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Résumé : La région néotropicale est connue
pour sa biodiversité, stimulée par la diversité
des  environnements  qui  ont  favorisé
l'évolution d'un large éventail  d'espèces.  De
nombreuses  études  visent  à  découvrir  les
facteurs  contribuant  à  la  génération et  à  la
préservation de la biodiversité, mais il existe
une notable pénurie de recherches axées sur
l'évolution génomique spécifique de la région
néotropicale. Cette thèse se concentre sur le
groupe  d'espèces  Drosophila  saltans,  qui
comprend  23  espèces  décrites,  classées  en
cinq  sous-groupes,  à  savoir  :  saltans,
sturtevanti,  parasaltans,  cordata  et  elliptica.
La classification repose principalement sur des
caractères  des organes génitaux mâles et a
été  confirmée  à  plusieurs  reprises  à  l'aide
d'autres marqueurs, mais les relations au sein
de  chaque  sous-groupe  et  entre  eux
demeurent incertaines. En fait, les espèces du
groupe  saltans  présentent  des  niveaux
variables d'isolement reproductif  et  un motif
distinct d'utilisation des codons par rapport à
d'autres  espèces du sous-genre Sophophora.
Ces  caractéristiques  posent  un  défi  dans  le
déchiffrement  de  l'évolution  du  groupe
saltans.  Pour  résoudre  cette  question,  deux
aspects  ont  été  privilégiés  :  les  relations
phylogénétiques au sein du groupe à l'aide de
données  génomiques  et  l'impact  du  biais
d'utilisation  des  codons  sur  l'inférence
phylogénétique. Dans la  première partie,  les
relations  phylogénétiques  ont  été
reconstruites à l'aide de données génomiques
nouvellement  générées  pour  16  espèces.
L'analyse,  tout  en  révélant  un  schéma
cohérent des relations entre les sous-groupes,
a identifié quelques conflits mineurs entre les
autosomes et le chromosome X, ainsi qu'entre
les  génomes  nucléaires  et  mitochondriaux.
Pour  quantifier  le  niveau  d'incongruence
génomique  au  sein  de  ces  groupes,  un
nouveau test appelé 2A2B a été développé et
appliqué. Le test a révélé des taux élevés de

réticulation au  sein  du groupe saltans,  avec
trois  points  majeurs  de  réticulation,
notamment  au  sein  des  sous-groupes
sturtevanti  et  saltans,  ainsi  que  le  branche
saltans-cordata-elliptica.  Cependant,  aucune
preuve  de  réticulation  n'a  été  trouvée  dans
tous  les sous-groupes,  comme c'était  le  cas
avec le sous-groupe elliptica. Les modèles de
réticulation  ont  montré  des  corrélations
exponentielles avec les taux de spéciation et
les  plages géographiques ancestrales qui  se
chevauchent. La dernière partie de la thèse a
exploré  d'éventuels  changements  dans  les
modèles  d'utilisation  des  codons  dans  la
famille Drosophilidae. Pour cette analyse, les
modèles  d'utilisation  des  codons  dans  3285
gènes  uniques  sur  174  génomes  ont  été
examinés,  en  mettant  l'accent  sur  le  clade
saltans-willistoni, car des analyses antérieures
avec un nombre limité de gènes et  un seul
génome  suggéraient  un  changement
d'utilisation  des  codons  dans  ce  clade.  Le
changement  d'utilisation  des  codons  a  été
confirmé, ce qui n'a pas été observé dans son
clade  sœur,  Lordiphosa.  Notamment,  en
utilisant  le  premier,  le  deuxième  ou  le
troisième nucléotide de chaque codon dans les
analyses  phylogénétiques,  des  changements
significatifs  de position des branches étaient
principalement  évidents dans le  sous-groupe
saltans.  Dans  l'ensemble,  ces  résultats  ont
permis  de  résoudre  les  relations
phylogénétiques entre les espèces du groupe
saltans  et  d'identifier  d'éventuels  facteurs
historiques et moléculaires ayant influencé la
diversification  d'un  clade  néotropical
important  mais  largement  méconnu.  Ces
découvertes  renforcent  notre  compréhension
de l'évolution de la biodiversité dans la région
néotropicale  et  introduisent  un  nouveau
modèle pour évaluer la base génétique de la
spéciation tropicale.
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Abstract : The neotropical region is known
for its biodiversity, driven by the diversity of
environments  that  have  promoted  the
evolution of a wide range of species. Many
studies  aim  to  discover  the  factors
contributing  to  generating  and  sustaining
biodiversity, but there is a notable scarcity
of research focused on the specific genomic
evolution  of  the  neotropical  region.  This
thesis  focuses  on  the  Drosophila  saltans
species group, which includes 23 described
species,  classified  into  five  subgroups,
namely:  saltans,  sturtevanti,  parasaltans,
cordata, and elliptica. The classification was
primarily  based  on  male  genitalia
characters and has been confirmed multiple
times  using  other  markers,  but  the
relationships  within  and  between  each
subgroup remain uncertain. In fact, species
in the saltans group exhibit varying levels of
reproductive isolation and a distinct codon
usage pattern compared to other species in
the  subgenus Sophophora.  These features
pose  a  challenge  in  deciphering  the
evolution of the saltans group. To address
this issue, two aspects were focused on: the
phylogenetic relationships within the group
using  genomic  data  and  the  impact  of
codon  usage  bias  on  phylogenetic
inference.  In  the  first  part,  phylogenetic
relationships  were  reconstructed  using
newly  generated  genomic  data  for  16
species.  The  analysis,  while  revealing  a
consistent  pattern  of  relationships  among
the  subgroups,  identified  some  minor
conflicts  between  autosomes  and  the  X
chromosome,  as  well  as  between  nuclear
and mitochondrial genomes. To quantify the
level of genomic incongruence within these
groups,  a  new  test  called  2A2B  was

