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genes, mainly in the form of incomplete lineage sorting in the subgenus Sophophora
but also including asymmetric introgression in the subgenus Drosophila. Using the
phylogeny as a framework and taking into account these incongruences, we then
screened the data for genome-wide signals of adaptation to different climatic niches.
First, phylostratigraphy revealed relatively high rates of recent novel gene gain in
three temperate pseudoobscura and five desert-adapted cactophilic mulleri subgroup
species. Second, we found differing ratios of nonsynonymous to synonymous sub-
stitutions in several hundred orthologues between climate generalists and special-
ists, with trends for significantly higher ratios for those in tropical and lower ratios
for those in temperate-continental specialists respectively than those in the climate
generalists. Finally, resequencing natural populations of 13 species revealed tropics-
restricted species generally had smaller population sizes, lower genome diversity and
more deleterious mutations than the more widespread species. We conclude that ad-

aptation to different climates in the genus Drosophila has been associated with large-

KEYWORDS

phylostratigraphy

1 | INTRODUCTION

The genus Drosophila contains about 1600 species (taxodros.uzh.ch)
covering a wide range of ecological niches, making it a rich resource
for comparative studies. The first 12 Drosophila genomes were pub-
lished by Clark et al. (2007) and many more have since been released.
Comparative genomic analyses on some of these species have in-
vestigated aspects of the biology of the group, such as cactophilic
adaptation (Guillen et al., 2014; Rane et al., 2019), genome evolution
(Garrigan et al., 2012; Hu et al., 2013; Palmieri et al., 2014; Richards
et al., 2005; Sanchez-Flores et al., 2016), lifespan evolution (Fonseca
et al., 2013), sex chromosome evolution (Zhou & Bachtrog, 2015),
species invasion (Ometto et al., 2013) and speciation (Nolte et al.,
2013), and climate adaptation (Parker et al., 2018; Rane et al., 2019).
However, most of these comparisons have been limited by their focus
on just a few closely related species in one or two species groups,
rather than spanning a broad evolutionary range across subgenera.
Comparative genomic studies on such a broad scale require
a well resolved phylogeny. However, despite numerous phyloge-
netic studies of Drosophila species, many relationships among them
remain controversial and the genus also now appears to be para-
phyletic to several other genera (Finet et al., 2021; van der Linde &
Houle, 2008; van der Linde et al., 2010; O'Grady & DeSalle, 2018).
Major uncertainties occur within each of the three major nominate
Drosophila subgenera (Drosophila, Sophophora, and Dorsilopha), and
even within the much studied melanogaster species group in the
subgenus Sophophora. Incomplete lineage sorting (ILS, the evolu-
tionary process where ancestral polymorphisms are randomly fixed
in descendent lineages) has been implicated at several nodes in
the melanogaster, eugracilis, takahashii and suzukii subgroups of this

scale and multifaceted genomic changes.

climate adaptation, Drosophila, incomplete lineage sorting, introgression, phylogenomics,

group (Pollard et al., 2006; Rosenfeld et al., 2012; Wong et al., 2007).
And introgression of genes between species subsequent to natural
hybridisation events has been reported in the simulans (Garrigan
et al., 2012) and yakuba (Turissini & Matute, 2017) clades within the
melanogaster subgroup. However, the overall contribution of ILS and
introgression to phylogenetic ambiguities across the genus remains
unclear.

Another prerequisite for comparative genomic analyses is de-
tailed knowledge of species differences in traits underpinning their
ecological differences. One of the best understood sets of traits in
Drosophila in this respect involves resistance to extremes of tem-
perature and humidity. Different species can be found in four of the
five major Kdppen climate groups (Kottek et al., 2006), and these
resistances have been shown to influence the distribution of many of
the species (Kellermann et al., 2009; Parratt et al., 2021). The wide-
spread species that thrive in a variety of climatic conditions have high
resistance to climatic stresses while species with restricted distribu-
tions tend to have lower resistance levels (Kellermann, Loeschcke,
et al., 2012; Kellermann, Overgaard, et al., 2012).

Complementing such interspecific studies, selection experi-
ments, geographic comparisons and strain comparisons have indi-
cated high levels of genetic variability for these traits within some
species (Hoffmann et al., 2003). Further, studies following gene ex-
pression changes during stress responses (Koniger & Grath, 2018;
Sgrensen et al., 2007), allele frequency changes during selection
(Telonis-Scott et al., 2012, 2016) and differences among popula-
tions or species with different geographical distributions (Parker
et al., 2018) have identified sets of candidate genes and biochemical
networks which may be responsible for the variation. A core set of
45 genes enriched for stimulus, stress and defense response have
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been related to desiccation resistance in population studies (Telonis-
Scott et al., 2016) and about 250 candidate genes show accelerated
divergence between species in cold and warm regions (Parker et al.,
2018). Several specific genes have also been functionally validated,
for example nan and trp in sensing humidity (Liu et al., 2007), capa in
the regulation of cellular ion and water homeostasis (Terhzaz et al.,
2015), and Tps1 and Treh in regulation of body water homeostasis
(Yoshida et al., 2016). Resistance to different climate stresses may
also be correlated (Liu et al., 2007), such as cross-resistance to cold
and desiccation (Terhzaz et al., 2015).

Here, we compared the genomes of 46 species from the genus
Drosophila and one from the paraphyletic lineage Zaprionus. Fifteen
of these are published here for the first time and 20 published previ-
ously are improved with additional data. We also present population
resequencing data for several of them. We constructed a well re-
solved phylogeny for the genus but also found high levels of ILS and/
or introgression in some lineages. We then used phylostratigraphy,
climate niche analysis and various tests of selection to screen for

genomic signatures for species occupying different climate niches.

2 | MATERIALS AND METHODS

2.1 | Sequencing and assembly

Table S1 provides details of the stocks of the 15 species which were
sequenced de novo, the 20 species whose published assemblies
were improved with additional sequencing, and the 13 species for
which individuals were resequenced for the population genomic
analyses.

Multiple paired-end libraries covering a range of insert sizes (250
base pairs [bp], 500 bp, 800 bp, 2 kbp, 5 kbp and 10 kbp) were pre-
pared for each of the 15 species which were sequenced de novo
(Table S2). An lllumina HiSeq 2000 platform was used to sequence
49 bp paired-ends for large insert size libraries (22 kb) and 100 bp or
150 bp paired-ends for short insert size libraries (<2 kb). Reads were
discarded if more than 33% (short insert libraries) or 80% (large insert
libraries) of their bases had Phred scores lower than seven, or more
than 10% of their bases were scored as “N”. Paired-end reads were
also discarded if both reads were identical or overlapped by more
than 10 bp. Genomes were assembled by Pratanus (Kajitani et al.,
2014). We first constructed contigs from the reads from the short in-
sert libraries using parameters set at “-k 19 -s 10 -u 0.2 -d 0.6". Reads
from the long insert libraries were then aligned to the contigs and
scaffolds constructed using the “-u 0.2" parameter setting. Finally,
gaps were closed using all the paired-end reads and the default pa-
rameters. Assembly qualities were evaluated using Busco (Simao et al.,
2015) with the “arthropoda” database (https://www.ncbi.nim.nih.
gov/Taxonomy/Browser/wwwtax.cgi) as reference (Table S3).

We collected the genome assemblies for the other 32 species
from NCBI and improved 20 of them with additional sequences from
two paired-end libraries with insert sizes of 500 bp. We closed the
gaps of these assemblies with the additional data using the krskcr

RESOURCES

software Zhang et al. (2014) and capcLoser (Luo et al., 2012). Note
that the genome which we attribute to D. mercatorum herein was
originally published by us as that of the closely related D. repleta.
However, we subsequently found that two mitochondrial se-
quences of this (Australian) stock had a 99.85% match with those of
(American and Asian) D. mercatorum but only an 89.25% match with
(American) D. repleta. Morphological comparisons of our stock to im-
ages of (American) type specimens also then showed a better match
to D. mercatorum than D. repleta. Furthermore, a previous report
of notional D. repleta in Australia described mating incompatibility
between the Australian taxon and American D. repleta (Humphrey,
1974). For all these reasons we assume our sequenced stock is not
D. repleta and probably is D. mercatorum herein. However, confir-
mation of the latter will require further taxonomic work, particu-
larly as previous publications have never reported D. mercatorum
in Australia, despite intensive study of Drosophilids in some of its
favoured Opuntia cactus habitats here (Barker et al., 2005; Barker
& Starmer, 1982).

We also sequenced mixed life stage transcriptomes of 19 spe-
cies on the lllumina HiSeq 2000 platform to assist gene annotation
(Table S1). Fifteen of them were each sequenced from a single strand
specific library (dUTP) and the other three from a standard library
with insert size 200 bp. In total, we obtained about 2-4 Gb of raw
reads for each species. Three types of reads were filtered out; those
in which N constituted more than 10% of bases, low quality reads
that had 40 bases with Q20 less than or equal to seven, and reads
with adapter contamination (note that the RNA-seq data was only
used to assist the annotation and any batch effects should not have
affected this use.)

About 20 flies (except for one species for which only six were
available) were resequenced from 13 of the 47 species above (Table
S1). For each individual a library with an insert size of about 500 bp
was made, from which we generated ~18 M paired-end reads about
150 bp in length (20x coverage) on an Illumina HiSeq 4000 platform.
Reads were quality filtered using SOAPNUKE (parameters “-Q 2 -G -I
10 -q 0.2 -d -5 1") (Chen et al., 2018) so as to retain only reads with
Phred scores >10 for 80% of the bases. Reads were then mapped to
the corresponding genome assemblies using the mem algorithm in
BwA (Li, 2013) with default parameters, and masking duplicates with
Picarp (http://broadinstitute.github.io/picard/).

