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Abstract

Cactophilic  species  of  the  Drosophila  buzzatii cluster  (repleta group)  comprise  an

excellent  model  group to investigate  genomic changes underlying adaptation to extreme

climate conditions and host plants. In particular, these species offer a subject to study the

transition from chemically simpler breeding sites (like prickly pears of the genus Opuntia) to

chemically  more complex hosts (columnar cacti).  Here,  we report  four highly  contiguous

genome assemblies of three species of the buzzatii cluster. Based on this genomic data and
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inferred phylogenetic relationships,  we identified candidate taxonomically restricted genes

(TRGs) likely involved in the evolution of cactophily and cactus host specialization in internal

branches of the subgenus  Drosophila. Functional enrichment analyses of TRGs within the

buzzatii cluster  identified  genes  involved  in  detoxification,  water  preservation,  immune

system  response,  anatomical  structure  development,  and  morphogenesis.  In  contrast,

processes  that  regulate  responses  to  stress,  as  well  as  the  metabolism  of  nitrogen

compounds, transport, and secretion were found in the set of species that are columnar cacti

dwellers.  These  findings  are  in  line  with  the hypothesis  that  those  genomic  innovations

brought about instrumental mechanisms underlying adaptation in a group of species that

speciated in the arid regions of South America.
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1. INTRODUCTION

Comparative  genomics  provides  invaluable  information  for  the  study of  organismal

biology, the evolution of genes and gene families, and phylogenetic relationships (Koonin et

al.,  2000;  Hardison,  2003;  Miller  et  al.,  2004;  Gabaldón,  2008).  Fortunately,  genome

sequencing  technologies  are  producing  genomic  data  from  thousands  of  non-model

organisms  (i5K Consortium, 2013;  Thomas et al., 2020;  Kim et al.,  2021) leading to new

hypotheses about major evolutionary events (Almudi et al., 2020). Insect diversification is an

event that has fascinated evolutionary biologists. It is intrinsically related to the conquest of

new environments  (Grimaldi et al.,  2005), and provides a great subject to study genomic

changes  driving  adaptation  and  the  evolution  of  innovations  that  facilitate  ecological

transitions.
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One  interesting  outcome  of  comparative  genomic  studies  is  the  discovery  of

substantial  variation  in  gene  number  across  genomes  of  related  species,  denoting  the

existence of species-specific genes (Clark et al., 2007; Hou & Lin, 2009). In this context, the

concept  of gene homology is central  when comparing genomes. Homologous genes are

defined  as  those  that  derive  from  a  common  ancestor,  and  sequence  similarity  is  the

standard  criterion  for  establishing  homology  (Kuzniar  et  al.,  2008).  Sequence  similarity,

however, may be considered as a working hypothesis for homology that should be confirmed

by further evidence such as conserved synteny  (Webber & Ponting, 2004;  Vakirlis  et al.,

2020).  Proper  homolog identification  in  whole  genome studies  is  not  only  necessary  for

phylogenetic reconstruction, but also of utmost relevance to understanding patterns of gene

content  and  functional  conservation  throughout  the  tree  of  life  (Almudi  et  al.,  2020;

Fernández & Gabaldón, 2020). Genes lacking detectable homologs anywhere else in the

tree of life are known as orphans and are quite frequent in almost any organism (Wilson et

al., 2005; Khalturin et al., 2009; Singh & Wurtele, 2020).

How orphan genes originate, what their roles are, and what forces drive their evolution

are  open  questions  (Tautz  &  Domazet-Lošo,  2011;  Singh  &  Wurtele,  2020).  Evidence

suggests that orphan genes evolve quickly after emerging either by sequence divergence

from preexisting genes or de novo (gene birth) (Tautz & Domazet-Lošo, 2011; Tautz, 2014;

Singh & Wurtele, 2020; Vakirlis et al., 2020), although they can also arise from gene losses

in external branches of the phylogeny or from horizontal gene transfer  (Dunning Hotopp,

2011; Tautz & Domazet-Lošo, 2011). Moreover, the concept of orphan can be extended to

genes that can only be found in a small group of related species or lineage-specific genes,

which are known as taxonomically restricted genes (TRGs) (Wilson et al., 2005; Khalturin et

al., 2009). The evolution of TRGs has been proposed to be the underlying genetic basis of

adaptive  evolutionary  innovations,  with  functions  involved  in  the  interaction  with  the

environment, and, thus, as part of mechanisms involved in the acquisition of new niches

(reviewed in Johnson, 2018).
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The family Drosophilidae has been widely studied because of remarkable features that

facilitate  the  study  of  ecology,  development,  taxonomy,  divergence,  and  phylogenetic

relationships  (Kim  et  al.,  2021).  The  ecology  of  Drosophila is  highly  diverse,  including

species that breed on fruits, cacti, flowers, mushrooms, and tree saps (Markow & O’Grady,

2008). Likewise, the wide distribution of this genus offers a range of phenotypes associated

with its diverse ecology. For instance, host shifts from fruits to cacti as well as the adaptation

to arid and desertic environments have been instrumental in the evolution of the  repleta

group (Markow & O’Grady, 2008; Oliveira et al., 2012). The ability to utilize necrotic cacti as

breeding substrates, is an evolutionary novelty that arose independently at least twice and

allowed the spread and diversification of the repleta group in American arid lands (Oliveira et

al., 2012). Cactophilic species of the repleta group can be grossly divided into two groups on

the basis of the type of host plant use: species that breed on prickly pears (genus Opuntia,

subfamily Opuntioideae) and columnar cactus (subfamily Cactotideae) breeders. The current

evidence suggests that prickly pears, a generally more benign substrate for flies, are the

ancestral state of host plant use in the  repleta group  (Oliveira et al., 2012; Hasson et al.,

2019).

The  Drosophila-cactus-yeast  system has long been a model  for  ecological  genetic

studies (Barker & Starmer, 1982; Heed & Mangan, 1986;  Barker et al., 2013; Fogleman &

Danielson, 2001) involving, among others, the D. mulleri subgroup, which includes species

distributed throughout the Americas. The North American species that are desert inhabitants

comprise the mulleri complex (Oliveira et al., 2012) and represent a case study of adaptation

to  breeding  on  chemically  hostile  host  plants  (Heed  &  Mangan,  1986;  Fogleman  &

Danielson, 2001). The D. buzzatii complex, the sister group of the mulleri complex, includes

the buzzatii,  martensis, and stalkeri clusters that evolved in South America and Caribbean

Islands  (Ruiz  &  Wasserman,  1993).  The  former  is  an  ensemble  of  seven  species:  D.

antonietae, D. borborema, D. buzzatii, D. gouveai, D. koepferae, D. serido, and D. seriema;

all endemic to South America (Manfrin & Sene, 2006), except for D. buzzatii that reached a

semicosmopolitan  distribution  in  historical  recent  times  (Fontdevila,  1989).  Though
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morphologically very similar, species of the  buzzatii cluster can be distinguished by male

genital  morphology  (Manfrin  &  Sene,  2006) and  fixed  and  polymorphic  chromosomal

inversions (Ruiz et al., 2000). Based on these criteria, the cluster has been divided into two

groups, one including  D. buzzatii and the the  serido  sibling set comprising the remaining

species  (Manfrin  &  Sene,  2006).  This  classification  has  been  corroborated  using

transcriptomic data (Hurtado et al., 2019), but has also been challenged by a mitogenomic

study  pointing  to  a  different  evolutionary  history  (Moreyra  et  al.,  2019).  In  any  case,

relationships within the serido sibling set remain unclear.

Concerning patterns of  host  plant  use in  the  buzzatii cluster,  D. buzzatii has been

mainly recovered from necrotic cladodes of several  Opuntia species and marginally from

columnar cacti, whereas the opposite has been observed in  D. koepferae (Hasson et al.,

2019). The other members of the cluster are mainly associated with columnar cacti (Manfrin

&  Sene,  2006).  Experimental  host  shifts  from chemically  benign  opuntias  to  the  hostile

environment of alkaloid-rich columnar cacti result in a decrease in survival, lengthening of

development  and increase in  developmental  instability  in  the  Opuntia feeder  D. buzzatii,

whereas the columnar dweller  D. koepferae fares better in cardón (columnar cacti) than in

prickly  pears  (Hasson et  al.,  2019). Moreover,  it  has been shown that  changes in gene

expression are orchestrated in response to different factors: cactus alkaloids in  D. buzzatii

and alternative host plants in D. koepferae (Hasson et al., 2019; De Panis et al. submitted).

These findings along with the fact that the  buzzatii cluster comprises species at different

stages  of  divergence,  make  it  an  excellent  model  to  study  the  adaptive  mechanisms

underlying cactophily and host plant use specialization (reviewed in  Hasson et al.,  2009,

2019). However, most species of the  repleta group that have been sequenced so far are

from North America  (Clark et  al.,  2007;  Sanchez-Flores et  al.,  2016;  Rane et  al.,  2019;

Jaworski  et  al.,  2020;  Kim  et  al.,  2021). Thus,  to  understand  the  genomic  changes

associated with the acquisition of cactophlily and host shifts from chemically simpler hosts

like prickly pears to chemically complex columnar cacti, new genomic data are necessary,

particularly from South American species.
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Here  we  present  the  assembly  and  annotation  of  four  new  genomes  of  three

cactophilic species of the buzzatii cluster and the re-annotation of the genome of D. buzzatii.

Using  genomic  data  of  nine  related  Drosophila species  we  report  the  most  complete

phylogeny for  the  buzzatii cluster  to date,  divergence time estimates at  each node,  and

candidate TRGs in all  branches of the tree. We also focus on the molecular evolution of

candidate TRGs that might be associated with cactophily in the repleta group and adaptation

to the chemically stressful columnar cacti within the buzzatii cluster. 

2. MATERIALS AND METHODS

2.1 Species selection

We sequenced four genomes of three species of the buzzatii cluster.  Adult  flies of

single inbred lines of D. antonietae (strain MG.2, Argentina) and D. borborema (BOR, Brazil,

Stock Center; #(BGS) 3403.4), and two lines representative of allopatric populations of  D.

koepferae  from  Argentina  and  Bolivia,  strains  Ko7.1  (DkoeA)  and  Ko11  (DkoeB),

respectively,  were selected for whole genome sequencing.  Genomic data of seven other

members of the repleta group retrieved from public databases were included in our study: D.

buzzatii, D. arizonae, D. mojavensis, and D. navojoa (mojavensis cluster), and D. aldrichi as

representatives of the mulleri complex (mulleri subgroup); and D. hydei and D. mercatorum

of the hydei and mercatorum subgroups, respectively. Within the repleta group, species that

belong to the  mulleri subgroup are cactophilic  whereas  D. hydei and  D. mercatorum are

dietary generalists with the ability of feeding upon rotting fruits, vegetables, and cacti. Note

that the D. mercatorum genome included in our study was originally reported as D. repleta

by Rane et al. (2019) and assigned to the proper species by (Li et al., 2021). The genomes

of  D.  virilis (virilis group,  subgenus  Drosophila),  sister  of  the  repleta group,  and  D.

melanogaster as the only representative of the subgenus Sophophora were also included in

the study (Throckmorton, 1975; Clark et al., 2007). Full information about genome assembly
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accession  numbers  and versions  used for  each species  is  presented in  Table  S1,  and

taxonomical and systematics information for each species is shown in Text S1.

2.2 Sequencing protocol

Genomes were sequenced following a hybrid approach that involved short and long

reads technologies. First, Illumina Hiseq 2000 was employed to sequence paired-end reads

at  Centre  Nacional  d’Analisi  Genomica  (Barcelona,  Spain;  https://www.cnag.eu/)  and  at

Centre  de Regulació  Genòmica  (Barcelona,  Spain;  https://www.crg.eu/).  Second,  Pacific

Biosciences  (hereafter  PacBio)  long  reads  were  sequenced  in  two  stages.  Initially,  we

sequenced the genomes of  D. borborema and  D. koepferae A in two SMRT P6/C4 cells

using RS II technology at DNA Sequencing Core (University of Michigan, Michigan, USA;

https://www.seqcore.brcf.med.umich.edu). Next, the genomes of  D. koepferae A and B,  D.

borborema, and D. antonietae were sequenced using one SMRT cell for each with Sequel I

technology at Arizona Genomics Institute (School of Plant Sciences, University of Arizona,

Arizona, USA; https://www.genome.arizona.edu). Protocols of DNA extraction can be found

in Text S2.

2.3 Quality control and filtering of reads

Quality of Illumina paired-end reads was analyzed with FastQC ver. 0.11.3 (Andrews,

2010).  We only  kept  reads that  had a mean Phred score (Q) > 25.  Cutadapt  ver.  1.16

(Martin,  2013) was applied to detect and extract remnant adapters from reads, and only

those longer than 25 bp were retained. Then, Trimmomatic v0.33 (Bolger et al., 2014) was

applied to remove reads with mean Q ≤ 25 using a sliding window approach.

Reads with at least 20 bp were retained. PacBio long reads were analyzed to

calculate  the  length  distribution  but  no  filter  was  applied  given  the  base

correction and polishing steps employed in the assembly protocol (see below).
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2.4 Genome assembly

To assemble the four genomes we followed a de novo hybrid approach adapted from

(Jaworski  et  al.,  2020).  First,  a  low heterozygosity  genome assembly was obtained with

Platanus  (Kajitani et al., 2014) using Illumina paired-end reads. Second, DBL2OLC (Ye et

al., 2016) was used to generate another assembly based on both Illumina and PacBio reads

and  the  high  confidence  sequences  (contigs  and  scaffolds)  previously  assembled  with

Platanus. PacBio reads were also used as input in a third genome assembly using Canu

Assembler  ver.  1.7  (Ye  et  al.,  2016;  Koren  et  al.,  2017).  This  assembly  consisted  of

correction,  trimming,  and  assembly  stages  using  almost  all  parameters  by  default

(correctedErrorRate was set to 0.075). Third, a polishing method was individually applied to

the assemblies generated with DBG2OLC and Canu. To achieve this, Illumina reads were

mapped onto each genome assembly using Pilon ver. 1.22  (Zelle et al., 2014) to correct

remaining  sequencing  errors,  and  the  Arrow  consensus  caller  (SMRT  link ver.  3.0.2,

(https://github.com/PacificBiosciences/GenomicConsensus)  was  utilized  to  detect  and

remove miss-assemblies  by mapping the PacBio reads.  After  polishing,  both assemblies

were combined using Quickmerge ver. 0.2 (Chakraborty et al., 2016). For this purpose, the

assembly obtained with DBG2OLC was employed as a reference in the genome alignment

and the anchor length was set to the N50 value of the assembly built using Canu. Lastly,

another polishing round was carried out on the merged assembly. The complete scheme of

this protocol can be found in Figure S1.