developed  and  applied.  The  test  revealed
high rates of reticulation within the saltans
group, with three major reticulation points,
namely  within  the  sturtevanti  and  saltans
subgroups,  as  well  as  along  the  saltans-
cordata-elliptica  branch.  However,  no
evidence of reticulation was found within all
subgroups,  as  was  the  case  with  the
elliptica  subgroup.  Reticulation  patterns
showed  exponential  correlations  with
speciation rates and overlapping ancestral
geographical  ranges.  The  last  part  of  the
thesis explored possible changes in codon
usage patterns in the Drosophilidae family.
For this  analysis,  codon usage patterns in
3285  single-copy  genes  across  174
genomes were investigated, with a focus on
the  saltans-willistoni  clade,  as  earlier
analyses  with  a  limited  number  of  genes
and  a  single  genome  suggested  codon
usage change  in  this  clade.  Codon  usage
change  was  confirmed,  which  was  not
observed  in  its  sister  clade,  Lordiphosa.
Notably,  when  using  the  first,  second,  or
third  nucleotide  of  each  codon  in
phylogenetic  analyses,  significant  branch
position changes were mainly evident in the
saltans  subgroup.  Together,  these  results
resolved  the  phylogenetic  relationships
among  species  in  the  saltans  group  and
identified possible historical and molecular
factors influencing the diversification of an
important  yet  largely  understudied
neotropical  clade.  These  findings  enhance
our  understanding  of  how  biodiversity
evolves  in  the  neotropical  region  and
introduce a new model  for  evaluating the
genetic basis of tropical speciation.
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Resumo : A  região  neotropical  é  conhecida
por  sua  biodiversidade,  impulsionada  pela
vasta gama de ambientes que promoveram a
diversificação de espécies. Muitos estudos têm
como  objetivo  descobrir  os  fatores  que
contribuem  para  gerar  e  manter a
biodiversidade, mas há uma notável escassez
de pesquisas focadas na evolução de espécies
neotropicais. Esta tese se concentra no grupo
saltans de  Drosophila,  que  apresenta  23
espécies  descritas,  classificadas  em  cinco
subgrupos,  sendo  eles:  saltans,  sturtevanti,
parasaltans, cordata e elliptica. A classificação
foi  proposta  principalmente  com  base  em
caracteres  da  genitália  masculina  e  foi
confirmada  várias  vezes  usando  outros
marcadores, mas as relações entre e dentro
de cada subgrupo permanecem incertas.  De
fato,  as  espécies  do  grupo  saltans exibem
níveis  variados  de  isolamento  reprodutivo  e
um  padrão  distinto  de  uso  de  códons  em
comparação  com  outras  espécies  do
subgênero  Sophophora.  Essas  características
representam  um  desafio  na  decifração  da
evolução do grupo saltans. Para abordar essa
questão,  dois  aspectos  foram  focados,  as
relações filogenéticas dentro do grupo usando
dados genômicos e o impacto do viés de uso
de  códons  na  inferência  filogenética.  Na
primeira parte, as relações filogenéticas foram
reconstruídas  usando  dados  genômicos
recém-gerados  para  16  espécies.  A  análise,
embora tenha revelado um padrão consistente
de  relações  entre  os  subgrupos,  descobriu
alguns conflitos menores entre os autossomos
e  o  cromossomo  X,  bem  como  entre  os
genomas  nuclear  e  mitocondrial.  Para
quantificar  o  nível  de  incongruências
genômicas  dentro  desses  grupos,  um  novo

