nat. Rev. Genet. 14, 807-820 (2013).

. Nosil, P. Ecological Speciation. (Oxford University Press, 2012).

. Rice, W.R. & Hostert, E. E. Laboratory experiments on speciation: What have we learned in 40 Years? Evolution. 47, 1637 (1993).
. Kawecki, T. . et al. Experimental evolution. Trends Ecol. Evol. 27, 547-560 (2012).

. Schlétterer, C., Kofler, R., Versace, E., Tobler, R. & Franssen, S. U. Combining experimental evolution with next-generation

sequencing: A powerful tool to study adaptation from standing genetic variation. Heredity. 114, 431-440 (2015).

Remolina, S. C., Chang, P. L., Leips, J., Nuzhdin, S. V. & Hughes, K. A. Genomic basis of aging and life-history evolution in
Drosophila melanogaster. Evolution. 66, 3390-3403 (2012).

Pavey, S. A., Collin, H., Nosil, P. & Rogers, S. M. The role of gene expression in ecological speciation. Ann. N. Y. Acad. Sci. 1206,
110-129 (2010).

Etges, W. J., De Oliveira, C. C., Ritchie, M. G. & Noor, M. A. E Genetics of incipient speciation in Drosophila mojavensis: II. host
plants and mating status influence cuticular hydrocarbon qtl expression and g x e interactions. Evolution. 63, 1712-1730 (2009).
Etges, W. J. et al. Genetics of incipient speciation in Drosophila mojavensis. I. Male courtship song, mating success, and genotype
X environment interactions. Evolution. 61, 1106-1119 (2007).

MATZKIN, L. M. Population transcriptomics of cactus host shifts in Drosophila mojavensis. Mol. Ecol. 21, 2428-2439 (2012).

populations of a desert Drosophilid. Mol. Ecol. 22, 2698-2715 (2013).

Etges, W.]. et al. Deciphering life history transcriptomes in different environments. Mol. Ecol. 24, 151-179 (2015).

Levinson, H. Z., Levinson, A. R. & Miiller, K. Influence of some olfactory and optical properties of fruits on host location by the
Mediterranean fruit fly (Ceratitis capitata, Wied.). J. Appl. Entomol. 109, 44-54 (1990).

Yuval, B. & Hendrichs, J. In Fruit flies (Tephritidae): phylogeny and evolution of behavior (eds Aluja, M. & Norrbom, A. L.) 137,
429-457 (CRC Press LLC, 2000).

Prokopy, R. R. J., McDonald, P. T. & Wong, T. T. Y. Inter-population variation among Ceratitis capitata flies in host acceptance
pattern. Entomol. Exp. Appl. 35, 65-69 (1984).

Krainacker, D. A., Carey, J. R. & Vargas, R. I. Effect of larval host on life history traits of the Mediterranean fruit fly, Ceratitis
capitata. Oecologia 73, 583-590 (1987).

Carey, J. R. Host-specific demographic studies of the Mediterranean fruit fly Ceratitis capitata. Ecol. Entomol. 9,261-270 (1984).
Zucoloto, E. S. Adaptation of a Ceratitis capitata population Diptera, Tephritidae to an animal protein-based diet. Entomol. Exp.
Appl. 67,119-127 (1993).

Nash, W. J. & Chapman, T. Effect of dietary components on larval life history characteristics in the medfly (Ceratitis capitata:
Diptera, Tephritidae). PLoS One 9, 86029 (2014).

Liquido, N. J., Shinoda, L. A. & Cunningham, R. T. Host plants of the Mediterranean fruit fly (Diptera: Tephritidae): an annotated
world review. (Entomological Society of America, 1991).

Nyamukondiwa, C., Kleynhans, E. & Terblanche, J. S. Phenotypic plasticity of thermal tolerance contributes to the invasion
potential of Mediterranean fruit flies (Ceratitis capitata). Ecol. Entomol. 35, 565-575 (2010).

Gasperi, G. et al. Genetic differentiation, gene flow and the origin of infestations of the medfly, Ceratitis capitata. Genetica 116,
125-135 (2002).