2.2 | Genome annotation

Transposable elements (TEs) were annotated in all 47 genomes using
a combination of both homologue- and de novo-based approaches.
For the former, we used RepeaTMasker and ProTeINMask (Tarailo
Graovac & Chen, 2009) to identify known TEs at the DNA and pro-
tein levels. For the de novo-based method, we first used piLer (Edgar
& Myers, 2005), LTR_FINDER (Xu & Wang, 2007) and RepearScout
(Price et al., 2005) to construct de novo repeat libraries and then
used RepeaTMaskeR to identify the TEs in those libraries. We also
searched for tandem repeats using TANDEM Repeats FiNDER (Benson,
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1999). The proportions of total genome sizes occupied by various
classes of repeats were then calculated. The correlation between
log10-transformed TE content and genome size was also calculated
after accounting for the phylogeny using the phylogenetic general-
ized least squares (PGLS) function, with branch lengths transformed
using the maximum likelihood of lambda, in the caper package
(https://cran.r-project.org).

We used Ensembl (release-84) to annotate protein coding genes
in the gap-closed D. melanogaster genomes. We transferred the
Ensembl gene set from the downloaded assembly to the gap-closed
one after whole genome alignment using Lastz (Harris, 2007). The
models for all except seven of the 13,918 genes in the downloaded
assembly were recovered in identical form in the gap-closed one.
Application of GENEWIsE (Birney et al., 2004) recovered models for
five of the other seven which were very close to the originals. No
model was predicted for the other two, both on chromosome 3R,
which were therefore discarded.

Annotation of protein coding genes in most of the other species
was conducted using a custom pipeline based on a combination of
homology and de novo approaches and assisted by 24 previously
published transcriptomes and the 19 we generated above (Table
S1). Homology-based annotation was carried out using gene models
from D. melanogaster (Ensembl release 84), D. mojavensis (Flybase:
GCA_000005175)andD.pseudoobscura(Flybase: GCA_000001765).
Putative locations for seed proteins were identified on each target
genome using blastp (BLASTall 2.2.23) with parameters “-e 1e-5".
These locations were then passed to GENeWiIse (version 2.2.0) for
accurate spliced alignments and annotation. These predictions were
then aggregated, to prioritise the D. melanogaster-based annotation
or a better alternative from the other two seed species if they had
more complete length or higher GENEWIsE score. De novo predic-
tions were also made using Aucustus (Stanke et al., 2006) and the
repeat masked genome, only retaining predicted models that did not
overlap with any of the models from the aggregated homology set.
In species where transcriptome data was available, cleaned reads
were aligned to the reference using star (STAR-STAR_2.4.0i) and
assembled into transcripts by currLinks (version 2.0.2, parameter “I
50000 -u”) (Trapnell et al., 2012). Open reading frame (ORF) of the
assembled transcripts were predicted using Hidden Markov Models
trained on aggregated GENEWIse models. The ORFs and transcripts
were translated into protein sequences and compared to aggregated
homology and de novo gene sets, and evidences were combined
where a gene model and UTRs could be identified and consolidated

into a complete gene.

2.3 | Phylogenetics

We used two data sets for our phylogenetic analyses, the first of
which was a whole genome alignment across all 47 species. To
develop this, pairwise whole genome alignments were carried
out between D. melanogaster and each of the other 46 species
using LASTZ (with parameter settings “E = 30 K = 2200 L = 4000

H = 2000 Y = 3400 -scores =birdMatrix”), and Chain/Net (Abay
et al.,, 2019; with parameter settings for the axTCHAIN program of
“-minScore = 1000, -linearGap = loose”). Chains unlikely to be net-
ted by cHAINNET were captured by cHAINPReNET and the remainder
were netted by cHAINNET. Nets were converted into maf format for
further analysis. Multiple hits in LASTZ were filtering down to retain
only the one with the highest score. Multiway alignments across the
47 species were then generated by mutiz (Blanchette et al., 2004).
Segments with more than five species missing were removed from
the alignment. Over-aligned sequences (Zhang et al., 2014) were also
removed using a script (Zhang et al., 2014) which scans for and re-
moves regions of 236 bp that have <55% sequence identity to all the
other species after allowing for gaps. The segments retained were
then realigned using MarrT (https://mafft.cbrc.jp) with the param-
eter “--maxiterate 1000 -localpair”. The final alignment, containing
37,389,162 sites including gaps, was then concatenated.

The second data set only used the coding sequences (CDSs) of
orthologous genes. One-to-one orthologues were identified be-
tween D. melanogaster and each of the other species if they met both
reciprocal best blastp hit (RBH) with blastp (e value <1e-5) and syn-
teny criteria. For the latter, any RBH gene pair colinear with another
RBH pair within five genes up- or downstream was considered as
shared synteny. Orthologous pairs from the different comparisons
were merged. Genes present in fewer than 42 species were then
deleted, leaving a final data set of 8550 orthologues. The corre-
sponding amino acid sequences were first aligned using sate (http://
phylo.bio.ku.edu/software/sate) plus prank (Loytynoja, 2014) and a
method for removing poorly aligned sites (Zhang et al., 2014). The
remaining sites were then realigned using sate plus MAFFT and trans-
ferred back to CDS alignments. All CDS alignments were concate-
nated into a data set containing 18,793,872 sites.

We used both concatenation and coalescent approaches to infer
species trees from each of the two data sets. We used the ExamL
(Kozlov et al., 2015) package with both the GAMMA and PSR models
for the concatenation analyses and asTraL (Zhang et al., 2018) pack-
ages for the coalescent analyses. Each data set was run 100 times
under both “-m PSR” and “-m GAMMA" in the ExamL package and
we chose the tree with highest likelihood for each data set for the
GAMMA model. For the PSR model, we calculated the likelihood of
the 100 trees generated under the GAMMA model to identity the
best ML tree because likelihood values under the PSR model are
meaningless. For the coalescent analyses, the whole genome align-
ment was cut into 37,386 windows of length 1000 bp. A tree was
constructed for each window using raxmL (Stamatakis, 2014) under
the GAMMA model and all trees were then parsed to astraL to get
the consensus species tree (Figure S1).

Divergence times were calculated using ~60,000 bp of sites ran-
domly extracted from the whole genome alignments by MCMCtree
in the pamL package (Yang & Rannala, 2006). MCMCtree needs fos-
sil records or biogeographic data for calibration and there are no
such records for any of the nodes in our tree. However, estimates
have been made for three of our nodes by Tamura et al. (2004) and
Russo et al. (2013) based on fossil calibrations for other nodes in
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their trees, we used the time estimates for these nodes from the
literature in our dating analyses. We set the lower and upper bounds
of the nodes as 2% of their estimations. This gave us calibration time
ranges of 33-76 Mya for the node separating the melanogaster and
obscura groups, 20-32 Mya for the node separating the virilis and re-
pleta groups, and 39-87 Mya for the node separating the subgenera
Drosophila and Sophophora.

We used two methods, DiscoVista (Zhang et al., 2018) and QuisL
(Edelman et al., 2019), to scan for ILS and introgression in the trees
generated from our whole genome alignments. Individual trees were
calculated for 1 kbp windows of aligned sequence at least 5 kbp apart
(to reduce the probability of physical linkage), omitting windows with
gaps at more than 40% of sites. The QuisL analyses required an out-
group, so we treated the two subgenera separately for that analysis,
using D. mojavensis as the outgroup for subgenus Sophophora, and
D. melanogaster as the outgroup for subgenus Drosophila (and using
the corresponding branch lengths from the full tree in the two sub-
trees). More than 100 runs were performed for each subgenus, and
from each run 500 individual trees were selected at random from
the 6754 and 5431 individual trees generated by the Sophophora and
Drosophila analyses, respectively. DiscoVista (but not QuisL) was also
run on trees generated from the orthologue data set.

DiscoVista calculates the average frequency of each of the three
possible arrangements at each branch (with respect to an outgroup)
across all the analysed windows. ILS and/or introgression are sug-
gested if the combined frequencies of the two less common, that
is, discordant, arrangements are high. ILS is suggested if the relative
frequencies of the two discordant arrangements are similar to one
another. Introgression is suggested to the extent that their relative
frequencies differ. QuisL then takes a statistical approach to infer
the proportions of ILS and introgression. It distinguishes between
the two based on the distribution of the internal branch lengths of
individual trees in a particular topology. Specifically, it compares
two models, one with ILS only and one with a mixture of ILS and
introgression, using the Bayesian information criterion test (BIC). We
used the threshold of ABIC = 10 as recommended to select the
preferred model (Edelman et al., 2019).

2.4 | Phylostratigraphy

Phylostratigraphy uses blastp-scored sequence similarity to estimate
the taxonomic distribution and thence the minimal age of every pro-
tein coding gene. The NCBI nonredundant database is queried with
the protein sequence corresponding to each gene to detect the most
distant species in which a sufficiently similar sequence is present. It
then posits that the gene is at least as old as the age of the common
ancestor (Domazet-Loso et al., 2007, 2017). The method is specifi-
cally designed to identify genes arising by noncopying mechanisms
which thus have the potential to encode proteins with novel domains
(Carvunis et al., 2012). Conservatively, it classifies genes as being as
old as the most ancient parts of the proteins they encode, and dupli-
cate copies as being as old as their parent genes.