teste chamado 2A2B foi produzido e aplicado.
O  teste  revelou  altas  taxas  de  reticulação
dentro do grupo  saltans e com 3 pontos de
maior  reticulação,  sendo  eles  dentro  dos
subgrupos sturtevanti e saltans, bem como no
ramo saltans-cordata-elliptica, contudo não foi
encontrada  evidências  de  reticulação  em
todos  os  subgrupos,  caso  do  subgrupo
elliptica. Os padrões de reticulação mostraram
correlações  exponenciais  com  taxas  de
especiação  e  sobreposição  de  faixas
geográficas ancestrais. A última parte da tese
explorou possíveis mudanças nos padrões de
uso de códons na família Drosophilidae. Para
essa análise, os padrões de uso de códons em
3285 genes de cópia única em 174 genomas
foram investigados, com foco no clado saltans-
willistoni, vez que analises com poucos genes
e um único genoma sugeriam mudança no uso
de códons neste clado. A mudança no uso de
códons  foi  confirmada,  o  que  não  foi
observado  em  seu  clado  irmão,  Lordiphosa.
Notavelmente, ao utilizar o primeiro, segundo
ou  terceiro  nucleotídeo  de  cada  códon  em
análises filogenéticas, alterações significativas
na  posição  dos  ramos  foram principalmente
evidentes no  subgrupo saltans. Em conjunto,
esses  resultados  esclarecem
significativamente as  relações  filogenéticas
entre  as  espécies  do  grupo  saltans e
identificaram  possíveis  fatores  históricos  e
moleculares que influenciaram a diversificação
de um clado neotropical importante, mas em
grande  parte  pouco  estudado.  Essas
descobertas  aprimoram  nossa  compreensão
de  como  a  biodiversidade  evolui  na  região
neotropical  e  introduzem  um  novo  modelo
para  avaliar  a  base  genética  da  especiação
tropical.
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ILLUSTRATIONS LIST

1. INTRODUCTION 

Figure 1. Potential topological structures in species quartets with an outgroup, inferred
from shared genetic variation in Pairs. Three Distinct Topologies are possible: AABB
(gray, species 2 and 3 as the closest relatives), ABBA (blue, species 1 and 2 as the
most closely related), and BABA (green, species 1 and 3 as the nearest pair). 15

Figure  2.  Four  possible  classes  of  topological  frequency  distributions  across  the
genome.  These  classes  offer  insights  into  diverse  evolutionary  scenarios:  class  I,
complete  reticulation,  expected  in  genome  regions  impacted  by  ILS;  class  II,
bidirectional  exchange of  genetic  material,  interpreted as a  signal  of  hybridization;
class III, asymmetric exchange of genetic material, interpreted as introgression; and
class IV, complete bifurcation, expected in events of speciation without ILS and gene
flow. 17

3. ORIGINAL ARTICLE I

Figure 1. Distribution of bi-allelic patterns along the reticulation-bifurcation continuum
and the 2A2B test. A) The distribution of bi-allelic sites of four species can generate 
three distinct topologies, BBAA with sp.3 and sp.4 as sister, ABBA with sp.1 and sp.2 
and BABA with sp.1 and sp.3 are most closely related. B) Based of the frequency of 
these topologies in a genome fragment, this fragment can be categorized in (i) 
complete reticulation, T1=T2=T3, (ii) incomplete reticulation, T1=T2>T3, (iii) 
incomplete bifurcation, T1>T2>T3, and (iv) complete bifurcation, T1>t2=T3. 28

Figure 2. Phylogenomic Conflict of X Chromosome, Autosomal, and Mitochondria. A)
Comparative Analysis of autosomal topology (left, represented by Muller element B) 
and X-linked topology (right, represented by Muller element A) demonstrates overall 
agreement with minor Incongruence. B) Mitochondrial-Nuclear Disagreement 
highlight stronger incongruence between Mitochondrial Topology (left) and Sexual 
chromosome topology (right). Divergence time estimation (in million years ago, myr) 
for the Sexual Chromosome Topology is Provided. 31