Assembly contiguity was assessed with Quast ver. 4.6.3  (Gurevich et al., 2013) and

completeness  was  evaluated  using  BUSCO  ver.  4.1.4  (Seppey  et  al.,  2019) for  3285

dipteran universal single-copy orthologs (BUSCO groups) obtained from OrthoDB ver. 10.1

(Kriventseva et al., 2019).
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2.5 Genome annotation

To  mask  genomes  before  gene  annotation,  repetitive  element  identification  and

classification were performed following the advanced repeat library construction tutorial of

MAKER ver. 2.31.10 (Holt & Yandell, 2011) (the full protocol description can be found in Text

S3). Briefly, we de novo identified miniature inverted transposable elements (MITEs) as well

as recent and old divergent long terminal repeats (LTRs) on each genome. We then masked

each genome with its specific repeat library to search for new repeat elements that were

missannotated  before,  using  RepeatModeler  ver.  1.0.11  (https://github.com/Dfam-

consortium/RepeatModeler)  with  default  parameters.  The  new  unknown  elements  were

searched against  the transposase database using BLASTX ver.  2.9.0+  (Camacho et  al.,

2009), and reclassified as ‘known’ if significant matches (e-value < 1x10-10) to a transposon

superfamily were found. All repeat sequences collected at this stage were compared to a

Drosophila protein database downloaded from FlyBase release FB2019_01  (Thurmond et

al., 2019). Elements with significant hits to genes were removed with ProtExcluder ver. 1.2

(Campbell  et  al.,  2014;  Thurmond et  al.,  2019).  After  excluding  all  gene fragments,  we

generated combined species-specific  libraries  by  combining  MITEs,  LTRs,  and identified

repeat elements.

Genome annotation was accomplished in four steps with MAKER ver. 2.31.10 (Holt &

Yandell, 2011), which construct gene models for the longest transcript per gene. In the first

step, each genome assembly was masked with the species-specific repeat library and, then,

gene models  were built  based on the mapping of  transcripts and protein evidence.  The

transcriptomes of D. antonietae, D. borborema, and D. koepferae A were used as transcript

evidence  (Hurtado  et  al.,  2019).  The  transcriptomes  of  each  species  plus  another  of  a

related species were mapped by setting the parameters est and altest, respectively. For D.

koepferae  B,  the  same  transcriptome  of  D.  koepferae A  was  used  as  self  transcript

evidence. We also re-annotated the genome of D. buzzatii using the same methodology but

masking the assembly with the species-specific repeat library reported in Rius et al. (2016)
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and using the first annotation reported in Guillén et al. (2014) as reference in the mapping of

species-specific transcriptomes  (Hurtado et al., 2019; Mensch et al., unpublished results).

The  protein  evidence  mapped to  each  genome involved  a  set  of  non-redundant  known

proteins that was created by combining the FlyBase protein database release FB2019_01

and the UniProtKB/Swiss-Prot database release 2018_11.

In  the  second  step,  SNAP  ver.  2006-07-28  (Korf,  2004) and  Augustus  ver.  3.2.3

(Stanke et al., 2008) were trained to detect exons, splice sites, and UTR regions of each

gene. We first trained SNAP to build gene models with an annotation edit distance

(AED) value ≤ 0.25 (Eilbeck et al., 2009) and with a protein product of at least 50 amino

acids long. We collected the resulting trained sequences with the 1000 bp flanking regions

using fathom, and forge was subsequently employed to calculate training parameters. The

hmm-assembler script  was then applied with both training sequences and parameters to

build the final gene models. Second, we extracted mRNA sequences from the gene models

generated using protein and transcript evidence (first step) to train Augustus. We applied

BUSCO ver. 3.0.2 (Simão et al., 2015) to re-annotate the extracted mRNA sequences using

2799 dipteran BUSCO groups obtained from OrthoDB ver. 9.1 (Zdobnov et al., 2017). This

step aimed to generate species-specific models for these conserved genes as well as to give

an idea of the completeness of the annotation. Thus, the BUSCO run was set to reannotate

these genes using BLAST searches and the built-in HMM model of  D. melanogaster.  The

initial  gene models constructed were then used to train Augustus and,  consequently,  to

produce species-specific HMM models that were employed in the last step in MAKER.

In the third step, a new round of MAKER annotation was run applying the evidence-

based gene models, and both gene models and species-specific parameters predicted by

SNAP and Augustus. Then, steps 2 and 3 were repeated iteratively in additional annotation

rounds to improve predictive power. The number of rounds required for each species was

determined by measuring gene annotation performance, i.e, number of gene models, mean

gene length, AED distribution, and completeness of BUSCO groups. Then, the annotated

protein sequences were compared to the UniProtKB and eggNOG  (Huerta-Cepas et  al.,
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2019) databases to remove genes encoding non-eukaryotic protein from annotation (see

Text S4 for details). Finally, to evaluate annotation quality, we also calculated the distribution

of the AED across all gene models. 

2.6 Phylogenomic analyses

2.6.1 Protein datasets construction

We  created  protein  sets  for  13  genomes  by  selecting  only  the  longest  protein

sequence product per gene. However, given the lack of protein sequence products (protein

fasta files) available for D. aldrichi and D. mercatorum annotations, we applied Transdecoder

ver.  5.5.0  (https://github.com/TransDecoder/TransDecoder/wiki)  to  generate  the

corresponding protein sets. Open reading frames (ORFs) of at least 100 amino acids long

were predicted with the  TransDecoder.Predict algorithm and, to maximize sensitivity, only

ORFs with homology to known proteins or to common protein domains were retained in the

final set of proteins. The UniprotKB/Swiss-Prot release 2020_06 (BLASTP search, e-value =

1x10-5)  and Pfam-A release 33.1 (Hmmscan search) databases were used for  homology

searches. Subsequently, several Python ad hoc scripts were employed to create the subset

with  the  longest  protein  product  per  gene  for  D.  aldrichi,  D.  arizonae,  D.  hydei,  D.

melanogaster, D. mojavensis, D. navojoa, and D. virilis.

2.6.2 Species phylogeny

Phylogenetic relationships were inferred using a set of dipteran BUSCO groups. Thus,

the corresponding protein sequences for the 13 genomes included in our analyses were

aligned (auto mode) using MAFFT ver. 7.215  (Katoh & Standley, 2013). Next, trimAl ver.

1.4.rev22  (Capella-Gutiérrez et al., 2009) was applied to remove poorly aligned regions in

each case and, then, an amino acid sequence supermatrix was built by concatenating the

alignments of  each BUSCO group. The species tree was computed using IQ-TREE ver.
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2.0.3 (Minh et al., 2020) in a maximum likelihood search with 1000 bootstrap replicates and

automatically determining the best-fit substitution model for each partition (BUSCO group).

Gene- and site-concordance factors (gCF & sCF) were calculated to investigate potential

discordance across loci and sites (Minh et al., 2020). IQ-TREE was run again to estimate all

single-locus trees and to calculate gCF and sCF values for each branch of the species tree.

Bootstrap, gCF, and sCF values were then summarized and plotted onto the species tree

using FigTree ver. 1.4.4 (Rambaut 2007).

2.6.3 Divergence times

Divergence times were estimated by means of  two approaches employing protein-

coding sequence (CDS) alignments of BUSCO groups. In the first, we estimated divergence

times using the neutral mutation rate empirically obtained for D. melanogaster (Keightley et

al. 2009) to set up a strict clock. Only alignments with codon usage bias (CUB) lower than

0.375  (as  in  Obbard  et  al.,  2012)  were  retained  and,  then,  4FDS  were  extracted  and

concatenated into the matrix. PartitionFinder2 (Lanfear et al., 2017) was run to estimate the

substitution model that best fitted each BUSCO group alignment.  Divergence times were

estimated using BEAUti and BEAST ver. 1.10.4 (Drummond & Rambaut, 2007). BEAUti was

first used to import the matrix and to specify the evolutionary substitution model for each

partition. We also set as priors a Birth-Death process for speciation and a strict molecular

clock with a molecular  substitution rate of 3.46x10-9 (stdev = 0.281).  Bayesian Inference

searches were then run with BEAST by setting a MCMC run of 15 million generations with

parameters logged every 1000 generations. Convergence of the chain was evaluated with

Tracer  ver.  1.7.1  (Rambaut  et  al.,  2018) by  discarding  10%  of  trees  as  burn-in.

TreeAnnotator  ver.  1.10.4  (available  as  part  of  the  BEAST  package)  was  applied  to

summarize the information of the recovered trees, and the annotated tree was visualized

using FigTree.

In the second approach, we followed the procedure outlined in Suvorov et al. (2021) to

generate a node age-calibrated phylogeny using MCMCTREE software, which is part of the
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PAML  package  ver.  4.9  package  (Yang  1997,  2007).  Firstly,  the  complete  sequence

alignments of BUSCO groups were concatenated without previous filters, and the resulting

matrix  was subsequently  divided  into  3 partitions corresponding to each codon position.

Secondly,  as MCMCTREE requires at  least  two time constraints and due to the lack of

fossils or geological events to calibrate the ingroup of our study, we employed the estimates

for the separation between the Drosophila and Sophophora subgenera (47 Mya with lower

and  upper  bounds  of  43  and  50  Mya)  and  for  the  virilis-repleta radiation  (23-30  Mya)

reported  in  Suvorov  et  al.  (2021)  as  node  age  constraints.  For  this  step,  a  GTR+G

substitution  model  and  a  Birth-Death  process  for  speciation  were  also  applied  and  the

remaining  parameters  were  set  as  default.  MCMCTREE  was  run  to  obtain  maximum

likelihood estimates of  branch length,  gradient,  and Hessian matrix (which constructs an

approximation to the likelihood function by Taylor expansion)  (dos Reis & Yang, 2011) to

approximate  the  likelihood  for  the  three  partitions.  Then,  to  estimate  divergence  times,

MCMCTree was run again  over 60 million  generations sampling parameters every 3000

generations  and  discarding  10% of  the  states  as  burn-in.  Lastly,  in  order  to  check  for

convergence, we repeated the run and compared the results in Tracer. The time-calibrated

tree was visualized using FigTree.

2.7 Ortholog gene evolution

2.7.1 Ortholog inference

The identification of potential orthologs (orthogroups) across the 13 proteomes was

conducted  with  OrthoMCL  ver.  2.0.9  (Li  et  al.,  2003),  and  the  OrthoMCL  Pipeline

(https://github.com/apetkau/orthomcl-pipeline) was applied to automate this task. By using

the sets of one protein per gene as input, BLASTP intra- and interspecific comparisons were

done by setting the e-value to 1x10-5 and match cutoff to 50%. Identified orthogroups were

analyzed to determine candidate lineage-specific orthologs, i.e. orphans (genes restricted to
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only one species) and TRGs (genes exclusive to one taxonomic group or clade),  in  the

species phylogeny. For this purpose, we evaluated the presence of these kinds of genes at

selected branches in the tree according to taxonomic classification, dietary preference, and

primary  host  plant  use.  To this  end,  we  evaluated:  1)  the  root  of  the  tree including  all

species;  2)  the  subgenus  Drosophila;  3)  the  repleta group;  4)  the  mulleri subgroup,  all

species  that  use  cacti  as  breeding  and  feeding  resources;  5)  the  mulleri complex,

encompassing the four North American cactophiles, i.e.  D. aldrichi plus the species of the

mojavensis cluster; 5) the buzzatii complex, represented by buzzatii cluster species; 6) the

mojavensis cluster; and 7) the serido sibling set, including D. antonietae, D. borborema and

D. koepferae, three species that breed mainly on columnar cacti, as opposed to the prickly

pear dweller D. buzzatii.

2.7.2 Validation of candidate TRGs

Validation of TRGs involved the search of divergent homologs for each candidate TRG

in a focal lineage. Then, we classified each candidate orthogroup as a divergent TRG (has

distant homologs) or as a validated TRG (does not have distant homologs). The ancestral

branch  (root)  was  excluded  from this  step  due  to  the  lack  of  outgroups  for  the  genus

Drosophila. To this end, two filters were applied to classify candidate TRGs as well as to find

differences  with  potential  candidate  TRGs.  Firstly,  clustered  proteins  of  each  candidate

orthogroup  detected  in  a  focal  lineage  (branch)  were  mapped  to  the  genomes  of  the

outgroup species using TBLASTN with  e-value and coverage match cutoffs of 1x10-3 and

50%, respectively. In this mapping, we employed a more relaxed e-value threshold than in

the  ortholog  identification  method  in  search  of  homologous  genes  which  were  already

annotated  but  diverged  beyond  the  recognition  of  sequence  similarity  methods.  We

classified a candidate orthogroup as a divergent TRG if every protein member had at least

one hit to a genome region where a gene was annotated in an outgroup. A similar criterion

was  applied  in  BLASTP  comparisons  against  the  non-redundant  reference  proteomes

release 1444 database available at RefSeq (Pruitt et al., 2007). This conservative filter was
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used  to  detect  distant  relationships  given  the  substantial  divergence  between  species

included in this study. All candidate orthogroups with no hits to outgroups were classified as

validated TRGs.