RESOURCES

In our case we evaluated the ages of all proteins at least 40
amino acids long and screened each of them against the entire NCBI
nonredundant (NR) database by blastp and HMMER, using a permis-
sive e-value threshold of 1073 and allowing a maximum number of
200,000 hits. This process, plus the fact that our annotations were
done on repeat-masked genomes, follows recent best practice and is
specifically designed to reduce the risk of underestimating the ages
of short genes (Arendsee et al., 2019; Domazet-Loso et al., 2017,
Hanschen et al., 2016; Kim et al., 2019; Vakirlis et al., 2020). The
timing of lineage divergence events was estimated with TimeTree
(Kumar et al., 2017) for the taxonomic branching before the diver-
gence of drosophilids. Within drosophilids, we used the timing pro-
vided by our own analyses above.

We then counted the number of genes in each species origi-
nating in each of 34 phylostrata (PS) represented in our data, and
also aggregated those counts into four broad evolutionary eras
encompassing the phylostrata. The ancient era encompassed PS
1-8 (cellular organisms to Ecdysozoa, 4290-743 Mya), the middle
era PS 9-18 (Panarthropoda to Holometabola, 743-325 Mya), the
young era PS 19-25 (Diptera to Acalyptratae, 325-132 Mya), and
the newest PS 26-last (132 Mya-present). For some analyses we
also normalised the numbers of genes originating in each PS or era
by the duration of the PS/era. The age of the genes assigned to
each PS (PS midpoint) was defined as the average of the age of the
taxonomic node defining that PS and the age of the node defining
the previous PS.

We also calculated correlations between the numbers of genes
arising in different phylostrata across species and with phyloge-
netic distance and three ecological characteristics of the species.
To do this we constructed matrices of inter-species absolute dis-
tances in each parameter across the 47 species. Estimates of the
three ecological parameters, drying power of air, precipitation and
temperature, were based on distributional data for each species
assembled from Taxodros (www.taxodros.uzh.ch) and museum
records and verified by taxonomy experts. Climate data for each
species’ distribution were then extracted from worLbcLim V. 1.4
(Hijmans et al., 2005) and drying power of air calculated follow-
ing Kellermann et al. (2009). Mean values per species were used.
Mantel correlations were calculated using mantel.rtest, as imple-
mented in the ape4 package (Dray & Dufour, 2007). When cor-
relating distances based on number of genes per phylostratum,
we additionally used a partial Mantel test and added a third dis-
tance matrix based on the total number of genes. For this we used
the function mantel.partial implemented in the vecan package
(Oksanen et al., 2019).

We also modelled the data on the age profiles of the genes in
each species against a range of possible mathematical functions in
order to better understand the underlying processes. To varying ex-
tents the profiles for all 47 species showed disproportionately high
numbers of genes that arose in the most recent and ancient eras (see
below) and for each of the species we found that this pattern was
best explained by a simple linear combination of a growing and a de-
caying exponential function of time. We therefore used this function
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to generate two plots for each of the 47 species: (1) the number of
genes vs. phylostratum midpoint, and (2) the ratio of the number of
genes to phylostratum duration vs. phylostratum midpoint. For both
(1) and (2), we fitted curves of the form f(t) = a*exp(-b*t) + c*exp(d*t),
where a, b, ¢, and d are positive parameters and time t is measured in
Mya (t = O corresponding to the present, and large t to ancient time).
The parameters a and ¢ capture gene numbers as they arise close to
the present (a), and had accumulated in the distant past (c). The ex-
ponents b and d capture the decrease in the number of novel genes
moving backwards in time from relatively high numbers in the new-
est PS (-b) and the increase in the number of ancient genes in the
most ancient PS (+d). For each species, best fit choices of the param-
eters a, b, ¢, and d were generated using the Marquardt-Levenberg
algorithm implemented using our own computer code as well as the
freely distributed eNupLoT software package. The half-life of novel
gene decay is simply obtained from curve (1) as In2/b, and the time
when the number of genes has its lowest value is calculated directly
from this curve as the point when the derivative of the function f(t)
is zero.

All statistical analysis for the phylostratigraphy was done in
Excel, StatPlus, Prism and R. Skew and kurtosis were calculated and
plots created in R. The R package pHyLo.HEATMAP (Revell, 2012) was
also used to generate some figures.

2.5 | Nonsynonymous substitution rates

Three subsets of species defined on the basis of their climate niches
were identified by matching their distributions against the Képpen
climate classifications. Two of the subsets contained different climate
specialists as defined by their presence in just the tropical and tem-
perate plus continental Képpen climate classes respectively, and the
third comprised generalists that were present in all four classes cov-
ered by Drosophila. For each of the two specialist-versus-generalist
comparisons, groups of orthologues containing genes from all spe-
cies included in that comparison and the outgroup Scaptodrosophila
lebanonensis (Vicoso & Bachtrog, 2015) were aligned by prank and
filtered for poorly aligned sites using GBLocks (Castresana, 2000).
We used 9143 orthologues in the tropical vs. generalist comparison
and 9520 in the temperate-continental vs. generalist comparison.
In each comparison the distribution of the ratio of nonsynonymous
to synonymous substitutions, dN/dS, was assessed for goodness of
fit against three models by codeml in pamL V4.9h (Yang, 1997). The
three models were: no difference between species (HO), differences
between the two subsets compared (H1), and differences between
species unrelated to subsets (i.e., a free ratio model; H2). y*-derived
p-values from likelihood ratio tests adjusted for a false discovery
rate cutoff of 0.05 were used to compare the goodness of fit of the
different models. Genes for which the model of subset differences
gave a significantly better fit for H1 than HO and no significantly
better fit for H2 than H1 were considered candidates for involve-
ment in the ecological differences between the respective specialist
subset and the generalist subset. GO terms enriched among these

candidates were found using cLusTerPrOFILER (Yu et al., 2012) and the

org. Dm.eg.db database (version 3.13).

2.6 | Population genomics

The samples of the 13 species that were resequenced were each
obtained from a single locality. Variant calling followed the two-
step pipeline recommended by catk Best Practice (https://gatk.
broadinstitute.org/hc/en-us). First, we called haplotypes for each
individual using the catk HaplotypeCaller command with a minimum
phred-scaled confidence threshold of 30. Then we combined the
calls for all individuals in each species into a final VCF file using catk
GenotypeGVCF. Only biallelic variants with QD >2.0, FS <60.0, MQ
<40.0, MQRankSum > -12.5 and ReadPosRankSum > -8.0 were re-
tained, using the filtering command catk VariantFiltration.

Nucleotide diversity (Pi) was calculated for each 10 kb-window
across each species’ genome using vcrrools (Danecek et al., 2011).
Then the correlation of Pi with niche position was calculated across
species, correcting for phylogenetic position using the PGLS func-
tion in caper and the phylogeny and divergence times obtained
above. Niche position, calculated using the niche function in the R
package Abe4, was defined as the distance from the mean of the mul-
tivariate climate data for the known distribution of each species to
the mean for all species in the analysis (Dolédec et al., 2000). The
distributional and climatic data were obtained as per the previous
section. Given the large differences between species in sampling
density, the species distribution model for each species incorpo-
rated a bias layer, which was generated by using the sampling points
for all 47 species to create an overall point density layer in Arcals.
This layer would be heavily influenced by the cosmopolitan species,
and therefore should be a reasonable estimation of differences in
sampling effort.

To calculate population size we first generated the site frequency
spectrum (sfs) using anGsp (Korneliussen et al., 2014) and then esti-
mated per site Watterson theta (9, ) according to 6,, = k/a,,, where
k is the number of segregating sites and a,, is the (n-1) harmonic
number. Then the effective population size was estimated according
to 6,, = (4N u)*nsite, where p is the mutation rate per site per gener-
ation calculated for four-fold degenerate sites with pHyLoFiT (https://
rdrr.io), and nsite is the number of all sites in the sfs.

We then tested whether the number of genes appearing at each
phylostratum estimated above was correlated with N,. To account
for nonindependence of species due to phylogenetic inertia we
used phylogenetic generalized least squares regression (pgls). Pgls
was conducted using the gls function in the ape package (Paradis &
Schliep, 2019) independently in each PS and using the total number
of genes assigned to the PS as a covariate in the form Genes in PS
~ N, + Total number of genes. The tree was rooted at the midpoint
using the function midpoint.root and Pagel's lambda estimated using
the phylosig function, both implemented in phytools (Revell, 2012).
The estimated lambda for N, was 0.87. We ran pgls in two modes; in
one we let pgls estimate the lambda initialising the value at 1 and in
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the other we considered a Brownian Motion model equivalent to a
lambda fixed at 1. Values of p were corrected using the Benjamini-
Hochberg correction and considered significant when p-adjusted
was <.05.

