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Abstract

Background: The tephritid fruit flies include a number of economically important pests of horticulture, with a large
accumulated body of research on their biology and control. Amongst the Tephritidae, the genus Bactrocera,
containing over 400 species, presents various species groups of potential utility for genetic studies of speciation,
behaviour or pest control. In Australia, there exists a triad of closely-related, sympatric Bactrocera species which do
not mate in the wild but which, despite distinct morphologies and behaviours, can be force-mated in the laboratory
to produce fertile hybrid offspring. To exploit the opportunities offered by genomics, such as the efficient identification
of genetic loci central to pest behaviour and to the earliest stages of speciation, investigators require genomic resources
for future investigations.

Results: We produced a draft de novo genome assembly of Australia’s major tephritid pest species, Bactrocera tryoni. The
male genome (650 -700 Mbp) includes approximately 150Mb of interspersed repetitive DNA sequences and 60Mb
of satellite DNA. Assessment using conserved core eukaryotic sequences indicated 98% completeness. Over
16,000 MAKER-derived gene models showed a large degree of overlap with other Dipteran reference genomes.
The sequence of the ribosomal RNA transcribed unit was also determined. Unscaffolded assemblies of B. neohumeralis
and B. jarvisi were then produced; comparison with B. tryoni showed that the species are more closely related than any
Drosophila species pair. The similarity of the genomes was exploited to identify 4924 potentially diagnostic indels between
the species, all of which occur in non-coding regions.

Conclusions: This first draft B. tryoni genome resembles other dipteran genomes in terms of size and putative coding
sequences. For all three species included in this study, we have identified a comprehensive set of non-redundant repetitive
sequences, including the ribosomal RNA unit, and have quantified the major satellite DNA families. These genetic resources
will facilitate the further investigations of genetic mechanisms responsible for the behavioural and morphological differences
between these three species and other tephritids. We have also shown how whole genome sequence data can be used to
generate simple diagnostic tests between very closely-related species where only one of the species is scaffolded.
Background
The discovery of the genetic processes causing and ac-
companying speciation has been a long-standing chal-
lenge for evolutionary biologists. However, good study
systems are rare. Model study systems would ideally
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include species that are firstly sympatric and secondly
very recently diverged, with an effective mechanism of
mating isolation. Additionally, the species should be
amenable to forced mating in the lab to allow genetic
analysis. In this paper, we present genomic resources
to underpin the study of three sympatric tephritid fruit
fly species that fulfil all these criteria. The three spe-
cies are shown in Figure 1. For the major species,
Queensland fruit fly, B. tryoni, we present a draft gen-
ome and annotation. For the two other sympatric spe-
cies, B. neohumeralis and B. jarvisi, we present unscaffolded
l. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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Figure 1 The Bactrocera species used in the present study. Panel A shows a B. tryoni male on the left and a male B. neohumeralis on the
right. The species can be distinguished by the colour of the humeral calli (the “shoulder pads”) on the anterior of the thorax, which is yellow
in B. tryoni and dark in B. neohumeralis. B. neohumeralis usually have a darker body colour. Panel B shows a male B. jarvisi, which is
distinguished from the other two species by the extra yellow marking immediately posterior to the humeral callus, the lighter body colour,
clear costal cells on the anterior wing margin and abdominal stripes.
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draft genomes to establish the genetic relations between
the three species.
The economic importance of B. tryoni has prompted

intense research interest for over 60 years. In Australia,
B. tryoni is the most serious economic pest of horticul-
ture and a major target for international and domestic
quarantine efforts [1]. B. neohumeralis and B. jarvisi are
also pests of economic importance and are sympatric
with B. tryoni throughout most of tropical Australia [2].
Various Bactrocera species are major economic pests of
fleshy fruit production in the Asia-Pacific region while
ecologically comparable genera are major pests in other
parts of the world: Ceratitis (including medfly) in Afrotropical
regions, Anastrepha in Central and South America and
Rhagoletis in Europe and North America [3].
B. tryoni and B. neohumeralis are identified by a mor-

phological difference in the colour of the humeral calli
(Figure 1) and a behavioural difference in time of mat-
ing: B. tryoni mates in a narrow window of falling light
intensity at dusk, whereas B. neohumeralis mates in
bright light during the middle of the day [4-6]. A DNA
microsatellite-based survey found no evidence of hybrid-
isation between the species in the wild [7]. However, inter-
species hybrids can readily be produced in the laboratory
by caging males of one species with females of the other
(in both directions) [4]. These hybrids are viable and fer-
tile, and can be maintained indefinitely. Not surprisingly,
B. tryoni and B. neohumeralis appear extremely similar in
DNA comparisons. Previous sequencing of nuclear and
mitochondrial sequences found evidence of only one po-
tential fixed difference in a ribosomal spacer region, ITS2,
among a large range of shared polymorphisms [8,9].
The third species is Jarvis’ fruit fly, Bactrocera jarvisi,

which is an emergent pest of a number of cultivated
fruits in northern Australia. It has a more restricted
range of host-fruits [2] and appears to be limited in geo-
graphic distribution by the distribution of its main endemic
host, Planchonia careya [10]. B. jarvisi is morphologically
quite distinct from B. tryoni and B. neohumeralis (Figure 1)
and has been placed in a different subgenus of the
Bactrocera [2]. DNA studies have shown that this differ-
ent subgeneric status may not be warranted, but B. jarvisi
is sufficiently differentiated that it has formed a convenient
outgroup for DNA sequence comparisons between B. tryoni
and B. neohumeralis [8]. Surprisingly, B. jarvisi can also be
forced to mate with both B. tryoni and B. neohumeralis, with
a substantial proportion of viable, fertile hybrids [11,12].
Therefore the three Australian pest tephritids, which

can be hybridised and subjected to selection experiments,
constitute a formidable model system that allows genetic
and molecular analyses of a number of traits related to
pest status – host fruit preferences, lure and odorant
attractancy and invasive potential. Further, the apparent
extreme similarity between B. tryoni and B. neohumeralis
provides a model to investigate genome evolution and
maintenance of separate species status, and the morpho-
logical differentiation of B. jarvisi allows investigation of
the molecular mechanisms of morphological development
and developmental canalisation.