We compared the distribution of AED score and protein length for the validated and

divergent candidate TRGs in the  buzzatii species cluster branch against the set of toolkit

genes, i.e. the sets of conserved genes across the different lineages in the species tree. We

also evaluated the normal distribution in AED scores of divergent TRGs and validated TRGs

using Shapiro-Wilk’s test (toolkit genes were not analyzed because of a sample size greater

than 5,000).

2.7.3 Molecular evolution of TRGs

We investigated patterns of molecular evolution of all candidate TRGs considering only

one-to-one  orthogroups.  First,  fasta  format  files  were  generated  with  the  amino  acid

sequences of ortholog genes, and MAFFT was employed for sequence alignment using the

parameters “--unalignlevel 0.1 --leavegappyregion --globalpair --maxiterate 1000”. Second,

nucleotide sequence alignments corresponding to coding regions were built  following the

same steps as for amino acid alignments. Codon alignments were subsequently generated

for each orthogroup by applying PAL2NAL ver. 14  (Suyama et al.,  2006) to each pair of

amino acid and nucleotide sequence alignments. Amino acid alignments were additionally

refined  with  trimAl  to  infer  orthogroup  phylogenetic  trees  using  IQ-TREE  with  default

parameters.  Non-synonymous to synonymous substitution  rates (dN/dS) ratio  (ω)  across

ortholog codon sequences were calculated in search of positive selection using the program

codeml of the PAML ver. 4.9 package (Yang 1997, 2007). The BioPython PAML module was

used to create control files and to test the fit of different codon models to the observed data.

In each case, the control files were configured to employ the corresponding ortholog gene

tree and codon alignment. In this way, model M0 was first fitted to the data to estimate one

single average ω for each orthogroup and to obtain branch lengths to be used as initial

values for more complex models. The models M7 with 10 omega site classes not allowing

15

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


positively selected sites and M8 with an extra class constrained to have ω ≥ 1 were fitted to

the data to estimate model log-likelihood (L). Model M8a in which the extra class in M8 is

fixed to 1 (ω = 1) was used as an alternative null  hypothesis to avoid false positives. L

values of the models tested were compared using likelihood ratio tests (LTR) with  set to𝛼

0.05. The sequential Bonferroni correction was then applied to correct  for multiple testing.𝛼

Hence, the LTR statistic was computed among models employing the following equation: 2 x

(L1 - L0), where L1 and L0 are the log-likelihood values of the different hypotheses (models)

tested. The LTR values were contrasted against the chi-square ( 2) distribution considering𝜒

the degrees of freedom between models and the  value. Simpler models were rejected in𝛼

favor of more complex ones in each comparison when the LTR value was greater than the

2 value.𝜒

2.7.4 TRG functional prediction

Functional annotation of TRGs identified in each branch of the species tree was made

with  eggNOG-mapper  (Huerta-Cepas  et  al.,  2017) to  predict  orthology  (one2one)  with

eukaryotic proteins in the eggNOG database  (Huerta-Cepas et al., 2019). Gene Ontology

(GO) annotations were only transferred to candidate TRGs if  all  orthologs had the same

match.  Annotated  TRGs  in  each  branch  of  the  species  tree  were  used  to  perform  an

enrichment analysis (FDR < 0.05) by testing the overrepresentation of annotated GO terms

for the sets of TRGs against the functional background, i.e. the GO terms annotated in  D.

melanogaster proteins for orthogroups in the tree root. Revigo (Schlicker et al., 2006; Supek

et al., 2011) was employed to reduce the redundancy of enriched GOs using the simRel

semantic similarity score (Schlicker et al., 2006) and the D. melanogaster UniProt reference

dataset of GOs was used to obtain specificity (frequencies) of all recovered terms.
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3. RESULTS AND DISCUSSION

3.1 Sequencing and genome assembly

We obtained coverage values ranging from 110x to 136x among samples. Drosophila

koepferae A  had  considerably  higher  coverage  (262X)  given  additional  Illumina  reads

obtained previously in our lab (De Panis et al., 2016). These values were calculated on the

basis of the genome size of ~160Mb estimated for D. buzzatii (Guillén et al., 2014). For all

species, genomic DNA was assembled into less than 642 contigs and genome size varied

between 166 and 191 Mb. These numbers are similar to those obtained in other genomic

projects involving species of the repleta group (Table 1 and Table S1). 

We compared the newly assembled genomes with nine sequenced Drosophila species

and employed the genomic data of all species to perform a comparative genomic analysis.

N50 and L50 statistics varied from 2.3 to 16.4 Mb and from 5 to 21 sequences, respectively,

for the assemblies reported in this study (Table 1). These differences are probably related to

variation in PacBio read length distribution among samples. Even though PacBio sequencing

throughput was comparable among samples (5-5.5 Gb), the mean read length was, at least,

36% lower for  D. koepferae A, which had the lowest N50 score (Table 1), than the other

genomes (see more details in Table S2). The impact of read length distribution differences

on genome assembly can also be observed in the length variation of the largest scaffold

across samples, which ranged from ~11 Mb in D. koepferae A to ~32 Mb in D. antonietae.

Contiguity  can  also  be  influenced  by  several  factors  such  as  heterozygosity,

sequencing depth, and repeat content (Yandell & Ence, 2012). For example, diploid or even

polyploid  genomes  present  further  complexity  than  prokaryotic  genomes,  challenging

assemblers  to  resolve  regions  enriched  with  paralogs  or  determine  regions  where  the

assembly  yielded  separated  contigs/scaffolds  caused  by  high  heterozygosity.  Thus,

sequencing  inbred  lines  helps  to  obtain  deeper  coverage  and  to  increase  assembly
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sensitivity  given the presence of  mostly  single  allelic  positions  along a potential  haploid

genome  (Huang  et  al.,  2017;  Zhang  et  al.,  2020).  In  this  sense,  our  hybrid  assembly

approach combined short and long sequencing reads. This probably aided in the resolution

of large repeats, allowing the assembler to span these complex regions with long PacBio

reads  (Rhoads & Au,  2015),  as  well  as  to  balance  the high error  rate  by mapping the

Illumina reads (Walker et al., 2014).

The mean number of unknown nucleotides (N-positions) per 100 kb was zero in the

new  genomes,  which  is  consistent  with  our  protocol  assembly  that  did  not  address

scaffolding steps after merging only aligned sequences between the two initial assemblies.

These results contrast with genome assemblies obtained in the other species, which had 4-

9% of the genome with non-resolved positions since they were obtained using protocols that

try  to  reach  full  chromosome  scaffolds  (e.g.  Guillén  et  al.  2014).  Chromosome-level

assemblies generally have higher contiguity due to the presence of scaffolds composed of

contigs  joined  by  N-positions  (after  scaffolding).  The highest  N50  scores  among the 13

genome  assemblies  compared  herein  were  obtained  in  D.  arizonae (26.6  Mb),  D.

melanogaster (25.3 Mb), and D. mojavensis (24.8 Mb), with contiguities at least 8 Mb higher

than that  of  D. koepferae,  which had the highest  N50 score among the newly  reported

genomes. However, this statistic decreases drastically in most of the other genomes if we

consider  contigs  instead  of  scaffolds.  To  further  analyze  this  issue,  we  compared  the

scaffold and contig N50 scores after splitting scaffolds in contigs by removing N-positions in

each of the 13 genome assemblies (Figure 1). Drosophila melanogaster, on one hand, and

the remaining outgroup species, on the other hand, had better and worse contiguity values

than the newly genomes reported herein, respectively (Table 1). As expected, the use of

long reads had a great impact on contiguity,  as it  is mostly reflected in the fact that our

assemblies  contained  half  of  the  genome in  less  than  21  sequences  while  most  other

genomes required at least 200 contigs (Figure 1 and Table S3).

The  evaluation  of  gene  representation  is  frequently  employed  to  assess  genome

assembly quality. We evaluated genome completeness using dipteran BUSCO groups, i.e.
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single-copy orthologs  (Simão et al.,  2015). These searches yielded completeness values

above 96.5% in all new assemblies (see Figure S2 and Table S3). Furthermore, the number

of  fragmented  genes  was  almost  always  lower  than  20  with  slight  differences  among

assemblies. The numbers of missing genes were slightly higher in D. antonietae (94) and D.

koepferae A (81) than in D. borborema (28) and D. koepferae B (32). Similar estimates were

also obtained for D. aldrichi, D. arizonae, D. buzzatii, D. navojoa, and D. virilis (Miller et al.,

2018; Jauhal & Newcomb, 2021).

It  has  been  recently  shown  that  there  is  a  positive  correlation  between  N50  and

complete  BUSCO  scores  among  eukaryotic  genomes  and  that  haploid  or  highly

homozygous (our case) genomes are expected to present best single-copy completeness

scores  since  assemblers  do not  have  to  overcome the  obstacle  of  distinguishing  allelic

variants  from  duplications  (Jauhal  &  Newcomb,  2021).  Therefore,  assessing  assembly

quality by complementing contiguity and completeness statistics allowed us to validate our

sequencing  protocol  and  to  demonstrate  that  the  genomes  reported  herein  are  of

comparable quality to other Drosophila species.

3.2 Repeat content variation among genomes

We  constructed  species-specific  repeat  libraries  aiming  to  mask  genomes  before

annotation as well  as to assess repeat content. We found that ~19-21% of the four new

genomes are composed of repetitive sequences, with  D. borborema showing the highest

proportion of repeats (21.12%) (Table S4). In all cases, more than half of repeat content

(10.25-12.15%) consists of interspersed sequences such as transposable elements (TEs),

followed  by  simple  repeats  (7.25-8.16%)  and  low  complexity  sequences  (~1%).  These

results are similar to those obtained in D. buzzatii, though data for other repetitive elements

were  not  reported  (Rius  et  al.  2016).  Between  8.22  and  10.62% of  total  repeats  were

classified as unknown by RepeatMasker. To validate these results, we used the reference

Drosophila repeat library, available in the Dfam database (Hubley et al., 2016), to mask each
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new  genome.  The  results  were  very  similar  to  those  obtained  with  the  first  approach,

although the percentages of interspersed elements were slightly lower (1-2%). In addition,

the number of repeat sequences classified as unknown was considerably reduced to 0.15-

0.19% (Table  S4),  as  the  Dfam repeats  are  mostly  annotated.  The  high  percentage  of

unclassified  sequences  using  the  first  approach  could  be  due  to  the  use  of  only

representative sequences (not all individual repeat sequences) to mask each genome (see

Methods).

3.3 Genome annotation assessment

The number of annotated genes varied widely among assemblies. On one hand, the

numbers  of  genes  detected  in  D.  buzzatii (13038)  and  D.  koepferae B  (14852)  are  in

agreement with reports in species of the mojavensis cluster (Table S5). On the other hand,

more than 17,500 genes were annotated for D. antonietae, D. borborema, and D. koepferae

A, which is comparable to the number reported for  D. melanogaster (Table S5). Average

gene length fluctuated from 3,411.6 to 4,111.6 bp in buzzatii cluster genomes. These values

are smaller than the average gene length of 6,117.9 bp calculated for the other genomes

included in this study. This dissimilarity is probably related to a lower amount of data and the

types of tissues covered in the transcriptomic evidence used for annotation in this study. The

number  of  species-specific  transcripts  mapped  to  each  new  genome  was  limited,  and

assembled  by  employing  only  between  29  and  45.5  million  RNA-seq  reads  that  were

obtained from adult male whole body and reproductive accessory glands and adult female

whole body (see Methods). The reannotation of the D. buzzatii genome using additional data

resulted in an increased average gene length. The first annotation of this species' genome

was based on almost 300 million reads encompassing four developmental stages (Guillén et

al., 2014), resulting in 13,657 annotated genes with an average length of 3,107.1 bp. After

re-annotating  the  D.  buzzatii genome using  two  additional  transcriptomic  datasets  (120
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million reads), the mean gene length increased by ~1 kb (4,111.6) and the number of genes

was slightly reduced (13,038 genes).

All genome annotations had at least 95% of gene models with AED values of 0.5 or

better  among annotations (see Figure S3).  In  particular,  the re-annotation of  D. buzzatii

yielded  slightly  better  results  than the remaining  de novo annotations.  Nevertheless,  we

could  not  compare  this  metric  with  Drosophila reference  species  or  even  with  the  first

version of  D. buzzatii because of the lack of AED values associated with their annotated

gene  models.  However,  these  distributions  reached  the  standard  threshold  used  to

determine a good annotation quality in model species (Eilbeck et al., 2009; Holt & Yandell,

2011; Cheng et al., 2017; Baxevanis et al., 2020).

3.4 Phylogenomic analyses

Phylogenetic relationships were inferred by employing the protein alignment of 1,866

BUSCO groups. Although all genomes showed completeness scores above 96% for 3,285

dipteran genes (see Figure S2), only 57% of the alignments, corresponding to shared single-

copy orthologs among all species, were concatenated into the matrix used for phylogenetic

inference. This reduction in the number of BUSCO groups was mostly caused by missing

and fragmented genes, as well as by the presence of duplicated genes.

The species  tree was inferred using  1,312,819 amino acid  sites  and the topology

retrieved (Figure 2), where all nodes had the highest support values (100%), is consistent

with expectations for the taxonomic groups included (Text S1). All in all, our phylogenomic

approach is in agreement with pre-genomic studies, which reported the monophyly of the

repleta group and the relationships among species of the six subgroups (three of which are

included in this report:  hydei,  mercatorum, and  mulleri subgroups) (Oliveira et al.,  2012).

Furthermore,  the  buzzatii cluster,  representative  of  the  buzzatii complex  in  this  study,

appears as the sister clade of the mulleri complex (i.e. the mojavensis cluster + D. aldrichi).