Finally, we carried out two tests comparing the influence of
natural selection on the nucleotide diversity seen in each of the
resequenced species. The first, based on the Grantham scores of
non-synonymous substitutions in their coding regions (Grantham,
1974), evaluated the proportions of deleterious mutations in each
genome on the basis of the level of physicochemical dissimilarity be-
tween the alternative amino acids encoded by those substitutions,
with values >150 being classed as deleterious. The second test was
based on the neutrality index Nl;g, which was calculated according
to Stoletzki and Eyre-Walker (2011). Nl is a relative measure which
in essence compares the proportion of nonsynonymous to synon-
ymous polymorphisms within a species (Pn and Ps respectively) to
the proportion of nonsynonymous to synonymous divergence be-
tween that species and other closely related species (Dn and Ds, re-
spectively). For each species, we chose three or four closely related
species as outgroup species. Amino acids encoded by orthologous
genes in each species under test were first aligned with those in each
of its outgroup species using prank and then translated into CDS
alignments with gaps removed. Then Dn, Ds, Pn and Ps were counted
using script in Nolte et al. (2013) and NI calculated as:

> DsiPni/(Psi + Dsi)
> PsiDni/(Psi + Dsi)

where i refers to the ith gene. An Nl value of unity signifies neutral
evolution, with deviations above or below one indicating various forms
of selective difference, either within the target species or between it

and the outgroup species.

3 | RESULTS

3.1 | New and improved genome assemblies and
annotations

The 15 newly sequenced species represent a combination of
restricted and widespread species from different parts of the
Drosophila phylogeny (Table S1). They include rainforest-restricted
and more widespread montium subgroup species, cactophilic and
cosmopolitan repleta group species and climate restricted and cos-
mopolitan immigrans group species, plus representatives of other
lineages. All but one (D. ironensis) of these 15 species were inbred to
varying degrees under laboratory conditions to reduce heterozygo-
sity and facilitate assembly. An average of 150x coverage sequenc-
ing data was obtained for each species (Table S2). The scaffold N50
was larger than 1 Mb for 13 of the resulting assemblies, and around
500 kb for D. serrata and D. pseudoananassae. susco analysis identi-
fied more than 97% genes as complete and <1% genes as missing for
most of the species (Table S3).

RESOURCES

We also generated 9 Gb/50x coverage of additional resequenc-
ing data (from two paired-end libraries with 500 bp insert size) for
20 of the previously sequenced species whose assemblies were less
complete than the others (Tables S1-S3). The additional data were
used to close gaps and on average increased contig N50 size by a
third (Table S4). Even for the benchmark species D. melanogaster the
gap length was reduced from 1.15 to 0.89 Mbp. On average across
the 47 species in the data set, scaffold N50 was around 8.5 Mb and
BUSCO gene recovery was 98.6% in total and 97.8% for complete
genes only.

Genome size varied substantially across species, ranging from
115 Mbp for D. navojoa to 252 Mbp for D. albomicans, with an av-
erage of 166 Mbp (Table S3). Genome size was strongly correlated
(r = .8, p = 2.02e-11) with TE content, which ranged from 8.2%
for D. mauritiana to 45.6% for D. ananassae (Table S5). Overall, the
most abundant TEs were LTRs (long terminal repeat elements),
followed by DNA transposons and LINEs (long interspersed nu-
clear elements). Protein coding genes were annotated through a
combination of homology- and de novo-based approaches, as-
sisted by previously published transcriptomes for 24 species and
2-4 Gb mixed life stage transcriptomes generated herein for 19
others. The number of predicted genes for each species ranged
from 10,758 for D. navojoa to 17,530 for D. albomicans (Table S5).
The gene number variation is partially due to quality differences
of the genome assemblies and the lack of transcriptome data for
annotation in some species.

Substitution rates were estimated across the phylogeny below
from the whole genome alignments (Table Sé). Species in the repleta-
virilis radiation (4.79 x 1072 substitutions per site per million years)
had the highest rate, more than twice that of species in the obscura
group (1.9 x 1072 substitutions per site per million years). The rates
were positively correlated (r = .90, p = .034) with the number of spe-
cies per group (taxodros.uzh.ch as at 2019) if the ananassae group
was excluded from the analysis. The rate for the latter was higher
than would be expected from its relatively low species number,
but this group may contain many cryptic species given that three
new species have only recently been described (McEvey & Schiffer,
2015). Correlations between substitution and net speciation rates
have also been observed in birds and reptiles (Eo & DeWoody, 2010;
Lanfear et al., 2010).

3.2 | Evolutionary history of the Drosophila

We applied the concatenation (ExamL (Kozlov et al., 2015)) and coa-
lescent (asTrAL; (Zhang et al., 2018)) approaches to each of two data
sets to reconstruct the phylogenetic tree of the 47 species. One
data set, obtained using MuitiZ (Blanchette et al., 2004), comprised
36 Mb of whole genome alignments across all species, covering both
coding and non-coding regions. The other, obtained using D. mela-
nogaster as reference and the reciprocal best hit method, comprised
20 Mb of CDSs for 8550 sets of orthologous genes across all species,
allowing no more than five species to be missing each gene.
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The ExamL trees obtained from both data sets had congruent to-
pologies for all except two adjacent nodes, involving D. mercatorum
and D. hydei, as representatives of the mercatorum and hydei sub-
groups of the repleta species group in subgenus Drosophila (Figures
S1 and S2). Previous studies had also failed to reach a consensus
on the placement of these two subgroups (Durando et al., 2000;
Tatarenkov & Ayala, 2001). ExamL CDS trees had D. mercatorum
diverging first under both GAMMA and PSR models, as did those
from the whole genome alignment with PSR but not with GAMMA,
which instead had D. hydei diverging first. AsTrRAL trees using the two
data sets, which were otherwise concordant with the ExamL trees,
also conflicted here, with the CDS trees supporting D. mercatorum
diverging first and the whole genome trees supporting D. hydei di-
verging first (Figure S2). We therefore calculated the site concor-
dance factor (sCF) (Minh et al., 2020), that is, the proportion of sites
that support each topology for the branch in question using the two
data sets, finding more sites in both data sets supported D. mercato-
rum diverging first (Table S7). We used this topology in the analyses
below.

Our phylogenies (Figure 1) agree with the generally accepted
view that the genus Drosophila is paraphyletic to other genera and
can be divided into two large clades (Finet et al., 2021; van der Linde
et al.,, 2010; O'Grady & DeSalle, 2018), one including subgenus
Sophophora and genus Lordiphosa, and the other containing subge-
nus Drosophila, plus various other small lineages, including subgenus
Dorsilopha and genus Zaprionus. However, our data resolved several
previously ambiguous or unknown relationships within these two
large clades.

Within the clade containing the subgenera Drosophila and
Dorsilopha and genus Zaprionus, our trees showed D. busckii was
the outgroup to all other species. Earlier studies have placed this
species as an outgroup of both Sophophora and Drosophila (Pitnick
et al., 1995) or closest to either the immigrans-tripunctata (Zhou &
Bachtrog, 2015) or Hawaiian-repleta radiations (Finet et al., 2021)
within the Drosophila. We placed Z. bogoriensis, the only Zaprionus
species in our data set, together with the immigrans-tripunctata
radiation, which concurs with three earlier studies (Finet et al.,
2021; O'Grady & DeSalle, 2018; Yassin, 2013) that grouped at least
some Zaprionus species with that radiation. Within the immigrans-
tripunctata radiation, we placed D. rubida as an outgroup to both
D. immigrans and D. albomicans/D. sulfurigaster, whereas one earlier
phylogeny paired D. rubida with D. immigrans as a sister to D. albom-
icans/D. sulfurigaster (Finet et al., 2021). Consistent with some (Finet
et al., 2021; O'Grady & DeSalle, 2018; Remsen & O'Grady, 2002;
Yassin, 2013) but not all (Grimaldi, 1990) other studies, we found
the Hawaiian Drosophila (represented by D. grimshawi) were nested
closest to the virilis-repleta grouping, forming a sister lineage to the
immigrans-tripunctata radiation.

Traditional taxonomy divided the other large clade, subgenus
Sophophora, into three groups, the neotropical willistoni, “Old World”
obscura and melanogaster groups. Our trees agreed with the gen-
erally accepted topology that has willistoni as the outgroup to the
other two. Results for the five obscura group species we analysed

also concurred with the topology for those species found in previ-
ous studies (Barrio & Ayala, 1997; van der Linde & Houle, 2008).
However, our placement of the 25 melanogaster group species we
analysed was at variance with previous work on this group (Da Lage
et al., 2007; Finet et al., 2021; Kopp, 2006; Kopp & True, 2002; Yang
et al., 2004, 2012), most of which was based on sequences for just
one or a few genes.

The 190 species (taxodros.uzh.ch) in the melanogaster group have
traditionally been divided into 12 subgroups, nine of them included
in our study (the other three, flavohirta, longissimia and denticulata,
seldom being described). These nine subgroups have in turn gen-
erally been divided into three monophyletic clades, one comprising
the ananassae subgroup, one the montium subgroup and the third
encompassing the other seven subgroups (sometimes referred to
as the Oriental lineage; Figure 1) (Seetharam & Stuart, 2013). Our
analysis suggested that ananassae is the outgroup to the other two,
in agreement with most previous studies except one based on se-
quences for a single gene which put montium as the outgroup (Yang
et al., 2004).

However, we also found that the melanogaster species group is
paraphyletic, putting the setifemur group closest to the ananassae
subgroup with high support in all our trees. The phylogenetics of
the setifemur group have not previously been discussed but the fima
clade has previously been placed in a similar position (Kopp et al.,
2019). Given our trees also put the montium subgroup as an outgroup
to both the setifemur group and ananassae subgroup, we support the
proposal (Da Lage et al., 2007) to elevate both the ananassae and
montium subgroups to the level of species groups.