Results
Sequencing and de novo assembly
The sequence data used for the de novo assembly of the
male B. tryoni genome is summarized in Additional file 1.
The B. tryoni data consisted of 58 Gbp of paired-end data,
representing approximately 80 times coverage assuming
a genome size of approximately 700 Mbp (as calculated
below). For the related species B. neohumeralis and B.
jarvisi we obtained 62 Gbp and 55 Gbp of 100 bp
paired-end Illumina HiSeq data respectively. The assem-
bly of the B. tryoni genome was performed using AbySS
ver 1.3.4 [13] to construct contigs followed by scaffolding
with SSPACE [14], as detailed in the Methods section.
The statistics of the resulting assembly are shown in



Gilchrist et al. BMC Genomics 2014, 15:1153 Page 3 of 16
http://www.biomedcentral.com/1471-2164/15/1153
Table 1. Only five scaffolds containing bacterial sequences
were detected and these were removed from the assembly.
Due to a lack of mate pair data, B. neohumeralis and
B. jarvisi remained unscaffolded.
To assess the completeness of the coding regions in

the genome assembly, we used the CEGMA set of con-
served orthologs [15]. Complete sequences were found
for 93.6% of the 482 genes that constitute the core gene
set. Inclusion of partial matches increased that percent-
age to 98.8%, indicating that the assembly of coding re-
gions was near-complete. Only 9.9% of matches had
more than one ortholog within the assembly suggesting
that the assembly contained only a low level of alternate
coding assemblies. The mitochondrial genome of B. tryoni
emerged from the assembly as a single scaffold with 99%
identity with a complete B. tryoni mitochondrial genome
[16], with our scaffold containing a possible 300 bp dupli-
cation in the A +T-rich region.
The same CEGMA-based approach was used to assess

the completeness of the two unscaffolded assemblies. The
B. neohumeralis assembly was 84.7% complete (96.4%
including partial matches). The B. jarvisi assembly was
87.1% complete (95.6% including partial matches).
However, for B. neohumeralis and B. jarvisi 23% and
21% respectively of loci had more than one ortholog.
That increase from 9.9% in B. tryoni suggested that
there were more redundant contigs in both those
assemblies.

Genome size
We first used the k-mer method to estimate genome size
[17], using both Jellyfish [18] and DSK 1.6066 [19] to
count 18-mers. For a male-only sample of B. tryoni, the
calculated genome size was 797 Mbp. Recently, a sample
of female-only DNA was sequenced (also Illumina
Hi-Seq) giving an estimate of 829 Mbp. The larger fe-
male genome size was expected on the basis of cyto-
logical evidence [20]. However, since these estimates
were larger than those expected from other Bactrocera
genomes [21,22], we sought alternate estimates of genome
size.
Our alternative approach to the estimation of genome

size was based on the coverage of putative transcripts,
Table 1 Statistics of the genome assemblies

B. tryoni B. neohumeralis B. jarvisi

Number of scaffolds
or contigs

31957 287119 189607

N50 length 69525 2859 3879

N50 number 1590 72665 36685

Longest 3181581 85617 908794

Total bp 518958810 710077868 582862706

Note that only the B. tryoni genome was scaffolded.
with the assumption that many transcripts originate
from single copy sequences [23]. That assumption was
supported in the case of the B. tryoni assembly by the
low percentage of orthologs (9.9%) in the CEGMA gene
set. We first estimated coverage of all 16710 B. tryoni
MAKER-derived transcripts (see below). We refined this
measure to minimise the influence of repetitive sequences
and erroneous gene models. Using a subset of 3310 fil-
tered transcripts, we obtained a distinct peak coverage
at 42.5 (Figure 2). Variation in stringency of mapping
resulted in only a small variation in coverage estimates
in the range 41-43. Given that the Illumina HiSeq data
contained 29.8 GB of sequence, the estimated genome
size was 701 Mbp. This was larger than previous esti-
mates for other Bactrocera species of 445 and 619
Mbp, but similar to that of another tephritid Ragoletis
juglandis [21]. However, if the 9.9% of the CEGMA genes
that had more than one ortholog were misassemblies ra-
ther than true orthologs, then the method may over-
estimate genome size by as much as 10%.

Repetitive sequence analysis
Analyses of repeated sequences in de novo eukaryotic as-
semblies are sometimes limited to standard implementations
of either homology-based searches (e.g. RepeatMasker) or
de novo prediction (e.g. RepeatModeler [24]). However, we
know that the genomes of B. tryoni, B. neohumeralis and
B. jarvisi contain abundant insertions of mariner ele-
ments [25], and that partial sequences of other repeated
elements have been found within sequenced introns (for
example [26]). Also, satellite DNA sequences receive little
attention despite their potential importance to many
Figure 2 Coverage of transcripts. Sequencing reads were mapped
to all putative transcripts (red points) and a median group of 3310
transcripts (blue points). The reduced set of transcripts was filtered
to exclude repetitive sequences and incomplete sequences. The
genome size was estimated from the peak of the lower distribution.
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aspects of genome evolution and regulation [27]. There-
fore, we undertook a detailed analysis of the tandem and
dispersed repetitive sequences in B. tryoni.
We identified B. tryoni repetitive sequences from a

combination of RepeatModeler de novo predictions, a k-
mer extension analysis and manual curation as detailed
in the Methods section. Initially, RepeatModeler pro-
duced 1236 sequences totalling 1.8 Mbp. The k-mer ex-
tension analysis was similar to the approach used in
[28], in which the highest frequency k-mers found in the
raw reads were extended one base pair at a time using
the highest abundance k-mers that overlapped the ori-
ginal k-mer by (k-1) bases. The use of raw reads greatly
increases the likelihood of finding repeats, such as satel-
lite DNA, that are not easily incorporated into an assem-
bly. Our k-mer extension produced hundreds of fragments
in the range 50 – 300 bp. Among the 15 most abundant
sequences were five potential satellite DNA sequences.
In B. tryoni, these sequences ranged from 154 bp to
182 bp, typical of alphoid satellite DNA [27]. For both
B. neohumeralis and B. jarvisi, the k-mer extension
analysis identified variants of the same five satellite se-
quences (Table 2). The k-mer extension approach also
refined the RepeatModeler output, which identified the
same satellite sequences but in a variety of tandem ar-
rays of 2-5 repeats. The remaining sequences pro-
duced by the k-mer analysis were mostly fragments of
transposons. Table 3 summarises the classification and
abundance of those elements.
The genomic arrangement of the putative satellite se-

quences (tandem arrays, head-to-tail, head-to-head etc)
was again investigated in the raw reads. The analysis de-
scribed in the Methods section showed that these putative
satellite sequences were predominantly in large head-to-
tail tandem arrays, typical of satellite DNA. Analysis of
higher order patterns in the tandem arrays is an objective
of future work.
The final step in the identification of B. tryoni-specific

repeats was a manual curation using an iterative align-
ment and extension of the remaining RepeatModeler de
novo sequences. That process identified the consensus of
Table 2 Abundance of the five main classes of satellite DNA