These two complexes, which are part of the mulleri subgroup, comprise the sister branch of
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D. mercatorum (mercatorum subgroup). As shown by Oliveira et al. (2012) and Suvorov et

al. (2021), D. hydei  represents the outermost branch of the  repleta group clade. However,

the positions of  D. hydei and  D. mercatorum  in our tree are at odds with recent reports

showing D. mercarotum as the most basal species of the clade (Li et al., 2021; Rane et al.,

2019). Relationships within the  buzzatii cluster  in our tree are inconsistent  with previous

studies (Hurtado et al., 2019; Moreyra et al., 2019), particularly for the trio D. antonietae, D.

borborema, and  D. koepferae, which are representatives of the main lineages defined on

grounds of fixed chromosomal inversions in the serido sibling set (Ruiz et al., 2000; Hasson

et al., 2019).

We also explored relationships by means of a gene/locus tree approach. In general,

gCF and sCF values were similar in all nodes (see Figure 2 and Table S6), indicating that

any difference between these factors and the results of the bootstrap analysis was likely

caused by genuinely discordant signals in the gene trees rather than stochastic errors from

limited information as short branches (Minh et al., 2020). Moreover, in four clades the gCF

and  sCF  values  were  considerably  different  from  bootstrap  supports.  Firstly,  the  clade

formed by  D. mercatorum and the  D. mulleri subgroup had the lowest  values,  with only

33.9% of the gene trees supporting the species tree topology. This low value may be related

to the short length of this specific branch and to genuinely contradictory signals in gene trees

likely generated by incomplete lineage sorting (ILS) (Degnan & Rosenberg, 2006). We also

looked at  the percentage of  genes that  support  alternative hypotheses for  each specific

branch in the species tree, the gene discordance factors (gDF) (Minh et al., 2020). Firstly,

we  found  that  25.5%  (gDF1)  and  17.5%  (gDF2)  of  the  genes  supported  alternative

relationships between  D. hydei,  D. mercatorum, and the D. mulleri subgroup, and that the

remaining 23.1% is in discordance due to paraphyly (gDFp). Secondly, 58.4% of the gene

trees agreed with the sister relationship between the  buzzatii and  mulleri complexes. The

gDF1 and gDF2 were lower than 7% in this branch, but the gDFp was considerably higher,

reaching almost 30%. Thirdly, the placement of D. navojoa as the first branch splitting off in

the  mojavensis cluster was supported by less than 50% of the genes and sites, whereas
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alternative relationships and genes in discordance represented 40% and 14%, respectively.

Lastly,  the  buzzatii cluster  was  well-supported  by  both  factors,  ~83  and  84%,  and  the

position  of  D.  buzzatii as  the sister  species  of  the  serido sibling  set  was  supported by

approximately two thirds of the genes and sites (~62-65%). In this sense, the basal position

of D. buzzatii is in agreement with previous studies (Rodriguez-Trelles et al., 2000; Oliveira

et al., 2012; Hurtado et al., 2019) but differs from studies based on mitochondrial markers

and mitogenomic data  (Manfrin et al.,  2001; Moreyra et al.,  2019). In turn, the subclade

containing D. antonietae and D. borborema was supported by less than 50% of genes and

sites,  while  1067  genes  (57%)  retrieved  alternative  hypotheses.  Such  inconsistent

relationships within the  serido sibling set may be caused by ILS and/or interspecific gene

flow, as it  was already proposed in a phylogenomic  study based on transcriptomic data

(Hurtado et al., 2019). These authors reported a large discordance among gene trees and

suggested  that  the  pattern  of  divergence  in  this  trio  represents  a  hard  polytomy.  In

agreement with these results, the serido sibling set clade had 15.6% of the genes supporting

two different resolutions and 22.6% in discordance due to paraphyly.

3.5 Divergence times

The  node  age  calibration  approach  relied  on  the  species  tree  obtained  with  the

BUSCO matrix  (Figure  2),  estimating only  branch  lengths  and  node  ages,  whereas  the

mutation  rate  calibration  approach  employed  phylogenetic  searches  along  with  the

estimation of  node ages.  Divergence time estimates obtained with the two methods are

shown  in  Figure  3.  The  mutation  rate  calibrated  method  resulted  in  a  topology  slightly

different from the species tree shown in Figure 2 since D. hydei and D. mercatorum appear

as sister species. This difference in topology may be due to differences in the datasets used

in each approach. The mutation rate-based method is only applicable to neutral sites and,

thus, we selected and concatenated into the matrix 29,923 four-fold degenerate third-codon
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sites (4FDS) extracted from 151 genes with low codon bias (see Methods). The species tree,

instead, was based on amino acid sequences of 1,866 BUSCO groups.

The estimates obtained with the node-calibration method suggest that the  virilis and

repleta groups shared their last common ancestor about 24.3 Mya and that the mulleri and

buzzatii complexes diverged 9.7 Mya, somewhat later than the estimates reported in Oliveira

et al. (2012) using the same approach. The first split separating D. navojoa from the clade D.

arizonae-D. mojavensis within the  mojavensis cluster is suggested to have occurred more

recently (3.7 Mya) than previously  reported  (Machado et  al.,  2007;  Oliveira et  al.,  2012;

Sanchez-Flores et al., 2016) but is in line with estimates based on Alcohol dehydrogenase

(ADH)  (Matzkin  &  Eanes,  2003).  The  time  of  separation  between  D.  arizonae and  D.

mojavensis was  very  close  (~1.8  Mya)  to  estimates  obtained  in  the  above-mentioned

studies. Within the buzzatii cluster, the divergence of D. buzzatii from the ancestor of the D.

serido sibling set was estimated to have occurred 3.8 Mya, whereas speciation events within

the D. serido sibling set appeared very close in time (2.2 and 2.7 Mya), in accordance with

the idea of a hard polytomy  (Hurtado et al.,  2019). The results obtained for the  buzzatii

cluster are similar, though slightly more recent, to those reported in  (Oliveira et al., 2012).

Lastly,  divergence  between  Bolivian  and  Argentine  D.  koepferae using  the  node  age

constraint method is more than twice (0.7 Mya) the estimate obtained with mitogenomes (0.3

Mya) (Moreyra et al., 2019).

The  comparison  of  divergence  times  obtained  with  the  two  approaches  revealed

discrepancies at all nodes (see Figure 3 and Table S7). Overall, the mutation rate-calibrated

phylogeny yielded divergence times that are more recent than those based on the node age-

calibrated phylogeny, a pattern that is in agreement with results from previous studies in

Drosophila (e.g.  Obbard  et  al.  2012;  Sanchez-Flores  et  al.,  2016;  Hurtado  et  al.  2019;

Suvorov et al. 2021). For instance, divergence time estimates obtained with the mutation

rate method are in agreement with those reported by Obbard et al. (2012) using the same

approach for both the species tree root (Drosophila-Sophophora split, ~37 Mya) and for the

virilis-repleta radiation (~12 Mya).  With this  method,  the origin  of  the  repleta group was
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estimated at 6.2 Mya, which is at least twice more recent than the estimates reported in

Oliveira et al. (2012) and herein using the node age calibration approach (16.3 and 13.7

Mya, respectively). This pattern repeated more or less itself throughout the phylogeny (Table

S7).

In a recent study, Hurtado et al. (2019) estimated divergence times within the buzzatii

cluster based on transcriptomic data using the same mutation rate approach to calibrate the

clock. Accordingly, our estimate of divergence time between D. buzzatii and the ancestor of

the  serido sibling  set  was  very  similar  to  that  obtained  by  those  authors  (1.6  Mya),

suggesting  that  the  diversification  of  the  buzzatii cluster  happened  in  the  Pleistocene.

Nevertheless, within the serido sibling set our estimates were slightly older (0.9 and 0.8 Mya)

than those reported in Hurtado et al. (0.4 and 0.5 Mya). In both studies, however, speciation

events within the serido sibling set appear to have occurred in close proximity to each other,

again supporting the hypothesis of a hard polytomy for this trio (Hurtado et al., 2019).

The host specificity of most repleta group species suggests that their evolution should

be synchronized with the evolution of cacti. It has been estimated that the Cactaceae family

originated  about  32.1  Mya  and  that  its  major  diversification  took  place  in  the  Miocene

following the expansion of the New World’s arid and semi-arid lands 15-10 Mya (Hernández-

Hernández  et  al.,  2014).  Our  divergence  time estimates  based  on  node-age  calibration

placed  the  diversification  of  the  repleta group  (13.7  Mya)  within  the  same  time  frame.

Previous  studies  suggested  that  both  cacti  and  cactophilic  flies  of  the  repleta group

originated  in  central  western  South  America  (e.g.  Oliveira  et  al.,  2012;  Hernández-

Hernández et  al.,  2014).  This  synchronization  gives  support  to  the node age calibration

approach, as the mutation rate approach suggests a delayed diversification of cactophilic

flies. It is interesting to note, though, that the genus Opuntia, the most commonly used host

plant  by cactophilic  species of  the  repleta group and also the proposed "ancestral  host"

(Oliveira et al.,  2012), originated relatively recently, between 7.5 and 3 Mya  (Hernández-

Hernández et al., 2014), which overlaps with the mutation rate estimates for crown repleta.

The implications are that either Opuntia was not the ancestral host or that the mutation rate
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approach is more accurate.  Alternatively,  other genera within the speciose Opuntioideae

subfamily, which diversified about 10 Mya  (Hernández-Hernández et al., 2014), may have

served as ancestral host plants of cactophilic repleta flies. In fact, most of the cactus genera

that  are  currently  used  as  breeding  substrates  by  cactophilic  species  seem  to  have

originated within the last 7 million years, which suggests host shifts throughout the history of

the repleta group.

3.6 Orphan gene evolution

The search for potential orthologs involved 175,173 genes among the 13 proteomes of

the species included in our study and retrieved 16,448 orthogroups (OGs) distributed across

all internal branches of the phylogeny (see Table S8). We further analyzed the species tree

to identify candidate orphans and TRGs shared by all species in each focal lineage (internal

clade) with no detectable homologs in outgroup species. These candidates may be novel

genes (validated TRGs), genes lost in external branches (validated TRGs), or genes that

have diverged widely from their homologs (divergent TRGs).

One caveat of this analysis is that the gene sets of the species outside the  buzzatii

cluster were retrieved from different bioinformatic sources such as NCBI (Pruitt et al., 2007),

FlyBase (Thurmond et al., 2019), and individual species sequencing projects (see Table S1),

and, thus, annotations were not generated following the same methodology. For instance,

the genomes of D. arizonae, D. hydei, and D. navojoa, were annotated using an automatic

pipeline,  whereas  D.  melanogaster annotations  are  periodically  updated  and  manually

curated. In addition,  some annotation methods are fully predictive  (Salamov & Solovyev,

2000;  Aggarwal  &  Ramaswamy,  2002;  Korf,  2004;  Stanke  et  al.,  2004),  while  others

incorporate the information of RNA-seq reads and known protein mapping (Cantarel et al.,

2008; Holt & Yandell, 2011; Campbell et al., 2014; Hoff et al., 2016; Tatusova et al., 2016;

Thibaud-Nissen et al., 2016) as guides in the construction of gene models. Thus, differences

between methodologies may generate a bias in the number of genes that can be recognized
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in each genome (Eilbeck et al., 2009; Weisman, 2021), even when comparing annotations

obtained for a single species using different methodologies  (Holt & Yandell, 2011;  Casola,

2018;  Zile  et  al.,  2020).  Therefore,  there  is  an  inherent  error  in  comparative  genomic

analyses  that  must  be taken  into  account  when  annotation  heterogeneity  exists  among

samples (Weisman, 2021). Considering this caveat, we report the annotations of four newly

sequenced genomes of the buzzatii cluster and the re-annotation of the already sequenced

genome of D. buzzatii (Guillén et al., 2014) using the same protocol to reduce biases.

The ancestral  branch (root)  had 6,941 OGs (Figure 4.A),  though it  is  possible that

additional OGs lost in some species were not considered in this count. We focused on the

validation  of  candidate  TRGs  in  the  ancestral  and  internal  lineages  of  the  subgenus

Drosophila,  which  was  represented  by  species  of  the  virilis-repleta radiation. Divergent

TRGs  were  not  considered  as  novel  genes  because  these  genes  diverged  from  the

respective  presumptive  homologs  in  the  ancestor  of  the  corresponding  focal  lineage.

However, divergent TRGs have been conserved in specific clades after divergence from the

preexisting homologs, suggesting that they may be of relevance in the evolution of adaptive

traits in these lineages (Domazet-Loso & Tautz, 2003; Khalturin et al., 2009).

We found 143 validated TRGs out of 213 candidates in the subgenus Drosophila and

14 out of 27 in the  repleta  group (Figure 4.A). In the mulleri subgroup, which includes the

buzzatii  and the mulleri complexes (all species are cactus specialists), we identified seven

candidate  TRGs,  of  which  two  were  classified  as  validated  and  five  as  divergent.  We

detected two validated and three divergent TRGs in the mulleri complex and out of a total of

11 candidate TRGs in the mojavensis cluster, five were validated and six were divergent. In

addition, 29 validated and 59 divergent TRGs were detected in the buzzatii cluster and 42

validated and 31 divergent  candidates in the  serido sibling set.  Finally,  5 genes with no

detectable homology in other species (after validation) were shared between the generalists

D. hydei and D. mercatorum. Although these two species do not form a clade in the species

tree (but see the topology obtained in the mutation rate-calibrated phylogeny in Figure 3), it

may be considered that those genes appeared either in the ancestral branch of the repleta
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group (later lost in the lineage leading to the mulleri subgroup) or in the common ancestor of

D. mercatorum and D. hydei.

We deepened our search for TRGs in the five genomes of the  buzzatii cluster and

found genes that were present in some but not all members of the buzzatii cluster or serido

sibling set. A total of 2,937 OGs were found in 29 species set combinations (considering

orphans) (Figure 4.B and Table S9). Since some of these genes cannot be considered as

restricted to a monophyletic clade (i.e. it is present in some but not all species of the clade),

we named them incomplete TRGs; even in the case of D. antonietae and D. borborema that

composed a clade in the species tree because of the unclear relationship with D. koepferae

(Hurtado et al., 2019; Moreyra et al., 2019). Each one of the species of the serido sibling set

shared less than 32 incomplete TRGs with D. buzzatii. Further, pairwise comparisons within

the serido sibling set showed that D. antonietae and D. borborema, the more closely related

species (see Figure 2), shared 654 incomplete TRGs and that 648 and 147 TRGs were

found after including D. koepferae A or D. koepferae B to this pair, respectively. In addition,

we separately revised the number of orthologs between  D. antonietae and  D. borborema

with both D. koepferae strains. We found that  D. antonietae shared 320 incomplete TRGs

with  D. koepferae  A, 74 with  D. koepferae B, and 101 with both strains. The number of

orthologs shared between D. borborema and D. koepferae was slightly lower, 144 with the

Argentine, 44 with the Bolivian, and 84 with both lines. Lastly, we detected species-specific

orphans in all species: 21 in D. antonietae, 4 in D. buzzatii, 30 in D. borborema, and 194 in

D. koepferae (both strains).

We dubbed incomplete TRGs the orthogroups for  which a homolog could not  be

detected in  one  or  more species  either  in  the  buzzatii cluster  or  the  serido sibling  set.