Figure 3. The 2A2B test reveals a diminished introgression signal, while a prominent 
signal of reticulation evolution is evident within specific subgroups. The distribution of
classes i-iv frequencies, spanning from symmetrical complete reticulation to 
asymmetrical bifurcation reticulation, is displayed for quartet species. A pronounced 
pattern of complete reticulation is apparent in the saltans and sturtevanti subgroups, 
whereas such a signal is absent in the elliptica subgroup. 34

Figure 4. Historical biogeography of the saltans group. A) the midpoint of the extreme
geographical points for each ancestral  node, reveals that the ancestral origins of all
subgroups  lie  within  the  Amazonian  forest,  node  numbers  follows  figure  2B.  B)
Illustration of the method employed to calculate the overlap of ancestral ranges of the
ingroup species (H2/H1 ratio). Specifically, the geographical ranges of the ancestors,
nodes 1 and 2, were inferred using BayesTraits, enabling the determination of shared
and unique proportions of geographical ranges. C) Trashed blue line shows exponential
relationship of reticulation in function of divergence time ratio of the three ingroup
species  (T2/T1 ratio)  and  reticulation (frequency of  class  i  and  ii).  The black line
depicts  the  exponential  correlation  between  the  overlap  of  ancestral  ranges  of  the
ingroup species (H2/H1 ratio) and reticulation. 36

4. ORIGINAL ARTICLE II



Figure 1. Investigating codon usage bias across Drosophilids reveals potential shifts in
in CU evolution. The saltans-willistoni clade, in particular, stands out with ENC values
much higher  than those observed in  the  Sophophora and higher  in  the  Drosophila
subgenera, indicating a distinct lack of codon usage preference across all species within
this clade. Notably, our analysis also uncovers a contrasting shift in ENC values during
the  evolutionary  trajectory  of  the  Zaprionus genus.  In  this  context,  Z. bogoriensis
emerges as a striking outlier, displaying a pronounced trend towards codon bias that
contradicts  the  broader  patterns  observed  within  its  genus.  Furthermore,  it's  worth
noting that non-Drosophilids and basal clades of Drosophilidae tend to exhibit higher
ENC values, suggesting a consistent trend towards a lack of codon usage bias in these
lineages.  The  evolutionary  relationship  between  this  species  is  shown  by  a
phylogenetic  tree  constructed using  a maximum likelihood approach based  on  192
single-copy genes. 59

Figure 2. Relative synonymous codon usage (RSCU) analysis shows that the codon
usage pattern the neotropical  Sophophora clade is more similar with the pattern seen
for the ancestral of drosophilids, and indicate a codon usage shift  in the  Zaprionus
genus.  The 61 columns represent he non-stop codons.  Rows correspond to the 174
genomes that have been evaluated, darker colored cells correspond to the codons of
tRNAs that  are favored and lighter cells the unfavored tRNAs-codons.  Codons and
species were clustered using hierarchical clustering by RSCU values. 63

Figure 3. Correspondence analyses of the average relative synonymous codon usage
between  species  recover  3  major  clusters,  the  I  -  neotropical  Sophophora,  II  -
Sophophora – old world  and III  Lordiphosa and  Zaprionus genera and  Drosophila,
Siphlodora, Dorsilopha subgenera. The plot shows each of the 174 genomes examined
in this study along the first two dimensions (the X and Yaxes) of a correspondence
analysis. Each axis is labeled with the percent variance explained by the corresponding
dimension. The the codons correspondence analysis and each codon contribution is
seen in Supplementary Figure S1). 65

Figure  4.  Influence  of  Mutational  Bias  on  Codon  Usage  in  Drosophila.  The
relationship between GC3 and ENC values reveals the impact of mutational bias, even
in  species  with  low  Effective  Number  of  Codons  (ENC),  as  exemplified  by  D.
ironensis  (A). In contrast, species with higher ENC values,  like  D. sturtevanti  (B),
exhibit  a  less  clear  pattern.  Notably,  the  percentage  of  genes  deviating  from  the
expected only by mutational bias (C) suggests that, despite a influence of selection, the
neotropical  Sophophora  species tend to  have higher  ENC values due to their  GC3
content approaching 50%. The reddish points indicate a higher likelihood of selection
influence, while the bluish points signify a lower impact of selection on codon usage. 70

Figure 5.  Comparison of  topologies generated with amino-acids,  first+second,  first,
second and third codon bases focusing in the neotropical Sophophora clade. 74