The relationships we found within the ananassae subgroup
concurred with the few previous analyses of this clade (van der
Linde et al., 2010) but provided the first evidence on the positions
of D. pandora and D. ironensis. We found D. pandora is closest to
D. ananassae in the ananassae complex, and D. ironensis to be an out-
group to both the ananassae and bipectinata complexes.

All our trees showed D. kikkawai to result from the earliest split
of the montium subgroup, followed by D. jambulina, then D. birchii
and finally D. serrata and D. bunnanda (Figure S1). This ordering
agreed with one earlier study (Finet et al., 2021) but differed from
another which found D. jambulina split first (Da Lage et al., 2007)
and still others that placed D. jambulina closer to D. serrata than to
D. birchii (van der Linde & Houle, 2008) or placed D. jambulina closer
to D. birchii than to the serrata clade (Pissios & Scouras, 1993). The
early split of D. kikkawai is also consistent with a recent analysis of
the montium group based on 60 genes (Conner et al., 2021) which
clearly separates D. jambulina from D. serrata and relatives, although
D. jambulina in that phylogeny does not split earlier than the serrata
group of species.

There has been little clarity on several subgroup relationships in
the Oriental lineage until now (Finet et al., 2021; Kopp, 2006; Yang
et al., 2004, 2012). It is generally agreed that the elegans and rho-
paloa subgroups formed a pair that is an outgroup to the takahashii,
eugracilis, melanogaster and suzukii subgroups but the position of fi-
cusphila was less clear. All our trees put ficusphila as the outgroup
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FIGURE 1 Phylogeny and climate niches of the 47 species. (a) Phylogenomic analyses. Species with names in bold are newly sequenced,
those in black are improved by additional sequences generated in this study (see Table S4 for details) and those in grey are as previously
published. The species for which we added transcriptome data are indicated with stars and those for which we resequenced multiple
individuals are indicated with rhombuses. Pie chart areas for each node show the proportions of the three possible topologies for the
corresponding branch, with blue denoting the most common topology (i.e., the species tree, as shown) and red and orange the two
alternatives (i.e., with each of the two daughter lineages in the species tree as the outgroup instead). The three nodes indicated with red dots
are those for which dates had been estimated by Tamura et al. (2004). (b) Climate zones occupied by each species according to the Képpen
classification are presented on the right, with grey denoting presence in that environment

to other subgroups in the Oriental lineage, in agreement with some (Seetharam & Stuart, 2013). The relationships among the takahashii,
previous trees (Finet et al., 2021; Kopp & True, 2002; Schawaroch, eugracilis, melanogaster and suzukii subgroups was also uncertain.
2002), but not others which either put the elegans-rhopaloa clade as The most comprehensive studies either had takahashii closest to
the outgroup (Da Lage et al., 2007; Kopp, 2006; van der Linde et al., suzukii and this pair plus eugracilis and melanogaster in a polytomy

2010) or combined the elegans, rhopaloa and ficusphila subgroups (van der Linde & Houle, 2008) or had takahashii/suzukii closest to



LI ET AL.

1568 MOLECULAR ECOLOGY
WILEY

eugracilis with melanogaster as the outgroup (Finet et al., 2021; van
der Linde et al., 2010). Our trees paired takahashii with suzukii and

eugracilis with melanogaster.

3.3 | Prevalence of introgression and incomplete
lineage sorting

We used the piscovista package (Zhang et al., 2018) to evaluate the ex-
tent of gene tree discordance with the species tree across the phylog-
eny in Figure 1. We found over one third of the internal branches had
a combined frequency of the two alternative topologies higher than
20% and for 12 of these it was higher than 40% (Figure 1a, Figure S3).
Most of the previously controversial nodes had relatively high dis-
cordance levels. There was an overall negative correlation between
branch length and the frequency of alternative topologies (Figure 2a),
which is consistent with widespread ILS, as shorter speciation times
tend to increase the probability of ILS (Pamilo & Nei, 1988). However,
while most branches had a similar frequency for the two alternative
topologies, seven of the nodes with >20% discordance showed a
frequency difference between the two alternatives of greater than
20%, implying the presence of introgression (Figure S4). Notably the
controversial node in the repleta group showed a higher frequency of
the alternative tree placing D. mercatorum and the mulleri subgroup
(represented by D. buzzatii) together than that putting D. mercatorum
and D. hydei together (42%-24%) but the frequency of the latter was
still quite high. This suggests a mix of introgression and ILS.

We then used the statistical approach in QuisL (Edelman et al.,
2019) to infer the proportions of ILS and hybridisation for each in-
ternal branch. Overall, the combined frequency of ILS and introgres-
sion events estimated by QuIBL was similar to the frequency of gene
tree discordance calculated by DiscoVista (Figure S4B). However, the
QuIBL analysis revealed differences between the two subgenera in
the prevalences of ILS and introgression.

In subgenus Sophophora, QuisL found low levels of both ILS and
introgression in the ananassae subgroup and obscura group (nodes
19-28 in Figures S3, S4) but identified ILS as the primary cause of
phylogenetic discordances in nodes of the Oriental lineage and mon-
tium subgroup (Figure 2b, Figures S3 and S4). For example, while
ILS and hybridisation have both been proposed previously in the
node (node 1) separating D. simulans and D. sechellia (Garrigan et al.,
2012; Pease & Hahn, 2013), our analyses suggested all of the discor-
dant loci in this node were attributable to ILS (Figure 2c). We also
observed high ILS and low introgression in several previously con-
troversial branches in the Oriental lineage (e.g., nodes 6, 9, 10, 12)
and montium subgroup (e.g., nodes 15 and 16) (Da Lage et al., 2007;
Kopp, 2006; van der Linde et al., 2010; Russo et al., 2013; Yang et al.,
2004, 2012; Yassin et al., 2016). The only major exception to this
trend in this subgenus involved the node (node 18) separating the
Oriental lineage from the montium subgroup, where more introgres-
sion signal was detected than ILS (Figure 2b).

In contrast to the situation in subgenus Sophophora, introgres-
sion was a major contributor to several of the higher gene tree

discordances in subgenus Drosophila (Figure 2b). This included some
relatively deep branches involving splits among the genus Zaprionus,
immigrans species group and virilis-repleta radiation, suggesting a
long history of introgression in the subgenus. Notably, we detected
high levels of both ILS and introgression in the problematic branches
(node 34) between D. mercatorum, D. hydei and the mulleri subgroup.
In particular, high levels of introgression (36% of total loci) were de-
tected between D. mercatorum and the mulleri subgroup (Figure 2b,d
and Figure S5).

3.4 | Trajectories of novel gene flux differ
between lineages

To investigate the link between gene gain and loss events and
lineage-specific adaptations in the Drosophila phylogeny, we deter-
mined the taxonomic distribution of genes and thence their minimal
evolutionary ages by phylostratigraphy (Domazet-Loso et al., 2007,
Tautz & Domazet-Loso, 2011). The ages of the genes in our species
cover 32-36 phylostrata (PS) from four successive evolutionary eras,
spanning the origin of cellular organisms through to the divergence
of D. melanogaster. On average across the 47 species, we classified
the majority, 76 + 0.3%, as deriving from the ancient era (PS 1-8, up
to the origin of the Panarthropoda), with 7.0 + 0.04% from the middle
(PS9-18, up to the Holometabola), 8.2 + 0.08% from the young (PS19-
25, up to the Acalyptratae) and 8.8 + 0.3% from the newest era (PS
26-last, up to the present) (Figure 3a,b, Figure S6A).

However, the older eras are much longer than the younger ones
(see Materials and Methods) and after correcting for their respec-
tive durations, we found the rate of gene acquisition was highest in
the newest era (Figure 3a,c, Figure S6B). The same patterns were
evident when the data were analysed in terms of phylostrata rather
than eras (Figure 3a, Figure S7) and in broad terms they also reca-
pitulate the pattern previously reported for genes in D. melanogaster
and, indeed, some other animals (Domazet-Loso et al., 2017; Neme &
Tautz, 2013; Tautz & Domazet-Loso, 2011). The disproportionately
high numbers of novel genes that arose in the recent past may in part
be because many of the genes arising in earlier eras subsequently
disappeared, whereas there was less time for genes arising more re-
cently to be lost.

There was significant variation in the age distribution of genes
between species, with the differences greatest for genes originat-
ing in the newest and ancient eras (Figure 3b,c, Figure S8). The
highest numbers of genes acquired in the newest era (PS 26-last,
c.f. the diversification of Drosophila species, which spans PS 30-
last) were largely concentrated in two lineages respectively con-
taining three pseudoobscura subgroup species each occupying the
same three (temperate, continental and dry) Képpen climate classes
(14.3 + 0.9%) and the five desert-adapted cactophilic mulleri sub-
group species (11.3 + 0.7%). On the other hand, five of the six spe-
cies with the lowest numbers of new genes arising in the newest era
(D. ironensis, D. willistoni, D. grimshawi, D. albomicans and D. busckii;
6.2 + 0.5%) were phylogenetically widely separated and variously
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FIGURE 2 Causes of gene tree and species tree discordance. (a) Discordance frequency calculated by DiscoVista as a function of branch

length in our Drosophila species tree. The grey shaded region indicates the 95% confidence interval from a linear model (‘|

m” function in R).