Malacrida, A. R. et al. Globalization and fruitfly invasion and expansion: The medfly paradigm. Genetica 131, 1-9 (2007).
Diamantidis, A. D., Papadopoulos, N. T. & Carey, J. R. Medfly populations differ in diel and age patterns of sexual signalling.
Entomol. Exp. Appl. 128, 389-397 (2008).

Diamantidis, A. D. et al. Life history evolution in a globally invading tephritid: Patterns of survival and reproduction in medflies
from six world regions. Biol. J. Linn. Soc. 97, 106-117 (2009).

Diamantidis, A. D., Carey, J. R., Nakas, C. T. & Papadopoulos, N. T. Ancestral populations perform better in a novel environment:
Domestication of Mediterranean fruit fly populations from five global regions. Biol. J. Linn. Soc. 102, 334-345 (2011).
Diamantidis, A. D., Carey, J. R. & Papadopoulos, N. T. Life-history evolution of an invasive tephritid. J. Appl. Entomol. 132,
695-705 (2008).

Bricefio, R. D., Eberhard, W. G., Vilardi, J. C., Liedo, P. & Shelly, T. E. Variation in the intermittent buzzing songs of male medflies
(Diptera: Tephritidae) associated with geography, mass-rearing, and courtship success. Florida Entomol. 85, 32-40 (2002).
Bricefio, R. D., Eberhard, W. G., Vilardi, J., Cayol, J. & Shelly, T. Courtship behavior of different wild strains of Ceratitis capitata
(Diptera: Tephritidae). Florida Entomol. 90, 15-18 (2007).

SCIENTIFICREPORTS| (2019) 9:6704 | https://doi.org/10.1038/s41598-019-42610-2 10


https://doi.org/10.1038/s41598-019-42610-2

www.nature.com/scientificreports/

49.

50.
51.
52.
53.
54.
55.

56.

65.
66.
67.

68.
69.

70.

71.

77.
78.
79.
80.
81.

82.
83.

84.
85.

86.
. Matzkin, L. M., Johnson, S., Paight, C. & Markow, T. A. Preadult parental diet affects offspring development and metabolism in

88.
89.
90.
91.

92.

Karsten, M., ] van Vuuren, B., Addison, P. & Terblanche, J. S. Deconstructing intercontinental invasion pathway hypotheses of the
Mediterranean fruit fly (Ceratitis capitata) using a Bayesian inference approach: are port interceptions and quarantine protocols
successfully preventing new invasions? Divers. Distrib. 1-13 (2015).

Dodd, D. M. B. Reproductive isolation as a consequence of adaptive divergence in Drosophila pseudoobscura. Evolution. 43, 1308
(1989).

Rundle, H. D., Chenoweth, S. E, Doughty, P. & Blows, M. W. Divergent selection and the evolution of signal traits and mating
preferences. PLoS Biol. 3, €368 (2005).

Cayol, J. P,, Coronado, P, Taher, M. & Cayol. Sexual compatibility in medfly (Diptera: Tephritidae) from different origins. Florida
Entomol. 85, 51-57 (2002).

Leftwich, P. T, Nash, W. J., Friend, L. A. & Chapman, T. Adaptation to divergent larval diets in the medfly, Ceratitis capitata.
Evolution. 71, 289-303 (2017).

Morrison, N. I. et al. Sexual competitiveness of a transgenic sexing strain of the Mediterranean fruit fly, Ceratitis capitata. Entomol.
Exp. Appl. 133, 146-153 (2009).

Leftwich, P. T,, Clarke, N. V. E., Hutchings, M. I. & Chapman, T. Reply to Obadia et al.: Effect of methyl paraben on host-microbiota
interactions in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 115, E4549-E4550 (2018).

Miyatake, T., Chapman, T. & Partridge, L. Mating-induced inhibition of remating in female Mediterranean fruit flies Ceratitis
capitata. J. Insect Physiol. 45,1021-1028 (1999).