Nevertheless, the absence of homologs in the genomic data of a given species may be the

consequence of sequencing and/or assembly errors or miss-annotations. In cases where a

TRG ortholog is indeed missing from the genome of one or more species, it is likely that the

TRG was present  in  the ancestor  of  the  buzzatii cluster  (or  serido sibling  set)  and was

subsequently  lost  in one or more species or  internal lineage.  In this sense,  it  has been
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demonstrated that young genes (i.e. genes that emerged in a short branch) arise quickly and

also have more chances to be lost  (Tautz & Domazet-Lošo, 2011; Palmieri et al.,  2014).

Young genes tend to have relaxed selective constraints (Cai & Petrov, 2010) and therefore

are  more prone to  gain  indels  and/or  nonsense  mutations,  leading  to  pseudogenization

(Palmieri  et  al.,  2014).  This  may  probably  be  the  case  for  most  of  the  non-spurious

incomplete  TRGs reported here,  suggesting  that  they may not  be novel  genes with key

adaptive roles but have not yet had enough time to get lost in all taxa.

We  would  like  to  remark  that  orphan  and  TRG  candidates  reported  herein  are

working hypotheses. Further analyses are necessary to confirm if they are actual novelties

or have diverged from distant homologs. For instance, a synteny-based approach aimed to

search putative TRGs in conserved syntenic positions (Vakirlis et al., 2020; Zile et al., 2020),

may help to confirm candidates that have originated by sequence divergence of ancestral

genes.

We compared annotation accuracy (AED scores) and protein length distributions of the

sets  of  validated  TRGs (469 genes),  divergent  TRGs (366),  and toolkit  genes (51,155).

Toolkit genes showed a lower mean AED score than both sets of TRGs (Figure S4), which

had more similar AED values to each other. We could not test whether those differences in

AED were significant  as AED values departed from normality for  both sets of  candidate

TRGs (p-value < 0.05 in all cases) and variance homogeneity among the three sets were

rejected (Levene’s test), precluding the use of parametric and non-parametric tests. We also

tested for normality and variance homogeneity of protein length distribution for each set of

genes and, as for the AED score, normal distribution and homoscedasticity were rejected in

all cases. However, the three sets of genes showed dissimilar distributions of protein lengths

(Figure  S5):  divergent  TRGs  showed  the  lowest  median  value  (158),  followed  by  the

validated TRGs (233.5) and toolkit genes (458). This is in line with previous reports showing

that  orphans and TRGs tend to be shorter  (Lipman et  al.,  2002;  Carvunis  et  al.,  2012;

Palmieri et al., 2014; Vakirlis et al., 2020) than other genes. Also, it has been shown that
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TRGs have low expression levels  (Carvunis et al., 2012; Palmieri et al., 2014), offering a

testable hypothesis for the TRGs identified herein.

3.7 Molecular evolution of TRGs

Our  analyses  showed  that  51  out  of  424  candidate  TRGs  distributed  across  all

taxonomic  groups  in  the  species  phylogeny  (excluding  the  root)  evolved  under  positive

selection (see Figure 5 and Table S10). These TRGs with positively selected sites, of which

27 were validated and 23 were classified as divergent, were distributed across almost all

analyzed  lineages.  Four  positively-selected  validated  TRGs  belong  to  the  virilis-repleta

radiation (subgenus  Drosophila), 4 TRGs (1 validated TRG and 3 divergent TRGs) to the

repleta group, 2 TRGs (1 validated and 1 divergent) to the North American mulleri complex,

and 3 TRGs (2 validated and 1 divergent) to the mojavensis cluster. Our focal species had

the  largest  numbers  of  TRGs  evolving  under  positive  selection:  11  validated  and  15

divergent TRGs in the buzzatii cluster and 8 validated and 4 divergent TRGs in the serido

sibling set.

3.8 TRG functional prediction

In these analyses, we focused mostly on the evolution of potential novel functions in

the  repleta group  and  internal  lineages  (see  Table  S11-12).  Unfortunately,  most  TRGs

belonging  to  the  repleta group  lacked  annotated  GOs,  precluding  functional  enrichment

testing. We detected only one functionally annotated TRG in the mulleri subgroup and one in

the mojavensis cluster. The TRG of the mulleri subgroup had several annotated GO terms

involved in cuticle  development.  Cuticle  is the body outer layer that  represents a barrier

against pathogens and mechanical, physical, and chemical stresses (Moussian, 2010), and

has been associated with functions involved in not only conferring more stability and water

loss avoidance  (Gibbs,  1998;  Jaspers et  al.,  2014) but  also working as a shield against

xenobiotics  (Agrawal  et  al.,  2014;  Kelkenberg  et  al.,  2015).  The  mojavensis cluster
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annotated TRG appears to be involved in  the transport  of  nitrogen compounds such as

amides and peptides. In insects, this function is related to the excretion of nitrogenous waste

(Weihrauch et al., 2012), which is key to adaptation to a xeric environment  (Tasaki et al.,

2017; Weihrauch & O’Donnell, 2021).

Functional prediction of TRGs in the buzzatii cluster (8) and in the serido sibling set (5)

provides an enthralling picture of the genetic mechanisms in which they may be involved.

Interestingly,  some  of  the  enriched  GO  terms  were  also  recovered  in  comparative

transcriptomic studies evaluating the effects of rearing on alternative cactus hosts and in the

presence of phenylethylamine alkaloids isolated from the columnar cactus T. terscheckii in

D. buzzatii and  D. koepferae (De Panis et al.,  2016, 2022 -submitted-). These TRGs are

mainly  involved  in  the regulation  of  stress and immune responses triggered by external

stimuli  such  as  chemicals,  abiotic  factors,  pathogens,  and  chemotaxis.  Delving  into  the

broad range of compounds causing chemical stress, we found child GO terms related to the

modulation of cellular responses to oxidative stress, toxic substances such as alkaloids and

other drugs, nitrogen compounds, odorants, and food, as well as regulatory mechanisms of

olfactory learning and glucose detection. Furthermore, two candidate TRGs are associated

with cuticle development, as mentioned before for the mulleri subgroup. Other GO terms are

related to several morphogenetic processes and the development of anatomical structures.

Finally, two positively-selected divergent TRGs are linked to the regulation of nucleic acid-

templated transcription.

For the TRGs identified in the  serido sibling set, we obtained fewer enriched terms.

The most common terms were related to the development of anatomical structures, though

other significant  GOs were associated with processes that  regulate responses to abiotic

stimulus  and  stress,  as  well  as  the  metabolism  of  nitrogen  compounds,  cellular

transportation,  and secretion. In addition,  two TRGs were associated with female mating

behavior, one of which showed signs of positive selection.

Recently, Rane et al. (2019) reported a high frequency of gene gains in the branch of

cactophilic  species  of  the  repleta group  (mulleri subgroup)  associated  either  with  the
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acquisition of cacti and/or loss in the use of non-cactus hosts and with the spread into the

American deserts.  Thus, our present results are in line with Rane et al´s report, since a

candidate  novel  gene  found  in  the  mulleri subgroup  lineage  is  involved  in  cuticle

development,  which is the first line of defense against  xenobiotics  (Agrawal et al.,  2014;

Kelkenberg et al., 2015) and essential for desiccation and heat tolerance (Gibbs, 1998; Guo

et al.,  2022). Moreover, TRGs involved in adaptation to desiccation, heat, and chemicals

emerged in the common ancestor of the buzzatii cluster. These novel genes are related to

morphogenesis,  development  of  cuticle  and  anatomical  structures,  which  may  provide

resistance to extreme climates and tolerance to xenobiotics that flies may find in new hosts

(Agrawal et al., 2014; Kelkenberg et al., 2015). Likewise, other TRGs detected in the buzzatii

cluster are related to a broad range of GO terms such as responses to external stimuli and

stress and the regulation of the immune system, which are deployed by larvae facing both

chemical challenges (Kircher, 1982; Fogleman & Abril, 1990; Fogleman & Danielson, 2001)

and pathogens present in cactus necroses (Hasson et al., 2019). New genes involved in the

immune response against  bacteria  and yeasts  would  also  play  a key  role  in  host  plant

adaptation.  Previous  studies  reported  that  the  proteasome  system  is  implicated  in  the

immune response  (Mykles, 1999; Hoang et al., 2015), and may be regulated when insect

larvae  grow in  alternative  host  plants  (De  Panis  et  al.,  2016).  Overall,  based  on  these

findings, we propose that genomic innovations in the  mulleri subgroup and internal clades

may have been driven by adaptation to both extreme climate conditions and to the use of

cactus necroses.

Columnar  cacti  impose  stressful  conditions  during  larval  development  since  many

species  contain  toxic  compounds  such  as  alkaloids  compared  to  the  more  benign

environment offered by most Opuntia (De Panis et al., 2016). Previous research has shown

that the chemical composition of columnar cacti negatively affects the development of  D.

buzzatii (an Opuntia breeder) but not the development of D. koepferae (Hasson et al., 2019).

Notably, the set of GO terms enriched in the serido sibling set is consistent with the idea that

functional  innovations  evolved  as  adaptations  in  the  transition  from  prickly  pears  to
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chemically  more complex hosts like columnar  cacti.  As explained above,  these potential

novel genes may have been of utmost relevance during adaptation to new hosts, allowing

species to face the challenges posed by the chemically diverse resources. Lastly, one of two

annotated TRGs related to the enriched GO term female mating behavior (a validated TRG),

exhibited signals of positive selection. This result agrees with a recent report showing high

rates  of  molecular  evolution  in  genes  involved  in  reproduction  and  mating  behavior  in

populations of D. mojavensis using different cacti as breeding substrates (Allan & Matzkin,

2019).

4. CONCLUDING REMARKS

Comparative genomics  in  groups of  species  living  in  ecologically  different  contexts

may provide clues regarding the genetic mechanisms that have been shaped by adaptation

to  cactus  hosts.  The  newly  reported  genomic  data  allowed  us  to  reconstruct  the  most

complete phylogeny to date of the  buzzatii cluster as well  as to estimate the divergence

times of  these species  in  active cladogenesis.  Also,  based on the inferred phylogenetic

relationships, we report sets of candidate orphans and TRGs in the internal branches of the

subgenus  Drosophila, which seems to have emerged either by sequence divergence from

ancestral homologous and/or de novo. Regarding the buzzatii cluster and the serido sibling

set, we functionally characterized the candidate TRGs shedding light on the instrumental

mechanisms  underlying  ecological  innovations.  During  the  acquisition  of  cactophily  in

Drosophila, genomic changes likely drove the evolution of multiple performance traits. Many

of  them  might  be  associated  with  tolerance  to  extreme  climate  conditions  faced  by

cactophilic  flies  of  the  repleta group  during  expansion  across  the  American  deserts.  In

addition, other changes might have evolved as adaptations to ecologically and chemically

different  resources.  Indeed,  the  specialization  to  cactus  hosts  is  associated  with  the

acquisition  of  new  mechanisms  involved  in  detoxification,  water  preservation,  immune

system  response,  development  of  anatomical  structures  and  morphogenesis,  behavior,
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reproduction, and metabolism. All in all, our study provides insights into the role of genomic

changes that likely drove the evolution of novel traits associated with the acquisition of cacti

as breeding and feeding sites, and further host specialization. However, genomes of other

mulleri subgroup cactophiles (e.g.  longicornis and  meridiana complexes) and species that

diverged earlier in the repleta group (e.g. D. eremophila complex) (Oliveira et al., 2012) are

necessary  to  discern  whether  the  evolution  of  novel  genes  involved  in  the  functional

processes identified herein are a common feature in this species group.

ACKNOWLEDGMENTS

We thank Colline Jaworski for their advice in the adaptation of the genome assembly

protocol. We are also grateful to Juan P. Hurtado, Diego De Panis, and Julián Mensch for

sharing transcriptomic data employed in the genome annotation process. We express our

gratitude  to  members  of  the  Laboratorio  de  Evolución  for  helpful  discussions  and

constructive criticisms. We acknowledge Hernán Dopazo for granting access to Biocodices

computational  facilities  and  for  advice  and  encouragement  in  the  earlier  stages  of  the

project.  We  are  grateful  to  Centro  de  Computación  de  Alto  Rendimiento  (CeCAR)  for

allowing us to use computing facilities in the final stage of the study. We thank Martina Weil

for their advice on the functional enrichment analysis. This work was supported with grants

from Agencia Nacional de Promoción Científica y Técnica (ANPCyT), Consejo Nacional de

Investigaciones Científicas y Técnicas (CONICET) and Universidad de Buenos Aires (UBA)

awarded  to EH.  The funders  had no role  in  the study design,  data  collection,  analysis,

decision to publish, or preparation of the manuscript.