(b) Species pairwise metrics for the proportions of ILS (above diagonal) and introgression (below diagonal) estimated by QuisL. More blue
denotes a higher value. (c) Left, ILS is the only factor causing the closer genomic relationship between D. mauritiana and D. sechellia. The
grey background indicates the species tree and the red line indicates the ILS genealogy. “T” is the internal branch length under ILS. Middle
and right panels show the distribution of the internal branch lengths supporting the closer relationship of D. mauritiana and D. sechellia,

which fitted better with the model assuming only ILS (middle, average of Bayesian information criteria (BIC) =

-1815.24) than it did with

the model assuming a mixture of ILS and introgression (right, average of BIC = -1776.57). The blue line denotes the inferred distribution of
introgression, the red line denotes ILS and the black line their combination. The histograms show the distribution of internal branch lengths
of individual trees supporting a closer relationship of D. mauritiana and D. sechellia. mau, mauritiana; sim, simulans; sec, sechellia. (d) Left,
both ILS and introgression occurred during the evolution of the repleta group. The grey background indicates the species tree, the blue

line denotes the genealogy of introgression and the red lines denotes that of by ILS. “T” is the internal branch length for the corresponding
genealogies. The middle and right panels show that the distribution of the internal branch lengths supporting the closer relationship of

D. mercatorum and the ancestor of the five mulleri subgroup species fitted better with a model assuming a mixture of ILS and introgression
(right, average of BIC = -1415.26) than it did with a model assuming ILS only (middle, average of BIC = -1359.66). The histograms show

the distribution of internal branch lengths of individual trees supporting a closer relationship of D. mercatorum and the ancestor of the five
mulleri subgroup species. hyd, hydei; buz, buzzatii; ald, aldrichi; nav, navojoa; moj, mojavensis; ari, arizonae; mer, mercatorum

climate specialists (each just covering one or two Képpen classes).
The five cosmopolitan generalists (each covering all four Képpen
classes) varied in new gene numbers, depending on their lineage;
they were low in the immigrans group species D. immigrans (5.5%),
relatively high in the melanogaster subgroup species D. melanogas-
ter and D. simulans (10.3% and 9.6%), and intermediate in the repleta
group species D. hydei and D. mercatorum (7.9% and 8.5%).

Notably the species differences in the numbers of genes re-
tained from the ancient era reflected the opposite trends. For ex-
ample, the numbers were relatively low in the three pseudoobscura
(70.7 + 1.0%) and the five cactophilic mulleri (73.6 + 0.7%) subgroup
species and relatively high in the five phylogenetically well separated
climate specialists above (77.8 + 0.5%). In fact, calculation of matri-
ces of species’ pairwise differences in the numbers of genes aris-
ing in each era revealed that those for the ancient and newest eras
were quite close mirror images of each other, with the pseudoobscura
and mulleri lineages standing out most in both cases (Figure S9) and

little obvious signal in the matrices for the middle and young eras.
This suggests some form of trade-off between the fates of recently
arisen and ancient genes. However, it seems unlikely that this was a
direct effect, because proteins encoded by genes retained from the
newest era were on average substantially smaller than those from
the ancient era (Figure 3d).

We also calculated the difference matrices for the species’ phy-
logenetic distances and three features of their ecological niches,
namely temperature, precipitation and drying power of air (Figure
$10) and examined their correlations with the corresponding matri-
ces for the numbers of genes acquired in each phylostratum and era
(either raw numbers or numbers normalized to genome size, total
number of genes or phylogenetic distance) (Figures S11 and S12).
We found that the differences in numbers of genes arising in the
newest era had low but significant correlations with differences in
phylogenetic distance (r = .18), drying power of air (r = .24), tempera-
ture (r = 0.21) and precipitation (r = .17) (controlling for differences
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FIGURE 3 Temporal dynamics of novel gene gain and loss. (a) Raw numbers of novel genes in D. melanogaster estimated to have arisen in
the 34 phylostrata (left) and four eras (top right), and the number of these genes arising in the four eras normalised for the (very different)
durations of the eras (lower right). (b) Plots of the absolute numbers of genes estimated to have arisen in each phylostratum for each of

the 47 species up to 4290 Ma (left) and zoomed in to 800 Ma (right). (c) Plots of the phylostratum duration-normalised numbers of genes
estimated to have arisen in each phylostratum for each of the 47 species up to 4290 Ma (left) and zoomed in to 800 Ma (right). Each species
in (b) and (c) is represented by a different colour (same in each plot). See Figures Sé6 and S7 for further details. (d) Average lengths of proteins
encoded by genes originating in the different evolutionary eras in three species from phylogenetically diverse lineages
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in the total number of genes as a covariate). No significant correla-
tion was evident for genes arising in the other eras. Thus, species
that were most divergent in terms of their phylogenetic distance and
climate-linked ecological niches also differed most in the numbers of
genes acquired in the most recent era.

Finally, we modelled the temporal dynamics of the appearance
of new genes in each species, using a linear combination of a grow-
ing exponential function and a decaying exponential function in
each case (Figures S13 and S14, Table S8). The models were cho-
sen with the minimal number of parameters necessary for capturing
gene emergence rates across all the PS, and data fitting was per-
formed using the Marquardt-Levenberg algorithm (see Materials and
Methods). The modelled trajectories showed similar levels of species
differences as the primary data. Notwithstanding those differences,
the parameter estimates for the models for the 47 species (Table S8)
enabled us to calculate average values of 97 My (interquartile range
(IQR) 91-104 My) for the half-life of novel genes, and 589 Ma (IQR:
574-603 Ma) for the time when the number of novel genes was at

a minimum.

3.5 | Nonsynonymous substitution rates vary with
climate niches

We screened for genome-wide differences in nonsynonymous
substitution rates among three subsets of species defined on the
basis of their Képpen climate classifications. One subset con-
tained six species (D. bunnanda, D. grimshawi, D. ironensis, D. mau-
ritiana, D. pandora and D. pseudoananassae) restricted to tropical
climates. Another contained four species (D. americana, D. busckii,
D. suzukii, and D. virilis) which each inhabited both temperate and
continental but not tropical or dry climates, and the third con-
tained five generalist species (D. hydei, D. immigrans, D. mela-
nogaster, D. mercatorum and D. simulans) which were each found in
all four of these climate zones. We then compared the dN/dS ratios
of orthologous genes from each of the tropical and temperate-
continental subsets against those in the generalist subset using
the PAML package and orthologues from Scaptodrosophila leba-
nonensis as an outgroup.

We found 460 genes with significantly different dN/dS values
between the tropical specialists and the generalists among 9143 or-
thologous pairs tested, and 506 genes with significantly different
dN/dS values between the temperate-continental specialists and the
generalists among 9520 orthologous pairs tested (Table S9). Given
the high levels of gene tree incongruence seen in some lineages
above, we then checked whether these differences remained if we
used gene- rather than species-trees as guide trees for PAML in the
analysis (see Materials and Methods). We found that three of the
460 and seven of the 506 genes that had shown significant dN/dS
in the two comparisons above did not also do so when using the
respective gene trees as guides (Table S9). So only those 457 and
499 genes which yielded significant differences using both types of
guide tree were retained for further analysis.

RESOURCES
Generalists
0.6 D Specialists
Wilcox paired test Wilcox paired test
p=1.69%-10 p=0.0061

0.4

dN/dS

0.2

0.0 E Q

Generalists vs
Temperate-continental specialists

Generalists vs
Tropical specialists

FIGURE 4 Distributions of dN/dS values differing between

generalists and specialists. The 499 and 457 genes differing in
the comparisons of dN/dS values between the generalists and

temperate-continental and tropical specialists respectively are
listed in Table S9

Notably, 87 genes appeared in both the tropical specialist vs.
generalist and temperate-continental specialist comparisons, far
more than expected just by chance (p << .001 for each comparison;
Table S9). Despite that overlap, the distributions of values across all
the genes involved in the significant dN/dS differences also differed
significantly between the two comparisons. Notwithstanding many
individual exceptions, dN/dS values were generally higher in the
temperate-continental specialists than the generalists but lower in
the tropical specialists than the generalists (Figure 4).

Four gene ontology (GO) terms were enriched among the
genes showing significant differences between the tropical and
generalist species, and eight GO terms were enriched among the
genes differing between the temperate-continental and generalist
species (Table S10; Figure S15A). About half the enriched terms in
each comparison involved membrane and transmembrane trans-
port activities, although only one term, “identical protein bind-
ing”, was enriched in both. Most of the enriched terms did not
individually show significant directional trends in their respective
comparisons but one in the temperate-continental vs. generalist
comparison did show a significant difference in the direction ex-
pected from the overall difference seen in all 499 genes involved
in that comparison (Figure S15B). Twenty-five of the 32 genes in
this term, “inorganic molecular entity transmembrane transporter
activity” showed higher dN/dS values in the temperate-continental
than generalist species (Figure S15B).