B. tryoni

Satellite Canonical elements Variable element

Btry_Sat1 (166 bp) 68350 250000

Btry_Sat263 (182 bp) 19682 50000

Btry_Sat274 (177 bp) 12974 47000

Btry_Sat2169 (154 bp) 3332 17500

Btry_Sat2877 (174 bp) 4374 5000

The Variable Elements count refers the total numbers of elements that vary from th
Total Mbp is the total length of sequence of that satellite per genome calculated b
For B. neohumeralis and B. jarvisi only the number of variable elements is shown sin
mainly transposon-related sequences. The final output
was a set of 153 B. tryoni-specific repeat sequences ran-
ging between 52 and 7328 bp in length, with a total
length of 249 kb. These sequences were classified on the
basis of homology to Dipteran Repbase sequences [29]
and are presented in Additional file 2. To estimate pro-
portion of the genome consisting of those 153 repetitive
sequences, we mapped the 298 million B. tryoni Illumina
HiSeq reads to the B. tryoni-specific repeats. This sug-
gested that approximately one third of the B. tryoni gen-
ome consists of repetitive DNA (~31.4% of reads mapped
to the repeats with mapping quality q > 20, NM= 4.9
where NM is the SAM flag indicating the number of
mismatches).
The utility of the B. tryoni-specific repeat library

can be illustrated by comparing the masking ability of
RepeatMasker [30] with and without the B. tryoni-
specific repeat library. Using RepeatMasker with de-
fault parameters and the Repbase repeat library [29],
31 Mbp of the B. tryoni assembly was masked. Inclu-
sion of our B. tryoni-specific repeat library increased
the masking almost 5-fold to 146 MBp. The masking
does not increase to 30% of the assembly since most
satellite sequences and many transposon fragments
were likely to be under-represented in the assembly.
Since B. neohumeralis and B. jarvisi both show very

low sequence divergence from B. tryoni (<1%; see section
in substitution rates below), homologs of the B. tryoni re-
peat sequences were constructed for the other two species
by simply selecting the related repeats and substituting
the most common single nucleotide polymorphisms or
small indels from the second species. For each species,
raw reads were then mapped to the appropriate set of re-
peats to estimate coverage for the repeated sequences. For
B. neohumeralis, 33% of Illumina HiSeq reads mapped
to the B. neohumeralis repeats (average NM = 5.2). For
B. jarvisi, 37.8% of reads mapped to the B. jarvisi re-
peats (average NM = 4.9). Thus for each of the three
species, approximately one third of the raw sequencing
reads mapped to the 249 kb of repetitive sequences
listed in Additional file 2.
B. neohumeralis B. jarvisi

s Total Mbp Variable elements Variable elements

41.5 195000 225000

9.1 37500 111000

8.3 39800 9500

2.7 13000 11000

0.9 29000 30000

e canonical sequence by a single nucleotide substitution, insertion or deletion.
y multiplying the length of the element by the number of variable elements.
ce the genome size was not estimated.



Table 3 Summary of the B. tryoni dispersed repetitive
sequences

No. of elements Total Mbp

LINEs 104159 49.18

LTR Retroviral 19836 8.44

DNA transposons 153861 46.29

Unclassified 150385 41.08

Low complexity and simple repeats 7827 0.81

The number of elements was estimated using RepeatMasker with the repeat
library prepared in this study.

Gilchrist et al. BMC Genomics 2014, 15:1153 Page 5 of 16
http://www.biomedcentral.com/1471-2164/15/1153
Ribosomal RNA (rRNA) genes are expected to occur
in large tandem arrays containing hundreds of copies of
the loci. Sequence heterogeneity among the many loci
affects assembly from short genomic sequencing reads
[31]. Consequently, we manually assembled the consen-
sus rRNA transcribed unit using similar methods to
those used to assemble the other classes of dispersed re-
petitive DNA, an approach previously used with Dros-
ophila [31]. The Intergenic Spacer regions (IGS) joining
the transcribed units were not completely assembled due
their highly repetitive nature. The rRNA consensus se-
quences for each of the three Bactrocera species showed
the usual tandem arrangement of 18S, 5.8S, 2S and 28S
genes. Transcriptomic assemblies confirmed our assem-
bled sequence of the B. tryoni transcribed unit (DCAS,
unpublished data). The alignment of the three se-
quences, along with the D. melanogaster rRNA sequence,
18S 5.8S 2

IGS ENS ITS1

Figure 3 The comparative frequency of variants across the rRNA locu
is shown for B. tryoni (blue), B. neohumeralis (yellow) and B. jarvisi (red). Vari
The consensus sequence for B. jarvisi is only 9498 bp (rather than 10 kb) due
the rRNA unit, with the four rRNA loci shown in black. The limits of the four rR
spacer (incomplete), ETS = external transcribed sequence, ITS1 and 2 = interna
is included in Additional file 3, which confirms the differ-
ence between the B. tryoni/B. neohumeralis ITS2 found in
an earlier study [8]. Figure 3 shows the occurrence of se-
quence variants for the three Bactrocera species (we use
“variant” to indicate sequence differences both within and
between individuals of each species). In all three species,
variation was reduced in the 28S and 18S regions with a
greater reduction in the 28S locus. Our results parallel
those for Drosophila [31], where higher frequency
variants (>5%) tended to be concentrated in the In-
ternal Transcribed Spacer (ITS) and IGS regions.
Comparisons between the three Bactrocera species

showed that B. tryoni and B. neohumeralis have rela-
tively few inter-species rRNA sequence differences. B. jarvisi
shows greater differentiation from both B. tryoni and
B. neohumeralis, particularly in the ITS and IGS. The
differentiation of the B. jarvisi IGS was sufficient to
prevent meaningful sequence alignment with the IGS
of the other two species.
The amount of sequence variation also differed be-

tween the three species (Figure 3). The incidence of vari-
ants in the B. tryoni sequence reads was almost twice
that of B. neohumeralis. Variation in the B. jarvisi data
was as low as B. neohumeralis in the transcribed rRNA
unit but higher than B. tryoni in the IGS and external
transcribed spacer (ETS) region. The extra variation in
B. tryoni was unlikely to have resulted from differences
in levels of inbreeding because pooled sequencing data
from 12 wild caught individuals showed no increase in
S 28S

2 IGS

s. The proportion of sites that vary from the consensus rRNA sequence
ation was measured from the consensus sequence for that species.
to shorter assembled IGS sequences. The bar below the graph indicates
NA loci are based on the D. melanogaster sequence. IGS = intergenic
l transcribed sequences.
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heterogeneity over the sequencing data from our highly
inbred strain of B. tryoni (data not shown), suggesting
that the extra heterogeneity exists among the rRNA re-
peats of any one individual. The selective pressures oper-
ating on rRNA sequence variants both between and
within individuals that may produce these varying pat-
terns of heterozygosity are unclear.

Annotation
Annotation of the B. tryoni genome was performed using
the MAKER pipeline [32]. Evidence use to create gene
models comprised de novo transcriptomes and gene
models from C. capitata and D. melanogaster. For re-
peat masking, we used a combination of the Repbase
Dipteran library [29] and the B. tryoni-specific repeats
identified above. Default parameters were used except
that potential intron length was extended to 40 kbp.
The set of 16710 gene predictions produced by MAKER

were subsequently classified using a local installation of
Blast2Go [33]. Of the 16710 input sequences, 14334 pro-
duced Blast alignments with an NCBI invertebrate refer-
ence sequence library. 9417 of those gene models were
successfully annotated with Gene Ontology terms. 11333
sequences were annotated with InterProScan. That same
annotation process was repeated for the C. capitata and
D. melanogaster gene models and the comparison of the
resulting classifications is shown in Figure 4. The similar-
ity of these classifications suggests that our assembly and
annotation are reasonably complete. However, differences
in the number of gene models for each species and the
greater representation of Drosophilids in the databases
used by InterProScan mean that at this stage it would be
difficult to reliably interpret the relative differences in the
Gene Ontology terms.