RERENCES
Aggarwal, G., & Ramaswamy, R. (2002). Ab initio gene identification: prokaryote genome 

annotation with GeneScan and GLIMMER. Journal of Biosciences, 27(1 Suppl 1), 7–14.
https://doi.org/10.1007/BF02703679

Agrawal, S., Kelkenberg, M., Begum, K., Steinfeld, L., Williams, C. E., Kramer, K. J., 
Beeman, R. W., Park, Y., Muthukrishnan, S., & Merzendorfer, H. (2014). Two essential 

34

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


peritrophic matrix proteins mediate matrix barrier functions in the insect midgut. Insect 
Biochemistry and Molecular Biology, 49, 24–34. 
https://doi.org/10.1016/j.ibmb.2014.03.009

Allan, C. W., & Matzkin, L. M. (2019). Genomic analysis of the four ecologically distinct 
cactus host populations of Drosophila mojavensis. BMC Genomics, 20(1), 732. 
https://doi.org/10.1186/s12864-019-6097-z

Almudi, I., Vizueta, J., Wyatt, C. D. R., de Mendoza, A., Marlétaz, F., Firbas, P. N., Feuda, 
R., Masiero, G., Medina, P., Alcaina-Caro, A., Cruz, F., Gómez-Garrido, J., Gut, M., 
Alioto, T. S., Vargas-Chavez, C., Davie, K., Misof, B., González, J., Aerts, S., … 
Casares, F. (2020). Genomic adaptations to aquatic and aerial life in mayflies and the 
origin of insect wings. Nature Communications, 11(1), 2631. 
https://doi.org/10.1038/s41467-020-16284-8

Barker, J. S. F., & Starmer, W. T. (1982). Ecological Genetics and Evolution: The Cactus-
yeast-Drosophila Model System. Academic Press. 
https://play.google.com/store/books/details?id=soDwAAAAMAAJ

Barker, J. S. F., Starmer, W. T., & MacIntyre, R. J. (2013). Ecological and Evolutionary 
Genetics of Drosophila. Springer Science & Business Media. 
https://play.google.com/store/books/details?id=i2LTBwAAQBAJ

Baxevanis, A. D., Bader, G. D., & Wishart, D. S. (2020). Bioinformatics. John Wiley & Sons. 
https://play.google.com/store/books/details?id=hwbQDwAAQBAJ

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics , 30(15), 2114–2120. 
https://doi.org/10.1093/bioinformatics/btu170

Cai, J. J., & Petrov, D. A. (2010). Relaxed purifying selection and possibly high rate of 
adaptation in primate lineage-specific genes. Genome Biology and Evolution, 2, 393–
409. https://doi.org/10.1093/gbe/evq019

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., & Madden, 
T. L. (2009). BLAST+: architecture and applications. BMC Bioinformatics, 10, 421. 
https://doi.org/10.1186/1471-2105-10-421

Campbell, M. S., Law, M., Holt, C., Stein, J. C., Moghe, G. D., Hufnagel, D. E., Lei, J., 
Achawanantakun, R., Jiao, D., Lawrence, C. J., Ware, D., Shiu, S.-H., Childs, K. L., 
Sun, Y., Jiang, N., & Yandell, M. (2014). MAKER-P: a tool kit for the rapid creation, 
management, and quality control of plant genome annotations. Plant Physiology, 
164(2), 513–524. https://doi.org/10.1104/pp.113.230144

Cantarel, B. L., Korf, I., Robb, S. M. C., Parra, G., Ross, E., Moore, B., Holt, C., Sánchez 
Alvarado, A., & Yandell, M. (2008). MAKER: an easy-to-use annotation pipeline 
designed for emerging model organism genomes. Genome Research, 18(1), 188–196. 
https://doi.org/10.1101/gr.6743907

Capella-Gutiérrez, S., Silla-Martínez, J. M., & Gabaldón, T. (2009). trimAl: a tool for 
automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics , 
25(15), 1972–1973. https://doi.org/10.1093/bioinformatics/btp348

Carvunis, A.-R., Rolland, T., Wapinski, I., Calderwood, M. A., Yildirim, M. A., Simonis, N., 
Charloteaux, B., Hidalgo, C. A., Barbette, J., Santhanam, B., Brar, G. A., Weissman, J. 
S., Regev, A., Thierry-Mieg, N., Cusick, M. E., & Vidal, M. (2012). Proto-genes and de 
novo gene birth. Nature, 487(7407), 370–374. https://doi.org/10.1038/nature11184

Casola, C. (2018). From De Novo to “De Nono”: The Majority of Novel Protein-Coding 
Genes Identified with Phylostratigraphy Are Old Genes or Recent Duplicates. Genome 
Biology and Evolution, 10(11), 2906–2918. https://doi.org/10.1093/gbe/evy231

Chakraborty, M., Baldwin-Brown, J. G., Long, A. D., & Emerson, J. J. (2016). Contiguous 
and accurate de novo assembly of metazoan genomes with modest long read coverage.
Nucleic Acids Research, 44(19), e147. https://doi.org/10.1093/nar/gkw654

Cheng, C.-Y., Krishnakumar, V., Chan, A. P., Thibaud-Nissen, F., Schobel, S., & Town, C. 
D. (2017). Araport11: a complete reannotation of the Arabidopsis thaliana reference 
genome. The Plant Journal: For Cell and Molecular Biology, 89(4), 789–804. 
https://doi.org/10.1111/tpj.13415

35

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Clark, A. G., Eisen, M. B., Smith, D. R., Bergman, C. M., Oliver, B., Markow, T. A., Kaufman,
T. C., Kellis, M., Gelbart, W., Iyer, V. N., Pollard, D. A., Sackton, T. B., Larracuente, A. 
M., Singh, N. D., Abad, J. P., Abt, D. N., Adryan, B., Aguade, M., Akashi, H., … 
MacCallum, I. (2007). Evolution of genes and genomes on the Drosophila phylogeny. 
Nature, 450(7167), 203–218. https://doi.org/10.1038/nature06341

Degnan, J. H., & Rosenberg, N. A. (2006). Discordance of Species Trees with Their Most 
Likely Gene Trees. In PLoS Genetics (Vol. 2, Issue 5, p. e68). 
https://doi.org/10.1371/journal.pgen.0020068

De Panis, D. N., Padró, J., Furió-Tarí, P., Tarazona, S., Milla Carmona, P. S., Soto, I. M., 
Dopazo, H., Conesa, A., & Hasson, E. (2016). Transcriptome modulation during host 
shift is driven by secondary metabolites in desert Drosophila. Molecular Ecology, 
25(18), 4534–4550. https://doi.org/10.1111/mec.13785

De Panis, D. N., Dopazo H., Bongcam-Rudloff E., Conesa A., & Hasson E. (2022). 
Transcriptional responses are oriented towards different components of the rearing 
environment in two Drosophila sibling species. Subbmitted.

Domazet-Loso, T., & Tautz, D. (2003). An evolutionary analysis of orphan genes in 
Drosophila. Genome Research, 13(10), 2213–2219. https://doi.org/10.1101/gr.1311003

dos Reis, M., & Yang, Z. (2011). Approximate likelihood calculation on a phylogeny for 
Bayesian estimation of divergence times. Molecular Biology and Evolution, 28(7), 2161–
2172. https://doi.org/10.1093/molbev/msr045

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by 
sampling trees. In BMC Evolutionary Biology (Vol. 7, Issue 1, p. 214). 
https://doi.org/10.1186/1471-2148-7-214

Dunning Hotopp, J. C. (2011). Horizontal gene transfer between bacteria and animals. 
Trends in Genetics: TIG, 27(4), 157–163. https://doi.org/10.1016/j.tig.2011.01.005

Eilbeck, K., Moore, B., Holt, C., & Yandell, M. (2009). Quantitative measures for the 
management and comparison of annotated genomes. BMC Bioinformatics, 10, 67. 
https://doi.org/10.1186/1471-2105-10-67

Fernández, R., & Gabaldón, T. (2020). Gene gain and loss across the metazoan tree of life. 
Nature Ecology & Evolution, 4(4), 524–533. https://doi.org/10.1038/s41559-019-1069-x

Fogleman, J. C., & Abril, J. R. (1990). Ecological and Evolutionary Importance of Host Plant 
Chemistry. In J. S. F. Barker, W. T. Starmer, & R. J. MacIntyre (Eds.), Ecological and 
Evolutionary Genetics of Drosophila (pp. 121–143). Springer US. 
https://doi.org/10.1007/978-1-4684-8768-8_10

Fogleman, J. C., & Danielson, P. B. (2001). Chemical interactions in the cactus-
microorganism-Drosophila model system of the Sonoran Desert. American Zoologist, 
41(4), 877–889. https://academic.oup.com/icb/article-abstract/41/4/877/2046260

Fontdevila, A. (1989). Founder Effects in Colonizing Populations: The Case of Drosophila 
buzzatii. Evolutionary Biology of Transient Unstable Populations, 74–95. 
https://doi.org/10.1007/978-3-642-74525-6_6

Gabaldón, T. (2008). Large-scale assignment of orthology: back to phylogenetics? Genome 
Biology, 9(10), 235. https://doi.org/10.1186/gb-2008-9-10-235

Gibbs, A. G. (1998). Water-proofing properties of cuticular lipids. American Zoologist, 38(3), 
471–482. https://academic.oup.com/icb/article-abstract/38/3/471/141617

Grimaldi, D., Engel, M. S., . Engel, M. S., & Senior Curator and Professor Michael S Engel. 
(2005). Evolution of the Insects. Cambridge University Press. 
https://play.google.com/store/books/details?id=Ql6Jl6wKb88C

Guillén, Y., Rius, N., Delprat, A., Williford, A., Muyas, F., Puig, M., Casillas, S., Ràmia, M., 
Egea, R., Negre, B., Mir, G., Camps, J., Moncunill, V., Ruiz-Ruano, F. J., Cabrero, J., 
de Lima, L. G., Dias, G. B., Ruiz, J. C., Kapusta, A., … Ruiz, A. (2014). Genomics of 
ecological adaptation in cactophilic Drosophila. Genome Biology and Evolution, 7(1), 
349–366. https://doi.org/10.1093/gbe/evu291

Guo, P.-L., Guo, Z.-Q., & Liu, X.-D. (2022). Cuticular protein genes involve heat acclimation 
of insect larvae under global warming. Insect Molecular Biology. 
https://doi.org/10.1111/imb.12777

36

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gurevich, A., Saveliev, V., Vyahhi, N., & Tesler, G. (2013). QUAST: quality assessment tool 
for genome assemblies. Bioinformatics , 29(8), 1072–1075. 
https://doi.org/10.1093/bioinformatics/btt086

Hardison, R. C. (2003). Comparative genomics. PLoS Biology, 1(2), E58. 
https://doi.org/10.1371/journal.pbio.0000058

Hasson, E., De Panis, D., Hurtado, J., & Mensch, J. (2019). Host Plant Adaptation in 
Cactophilic Species of the Drosophila buzzatii Cluster: Fitness and Transcriptomics. The
Journal of Heredity, 110(1), 46–57. https://doi.org/10.1093/jhered/esy043

Hasson, E., Soto, I. M., Carreira, V. P., Corio, C., Soto, E. M., Betti, M., & Santos, E. B. 
(2009). Host plants, fitness and developmental instability in a guild of cactophilic species
of the genus Drosophila. Ecotoxicology Research Developments, 89–109. 
https://www.researchgate.net/profile/Esteban-Hasson-2/publication/
244478209_Host_plants_fitness_and_developmental_instability_in_a_guild_of_cactophi
lic_species_of_the_genus_Drosophila/links/0c96052cf178052af1000000/Host-plants-
fitness-and-developmental-instability-in-a-guild-of-cactophilic-species-of-the-genus-
Drosophila.pdf

Heed, W. B., & Mangan, R. L. (1986). Community ecology of sonoran desert drosophila 
(1986) The Genetics and Biology of Drosophila. Academic Press, New York, 311–345.