. Mohorianu, I. et al. Comparison of alternative approaches for analysing multi-level RNA-seq data. PLoS One 12, 0182694 (2017).
. Mohorianu, I. et al. Genomic responses to the socio-sexual environment in male Drosophila melanogaster exposed to conspecific

rivals. RNA 23, 1048-1059 (2017).

. Mohorianu, I. et al. Profiling of short RNAs during fleshy fruit development reveals stage-specific sSRNAome expression patterns.

Plant J. 67, 232-246 (2011).

. Priifer, K. ef al. PatMaN: Rapid alignment of short sequences to large databases. Bioinformatics 24, 1530-1531 (2008).
. Bolstad, B. M., Irizarry, R. A., Astrand, M. & Speed, T. P. A comparison of normalization methods for high density oligonucleotide

array data based on variance and bias. Bioinformatics 19, 185-193 (2003).

. O’Leary, N. A. et al. Reference sequence (RefSeq) database at NCBI: current status, taxonomic expansion, and functional

annotation. Nucleic Acids Res. 44, D733-D745 (2016).

. Altschul, S. E, Gish, W,, Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J. Mol. Biol. 215, 403-410 (1990).
. Reimand, J. et al. g:Profiler-a web server for functional interpretation of gene lists (2016 update). Nucleic Acids Res. 44, W83-W89

(2016).

Scolari, F et al. Transcriptional profiles of mating-responsive genes from testes and male accessory glands of the Mediterranean
fruit fly, Ceratitis capitata. PLoS One 7, e46812 (2012).

Koramutla, M. K., Aminedi, R. & Bhattacharya, R. Comprehensive evaluation of candidate reference genes for qRT-PCR studies of
gene expression in mustard aphid, Lipaphis erysimi (Kalt). Sci. Rep. 6, 25883 (2016).

Ye, J. et al. Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC Bioinformatics 13, 134
(2012).

Casares, P. et al. Disentangling the effects of mating propensity and mating choice in Drosophila. Evolution. 52, 126-133 (1998).
Coyne, J. A., Elwyn, S. & Roldn-Alvarez, E. Impact of experimental design on Drosophila sexual isolation studies: Direct effects and
comparison to field hybridization data. Evolution. 59, 2588 (2005).

Carvajal-Rodriguez, A. & Rolan-Alvarez, E. JMATING: a software for the analysis of sexual selection and sexual isolation effects
from mating frequency data. BMC Evol. Biol. 6 (2006).

Roldn-Alvarez, E. & Caballero, A. Estimating sexual selection and sexual isolation effects from mating frequencies. Evolution. 54,
30-36 (2000).

. Rolén-Alvarez, E. Evolution of asymmetry in sexual isolation: A criticism of a test case. Evol. Ecol. Res. 6, 1099-1106 (2004).
. Dewey, M. metap: meta-analysis of significance values. (2016).
. RDevelopment Core Team, R. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing,

https://doi.org/10.1007/978-3-540-74686-7 (2015).

. Cameron, P, Hiroi, M., Ngai, J. & Scott, K. The molecular basis for water taste in Drosophila. Nature 465, 91-95 (2010).
. Knight, D. et al. Equilibrative nucleoside transporter 2 regulates associative learning and synaptic function in Drosophila. J.

Neurosci. 30, 5047-5057 (2010).

Danielson, P. B., Foster, J. L. M., Cooper, S. K. & Fogleman, J. C. Diversity of expressed cytochrome P450 genes in the adult
Mediterranean fruit fly, Ceratitis capitata. Insect Mol. Biol. 8, 149-159 (1999).

Mair, W, Piper, M. D. W. & Partridge, L. Calories do not explain extension of life span by dietary restriction in Drosophila. PLoS
Biol. 3, €223 (2005).

Ross, J., Jiang, H., Kanost, M. R. & Wang, Y. Serine proteases and their homologs in the Drosophila melanogaster genome: An
initial analysis of sequence conservation and phylogenetic relationships. Gene 304, 117-131 (2003).

Dworkin, I. & Jones, C. D. Genetic changes accompanying the evolution of host specialization in Drosophila sechellia. Genetics
181, 721-736 (2009).