Comparison with other Diptera
To assess the overall composition of the B. tryoni gene
model set, we compared it to gene model sets from two
other Dipterans: C. capitata and D. melanogaster. Table 4
shows that the sizes (amino acid residues) of the 16710
B. tryoni gene models was comparable to C. capitata
and D. melanogaster.
To comparatively assess the overall composition of our

B. tryoni gene models, we used OrthoMCL [34], which
groups transcripts by sequence similarity. Although the
three sets of gene models contain different numbers of
gene models (Table 4) reflecting the different annotation
history and stage of curation, this comparison provides an
indication of the overall completeness of our assembly.
OrthoMCL produced 11688 orthologous groups and
Figure 5 shows the overlap of those groups between
the three species. Of the orthologous groups, 65% con-
tained representatives from all three species and only
3% of groups were B. tryoni-specific. While that high
degree of overlap suggests that the B. tryoni assembly
is reasonably complete, a caveat is that the C. capitata
and D. melanogaster gene models were included in the
B. tryoni MAKER annotation as part of the evidence
used to create the B. tryoni gene predictions. Never-
theless, our B. tryoni gene models do not appear to
be a simple subset of the other two species, since
both B. tryoni and C. capitata are equally distinct
from D. melanogaster and each other.
Within each ortholog group, closely-related species

would be expected to have a similar numbers of gene
models. As a result, the ratio of gene models within
groups should be approximately 1:1. For each ortholo-
gous group, we calculated that ratio for each species
pair. Figure 6 shows that, of the three pairwise compari-
sons, B. tryoni and C. capitata had the most groups with
an approximate 1:1 ratio. Presumably that result is due
not only to similarity of the species but also to the simi-
lar annotation methods used. Both pairwise comparisons
involving D. melanogaster showed more groups with a
1:2 ratio rather than a 1:1 ratio. This must be due in part
to the greater number of gene models available for D.
melanogaster. Despite that bias, 80-84% of ratios were in
the range 1:3 to 1:1, indicating that most ortholog
groups contain similar number of gene models.
The possibility of gene enrichment was investigated in

the 341 orthologous groups that contained only B. tryoni
gene models. Those groups contained 1211 gene models
(median sequence length = 150 amino acids), which were
annotated with Gene Ontology and Pfam terms using
Blast2Go. Of the longer sequences, less than 50% were
either fragments of gene models in multi-species ortho-
log groups or transposon-related sequences. The possi-
bility that the remaining gene models represent novel
B. tryoni genes is a subject of future investigation.

Substitution rates between Bactrocera species
The small genetic distance between B. tryoni and
B. neohumeralis was reflected in the nucleotide substitu-
tion rates between the two species. We partitioned fixed
inter-species nucleotide substitutions between exons, in-
trons, UTRs and non-coding DNA, with exon substitution
rates being further classified as synonymous or non-
synonymous (Table 5). The observed substitution rates be-
tween B. tryoni and either B. neohumeralis or B. jarvisi
were lower than that reported between, for example,
Drosophila species (e.g. [35]). The non-synonymous
versus synonymous ratio dN/dS (or KA/KS) was approxi-
mately 0.1, which is consistent with some degree of purify-
ing selection affecting each species.
In the raw B. neohumeralis Illumina HiSeq data, 197 in-

stances of apparently novel stop codons were found
(Table 5; Additional file 4). The majority of these occurred
either in alternate transcripts (45) or sequences that had no



Figure 4 Gene Ontology comparison. Each graph compares the classification of the putative B. tryoni transcripts (outer ring) with the
annotations of C. capitata (middle ring) and D. melanogaster (inner ring). Panel A: Biological processes. Panel B: Molecular Function. Panel C:
Cellular components. The relative distributions support the conclusion that the assembly contains a near-complete assembly of coding DNA.
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Blast results (70), while some stop codons were close to the
end of the B. tryoni-version of the transcript. Differential
expression of these is currently under investigation as part
of a comparative transcriptomics project (K. Raphael pers.
comm.). During investigation of these potential novel stop
codons, we also found 30 instances where a substitution,
if considered in isolation, would have produced a new stop
codon. However, in each of those 30 potential transcripts,



Table 4 Comparison of the number and size range of the
gene models for the three Dipteran species shown

B. tryoni C. capitata D. melanogaster

No. of gene models 16710 20674 26950

Mean length (aa) 593 673 659

Min. length (aa) 21 21 11

Max. length (aa) 17244 20191 22949
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a second substitution in the same codon negated the effect
of the first substitution.
The close similarity between the species at the se-

quence level allowed Illumina HiSeq data from both
B. neohumeralis and B. jarvisi to be mapped against
the B. tryoni assembly. For B. neohumeralis, 70.4% of
reads mapped to the B. tryoni assembly with a mapping
quality q > 20. By comparison, only 41.8% B. jarvisi reads
mapped to the B. tryoni assembly with quality q > 20.

Indel variation between Bactrocera species
Since we did not have scaffolded assemblies for either
B. neohumeralis or B. jarvisi, we were unable to reli-
ably investigate syntenic differences between the spe-
cies. However, the sequence similarity was exploited to
identify a large number of deletions in the B. neohumeralis
and B. jarvisi sequence data relative to the B. tryoni scaf-
folds. Gapped alignment programs (e.g bwa-mem) were
used to identify B. tryoni scaffold segments with zero
coverage. These were then filtered to extract only those
B. tryoni

C. capitata
D. mel.

1108

341

1194

201

518

1069

7614

Figure 5 Overlap of protein orthologous groups for B. tryoni,
C. capitata and D. melanogaster. The gene models for all three
species were grouped according to similarity using OrthoMCL.
The Venn diagram shows the number of groups that included
gene models from either one, two or three of the species. Areas
of overlap are proportional to the counts shown. For all three
species, 2-4% of gene models occurred in species-specific groups.
deletions with high, precisely aligned coverage on both
sides of the deletion. For B. neohumeralis, of 59633 initial
deletions over 10bp, only 4924 had sufficient coverage on
both flanks to be investigated further. For B. jarvisi,
770662 initial deletions were reduced to 57285.
Since transposons may play a significant role in se-

quence evolution, species as closely related as B. tryoni
and B. neohumeralis provide an opportunity to investi-
gate the possible involvement of transposons in the
earliest stages of genome divergence. Using the deletions
identified above, we extracted the 1000 bp genomic seg-
ments adjacent to each of the deletions identified in B.
neohumeralis and B. jarvisi. A Blastn search of these
flanking sequences, using the species-specific repeat li-
brary (requiring 80% identity over 80 bp length for a
match), showed that 32% of sequences contained repeti-
tive elements. However, this level of association between
repetitive sequences and the deletions was not signifi-
cant. Using the same Blastn parameters, 1000 sets of the
same number of random genomic sequences (separated
by the same distance) produced an average of 30.1% re-
peat hits. While that result coincided with our estimate
of approximately 30% repetitive DNA in the B. tryoni
genome, that figure was only coincidental since the re-
petitive DNA is not well represented in the assembly.
Similarly, the same comparison between B. tryoni and B.
jarvisi also showed that repetitive DNA was not prefer-
entially associated with deletions.
We also observed that many transposon sequences in