APPENDIX A:  Supplementary material Chapter 3

Supplementary Table S1. Summary of previous competing phylogenetic hypotheses in
the  saltans group. CO =  cordata subgroup, EL = elliptica subgroup, ST = stutevanti
subgroup, PA = parasaltans subgroup, SA = saltans subgroup, aus= D. austrosaltans,
nig = D. nigrosaltans, sal = D. saltans, pro = D. prosaltans, lus = D. lusaltans, sep = D.
septentriosaltans, pse = D. pseudosaltans, stu= D. sturtevanti, leh = D. lehrmanae, mil
= D. milleri, dac = D. dacunhai, nsa = D. neosaltans, nel = D. neoelliptica, ema= D.
emarginada, OS = overall similarities, ai = measure of isolation for each interspecific
cross,  MP  =  maximum  parsimonia,  ML  =  maximum  likelihood,  BI  =Bayesian
inference. 95



Supplementary  Figure  S1.  Bayesian  Inference  trees  generated  with  5  independent
datasets, chromosome arms and respecteve Muller elements are indicated in each tree.
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1 INTRODUCTION

Understanding the evolutionary relationships among species and the processes that

drive their diversification is a fundamental goal in biology. Recent advancements in genomic

research have shed light on the intricate patterns of evolution, revealing the significance of

reticulation events (section 1.1), and also in genome evolution processes such as codon usage

(section 1.2). A good model to investigate these matters is the saltans species group, which

was chosen as the model in this thesis (section 1.3).

1.1 Reticulation events and their impact on evolutionary patterns

Traditionally,  the  tree-like  representation  of  species  evolution  has  dominated  our

understanding. However, several processes such as gene flow, horizontal gene transfer, and

incomplete  lineage  sorting  (ILS)  do  not  fit  within  a  bifurcating  tree  (SCORNAVACCA;

DELSUC; GALTIER, 2020). Depending on the extent of these events in a species' history,

the recovery of a true evolutionary dichotomous species tree may not be possible. Reticulation

events can blur the boundaries between species and generate complex genetic networks. This

recognition has been long accepted in plant evolutionary studies (ANDERSON; STEBBINS,

1954), but its importance is now extended to other taxonomic groups as well (HALLSTRÖM;

JANKE, 2010; MORGAN et al., 2013; LI et al., 2016; SUH, 2016; MALLET; BESANSKY;

HAHN, 2016; SUVOROV et al., 2022; HIME et al., 2021; OWEN; MILLER, 2022).

Gene  flow,  the  transfer  of  genetic  information  between  different  populations  or

species, plays a significant role in shaping evolutionary processes. Two important concepts

within gene flow are hybridization and introgression. Hybridization occurs when individuals

from different populations/species mate and produce hybrid offspring. Whereas introgression

refers to the transfer of genetic material from one species to another through hybridization.

(TWYFORD; ENNOS, 2012). There are multiple mechanisms that prevent admixture, such as

Dobzhansky–Muller  hybrid  incompatibilities,  hybridization  load  and  multiple  forms  of

selection  against  hybrids  (see  MORAN et  al.,  2021).  Moreover,  different  regions  of  the

genome present more or less resistance to introgression  (QVARNSTRÖM; BAILEY, 2009;

ELLEGREN,  2009;  SANKARARAMAN  et  al.,  2016;  SEIXAS;  BOURSOT;  MELO-

FERREIRA,  2018;  CHARLESWORTH;  CAMPOS;  JACKSON,  2018;  MAI  et  al.,  2020;

MATUTE et al., 2020; MORAN et al., 2021; REILLY et al., 2022; SKOV et al., 2023).

In addition to the complexities introduced by reticulation events such as introgression

and hybridization, another phenomenon that challenged the reconstruction of bifurcating trees
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is ILS. ILS occurs when ancestral genetic  variation is not completely sorted into separate

lineages during speciation, and the evaluated markers fail to coalesce before the speciation

events. It can result in the presence of shared ancestral polymorphisms among closely related

species,  leading  to  incongruence  between  gene  trees  and  species  trees  (DEGNAN;

ROSENBERG, 2009). ILS is affected by ancestral population size and is intensified with high

speciation rate, i.e. multiple speciation events separated by short branches lengths.

Distinguishing between ILS and introgression can be challenging due to the similar

genetic patterns they can produce. To differentiate between these processes, researchers often

utilize tests that analyze bi-allelic sites within quartets comprising three species and one out-

group, presuming the existing of a known bifurcating tree. Basically, when we analyze bi-

allelic sites (here, A and B) in species quartets we can see three topologies, frequently referred

to as AABB, ABBA and BABA in reference to the distribution of the informative bi-alelic

sites found in the evaluated quartet (out group, (species 1, (species 2, species 3))) (Figure 1).