Hernández-Hernández, T., Brown, J. W., Schlumpberger, B. O., Eguiarte, L. E., & Magallón, 
S. (2014). Beyond aridification: multiple explanations for the elevated diversification of 
cacti in the New World Succulent Biome. The New Phytologist, 202(4), 1382–1397. 
https://doi.org/10.1111/nph.12752

Hoang, K., Matzkin, L. M., & Bono, J. M. (2015). Transcriptional variation associated with 
cactus host plant adaptation in Drosophila mettleri populations. Molecular Ecology, 
24(20), 5186–5199. https://doi.org/10.1111/mec.13388

Hoff, K. J., Lange, S., Lomsadze, A., Borodovsky, M., & Stanke, M. (2016). BRAKER1: 
Unsupervised RNA-Seq-Based Genome Annotation with GeneMark-ET and 
AUGUSTUS. Bioinformatics , 32(5), 767–769. 
https://doi.org/10.1093/bioinformatics/btv661

Holt, C., & Yandell, M. (2011). MAKER2: an annotation pipeline and genome-database 
management tool for second-generation genome projects. BMC Bioinformatics, 12, 491.
https://doi.org/10.1186/1471-2105-12-491

Hou, Y., & Lin, S. (2009). Distinct gene number-genome size relationships for eukaryotes 
and non-eukaryotes: gene content estimation for dinoflagellate genomes. PloS One, 
4(9), e6978. https://doi.org/10.1371/journal.pone.0006978

Huang, S., Kang, M., & Xu, A. (2017). HaploMerger2: rebuilding both haploid sub-
assemblies from high-heterozygosity diploid genome assembly. Bioinformatics , 33(16), 
2577–2579. https://doi.org/10.1093/bioinformatics/btx220

Hubley, R., Finn, R. D., Clements, J., Eddy, S. R., Jones, T. A., Bao, W., Smit, A. F. A., & 
Wheeler, T. J. (2016). The Dfam database of repetitive DNA families. Nucleic Acids 
Research, 44(D1), D81–D89. https://doi.org/10.1093/nar/gkv1272

Huerta-Cepas, J., Forslund, K., Coelho, L. P., Szklarczyk, D., Jensen, L. J., von Mering, C., 
& Bork, P. (2017). Fast Genome-Wide Functional Annotation through Orthology 
Assignment by eggNOG-Mapper. Molecular Biology and Evolution, 34(8), 2115–2122. 
https://doi.org/10.1093/molbev/msx148

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H.,
Mende, D. R., Letunic, I., Rattei, T., Jensen, L. J., von Mering, C., & Bork, P. (2019). 
eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology 
resource based on 5090 organisms and 2502 viruses. Nucleic Acids Research, 47(D1), 
D309–D314. https://doi.org/10.1093/nar/gky1085

Hurtado, J., Almeida, F., Revale, S., & Hasson, E. (2019). Revised phylogenetic 
relationships within the Drosophila buzzatii species cluster (Diptera: Drosophilidae: 
Drosophila repleta group) using genomic data. https://doi.org/10.26049/ASP77-2-2019-
03

i5K Consortium. (2013). The i5K Initiative: Advancing Arthropod Genomics for Knowledge, 

37

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Human Health, Agriculture, and the Environment. The Journal of Heredity, 104(5), 595–
600. https://doi.org/10.1093/jhered/est050

Jaspers, M. H. J., Pflanz, R., Riedel, D., Kawelke, S., Feussner, I., & Schuh, R. (2014). The 
fatty acyl-CoA reductase Waterproof mediates airway clearance in Drosophila. 
Developmental Biology, 385(1), 23–31. https://doi.org/10.1016/j.ydbio.2013.10.022

Jauhal, A. A., & Newcomb, R. D. (2021). Assessing genome assembly quality prior to 
downstream analysis: N50 versus BUSCO. Molecular Ecology Resources, 21(5), 1416–
1421. https://doi.org/10.1111/1755-0998.13364

Jaworski, C. C., Allan, C. W., & Matzkin, L. M. (2020). Chromosome-level hybrid de novo 
genome assemblies as an attainable option for nonmodel insects. Molecular Ecology 
Resources, 20(5), 1277–1293. https://doi.org/10.1111/1755-0998.13176

Johnson, B. R. (2018). Taxonomically Restricted Genes Are Fundamental to Biology and 
Evolution. Frontiers in Genetics, 9, 407. https://doi.org/10.3389/fgene.2018.00407

Kajitani, R., Toshimoto, K., Noguchi, H., Toyoda, A., Ogura, Y., Okuno, M., Yabana, M., 
Harada, M., Nagayasu, E., Maruyama, H., Kohara, Y., Fujiyama, A., Hayashi, T., & Itoh,
T. (2014). Efficient de novo assembly of highly heterozygous genomes from whole-
genome shotgun short reads. Genome Research, 24(8), 1384–1395. 
https://doi.org/10.1101/gr.170720.113

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence alignment software version 
7: improvements in performance and usability. Molecular Biology and Evolution, 30(4), 
772–780. https://doi.org/10.1093/molbev/mst010

Kelkenberg, M., Odman-Naresh, J., Muthukrishnan, S., & Merzendorfer, H. (2015). Chitin is 
a necessary component to maintain the barrier function of the peritrophic matrix in the 
insect midgut. Insect Biochemistry and Molecular Biology, 56, 21–28. 
https://doi.org/10.1016/j.ibmb.2014.11.005

Khalturin, K., Hemmrich, G., Fraune, S., Augustin, R., & Bosch, T. C. G. (2009). More than 
just orphans: are taxonomically-restricted genes important in evolution? Trends in 
Genetics: TIG, 25(9), 404–413. https://doi.org/10.1016/j.tig.2009.07.006

Kim, B. Y., Wang, J. R., Miller, D. E., Barmina, O., Delaney, E., Thompson, A., Comeault, A. 
A., Peede, D., D’Agostino, E. R., Pelaez, J., Aguilar, J. M., Haji, D., Matsunaga, T., 
Armstrong, E. E., Zych, M., Ogawa, Y., Stamenković-Radak, M., Jelić, M., Veselinović, 
M. S., … Petrov, D. A. (2021). Highly contiguous assemblies of 101 drosophilid 
genomes. eLife, 10. https://doi.org/10.7554/eLife.66405

Kircher, H. W. (1982). Chemical composition of cacti and its relationship to Sonoran Desert 
Drosophila. Ecological Genetics and Evolution: The Cactus-Yeast-Drosophila Model 
System/edited JSF Barker, WT Starmer. https://agris.fao.org/agris-search/search.do?
recordID=US201302583546

Koonin, E. V., Aravind, L., & Kondrashov, A. S. (2000). The impact of comparative genomics
on our understanding of evolution. Cell, 101(6), 573–576. https://doi.org/10.1016/s0092-
8674(00)80867-3

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., & Phillippy, A. M. (2017). 
Canu: scalable and accurate long-read assembly via adaptive -mer weighting and 
repeat separation. Genome Research, 27(5), 722–736. 
https://doi.org/10.1101/gr.215087.116

Korf, I. (2004). Gene finding in novel genomes. BMC Bioinformatics, 5, 59. 
https://doi.org/10.1186/1471-2105-5-59

Kriventseva, E. V., Kuznetsov, D., Tegenfeldt, F., Manni, M., Dias, R., Simão, F. A., & 
Zdobnov, E. M. (2019). OrthoDB v10: sampling the diversity of animal, plant, fungal, 
protist, bacterial and viral genomes for evolutionary and functional annotations of 
orthologs. Nucleic Acids Research, 47(D1), D807–D811. 
https://doi.org/10.1093/nar/gky1053

Kuzniar, A., van Ham, R. C. H. J., Pongor, S., & Leunissen, J. A. M. (2008). The quest for 
orthologs: finding the corresponding gene across genomes. Trends in Genetics: TIG, 
24(11), 539–551. https://doi.org/10.1016/j.tig.2008.08.009

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T., & Calcott, B. (2017). PartitionFinder 

38

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


2: new methods for selecting partitioned models of evolution for molecular and 
morphological phylogenetic analyses. Molecular biology and evolution, 34(3), 772-773. 
https://doi.org/10.1093/molbev/msw260

Li, F., Rane, R. V., Luria, V., Xiong, Z., Chen, J., Li, Z., Catullo, R. A., Griffin, P. C., Schiffer, 
M., Pearce, S., Lee, S. F., McElroy, K., Stocker, A., Shirriffs, J., Cockerell, F., Coppin, 
C., Sgrò, C. M., Karger, A., Cain, J. W., … Zhang, G. (2021). Phylogenomic analyses of 
the genus Drosophila reveals genomic signals of climate adaptation. Molecular Ecology 
Resources. https://doi.org/10.1111/1755-0998.13561

Li, L., Stoeckert, C. J., Jr, & Roos, D. S. (2003). OrthoMCL: identification of ortholog groups 
for eukaryotic genomes. Genome Research, 13(9), 2178–2189. 
https://doi.org/10.1101/gr.1224503

Lipman, D. J., Souvorov, A., Koonin, E. V., Panchenko, A. R., & Tatusova, T. A. (2002). The 
relationship of protein conservation and sequence length. BMC Evolutionary Biology, 2, 
20. https://doi.org/10.1186/1471-2148-2-20

Machado, C. A., Matzkin, L. M., Reed, L. K., & Markow, T. A. (2007). Multilocus nuclear 
sequences reveal intra- and interspecific relationships among chromosomally 
polymorphic species of cactophilic Drosophila. Molecular Ecology, 16(14), 3009–3024. 
https://doi.org/10.1111/j.1365-294X.2007.03325.x

Manfrin, M. H., de Brito, R. O. A., & Sene, F. M. (2001). Systematics and Evolution of the 
Drosophila buzzatii (Diptera: Drosophilidae) Cluster Using mtDNA. Annals of the 
Entomological Society of America, 94(3), 333–346. https://doi.org/10.1603/0013-
8746(2001)094[0333:SAEOTD]2.0.CO;2

Manfrin, M. H., & Sene, F. M. (2006). Cactophilic Drosophila in South America: a model for 
evolutionary studies. Genetica, 126(1-2), 57–75. https://doi.org/10.1007/s10709-005-
1432-5

Markow, T. A., & O’Grady, P. (2008). Reproductive ecology ofDrosophila. Functional 
Ecology, 22(5), 747–759. https://doi.org/10.1111/j.1365-2435.2008.01457.x

Matzkin, L. M., & Eanes, W. F. (2003). Sequence variation of alcohol dehydrogenase (Adh) 
paralogs in cactophilic Drosophila. Genetics, 163(1), 181–194. 
https://doi.org/10.1093/genetics/163.1.181

Mensch, J., Moreyra, N. N., & Hasson E. (2022). Transcriptional responses of immature and 
mature females acclimated under the same low temperature provides insights into cold 
tolerance of cactophilic Drosophila buzzatii. In preparation.

Miller, D. E., Staber, C., Zeitlinger, J., & Scott Hawley, R. (2018). Highly Contiguous 
Genome Assemblies of 15 Drosophila Species Generated Using Nanopore Sequencing.
In G3 Genes|Genomes|Genetics (Vol. 8, Issue 10, pp. 3131–3141). 
https://doi.org/10.1534/g3.118.200160

Miller, W., Makova, K. D., Nekrutenko, A., & Hardison, R. C. (2004). Comparative genomics. 
Annual Review of Genomics and Human Genetics, 5, 15–56. 
https://doi.org/10.1146/annurev.genom.5.061903.180057

Minh, B. Q., Hahn, M. W., & Lanfear, R. (2020). New Methods to Calculate Concordance 
Factors for Phylogenomic Datasets. Molecular Biology and Evolution, 37(9), 2727–
2733. https://doi.org/10.1093/molbev/msaa106

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., von Haeseler,
A., & Lanfear, R. (2020). IQ-TREE 2: New Models and Efficient Methods for 
Phylogenetic Inference in the Genomic Era. Molecular Biology and Evolution, 37(5), 
1530–1534. https://doi.org/10.1093/molbev/msaa015

Moreyra, N. N., Mensch, J., Hurtado, J., Almeida, F., Laprida, C., & Hasson, E. (2019). What
does mitogenomics tell us about the evolutionary history of the Drosophila buzzatii 
cluster (repleta group)? PloS One, 14(11), e0220676. 
https://doi.org/10.1371/journal.pone.0220676

Moussian, B. (2010). Recent advances in understanding mechanisms of insect cuticle 
differentiation. Insect Biochemistry and Molecular Biology, 40(5), 363–375. 
https://doi.org/10.1016/j.ibmb.2010.03.003

Mykles, D. L. (1999). Structure and functions of arthropod proteasomes. Molecular Biology 

39

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Reports, 26(1-2), 103–111. https://doi.org/10.1023/a:1006976524916
Oliveira, D. C. S. G., Almeida, F. C., O’Grady, P. M., Armella, M. A., DeSalle, R., & Etges, 

W. J. (2012). Monophyly, divergence times, and evolution of host plant use inferred from
a revised phylogeny of the Drosophila repleta species group. Molecular Phylogenetics 
and Evolution, 64(3), 533–544. https://doi.org/10.1016/j.ympev.2012.05.012

Palmieri, N., Kosiol, C., & Schlötterer, C. (2014). The life cycle of Drosophila orphan genes. 
eLife, 3, e01311. https://doi.org/10.7554/eLife.01311

Pruitt, K. D., Tatusova, T., & Maglott, D. R. (2007). NCBI reference sequences (RefSeq): a 
curated non-redundant sequence database of genomes, transcripts and proteins. 
Nucleic Acids Research, 35(Database issue), D61–D65. 
https://doi.org/10.1093/nar/gkl842

Rambaut, A. (2009). FigTree. Tree figure drawing tool. 
http://tree.bio.ed.ac.uk/software/figtree/.

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. A. (2018). Posterior 
Summarization in Bayesian Phylogenetics Using Tracer 1.7. Systematic Biology, 67(5), 
901–904. https://doi.org/10.1093/sysbio/syy032

Rane, R. V., Pearce, S. L., Li, F., Coppin, C., Schiffer, M., Shirriffs, J., Sgrò, C. M., Griffin, P.
C., Zhang, G., Lee, S. F., Hoffmann, A. A., & Oakeshott, J. G. (2019). Genomic changes
associated with adaptation to arid environments in cactophilic Drosophila species. BMC 
Genomics, 20(1), 52. https://doi.org/10.1186/s12864-018-5413-3

Rhoads, A., & Au, K. F. (2015). PacBio Sequencing and Its Applications. In Genomics, 
Proteomics & Bioinformatics (Vol. 13, Issue 5, pp. 278–289). 
https://doi.org/10.1016/j.gpb.2015.08.002

Rius, N., Guillén, Y., Delprat, A., Kapusta, A., Feschotte, C., & Ruiz, A. (2016). Exploration 
of the Drosophila buzzatii transposable element content suggests underestimation of 
repeats in Drosophila genomes. BMC Genomics, 17, 344. 
https://doi.org/10.1186/s12864-016-2648-8

Rodríguez-Trelles, F., Alarcón, L., & Fontdevila, A. (2000). Molecular evolution and 
phylogeny of the buzzatii complex (Drosophila repleta group): a maximum-likelihood 
approach. Molecular Biology and Evolution, 17(7), 1112-1122.