the B. tryoni scaffolds were in homologous positions in
both the B. neohumeralis and B. jarvisi contigs. We
identified all mariner transposon sequences in the B. tryoni
scaffolds, these were fragmented and often contained inter-
vening non-transposon sequences. Any other mariner frag-
ments within 1.5 kb (the average length of the mariner
elements) were considered to be part of the same element.
We then extracted the non-transposon sequences flanking
each B. tryoni composite element and measured the length
of the transposon insertion (i.e the distance between the
two flanking segments). The distance between the homolo-
gous flanking sequences was then measured in B. neohu-
meralis or B. jarvisi (where the flanking sequences were on
the same contig). This approach is illustrated in Figure 7.
To assess the significance of any between-species differ-
ences, we extracted an equal number of random, paired
B. tryoni sequences, with the insert sizes matching the
gaps in the actual B. tryoni flanking sequence pairs.
The results of this are shown in Figure 8A and 8B.
For both species pairs, the mean insert size was larger
for the mariner sequences than control sequences (B.
tryoni /B. neohumeralis 17 bp vs. 9 bp: 2-tailed t-test,
p < 0.001; B. tryoni /B. jarvisi 98bp vs. 29 bp: 2-tailed
t-test, p < 0.001) and the variances were correspondingly
higher. This suggests that mariner sequence insertions are



Figure 6 Relative size of orthologous groups of B. tryoni, C. capitata and D. melanogaster. The gene models within each orthologous
group produced by OrthoMCL were classified according to species of origin. For each species pair, the ratio of the number of gene models was
then calculated on a pairwise basis. The histogram shows the counts for the ratio indicated on the X-axis. For each species pair, the most
common ratio was 1:1 indicating a strong correspondence of gene models between species. However, the ratios for D. melanogaster in
particular are biased downward due to the greater number of gene models available for that species.
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associated with a small increase of intra-species sequence
variation. Similar comparisons for other repetitive ele-
ments are currently underway.
Discussion
The family Tephritidae consists of over 4000 species in
over 400 genera [36], including major global economic
pests [37]. Many of these species, including the Bactrocera,
have arisen relatively recently in evolutionary terms [21].
Tephritids provide numerous promising study systems
for speciation, behaviour, invasiveness and sex deter-
mination [38-40]. The present study presents a first set
of Bactrocera-specific resources that will assist gen-
omic and genetic studies in all these areas. In addition to
the first draft of an annotated assembly of the B. tryoni
genome, we have produced an extensive non-redundant
library of B. tryoni repetitive DNA. Such a library not
Table 5 Substitution rates in B. neohumeralis and B.
jarvisi in comparison to the B. tryoni assembly

Region B. neohumeralis B. jarvisi

Exon 0.0032 0.0197

Intron 0.0061 0.0295

5’ 0.0036 0.0259

3’ 0.0026 0.0221

Non-coding 0.0072 0.0233

Non-synonymous substitutions 0.0012 0.0065

Synonymous substitutions 0.0021 0.0121

Novel stop codons 190 1329
only assists annotation but also provides avenues for
investigation of genome evolution. We have also delin-
eated the majority of satellite sequences and have pro-
vided a complete assembly of the rRNA repeat unit, both
of which are often lacking from de novo genome assemblies.
The close genetic similarity of B. tryoni and B. neohu-

meralis has attracted the attention of evolutionary biol-
ogists since the 1960s. This study quantified that similarity
over the majority of the genome and confirmed previous
first-generation sequencing studies of specific nuclear and
mitochondrial regions [8,9,41]. The only differences identi-
fied in those earlier studies were two single-nucleotide
substitutions and a trinucleotide indel within the ribosomal
Figure 7 The strategy used to detect variation between
Bactrocera species in the size of mariner transposon sequences.
Fragments of mariner transposon sequences were counted as a
single element if the fragments covered less than twice the length
of the canonical transposon sequence and there were no other
fragments for the same distance on either side. The two 1000 bp
genomic flanking segments were extracted from B. tryoni and the
homologous segments were identified in B. neohumeralis or B. jarvisi.
The size of the element (A and B above) was then compared
between species.



Figure 8 The comparison of the overall size of homologous
transposon. Insertion sites in B. tryoni /B. neohumeralis (A) and B.
tryoni /B. jarvisi (B). For each species pair comparison, homologous
DNA segment size varies more in the vicinity of transposon (mariner)
sequences (red points) than at random sites (black points). The
control group consisted of an equivalent number of sequence
fragments drawn at random from the two relevant assemblies.
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gene internal transcribed spacer (ITS2), a level of differen-
tiation more commonly observed between populations
than between reproductively isolated species. Those differ-
ences were confirmed in the present study.
Our results have highlighted the potential for speciation

studies in the Bactrocera genus. The sequence difference
between B. tryoni and B. neohumeralis is considerably less
than that found between species of Drosophila [35]. The
closest species pairs are D. pseudoobscura - D. persimilis, a
cross which produces sterile males [42] and D. simulans -
D. mauritiana. The estimated synonymous substitution
rates for these two pairs are around 1.5% [43] and 4.7%
[44], respectively, compared to our estimate of 0.21% for B.
tryoni and B. neohumeralis. The estimate for B. tryoni and
B. neohumeralis is sufficiently low as to be comparable
with the extent of variation between strains of D. melano-
gaster. It is, however, difficult to measure genome-wide
polymorphism levels with the currently available data. The
B. tryoni strain used for sequencing was established from a
mutant individual [45] and subsequently subjected to two
further rounds of single-pair inbreeding to reduce poly-
morphism and facilitate assembly. The B. neohumeralis
strain was not systematically inbred, but its establishment
and maintenance as a laboratory strain for several years
may have contributed to a loss of variability. Questions
about the extent of polymorphism within and between the
two species can only properly be answered by sequencing
unrelated individuals from wild populations.
The close similarity between B. tryoni and B. neohumeralis

is consistent with the fact that, despite the complete absence
of wild hybrids [7], hybrids between the two species are vi-
able and fertile, with only marginal reductions in fitness [4].
Somewhat surprisingly, laboratory hybrids between B. jarvisi
and B. tryoni are also viable and fertile, despite the much
greater genetic distance between the two (yet still compar-
able to the D. pseudoobscura - D. persimilis pair). In this
case, the fertility of male hybrids is only slightly reduced
(~80% of non-hybrids) and the sex ratio of hybrid crosses in
both directions is slightly biased. Crosses between B. jarvisi
and B. tryoni may produce up to 70% females in some
crosses (Gilchrist, unpublished observation). Viable and fer-
tile hybrids can also be produced by forced mating between
B. neohumeralis and B. jarvisi (Gilchrist and Belanto, un-
published observation). The potential use of hybrids, to-
gether with the genome information, provides a powerful
system for investigating the genetic basis for all identifiable
phenotypic differences between the three species, including
mating-time differences and morphological divergence. The
degree of genetic similarity between B. tryoni and B. neohu-
meralis is unprecedented amongst the closely-related dip-
teran species studied to date, thereby providing a model for
investigating the earliest stages of speciation. This is a field
in which good study systems are extremely rare [46-51].
We also point the way to overcoming the problem of

diagnosis: in the past, the similarity between B. tryoni
and B. neohumeralis prevented the development of diag-
nostic genetic markers for use in hybridisation studies
and quarantine testing. Here, we present over 4000 small
indels that, subject to studies in outbred wild popula-
tions, could provide the basis for new genetic markers.
These deletions are currently being investigated as a
basis for a simple PCR-based test to allow quarantine
authorities to differentiate B. tryoni and B. neohumeralis
(since there is currently no reliable test to split the two
species at the larval stage).
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The methods we have used can be applied to any of
the closely-related species groups which are challenging
for traditional morphological taxonomy (e.g. the B. dorsalis
species complex; [39]). Our method requires only a single
assembled reference genome for comparison with raw se-
quencing reads from sibling species.