None of the genes in this particular GO term have previously
been implicated in climate stress tolerance in Drosophila but five
genes not assigned to this GO term which were previously impli-
cated in such tolerance in D. melanogaster showed significant dN/dS
differences in one or both of the comparisons. Four of these were
significant in the temperate-continental vs. generalist comparison
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and, consistent with the overall trend, all had higher dN/dS in the for-
mer than the latter. These were Gadd45, whose expression increases
in the nervous system under exposure to hyperthermia (Moskalev
etal.,, 2012;0.043 vs. 0.012, g-value = 0.026), Nan, which is involved
in detecting reduced humidity in air (Liu et al., 2007; 0.021 vs. 0.006,
g-value = 0.002), thawb, knockdown of which causes insensitiv-
ity to thermal nociception (Honjo et al., 2016; 0.061 vs. 0.027, g-
value =0.002) and CG13510, the expression of which increases under
cold hardening (Qin et al., 2005; 0.073 vs. 0.044, g-value = 0.03).
Gadd45 again and Treh, which regulates trehalose metabolism and is
essential for water homeostasis and desiccation resistance (Yoshida
et al., 2016), also differed in dN/dS between the tropical specialists
and generalists, but in both these cases the direction of the differ-
ence went against the overall trend in this comparison for values to
be higher in the generalists than tropical specialists (0.026 vs. 0.049,
g-value = 0.045 and 0.065 vs. 0.108, g-value = 0.049).

3.6 | Population genomic differences between
generalists and tropics-restricted specialists

Toinvestigate whether and how genome-wide levels of polymorphism
might differ between climate specialist vs. generalist species, we then
resequenced multiple individuals from 13 species in Australia (Table
S1). These species occupied a variety of climate niches as defined by
K&ppen climate classes, although all included the tropics in their dis-
tributions (Figure 1). However, their climate niches fell into two nono-
verlapping groups on the basis of the outlying mean indices (OMls) of
their distributions, that is, the distance from the mean of the multi-
variate climate data for the distribution of each species to the mean
for all species in the analysis (Table S11 and see also Materials and
Methods). Eight species with OMlIs ranging from 6.19 to 10.46 were
essentially tropics-restricted specialists living in monsoonal Australia
and in some cases also in southeast Asia. The other five species, with
OMIs ranging from 0.16 to 3.67, were much more widespread. They
included the cosmopolitan generalists D. simulans and D. immigrans,
D. kikkawai which is semi-cosmopolitan across tropical and temperate
Asia and Australia (Ranga et al., 2017), and D. setifemur and D. ser-
rata, which occur in both tropical and temperate regions of eastern
Australia. About 20 individuals for each species were sequenced (ex-
cept for D. kikkawai where only six were available) on a HiSeq 4000
platform to a mean depth of ~20-fold for each individual.

We found no obvious difference in the number of SNPs between
the climatically widespread and tropics-restricted specialist spe-
cies (Table S12) but the average nucleotide diversity (Pi) was gen-
erally higher in the widespread than specialist species (Figure 5a).
Moreover, their Pi values were significantly negatively correlated
with their niche positions as defined by their OMIs, whether or not
phylogenetic non-independence was taken into account (using the
pgls function in the R package caper) (Figure 5b). Two species with
relatively extreme niches, D. rubida and D. pseudoananassae, strongly
supported this trend but another species with a relatively extreme
niche, D. bunnanda, was an outlier against the trend. The correlation

remained significant if all three of these outlier species were omitted
from the analysis (r = -.80, p = .004 for phylogenetic nonindepen-
dence). D. rubida and D. pseudoananassae were collected near the
boundaries of their niches but so were D. jambulina, D. bipectinata
and D. ironensis (Table S12). Our findings suggest that the species
with tropics-restricted climate niches have lower levels of nucleo-
tide diversity than more widespread species.

We calculated the effective population size (N,) of each species
from the nucleotide diversity data (Figure 5a, Table S13), finding a
range from a high N, of ~8.4 x 10° for the widespread D. setifemur
down to ~1.4 x 10° for the tropics-restricted D. pseudoananassae.
We have not found any previous reports of N, estimates for these
13 species, but they are broadly comparable with the estimates
of 1.8 x 10% and 1.4 x 10° previously obtained for D. suzukii and
D. melanogaster (noting that the latter was based on just two isofe-
male lines; Adrion et al., 2014; Keightley et al., 2014). In our analysis
we found the values for four of the five widespread species were
amongst the five highest, possibly reflecting less exposure of wide-
spread species to stochastic fluctuations. The exception was D. ser-
rata, which occupies both tropical and temperate niches in eastern
Australia and has an N, of just 3.5 x 10%. The result for this species is
considered further below.

We also examined the correlation of N, with the number of
extant genes originating in each phylostratum. No correlation was
found with the numbers of genes arising in the most recent phy-
lostrata. However population size was found to be positively
correlated (nominal pgls p < .05) with the number of genes origi-
nating in PS 10-11, that is, during the appearance of panarthropods
(Figure 5c, Figure S16). Notably this relationship was very largely
due to the widespread species (Figure S16). Thus, the differences
in the numbers of genes retained in those species which originated
in that period are associated with their population sizes, suggesting
the genes retained from that period influence the niches which the
species can now occupy.

Four of the five widespread species also had the lowest propor-
tions of deleterious mutations as judged from the Grantham scores
for the physicochemical effects of the amino acid differences en-
coded by nonsynonymous SNPs in their coding regions (Grantham,
1974), with D. serrata again the one exception (Figure 5a, Table
S13). Intriguingly, a similar pattern was found in the values for the
neutrality index Nl (Figure 5a, Table S14), even though it is an
independent test based on population genetic rather than physi-
cochemical criteria (see Materials and Methods). Thus Nl was on
average lower across the five widespread species (0.71 + 0.10) than
among the eight tropics-restricted ones (0.85 + 0.04) (p < .05 on the
Wilcoxon rank sum test (the “Wilcox test” in R); Figure 5a, Table S14),
and once again D. serrata went against the trend, in this case with the
highest Nl (1.08). The difference between the widespread and re-
stricted species could indicate more effective selection against del-
eterious variants within the former, which would be consistent with
the Grantham scores and some theory (Whitlock & Biirger, 2004),
although other explanations involving stronger divergent selection
between those species and their outgroup relatives are also possible.
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FIGURE 5 Population genomic statistics for tropics-restricted specialists (blue) vs. widespread generalists (red). (a) Top two panels:
The average overall nucleotide diversity (Pi) and effective population size (N,) were generally larger in the generalists than the tropics-
restricted specialists. Bottom two panels: The proportion of deleterious mutations and neutrality index Nl were generally smaller in the
generalists than the tropics-restricted specialists. (b) Pi was significantly negatively correlated with niche position. Confidence limits were
calculated using the Im function in R. The generalists are shown in red and the specialists in blue in all panels in (a) and (b). (c) Significance
of the correlation between effective population size and gene numbers across the 13 species for different phylostrata. Significance was
determined using PGLS methods and assuming a Brownian motion model as detailed in the Materials and Methods (see also Figure 516

legend)

The low Ne and high Grantham and NI scores for D. serrata may
in part reflect the high numbers of chromosome inversion polymor-
phisms in this species (Stocker et al., 2004), which would decrease
effective population size and protect large blocks of physically linked
deleterious recessive variants via recombination suppression and het-
erozygote advantage (Albornoz & Dominguez, 1994; Schwander et al.,
2014). Also possibly relevant here is that this species has only recently
expanded southwards into more temperate climates and its range is
still limited by its response to cold periods (Jenkins & Hoffmann, 1999).

Overall, our resequencing data suggest a combination of smaller
population sizes, less nucleotide diversity but more deleterious mu-

tations may characterise the tropics-restricted species.

4 | DISCUSSION
4.1 | Arobust Drosophila phylogeny despite
widespread ILS and introgression

The phylogenies we constructed using both the whole genome and
orthologue-specific data sets with the concatenation and coales-
cent methods showed a high level of concordance and disentangled

several previously ambiguous relationships in the Drosophila genus.
They confirmed mounting evidence for the paraphyly of the genus
and found additional paraphylies in at least two major lineages within
it. These results suggested that the subgenus Drosophila should also
include subgenus Dorsilopha, and at least part of the genus Zaprionus.
Within the subgenus Sophophora, they placed the setifemur group as
sister to the ananassae subgroup, and the montium subgroup as sister
to both setifemur and ananassae. Our phylogenies also resolved pre-
viously ambiguous relationships in the melanogaster group of subge-
nus Sophophora, revealing sister relationships between the takahashii
and suzukii subgroups and between the eugracilis and melanogaster
subgroups, and also between those two pairs. We therefore support
the proposals (van der Linde & Houle, 2008; van der Linde et al.,
2010; O'Grady & DeSalle, 2018; O'Grady & Markow, 2009) to over-
haul the taxonomy of some areas of both major subgenera.

The one relationship which remained problematic in our phylog-
enies concerns the repleta group and mercatorum, hydei and mulleri
subgroups within subgenus Drosophila. On balance our trees provide
strong support for a closer relationship between hydei and mulleri,
with mercatorum as the outgroup, but there is also significant sup-
port for hydei as the outgroup in our various analyses and data sets.
Our DiscoVista and QuisL analyses suggest the ambiguity is due in
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good part to significant levels of both ILS and introgression, espe-
cially introgression between mercatorum and mulleri. We conclude
that the divergences among the three lineages, regardless of the
order of events, occurred within a short evolutionary time period
and involved considerable ILS and introgression. This is intriguing
given the evidence for high levels of gene duplication and positive
selection associated with the uptake of cactus host use in these lin-
eages and subsequent specialisation on cactus hosts in the mulleri
subgroup (Rane et al., 2019).