Figure 1.  Potential  topological  structures in  species  quartets with an  outgroup,  inferred from  shared  genetic

variation in Pairs. Three Distinct Topologies are possible: AABB (gray, species 2 and 3 as the closest relatives),

ABBA (blue, species 1 and 2 as the most closely related), and BABA (green, species 1 and 3 as the nearest pair).

The distribution of frequencies of these three topologies across  a genome fragment

can  lead  to  4  possible  classes  (Figure  2):  (i)  complete  reticulation,  where  all  topologies

(AABB, ABBA and BABA) have equal frequencies, this case is expected to occurs in cases

of high ILS, expected in cases as adaptive radiation; (ii) incomplete reticulation, where two

topologies significantly exceed the third one but do not differ significantly from each other,

expected  to  occurs  in  cases  of  bidirectional  exchange  of  genetic  material  between

species/populations, as seen in cases of full hybridization; (iii) incomplete bifurcation, where
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the  proportions  of  all  topologies  significantly  differ,  frequently  interpreted as  a  signal  of

introgression;  and (iv) complete bifurcation, where one topology significantly exceeds the

other two, with the latter having nearly equal proportions.

Figure 2. Four possible classes of topological frequency distributions across the genome. These classes offer

insights into diverse evolutionary scenarios: class I, complete reticulation, expected in genome regions impacted

by ILS; class II, bidirectional exchange of genetic material, interpreted as a signal of hybridization; class III,

asymmetric  exchange  of  genetic  material,  interpreted  as  introgression;  and  class  IV,  complete  bifurcation,

expected in events of speciation without ILS and gene flow.

One widely used test is the Patterson's D, frequently called ABBA-BABA test. This

test requires the knowledge of a true-bifurcating tree (AABB) and it focuses on cases (iii) and

(iv), and it is based on the fact that in the absence of gene flow and presence of ILS, the

frequencies  of  ABBA  and  BABA  are  not  significantly  different,  but  in  presence  of

introgression  the  frequency  of  ABBA  and  BABA  are  going  to  be  significantly  different

(DURAND et al., 2011; PATTERSON et al., 2012). A different test known as HyDe offers a

way to quantify admixture by examining the ratio of shared alleles,  which ranges from 0

(indicating complete isolation) to 0.5 (indicating complete hybridization). HyDe is capable of

addressing case (ii) mentioned earlier and employs a normal approximation method to assess

the significance of the results  (BLISCHAK et  al.,  2018; KUBATKO; CHIFMAN, 2019).

Lately, a site-based test based on the χ2 statistic has been introduced to investigate case (i) by

examining the deviation of parity among the three topologies. This test employs χ2 statistics to

evaluate  the  significance  of  the  observed  deviations  (SAYYARI;  MIRARAB,  2018)

However,  despite  these advancements,  a  unified test  that  can comprehensively assess  the



17

prevalence of each of the four categories across the genome and a phylogenetic tree is still

lacking. 

1.2 Forces that shape codon usage bias

Codon usage bias, which refers to the non-random usage of synonymous codons in

protein-coding genes (FIERS et al., 1976; SHARP et al., 1997; GRANTHAM et al., 1981),

can pose challenges for phylogenetic inference (INAGAKI; ROGER, 2006; LI et al., 2014).

Similarities with the codon usage pattern within closer related species seems to be the general

pattern,  considering  the  high  phylogenetic  signal  that  has  been  seen  for  different  taxa

(MILLER  et  al.,  2017;  LABELLA  et  al.,  2019;  KOKATE;  TECHTMANN;  WERNER,

2021). However, in certain clade-specific branches of the tree of life, similarities in codon

usage may arise due to parallelism, convergence, or reversal resulting in identical character

states not solely attributed to common ancestry.

Two primary explanations have been proposed to elucidate the observed non-random

variation in codon usage. They rotate around the interplay of natural selection (translational

selection)  and  neutral  processes  (mutational  bias  and  genetic  drift)  (GRANTHAM et  al.,

1981; WAN et al., 2004; VICARIO; MORIYAMA; POWELL, 2007; ROTA-STABELLI et

al.,  2013;  SUN;  TAMARIT;  ANDERSSON,  2017;  LABELLA  et  al.,  2019;  KOKATE;

TECHTMANN; WERNER, 2021). The concept of translational selection postulates that the

preferential usage of certain codons is driven by the functional advantages they confer. Codon

optimization, where the choice of codons aligns with the abundance of corresponding transfer

RNA molecules  (tRNA) in the genome, is  believed to enhance translation efficiency and

accuracy. This optimization has been linked to increased translation speed, accurate tRNA

pairing,  improved  transcript  stability,  and  the  suppression  of  premature  cleavage  and

polyadenylation  of  transcripts  (BULMER,  1991;  AKASHI,  1994;  PARMLEY;  HURST,

2007; ZHOU; WEEMS; WILKE, 2009; PRESNYAK et al., 2015; ZHOU et al., 2018). 