Conclusions
This paper presents a comprehensive first draft genome
of an important horticultural pest, the Queensland fruit
fly or Q-fly, B. tryoni. Although endemic to Australia,
B. tryoni is an insect pest of worldwide concern, par-
ticularly in these times of burgeoning movement of
people and produce. Further, it represents the first an-
notated and published genome of a species in the
genus Bactrocera, which contains the great bulk of
tephritid pests in Asia and Oceania. Our data provides
an important basis for comparison with the genome of
C. capitata and with other tephritid genome projects,
for functions related to host-fruit recognition, invasive
potential and developmental regulation. Our data will
also have direct application to the delineation of recent
radiations such as the B. dorsalis species complex found
in Pacific and south-east Asian countries [39].
The B. tryoni genome has also enabled analysis of the ge-

nomes of two related Bactrocera species, B. neohumeralis
and B. jarvisi. These are of interest because they are clearly
distinct species with different behaviours leading to strong
pre-mating isolation. Yet, since hybrids between these spe-
cies are fertile, they present an unusually powerful model
for investigating the genetic bases of morphological devel-
opment, the evolution of morphological change and the
molecular aspects of pest status and behaviour.

Methods
Sample collection and DNA extraction
The B. tryoni strain used for sequencing was the bent
wings (bw) strain [45]. The bw mutation was isolated
from a single wild fly caught near Gosford, NSW, Australia,
bred for homozygosity of the marker and maintained in the
lab for 10 years (approximately 80 generations) before
being further inbred by two rounds of single pair mat-
ings. The B. neohumeralis and B. jarvisi strains used
for sequencing were caught near Cairns, Queensland,
Australia in 2006 and maintained in lab culture since
that time. Neither were deliberately inbred as was the
B. tryoni strain. Genomic DNA for each sequencing
run was extracted from 20 male fly heads using the
method as described in [26].

Genomic sequencing
For Illumina HiSeq runs, libraries were prepared with a
commercial kit (Paired-End DNA Sample Prep Kit; Illumina
Inc., San Diego, CA, USA) following the manufacturer’s
protocol (Paired-End Library Construction). For B. tryoni,
both Illumina paired-end sequencing (GAIIx, HiSeq and
MiSeq) and 454 FLX Titanium pyrosequencing were per-
formed at the Ramaciotti Centre at the University of
NSW. For the mate-pair data, two Illumina GAII runs
were performed at the Ramaciotti Centre at the University
of NSW (3 kb insert), while 1 lane of Illumina HiSeq
mate-pair data (10 kb insert) was generated at the
Hawkesbury Institute for the Environment, University of
Western Sydney. Additionally, a long jumping distance
(LJD) mate-pair library (8 kb insert) was prepared by
Eurofins MWG Operon, Ebersberg, Germany. The quality
of paired-end data was assessed using FASTQ and
subsequent quality trimming performed with the
Trimmomatic software [52]. The Eurofins LJD library
was quality trimmed by that company. Quake software
[53] was used to remove and/or correct singleton
18-mers only in the Illumina HiSeq paired-end data
(other data not having sufficient coverage).
For B. neohumeralis three lanes of 100 bp paired-end

Illumina HiSeq data were obtained, totalling 62 Gbp. Two
of the libraries were prepared with 300 bp insert size and
one with 500 bp insert size. For B. jarvisi, two lanes of
100 bp paired-end Illumina HiSeq data were used, one with
300 bp inserts and the other with 500 bp inserts. The male-
only data totalled 55 Gbp.

Assembly
After Quake-correction [53] of the Illumina HiSeq paried-
end data, the B. tryoni contigs were generated from the
paired-end GAII, paired-end Illumina HiSeq, paired-end
Illumina MiSeq and Roche 454 FLX Titanium reads using
the AbySS assembly program [ver 1.3.4 ; 13] with overlap
length k = 65. The k value was determined after testing
values ranging from 40-70. Contigs greater than 210 bp
were retained for scaffolding. Scaffolding was performed
using the SSPACE scaffolder [14]. The three mate-pair li-
braries were added in order of increasing insert size (3 kb,
8 kb and 10 kb) as advised by the SSPACE authors. We
screened for the presence of bacterial sequences in our
assembly using a Blastn search against the NCBI NT
database (e-value 1e-06). When any of the top three
hits were bacterial, the scaffold was removed. CEGMA
was run according to the authors’ instructions at http://
korflab.ucdavis.edu/datasets/cegma/. The B. tryoni scaf-
folds have been submitted to NCBI, with accession num-
ber JHQJ00000000.

Genome size estimation
We estimated genome size using two methods. First, we
used the k-mer coverage methods (e.g. [17]), using both
Jellyfish [18] and DSK [19] to count k-mers. Second, we
used a variation of the approach of [23] to estimate gen-
ome size from the coverage of single copy sequences.

http://korflab.ucdavis.edu/datasets/cegma/
http://korflab.ucdavis.edu/datasets/cegma/
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The first step in that process was to map all Illumina
HiSeq reads to the 16710 MAKER-derived transcripts
using bwa-mem [54] and filtering out reads that mapped
with low-quality (q < 30). The low coverage transcripts
(coverage < 10) comprised 16% of transcripts and were likely
to include many truncated or erroneous transcript predic-
tions. High coverage transcripts (coverage > 60) comprised
14.6% of transcripts and were dominated by transcripts in-
cluding highly repetitive sequences. The central peak of the
distribution indicated a mean coverage of 41-43.
To refine this estimate, we re-analyzed the coverage of

the transcripts for the median 50% of transcripts ranked
by coverage. Genomic scaffold segments corresponding
to each transcript were extracted along with the flanking
100bp regions. Genomic segments were used for read
mapping as they had no intron/exon boundaries and
thus provided longer contiguous regions for mapping.
Genomic segments containing runs of five or more Ns
were removed, as were transcripts with a MAKER-
derived AED score > 0.2 (indicative of transcripts with
lesser evidential support). This resulted in a final set of
3310 genomic segments corresponding to individual
putative transcripts. Raw reads were again aligned to
the set of 3310 transcripts with a mapping quality filter
of q = 55 to ensure mappings were unique. Coverage
was measured using BEDtools utility genomeCovera-
geBed [55], excluding the 100 bp flanking regions. Re-
petitive sequences in introns resulted in small regions
of very high coverage, 10-1000 times above the me-
dian. Consequently, the median coverage rather than
the mean coverage was used. Variation of the mapping
quality filter (e.g. q as low as 10 or 20) resulted in only
small changes in the coverage estimates.