Wurmser, E. et al. Population transcriptomics: Insights from Drosophila simulans, Drosophila sechellia and their hybrids. Genetica
139, 465-477 (2011).

Guillén, Y. et al. Genomics of ecological adaptation in cactophilic Drosophila. Genome Biol. Evol. 7, 349-366 (2014).

Kaspi, R., Mossinson, S., Drezner, T., Kamensky, B. & Yuval, B. Effects of larval diet on development rates and reproductive
maturation of male and female Mediterranean fruit flies. Physiol. Entomol. 27, 29-38 (2002).

Arita, L. H. & Kaneshiro, K. Y. Body size and differential mating success between males of two populations of the Mediterranean
fruit fly. Pacific Sci. 42, 173-177 (1988).

Davidowitz, G. & Nijhout, H. F. The physiological basis of reaction norms: the interaction among growth rate, the duration of
growth and body size. Integr. Comp. Biol. 44, 443-449 (2004).

Edgar, B. A. How flies get their size: genetics meets physiology. Nat. Rev. Genet. 7, 907-916 (2006).

Drosophila melanogaster. PLoS One 8, €59530 (2013).

May, C. M., Doroszuk, A. & Zwaan, B. J. The effect of developmental nutrition on life span and fecundity depends on the adult
reproductive environment in Drosophila melanogaster. Ecol. Evol. 5, 1156-1168 (2015).

Gershoni, M., Templeton, A. R. & Mishmar, D. Mitochondrial bioenergetics as a major motive force of speciation. BioEssays 31,
642-650 (2009).

Ballard, J. W. O. & Melvin, R. G. Linking the mitochondrial genotype to the organismal phenotype: Invited review. Mol. Ecol. 19,
1523-1539 (2010).

Trudel, M., Tremblay, A., Schetagne, R. & Rasmussen, J. B. Why are dwarf fish so small? An energetic analysis of polymorphism in
lake whitefish (Coregonus clupeaformis). Can. J. Fish. Aquat. Sci. 58, 394-405 (2001).

Nolte, A. W, Renaut, S. & Bernatchez, L. Divergence in gene regulation at young life history stages of whitefish (Coregonus sp.) and
the emergence of genomic isolation. BMC Evol. Biol. 9, 59 (2009).

SCIENTIFICREPORTS| (2019) 9:6704 | https://doi.org/10.1038/s41598-019-42610-2 11


https://doi.org/10.1038/s41598-019-42610-2
https://doi.org/10.1007/978-3-540-74686-7

www.nature.com/scientificreports/

93. Evans, M. L. & Bernatchez, L. Oxidative phosphorylation gene transcription in whitefish species pairs reveals patterns of parallel
and nonparallel physiological divergence. J. Evol. Biol. 25, 1823-1834 (2012).

94. Derome, N., Duchesne, P. & Bernatchez, L. Parallelism in gene transcription among sympatric lake whitefish (Coregonus
clupeaformis Mitchill) ecotypes. Mol. Ecol. 15, 1239-1249 (2006).

95. St-Cyr, J., Derome, N. & Bernatchez, L. The transcriptomics of life-history trade-offs in whitefish species pairs (Coregonus sp.).
Mol. Ecol. 17, 1850-1870 (2008).

96. Jeukens, J., Renaut, S., St-Cyr, J., Nolte, A. W. & Bernatchez, L. The transcriptomics of sympatric dwarf and normal lake whitefish
(Coregonus clupeaformis spp., Salmonidae) divergence as revealed by next-generation sequencing. Mol. Ecol. 19, 5389-5403
(2010).

97. Renaut, S., Nolte, A. W. & Bernatchez, L. Mining transcriptome sequences towards identifying adaptive single nucleotide
polymorphisms in lake whitefish species pairs (Coregonus spp. Salmonidae). Mol. Ecol. 19, 115-131 (2010).