However, in the absence of strong selection or under conditions where genetic drift

predominates over selective forces, patterns of codon usage bias can be shaped by neutral

processes  (LABELLA et al., 2019). In such scenario, processes such as mutational biases,

including  biased  mutation  rates  towards  certain  base  compositions  and  GC-biased  gene

conversion,  can  influence  the  genome-wide  mutational  patterns  and  subsequently  impact

codon usage (CHEN et al., 2004). Even in the presence of selective pressures on synonymous

codon sites, background substitutions driven by mutational biases may contribute to codon
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preference,  particularly  in  organisms  with  distinct  GC  compositions  (SUN;  TAMARIT;

ANDERSSON, 2017). 

It is important to highlight that explanations for codon usage bias based on natural

selection and neutral  processes  are  not  mutually  exclusive.  Early researchers  in  the  field

recognized that codon bias likely arises from a delicate balance between selective and neutral

forces  (SHARP et  al.,  1993).  The impacts  of  favoring certain  codons over  others can be

significant,  as  changes in  fitness  have  been observed  (BALLARD;  BIENIEK; CARLINI,

2019).  There  is  evidence  associating  different  codon usage  patterns  with  the  lifestyle  of

organisms,  suggesting  their  potential  role  in  species  evolution  (ARELLA;  DILUCCA;

GIANSANTI, 2021). Furthermore, the potential of codon usage bias in the speciation process

has been proposed  (RETCHLESS; LAWRENCE, 2012). Although these pieces of evidence

have  been primarily  gathered from unicellular  organisms,  investigating the importance of

differential codon usage throughout species evolution is an intriguing area of study.

Understanding  how  codon  usage  bias  influences  adaptive  processes  and  genetic

divergence underlying speciation events can provide insights into the mechanisms driving the

formation  of  new  species.  Researchers  can  gain  a  better  understanding  of  the  selective

pressures that shape codon usage patterns. Additionally, studying the evolutionary dynamics

of codon usage over time can reveal genetic changes contributing to species divergence and

specialization.  Further  investigations  into  the  relationship  between  codon  usage,  species

evolution, and adaptation across diverse taxa will enhance our understanding of the complex

interplay between genetic variation, natural selection, and the development of biodiversity.

1.3 Drosophila saltans as model organism

The family Drosophilidae (Diptera) is composed of approximately 4600 species with

wide morphological  and ecological variation  (TIDON; DE ALMEIDA, 2016; O’GRADY;

DESALLE, 2018; BÄCHLI, 2023).  These flies have many characteristics that make them

excellent model organisms for various types of studies because many species have a short life

cycle,  well-defined  developmental  stages,  and  are  easily  collected  and  maintained  in  the

laboratory  at  low  cost.  These  characteristics  are  some  of  the  reasons  why  Drosophila

melanogaster has  become one  of  the  main  model  organisms  for  studies  in  the  areas  of

development, genetics, and evolution (YAMAGUCHI; YOSHIDA, 2018). However, species

of  the  D.  melanogaster  group  originated  in  the  Paleotropics  (Ethiopian  and  Oriental

biogeographic  regions),  with  their  genomes  subjected  to  the  selective  pressures  of  these

regions. Subsequently, some species of this group, such as D. melanogaster, D. simulans, D.
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kikkawai,  and more recently,  D. suzukii,  became cosmopolitan  (TSACAS; DAVID, 1977;

LACHAISE  et  al.,  1988;  LACHAISE;  SILVAIN,  2004;  MANSOURIAN  et  al.,  2018;

ØRSTED; ØRSTED, 2019; SPRENGELMEYER et al., 2020). Among the drosophilids with

Neotropical evolution, we find the D. saltans group, which belongs to the same subgenus as

D. melanogaster (BÄCHLI, 2023). The saltans group consists of 23 species divided into five

subgroups:  saltans (7  species),  cordata (2  species),  elliptica (4  species),  parasaltans (2

species), and sturtevanti (7 species), in addition to the species D. neoprosaltans, which was

described in 2017 and was compared to  D. prosaltans a member of the  saltans subgroup

(MAGALHÃES;  BJÖRNBERG,  1957;  THROCKMORTON;  MAGALHÃES,  1962;

MAGALHÃES,  1962;  THROCKMORTON,  1975;  GUILLÍN;  RAFAEL,  2017;  MADI-

RAVAZZI et al., 2021).