Repetitive sequence analysis
RepeatModeler was run on the final B. tryoni assembly
following the authors’ instructions. The 18-mer exten-
sion method began with Jellyfish program [18], which
was used to estimate 18-mer frequencies in the uncor-
rected Illumina HiSeq data. Using custom Perl scripts,
we started with the most common 18-mer, which was
extended by a single base pair after finding the next most
common 18-mer that overlapped the starting 18-mer by
17 bp. This was repeated in both directions until an
already-used 18-mer was met. No 18-mer was used
more than once and only sequences that extended
more than 50bp were retained for further analysis. The
process was terminated after the 50000 most abundant
18-mers had been either been extended or eliminated
due to inclusion in a previous extension sequence.

Genomic arrangement of satellite sequences
Since satellite sequences do not assemble easily, their ar-
rangement in the genome (i.e. as tandem repeats or
dispersed elements) was assessed in the 100 bp Illumina
reads rather than in the subsequent genome assembly.
Although no single 100 bp read will cover a whole satel-
lite monomer, if satellites are arranged in head-to-tail
tandem arrays, then a predictable proportion of reads
should cover the tail of one repeat unit followed by the
head of the next repeat in the array. For example, two
12-mers at positions 1 and 50 in the satellite sequence
should always appear 50 bp apart in the same 5’-to-3’
orientation. Conversely, two 12-mers that are more than
88 bp apart, should rarely co-occur. Additionally, 12-mers
near the 3’ end of the satellite sequence should always
occur in the negative direction (i.e. upstream) of the
1-position 12-mer. Other arrangements, such as head-
to-head or dispersed, will not show that same pattern.
While we used 18-mers in other sections of this study, we
used 12-mers to speed counting. Additional file 5 shows
that ~92% of 12-mers from Btry_Sat1 were at the distance
and in the orientation expected if Btry_Sat1 occurred
mainly in large tandem arrays. Similar evidence was found
that the other four satellite sequences were also present
mainly as head-to-tail tandem arrays.

Satellite sequence copy number
To obtain a better estimate of satellite content of the
B. tryoni genome, we estimated the frequency of satel-
lite sub-sequences in the raw reads. We first counted
the frequency of the 18-mers that comprise each of the
six satellite sequences in the raw reads. Adjusting for
coverage of the Illumina HiSeq reads, the mean fre-
quency of all the non-overlapping 18-mers from each
satellite gives an estimate of the number of genomic
copies of the canonical sequence (Table 3). If searches
allowed for variation by a single nucleotide substitu-
tion, more satellite sequences were detected. The data
shown in Additional file 5, which includes single nucleo-
tide substitutions, showed that the estimate of the number
of Btry_Sat1 sequences (indicated by reads that had two
distinct 12-mers at the correct spacing and in the correct
orientation) increased from ~70,000 to over 250,000.
Those variant sequences were also mainly contained
within tandem arrays. For example, in Btry_Sat1, variants
of the first and second 12-mers should co-occur on the
same 100 bp read at a frequency of 0.87. This is the pro-
portion of all the 100 bp reads that contain 12-mer 1 and
will also extend sufficiently in the 3’ direction to include
all of the adjacent 12-mer 2. For each million occurrences
of Btry_Sat1 12-mer 1 in the Illumina HiSeq reads, we ob-
served ~700,000 occurrences of 12-mer 2 on the same
read.

Dispersed repeats
Dispersed repetitive sequences commonly consist of many
fragments of canonical transposon sequences, with various
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degrees of sequence heterogeneity amongst the fragments.
This inherent heterogeneity prevents good assemblies of
those sequences. However, canonical versions of repeated
sequences can be reconstructed directly from the sequen-
cing reads e.g. the construction of Drosophila rRNA se-
quences [31]. To identify as many as possible of the
underlying canonical sequences, we undertook a manual
curation of the remaining RepeatModeler de novo se-
quences and the 18-mer extension sequences. That process
began by performing a Blastn alignment of all the Repeat-
Modeler de novo sequences against the B. tryoni scaffolds
(80% identity, e-value 1e-06). Starting with the fragment
with the highest number of hits, we then performed an it-
erative process of alignment and consensus extension of
the sequences. The process worked as follows. Each poten-
tial repeat sequence was aligned to the B. tryoni scaffolds
using Blastn (80% identity, e-value 1e-06). For each align-
ment, a custom Perl script extracted the matching scaffold
(genomic) sequence along with up to 200 bp of flanking se-
quence. Those extracted segments (often numbering sev-
eral hundred) were aligned with Muscle [56] using the
SeaView alignment viewer [57] allowing gapped alignments
and 60% consensus threshold. The starting sequence could
then be extended by up to 200 bp depending on the
length of the valid consensus sequence. The process
could then be iterated until no further consensus exten-
sion was possible. Terminal inverted repeat sequences
produced a common sequence linked to two (or
sometimes more) consensus sequences. In those cases,
each consensus was extended separately and pairs
would eventually overlap if the original terminal inverted
repeat sequences came from a similar repetitive elem-
ent. The final extended sequence was then aligned with
the remaining RepeatModeler de novo sequences (Blastn,
80% identity). This resulted in the culling of numer-
ous related RepeatModeler de novo sequences, which
in turn reduced the number of sequences that had to
be examined. Eventually, the manual curation process
was no longer feasible due to a combination of too
few aligned genomic segments and increasing hetero-
geneity among those segments. Also, if taken too far,
the ‘align and extend’ process could eventually start
identifying conserved protein motifs as repetitive
elements.
To finalise the consensus sequence, the most common

variant at each SNP was checked by mapping the Illumina
HiSeq reads to the candidate repeats using bwa-mem [54],
extracting variant frequencies from the Samtools mpileup
file [58] using VarScan 2 [59]. Sequences with greater
than 80% identity to an existing repeat sequence were
removed. Lastly, the percentage of raw reads mapping
to those repeats with mapping quality q > 20 was calcu-
lated from the alignment file. As a relative indicator of
variation, the average number of mismatches for the
mapped reads was calculated from the NM flag in the
bwa-mem output.

Species-specific repeat variants
We first mapped reads from each species to the B. tryoni
repeats, retaining reads with mapping quality q > 20.
SNPs with >50% frequency were extracted from the
Samtools mpileup file [58] using VarScan 2 [59]. Those
variants were then incorporated into the B. tryoni repeat
sequences to produce a species-specific set of homolo-
gous repeats. Raw reads from each species were aligned
to the appropriate set of repeats to estimate coverage for
the repeats. Statistics were calculated only for reads with
mapping quality q > 20.