Ruiz, A., Cansian, A. M., Kuhn, G. C., Alves, M. A., & Sene, F. M. (2000). The Drosophila 
serido speciation puzzle: putting new pieces together. Genetica, 108(3), 217–227. 
https://doi.org/10.1023/a:1004195007178

Ruiz, A., & Wasserman, M. (1993). Evolutionary cytogenetics of the Drosophila buzzatii 
species complex. Heredity, 70 ( Pt 6), 582–596. https://doi.org/10.1038/hdy.1993.85

Salamov, A. A., & Solovyev, V. V. (2000). Ab initio gene finding in Drosophila genomic DNA. 
Genome Research, 10(4), 516–522. https://doi.org/10.1101/gr.10.4.516

Sanchez-Flores, A., Peñaloza, F., Carpinteyro-Ponce, J., Nazario-Yepiz, N., Abreu-Goodger,
C., Machado, C. A., & Markow, T. A. (2016). Genome Evolution in Three Species of 
Cactophilic Drosophila. G3 , 6(10), 3097–3105. https://doi.org/10.1534/g3.116.033779

Schlicker, A., Domingues, F. S., Rahnenführer, J., & Lengauer, T. (2006). A new measure 
for functional similarity of gene products based on Gene Ontology. BMC Bioinformatics, 
7, 302. https://doi.org/10.1186/1471-2105-7-302

Seppey, M., Manni, M., & Zdobnov, E. M. (2019). BUSCO: Assessing Genome Assembly 
and Annotation Completeness. Methods in Molecular Biology , 1962, 227–245. 
https://doi.org/10.1007/978-1-4939-9173-0_14

Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., & Zdobnov, E. M. (2015). 
BUSCO: assessing genome assembly and annotation completeness with single-copy 
orthologs. Bioinformatics , 31(19), 3210–3212. 
https://doi.org/10.1093/bioinformatics/btv351

Singh, U., & Wurtele, E. S. (2020). Genetic novelty: how new genes are born. eLife, 9, 
e55136. https://elifesciences.org/articles/55136

Stanke, M., Diekhans, M., Baertsch, R., & Haussler, D. (2008). Using native and syntenically
mapped cDNA alignments to improve de novo gene finding. Bioinformatics , 24(5), 637–
644. https://doi.org/10.1093/bioinformatics/btn013

40

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Stanke, M., Steinkamp, R., Waack, S., & Morgenstern, B. (2004). AUGUSTUS: a web server
for gene finding in eukaryotes. Nucleic Acids Research, 32(Web Server issue), W309–
W312. https://doi.org/10.1093/nar/gkh379

Supek, F., Bošnjak, M., Škunca, N., & Šmuc, T. (2011). REVIGO summarizes and visualizes
long lists of gene ontology terms. PloS One, 6(7), e21800. 
https://doi.org/10.1371/journal.pone.0021800

Suvorov, A., Kim, B. Y., Wang, J., Armstrong, E. E., Peede, D., D’Agostino, E. R. R., Price, 
D. K., Waddell, P., Lang, M., Courtier-Orgogozo, V., David, J. R., Petrov, D., Matute, D. 
R., Schrider, D. R., & Comeault, A. A. (2021). Widespread introgression across a 
phylogeny of 155 Drosophila genomes. Current Biology: CB. 
https://doi.org/10.1016/j.cub.2021.10.052

Suyama, M., Torrents, D., & Bork, P. (2006). PAL2NAL: robust conversion of protein 
sequence alignments into the corresponding codon alignments. Nucleic Acids 
Research, 34(Web Server issue), W609–W612. https://doi.org/10.1093/nar/gkl315

Tasaki, E., Sakurai, H., Nitao, M., Matsuura, K., & Iuchi, Y. (2017). Uric acid, an important 
antioxidant contributing to survival in termites. PloS One, 12(6), e0179426. 
https://doi.org/10.1371/journal.pone.0179426

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., Zaslavsky, L., 
Lomsadze, A., Pruitt, K. D., Borodovsky, M., & Ostell, J. (2016). NCBI prokaryotic 
genome annotation pipeline. Nucleic Acids Research, 44(14), 6614–6624. 
https://doi.org/10.1093/nar/gkw569

Tautz, D. (2014). The discovery of de novo gene evolution. Perspectives in Biology and 
Medicine, 57(1), 149–161. https://doi.org/10.1353/pbm.2014.0006

Tautz, D., & Domazet-Lošo, T. (2011). The evolutionary origin of orphan genes. Nature 
Reviews. Genetics, 12(10), 692–702. https://doi.org/10.1038/nrg3053

Thibaud-Nissen, F., DiCuccio, M., Hlavina, W., Kimchi, A., Kitts, P. A., Murphy, T. D., Pruitt, 
K. D., & Souvorov, A. (2016). P8008 The NCBI Eukaryotic Genome Annotation Pipeline.
Journal of Animal Science, 94(suppl_4), 184–184. 
https://doi.org/10.2527/jas2016.94supplement4184x

Thomas, G. W. C., Dohmen, E., Hughes, D. S. T., Murali, S. C., Poelchau, M., Glastad, K., 
Anstead, C. A., Ayoub, N. A., Batterham, P., Bellair, M., Binford, G. J., Chao, H., Chen, 
Y. H., Childers, C., Dinh, H., Doddapaneni, H. V., Duan, J. J., Dugan, S., Esposito, L. 
A., … Richards, S. (2020). Gene content evolution in the arthropods. Genome Biology, 
21(1), 15. https://doi.org/10.1186/s13059-019-1925-7

Throckmorton, L. H. (1975). The phylogeny, ecology and geography of Drosophila. 
Handbook of Genetics, 3(17), 422–469. 
http://www.dgrc.kit.ac.jp/~jdd/class/070401/07040161.pdf

Thurmond, J., Goodman, J. L., Strelets, V. B., Attrill, H., Gramates, L. S., Marygold, S. J., 
Matthews, B. B., Millburn, G., Antonazzo, G., Trovisco, V., Kaufman, T. C., Calvi, B. R., 
& FlyBase Consortium. (2019). FlyBase 2.0: the next generation. Nucleic Acids 
Research, 47(D1), D759–D765. https://doi.org/10.1093/nar/gky1003

Vakirlis, N., Carvunis, A.-R., & McLysaght, A. (2020). Synteny-based analyses indicate that 
sequence divergence is not the main source of orphan genes. In eLife (Vol. 9). 
https://doi.org/10.7554/elife.53500

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., Cuomo, C. A., 
Zeng, Q., Wortman, J., Young, S. K., & Earl, A. M. (2014). Pilon: an integrated tool for 
comprehensive microbial variant detection and genome assembly improvement. PloS 
One, 9(11), e112963. https://doi.org/10.1371/journal.pone.0112963

Webber, C., & Ponting, C. P. (2004). Genes and homology. Current Biology: CB, 14(9), 
R332–R333. https://doi.org/10.1016/j.cub.2004.04.016

Weihrauch, D., Donini, A., & O’Donnell, M. J. (2012). Ammonia transport by terrestrial and 
aquatic insects. Journal of Insect Physiology, 58(4), 473–487. 
https://doi.org/10.1016/j.jinsphys.2011.11.005

Weihrauch, D., & O’Donnell, M. J. (2021). Mechanisms of nitrogen excretion in insects. 
Current Opinion in Insect Science, 47, 25–30. https://doi.org/10.1016/j.cois.2021.02.007

41

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


Weisman, C. (2021). Novelty or Nuisance? Where Lineage-Specific Genes Come from and 
Why It Matters. In Harvard University, ProQuest Dissertations Publishing (Vol. 
28768474). 
https://search.proquest.com/openview/59e78800210c5007080694bce7cb80bc/1?pq-
origsite=gscholar&cbl=18750&diss=y

Wilson, G. A., Bertrand, N., Patel, Y., Hughes, J. B., Feil, E. J., & Field, D. (2005). Orphans 
as taxonomically restricted and ecologically important genes. Microbiology, 151(Pt 8), 
2499–2501. https://doi.org/10.1099/mic.0.28146-0

Yandell, M., & Ence, D. (2012). A beginner’s guide to eukaryotic genome annotation. In 
Nature Reviews Genetics (Vol. 13, Issue 5, pp. 329–342). 
https://doi.org/10.1038/nrg3174

Yang, Z. (1997). PAML: a program package for phylogenetic analysis by maximum 
likelihood. Computer Applications in the Biosciences: CABIOS, 13(5), 555–556. 
https://doi.org/10.1093/bioinformatics/13.5.555

Yang, Z. (2007). PAML 4: phylogenetic analysis by maximum likelihood. Molecular Biology 
and Evolution, 24(8), 1586–1591. https://doi.org/10.1093/molbev/msm088

Ye, C., Hill, C. M., Wu, S., Ruan, J., & Ma, Z. S. (2016). DBG2OLC: Efficient Assembly of 
Large Genomes Using Long Erroneous Reads of the Third Generation Sequencing 
Technologies. Scientific Reports, 6, 31900. https://doi.org/10.1038/srep31900

Zdobnov, E. M., Tegenfeldt, F., Kuznetsov, D., Waterhouse, R. M., Simão, F. A., Ioannidis, 
P., Seppey, M., Loetscher, A., & Kriventseva, E. V. (2017). OrthoDB v9.1: cataloging 
evolutionary and functional annotations for animal, fungal, plant, archaeal, bacterial and 
viral orthologs. Nucleic Acids Research, 45(D1), D744–D749. 
https://doi.org/10.1093/nar/gkw1119

Zelle, B. A., Gruen, G. S., McMillen, R. L., & Dahl, J. D. (2014). Primary Arthrodesis of the 
Tibiotalar Joint in Severely Comminuted High-Energy Pilon Fractures. The Journal of 
Bone and Joint Surgery. American Volume, 96(11), e91. 
https://doi.org/10.2106/JBJS.M.00544

Zhang, X., Wu, R., Wang, Y., Yu, J., & Tang, H. (2020). Unzipping haplotypes in diploid and 
polyploid genomes. Computational and Structural Biotechnology Journal, 18, 66–72. 
https://doi.org/10.1016/j.csbj.2019.11.011

Zile, K., Dessimoz, C., Wurm, Y., & Masel, J. (2020). Only a Single Taxonomically Restricted
Gene  Family  in  the  Drosophila  melanogaster  Subgroup  Can  Be  Identified  with  High
Confidence.  Genome  Biology  and  Evolution,  12(8),  1355–1366.
https://doi.org/10.1093/gbe/evaa127

CONFLICT OF INTERESTS

The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

NNM and EH conceived and designed the study; NNM performed most and FCA part

of data analyses; LMM and NF contributed materials and participated in different stages of

the research; CA carried out part of the wet lab work; NNM designed and made all figures

42

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.04.29.490106doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.29.490106
http://creativecommons.org/licenses/by-nc-nd/4.0/


and tables; NNM and EH led the writing and FCA contributed to the discussions and writing

of the manuscript; CA, NF and LMM revised previous drafts. All authors read and approved

the final manuscript.

DATA AVAILABILITY

All DNA sequencing data, assembled genomes, and annotations used for this study

have been submitted to  the NCBI  database under  SRA accession number  XXXXX and

BioProject accession number XXXXX.

TABLES AND FIGURES
Table 1. Contiguity statistics for 13 genome assemblies. 

Assembly Dald Dari Dato Dbrb Dbuz Dhyd DkoeA DkoeB Dmel Dmoj Dnav Dmex Dvir
Total length (Mb) 190.65 141.39 166.31 191.23 161.49 153.74 180.74 171.78 143.74 193.82 147.36 163.50 20.60

# contigs/scaffolds 2,620 3,178 642 364 826 217 609 246 1,870 6,817 13,813 4,037 13,415
Largest seq (Mb) 4.1 29.98 32.47 27 16.30 15.87 10.93 19.20 32.08 34.15 3.64 9.86 25.23

GC (%) 40,04 40,34 39,5 38,93 38,48 39,45 40,23 38,32 42,01 39,48 39,78 40,69 39,99
N50 (Mb) 1.03 26.54 5.064 11.35 1.38 3.37 2.28 16.45 25.29 24.76 0.39 3.56 10.16
N75 (Mb) 0,30 23.95 0.26 2.96 0.53 1.77 0.96 5.97 23.54 3.41 0.05 1.90 2.01

L50 53 3 7 6 30 9 21 5 3 4 80 13 6
L75 139 4 52 15 76 24 50 11 4 8 370 30 20

The official FlyBase abbreviations for Drosophila species names are shown. Dald: D. aldrichi; Dari: D. arizonae;
Dato:  D. antonietae;  Dbrb:  D. borborema;  Dbuz:  D. buzzatii;  Dhyd:  D. hydei;  Dkoe:  D. koepferae;  Dmel:  D.
melanogaster; Dmex: D. mercatorum; Dmoj: D. mojavensis; Dnav: D. navojoa; Dvir: D. virilis.
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Figure 1.  Scaffold  and contig N50 score comparison.  Each species’  genome assembly is represented by a
different geometric shape. The color of each shape indicates the taxonomic group of the corresponding species.
The diagonal dashed line shows the perfect correlation between both scores. Values separated by a hyphen next
to each genome assembly indicate the scaffold and contig L50 score.
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Figure 2. Phylogenetic tree inferred using dipteran BUSCO groups in Maximum Likelihood searches. Bootstrap
values were equal to 100% for all nodes (not shown). Gene- and site-concordance factors values (separated by
slashes) are shown for each node. 

Figure 3. Divergence times and topologies recovered with two approaches differing in the priors used to calibrate
the phylogeny. The numbers on each node are the time estimates. Blue bars represent their 95% confidence
intervals of estimates. The topology on the left (A) represents the time estimates obtained using a mutation rate
to calibrate the phylogeny and the topology on the right shows divergence times calculated using previously
reported node ages as calibration prior.
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Figure 4. Identification of candidate TRGs. (A) Numbers of orthogroups (root) and TRGs in each branch of the
species tree. The dashed line confines the repleta group, and the cactophilic mulleri subgroup and its internal
lineages  are  framed in  different  colors.  The values  in  each  branch  represent  the  number  of  validated  and
divergent (in parentheses) candidate TRGs. (B) Incomplete TRGs identified for each species combination within
the  buzzatii cluster. Each row of circles represents a single species and species combinations are shown in
columns of colored circles. The color intensity represents the number of species included in each combination
(from the darkest green for five species to the lightest green for one). The bars above each combination indicate
the number of incomplete TRGs identified.
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Figure 5. ω values for candidate TRGs in each branch of the species phylogeny. For each branch, significant
TRGs for the positive selection test are represented by triangles and TRGs with non-significant results by circles.
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