In fact, we found high levels of ILS and/or introgression in sev-
eral lineages of our phylogeny. In subgenus Sophophora, ILS was
particularly common in the nominal melanogaster group, where two
clusters of three adjacent nodes with high ILS probably explain why
previous phylogenies, generally based on limited numbers of genes,
have generally failed to concur on the relationships among the fi-
cusphila, takahashii, suzukii, eugracilis and melanogaster subgroups in
one case (Finet et al., 2021; Kopp, 2006; Kopp & True, 2002; van
der Linde & Houle, 2008; van der Linde et al., 2010; Schawaroch,
2002; Seetharam & Stuart, 2013; Wong et al., 2007; Yang et al,,
2004, 2012), and D. kikkawai, D. jambulina and the serrata clade in
the montium subgroup in the other case (Da Lage et al., 2007; Finet
et al., 2021; van der Linde & Houle, 2008).

Some authors have previously considered the possibility that ILS
and/or introgression might have contributed to phylogenetic incon-
gruences in the intensively studied melanogaster subgroup. ILS was
suggested by the observation that more accurately inferred trees
were obtained within the D. simulans clade when sequences were
used from low-recombination regions, where levels of ILS are ex-
pected to be low (Pease & Hahn, 2013). On the other hand, some
hybridisation was proposed between D. simulans and D. mauritiana
on the basis of mtDNA sequence differences (Ballard, 2000; Nunes
et al., 2010), and between the cosmopolitan D. simulans and the is-
land endemics D. mauritiana and D. sechellia on the basis of whole
genome alignments (Garrigan et al.,, 2012). However, ILS was not
considered in either of those studies and neither used the topology-
based DiscoVista and QuisL methods used here. Our results for other
branches in the subgroup concur with previous work, in that we
found <10% of ILS and very little hybridisation in the D. melanogas-
ter-D. simulans-D. sechellia (Rosenfeld et al., 2012) and D. melanogas-
ter-D. yakuba-D. erecta (Turissini & Matute, 2017; Wong et al., 2007)
clades. Interestingly, some work on these clades suggests higher lev-
els of introgression, some of it apparently adaptive, in mitochondrial
than nuclear genomes (Bachtrog et al., 2006; Ballard, 2000; Llopart
et al., 2005, 2014).

While ILS was generally more common than introgression in the
subgenus Sophophora, we found introgression was relatively more
frequent in subgenus Drosophila, where it contributed strongly to
phylogenetic incongruences involving the base of the subgenus, the
Zaprionus split and the immigrans-tripunctata radiation, in addition
to the repleta-hydei-mulleri ambiguity noted above. We do not know
the reason for this difference between the subgenera, but we note
that the one case where introgression made a similarly large con-
tribution to discordance (>20% of all gene trees) in the Sophophora

was a relatively deep node, where the Oriental lineage and montium
subgroup bifurcated.

The prevalence of ILS and introgression across the phylogeny has
significant implications for studies of Drosophila trait and genome
evolution. Many studies in the area to date have ignored the height-
ened risk of hemiplasy (a false pattern of convergence) (Guerrero &
Hahn, 2018) due to high ILS and introgression. This happens because
both processes increase the probability that the evolutionary history
of a trait or gene of interest differs from the species tree. This dif-
ference is often interpreted in terms of multiple origins of the trait
or gene, whereas ILS or introgression could in fact explain it with a
single origin. The original Drosophila 12-species genome study (Clark
et al., 2007) found a substantial portion of Drosophila-specific ho-
mologous genes required more than one gain or loss event to explain
their evolution on a fixed species tree. Instead, our results suggest
this pattern might at least in part represent hemiplasy caused by
ILS. Future studies of the evolution of specific genes or traits, in this
genus at least, should use hemiplasy-aware methods (Hibbins et al.,
2020; Wu et al., 2018) for reconstructing the evolutionary process.

4.2 | Evolutionary and ecological genetic
differences between specialists and generalists

While the ILS and hybridisation events may have impacted our phy-
lostratigraphical analysis, it would have actually worked against our
finding of higher novel gene numbers per unit time originating in the
most recent era/phylostrata, because its tendency to disperse genes
across more taxa compared to simple vertical transmission would
make genes appear older than they actually are. In any event the
effects of the ILS and hybridisation events would generally be rela-
tively small, given that most ILS/introgression occurs in relatively
closely related lineages compared to the timeframes considered in
most of the phylostratigraphy. Even the pattern of species differ-
ences we found in comparisons which were within the shorter time-
frames of the most recent phylostrata were not explicable in terms
of ILS or introgression. For example, lineages such as the Oriental
clade and the branches leading to the cactophilic mulleri subgroup
species had some of the highest levels of discordance but did not
have the relatively low rates of recent novel gene gains expected
under ILS scenarios (Figures 1 and 2, Figure S8).

The analysis of genes’ evolutionary ages identified two clades
with particularly high rates of novel gene production in the recent
era, namely three sister species in the pseudoobscura subgroup
(D. pseudoobscura, D. persimilis and D. miranda) and the five cacto-
philic species in the mulleri subgroup (D. aldrichi, D. arizonae, D. buzza-
tii, D. mojavensis and D. navojoa). The three pseudoobscura species are
unique among the 47 analysed in occupying the temperate, dry and
continental but not tropical Koppen classes. Whether their Képpen
profile is directly relevant is unclear; other species like D. immigrans
have broader climate niches but much lower recent rates of novel
gene acquisition (Figure 1, Figures S6-S8). Instead, the relatively
high rates of recent novel gene gain in the pseudoobscura subgroup
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may relate to their unusually broad host range, which includes
rotting fruits, decaying vegetation, slime fluxes and fungi (Powell,
1997). The high recent rate of novel gene gain in the cactophilic re-
pleta species may relate in part to their climate profiles, which show
some variation between the species, but all include hot dry environ-
ments (Figure 1), although the demands of their relatively toxic cac-
tus hosts may also have required significant numbers of new genes
and functions (Matzkin, 2014; Oliveira et al., 2012). The high rate
of novel gene gains in this lineage concurs with evidence for high
rates of gene duplication and positive selection early in their move
to desert environments and cactus hosts, although those rates sub-
sequently declined to low levels as the species became more special-
ised to their climate and host niches (Rane et al., 2019).

Five of the six species with the lowest rates of recent novel gene
gain (D. ironensis, D. willistoni, D. grimshawi, D. albomicans and D. bus-
ckii) were phylogenetically widely distributed and each was only
found in one or two K&ppen classes (Figure 1). However, the sixth
(D. immigrans) was a cosmopolitan generalist. Overall, the five cos-
mopolitan climate generalists were relatively variable in their recent
rates of gene gain, with D. melanogaster and D. simulans having rela-
tively high rates and D. hydei and D. mercatorum intermediate rates
(Figure 1, Figures S6-S8). Noting that D. melanogaster and D. simu-
lans lie in the highly speciose melanogaster group and Oriental clade,
and that the newest era (over which recent gene gains were calcu-
lated) encompasses the whole genus, relatively high rates of recent
gene gains may be characteristic of lineages that have undergone
more recent speciation, while lower rates may be found in species
that have occupied broad niches for longer timeframes.

Interestingly, the pattern of species differences in recent gene
gains was a close mirror image of the pattern of species differ-
ences in genes retained from the ancient era, possibly suggesting
some form of trade-off between the two sorts of genes. Given
the size differences between the peptides/proteins encoded by
the two classes of genes, this is unlikely to be a direct like-for-
like effect. Unfortunately, little is yet known about the specific
functions of recently acquired genes in any organism, although
evidence for Drosophila indicates a significant number rapidly be-
come important for fitness (Chen et al., 2010; Xia et al., 2020) and
some have been implicated in male reproductive function (Begun
et al., 2007).

Our dN/dS calculations identified several hundred orthologous
genes which were under different levels of selective constraint
in comparisons of climate generalists with either the tropical or
temperate-continental specialist species. Five of the genes distin-
guishing one or other (and in one case both) types of specialists from
the generalists have functionally validated roles in climate stress re-
sponses in D. melanogaster. There was significant overlap between
the genes distinguishing the two types of specialists from the gen-
eralists, suggesting many of the same genes are involved in adapta-
tion to the different niches involved in the comparisons. Consistent
with this, GO term enrichment analysis showed membrane and
transmembrane transport processes were implicated in both sets of
differences Importantly, however, the genes responded in different

RESOURCES

ways to the different environments; whereas there was a significant
trend for the tropical specialists to have lower dN/dS values than
the generalists, the reverse was true for the temperate-continental
specialists. The dN/dS data thus suggest that adaptation to different
climate niches involves differing responses in quite large numbers
of genes.

Additionally, our population resequencing analyses on a sub-
set of the species revealed higher levels of nucleotide variation
but more effective selection against deleterious mutations in the
widespread species. We did not have resequencing data for the
temperate-continental specialists but some of the differences be-
tween the tropics-restricted and widespread species at least are
consistent with well-established population and evolutionary ge-
netic processes. In line with our observations, widespread species
would be expected to maintain high levels of nucleotide variation
due to ongoing gene flow, high effective population sizes and ongo-
ing heterogeneous selection pressures (Star & Spencer, 2013; Willi
et al., 2006). On the other hand, species that have become restricted
to a relatively narrow niche may experience DNA decay and loss of
function of some previously important genes, further limiting their
capacity to expand (Dworkin & Jones, 2009; Hoffmann & Willi,
2008; Ostrowski et al., 2007). Intriguingly, we found that the popu-
lation size differences between species were themselves associated
with differences in the numbers of genes which they retained that
originated in the phylostratum overlapping the origin of panarthro-
pods. Overall, our population resequencing results suggest links be-
tween several aspects of genomic variation and climate specialism

vs. generalism.
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