98. Dicke, M. & Sabelis, M. W. In Insect chemical ecology: an evolutionary approach 122-155 (Chapman & Hall, 1988).

99. Jurenka, R. Insect pheromone biosynthesis. Top. Curr. Chem. 239, 97-132 (2004).

100. McBride, C. S. & Arguello, J. R. Five Drosophila genomes reveal nonneutral evolution and the signature of host specialization in
the chemoreceptor superfamily. Genetics 177, 1395-1416 (2007).

101. Smadja, C. & Butlin, R. K. On the scent of speciation: The chemosensory system and its role in premating isolation. Heredity. 102,
77-97 (2009).

102. Galindo, K. & Smith, D. P. A large family of divergent Drosophila odorant-binding proteins expressed in gustatory and olfactory
sensilla. Genetics 159, 1059-1072 (2001).

103. Clark, A. G. et al. Evolution of genes and genomes on the Drosophila phylogeny. Nature 450, 203-218 (2007).

104. Lux, S. A. et al. Consistency in courtship pattern among populations of Medfly (Diptera: Tephritidae): comparisons among wild
strains and strains mass reared for SIT Operations. Florida Entomol. 85, 113 (2002).

105. Diamantidis, A. D., Carey, J. R., Nakas, C. T. & Papadopoulos, N. T. Population-specific demography and invasion potential in
medfly. Ecol. Evol. 1,479-488 (2011).

106. Malacrida, A. R. et al. Genetic aspects of the worldwide colonization process of Ceratitis capitata. J. Hered. 89, 501-7 (1998).

107. Wilson, J. R. U,, Dormontt, E. E., Prentis, P. J., Lowe, A. J. & Richardson, D. M. Something in the way you move: dispersal pathways
affect invasion success. Trends Ecol. Evol. 24, 136-144 (2009).

108. Barrett, T. et al. NCBI GEO: Archive for functional genomics data sets - Update. Nucleic Acids Res. 41, D991-D995 (2013).

Acknowledgements

We thank Damian Smith and Emily Fowler for valuable guidance and problem solving in the laboratory tests and
qRT-PCR, and Phil Leftwich and Lucy Friend for inventive discussions on experimental design. We thank the
BBSRC (BB/L003139/1 grant to T.C. and I.M.) and the NERC (PhD studentship to T.C. and W.N.) for funding.

Author Contributions
WN., .M. and T.C. conceived the research; W.N. conducted the experimental work; W.N. and I.M. analysed the
data; W.N., .M. and T.C. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42610-2.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:6704 | https://doi.org/10.1038/s41598-019-42610-2 12


https://doi.org/10.1038/s41598-019-42610-2
https://doi.org/10.1038/s41598-019-42610-2
http://creativecommons.org/licenses/by/4.0/

	Mate choice and gene expression signatures associated with nutritional adaptation in the medfly (Ceratitis capitata)

	Methods

	Experimental evolution lines. 
	Identification of gene expression patterns in medfly populations exhibiting divergent nutritional responses, using mRNA-seq ...
	RNA extraction and mRNA-seq. 
	Bioinformatics. 
	Quality control. 
	Read mapping and normalization. 
	Differential expression analysis. 
	Annotation and functional description. 

	qRT-PCR validation. 
	Tests for assortative mating by diet. 
	Statistical analysis. 

	Results

	mRNA-SEQ. 
	Quality control. 
	Genome matching and normalisation of expression levels. 

	Identification of differentially expressed protein-coding genes. 
	Differential gene expression in the head + thorax. 
	Differential gene expression in the abdomen. 

	Validation by qRT-PCR. 
	Mate choice tests. 
	Sexual isolation (PSI), sexual selection (PSS) and total isolation (PTI) indices. 
	Analysis of isolation - IPSI - Isolation index. 
	Asymmetry in matings - IAPSI - Asymmetry index. 
	Divergence in W - Cross product estimator of sexual selection. 


	Discussion

	Acknowledgements

	Figure 1 Differentially expressed transcripts in Abdominal tissue of males after 60 generations of adaptation to divergent larval diets.
	Figure 2 The number of mating pairs formed in multiple choice mating tests between ASG and Starch dietary selection lines after 60 & 90 generations of selection.
	Table 1 Differentially expressed (DE) transcripts used for functional enrichment.