Ribosomal RNA sequences
The ‘align and extend’ process used to construct the ca-
nonical dispersed repeat sequences was also used to de-
termine the sequence of the transcribed section of the
rRNA repeat unit. The IGS sequence was incomplete
and limited to the regions flanking the transcribed unit.
The highly variable and repetitive nature of the IGS pre-
vented the complete extension of the IGS sequence. All
sequence variants for the transcribed rRNA unit and
flanking IGS regions were extracted from the equivalent
coverage of raw Illumina HiSeq data. Exact delineation
of the rRNA genes was based on the D. melanogaster
homologues [31].

MAKER Annotation
Within the MAKER pipeline, we used three gene pre-
dictors: SNAP [60], AUGUSTUS 2.5.5 [61] and GENE-
MARK [62]. SNAP was trained using the set of conserved
genes identified by the CEGMA pipeline. The training for
AUGUSTUS was generated using the whole B. tryoni gen-
ome, now available as a web-based service (http://bioinf.
uni-greifswald.de/bioinf). GeneMark was self-trained. EST
evidence was provided in the form of five B. tryoni de novo
transcriptome libraries produced by the Trinity software
[63]. Four of the libraries were assembled using separate
RNA preparations from whole embryonic, larval, late pupal
and adult individuals (D. Shearman unpublished). The fifth
library was prepared from brain tissues. Protein homology
evidence for MAKER consisted of coding sequences from
two other Dipterans: D. melanogaster (ftp://ftp.flybase.net/
releases/FB2013_06/dmel_r5.54/fasta/dmel-all-CDS-r5.54.
fasta.gz) and medfly, Ceratitis capitata (ftp://ftp.ncbi.nlm.
nih.gov/genomes/Ceratitis_capitata). We installed a local
database for use with Blast2Go. Using BLASTP (e-value =
1e-05), the sequences were aligned to the NCBI RefSeq
invertebrate protein database (ftp://ftp.ncbi.nih.gov/refseq/
release/invertebrate/). Additional annotations were sourced
from the Pfam protein domain database using InterProScan
4.8 [64].
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Comparisons of gene models
For a comparative assessment of the overall composition
of the B. tryoni gene models, we used OrthoMCL to com-
pare the B. tryoni gene models to the gene models available
for two other Dipterans: C. capitata and D. melanogaster.
The genome of D. melanogaster has been thoroughly an-
notated and consequently has the largest set of gene
models of the three species (Table 4). In contrast, the
recent annotation of C. capitata is unpublished but
the methods used to generate the underlying gene
models were similar to those used in this study. Both
used trained Augustus as well as SNAP and Genemark
and similar multi-staged transcriptome evidence. A major
difference was that our gene models were MAKER-based,
while those of C. capitata were produced using JAMg
(http://jamg.sourceforge.net). Nevertheless, the number of
gene models for C. capitata was closer to that of B. tryoni
(20674 versus 16710 gene models) and probably contained
a similar proportion of splice variants. Nevertheless, each
of the three sets of gene models are at different stages in
their curation and so the present analysis was only
intended to indicate the completeness if the B. tryoni
genomic assembly, not the transcriptomes.
OrthoMCL compares gene models from different or-

ganisms, producing groups of protein orthlogs based on
sequence similarity. OrthoMCL was run on the three
sets of gene models using using default parameters, ex-
cept for the Blastp all-against-all step, where a more
stringent e-value of 1e-10 was used.

Comparisons with B. neohumeralis and B. jarvisi
Substitution rates were measured by first aligning all
B. neohumeralis or B. jarvisi reads to the B. tryoni as-
sembly using the bwa-mem aligner. Homozygous SNPs
for each species comparison (B. tryoni/B. neohumeralis
and B. tryoni/B. jarvisi) were extracted from the Sam-
tools mpileup file [58] using VarScan 2 [59] at sites
with a minimum coverage of 10. Custom Perl scripts
were used to classify each variant position as exon, in-
tron, 5’ UTR, 3’ UTR or non-coding, using the scaffold-
specific MAKER-derived gff3 files. For coding regions,
synonymous versus non-synonymous substitution rates
were also extracted from the MAKER-derived gff3 files
using the phase information. Indels of 1 or 2 bp were
counted as non-synonomous changes.
Deletions in the B. neohumeralis or B. jarvisi genomes

(with respect to the B. tryoni assembly) were identified
by first mapping reads from the two other species to the
B. tryoni assembly using bwa-mem, which allows gapped
alignments. The only alignments retained were those
that both consisted of paired sequencing reads and had a
mapping quality greater than 20. The BEDtools utility
genomeCoverageBed [55] was used to identify all B. tryoni
genomic intervals over 10 bp with zero coverage by either
B. neohumeralis or B. jarvisi Illumina HiSeq data. To fur-
ther reduce any false positives due to regions of low cover-
age, only those deletions with >20x coverage for all the 10
bases immediately bordering both sides of the deleted seg-
ment were used in further analysis.
A gapped aligner allows even short segments of B.

neohumeralis or B. jarvisi reads (19bp with a seed length
of 19) to be mapped to B. tryoni even if the remainder
of the read does not match. That had the advantage of
maximising the coverage of the homologous sequences
on either side of any B. neohumeralis or B. jarvisi dele-
tion, which in turn reduced the likelihood of mistaking
low mapping coverage with a real deletion. Conversely,
this limited our ability to identify short deletions as
some reads will align over short gaps and/or mismatches.
However, since we were primarily interested in identifying
deletions in order to develop PCR-based species identifi-
cation tests, we did not quantify deletions under 10 bp.

Availability of supporting data
The data set supporting the results of this article is available
in the NCBI Bioproject repository, project ID 241080 http://
www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA241080.

Additional files

Additional file 1: Summary of the data used for the B. tryoni
genome assembly.

Additional file 2: A fasta file of B. tryoni repetitive sequences.

Additional file 3: Alignment of rRNA sequences. The alignments of
the three Bactrocera rRNA sequences, along with the D. melanogaster
rRNA sequence. The 18S, 5.8S, 2S and 28S regions are indicated on the B.
tryoni sequence by blue highlighting. The red highlight indicates the B.
neohumeralis insertion identified in an earlier study [8].

Additional file 4: B. neohumeralis transcripts with novel stop
codons.

Additional file 5: The spacing of satellite DNA 12-mers in the
100bp reads. For the satellite sequence Btry_Sat1 (166 bp in length), the
histogram shows the frequency distribution of the spacing between the
12-mer beginning at position 1 of the canonical sequence and other
12-mers from the same satellite sequence that are close enough to
co-occur on the same 100 bp read. The 12-mers in the 3’ direction start at
positions 13, 25, 37 etc, while the 12-mers in the 5’ direction start at -11, -23
etc. The distance expected from the canonical sequence is shown above
each distribution. In each case, the >92% of the 12-mers occur at or
near the expected distance and in the expected direction, which is
consistent with the existence of large tandem repeat arrays. The 13
separate frequency distributions are non-overlapping at this scale and
are therefore presented as one histogram. The frequencies decrease
with absolute distance from the 1-position 12-mer due to the decreasing
number of 100 bp reads that span both 12-mers. Some decrease is also due
to cumulative sequence variation. In all cases, 12-mers were scored as
matching if they differed from the canonical sequence by no more
than a single 1 bp substitution.
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