Several studies have sought to clarify the phylogenetic relationships within the saltans

group of Drosophila, using different markers such as chromosome polymorphism (BICUDO,

1973b;  BICUDO et  al.,  1978),  reproductive  isolation  (BICUDO,  1973a,  1979;  BICUDO;

PRIOLI,  1978) pigmentation  (THROCKMORTON;  MAGALHÃES,  1962),  40

morphological characters of the body and genitalia  (YASSIN, 2009), and characters of the

male terminalia observed by scanning electron microscopy (SOUZA et al., 2014; ROMAN et

al., 2022), as well as protein polymorphism (NASCIMENTO; BICUDO, 2002) and molecular

markers  like  Xdh  (RODRÍGUEZ-TRELLES;  TARRÍO;  AYALA,  1999a;  TARRÍO;

RODRÍGUEZ-TRELLES; AYALA, 2000) and the evolutionary approach reconstructed from

careful analysis of transposable elements P, discarding horizontal transmission events  (DE

CASTRO; CARARETO, 2004), and a combination of morphological and molecular data such

as  the  work  of  O'Grady  et  al.  (1998),  which  combines  8  morphological  characters  with

markers ITS1, Adh, COI, COII, and Roman et al. (2022), which combines 48 characters from

literature review and electron microscopy data of male terminalia with markers COI and COII

(ROMAN et al., 2022). The evolutionary relationships reconstructed by the aforementioned

studies are summarized in Figure 3  and Appendix A’s Supplementary Table S1.



20

Figure  3.  Previous evolutionary  relationships  hypothesis of  the  5  subgroups  of  the  D.  saltans  group  (see

Supplementary  Table 1 (Appendix A)  for information about markers and method used by the authors). The

subgroups — saltans, parasaltans, sturtevanti, elliptica, and cordata — are distinctly highlighted in red, yellow,

blue, green, and pink, respectively.

Due  to  the  inconsistencies  found,  there  are  still  reservations  regarding  the

evolutionary relationships  in  this  group.  However,  discrepancies  between  studies  that  use

different data sources (such as molecular and morphological data) are commonly reported,

especially when few characters are analyzed. Different topologies found among molecular

markers can occur due to intrinsic characteristics of species evolution, such as speciation in a

short period of time, which can hinder the reconstruction of the species' evolutionary history

(Darwinian  shortfall,  DINIZ-FILHO  et  al.,  2013).  The  processes  that  generate  these

incongruences are predominantly ILS, introgression, or horizontal gene transfer (SIMION et

al., 2017). 

A promising method to clarify the phylogeny of this group of species is the use of

next-generation  sequencing  methodologies,  as  they  generate  a  large  amount  of

phylogenetically  informative  characters.  Several  studies  have  used  next-generation

sequencing  in  taxonomic  groups  with  complex phylogenetic  reconstruction  and  have  had

promising results (MAI et al., 2020). These sequencing methodologies, in addition to helping

clarify  the  phylogenetic  relationships  of  the  groups,  also  contribute  to  the  importance of

reticulation in the evolutionary history of this group (see Chapter 3).

Studies indicate that neotropical species of the subgenus  Sophophora (the clade of

saltans and willistoni groups) do not show a preference for codons ending in C and G, which

is reported for other studied Drosophila species (VICARIO; MORIYAMA; POWELL, 2007;
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KOKATE; TECHTMANN; WERNER, 2021). However, the analyses of the saltans-willistoni

clade  were  either  conducted  with  a  few  genes  for  the  saltans group  (RODRÍGUEZ-

TRELLES; TARRÍO; AYALA, 1999b; TARRÍO; RODRÍGUEZ-TRELLES; AYALA, 2000;

POWELL et al., 2003; YASSIN, 2009) or only with the genome of D. willistoni (VICARIO;

MORIYAMA;  POWELL,  2007;  KOKATE;  TECHTMANN;  WERNER,  2021).  The

availability  of  genomes  from  species  within  the  saltans  group  allows  for  a  deeper

investigation of codon usage modification within this clade (see Chapter 4).
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2 OBJECTIVES

2.1 Main objective

To understand the evolutionary history of the saltans group of Drosophila by inferring

the phylogenetic relationships of its species using genomic data and the evolution of its shift

in codon usage shift.

2.2 Specific objectives

1. To infer the phylogenetic relationships and genome evolution of 15 species belonging to

the five subgroups of the saltans group of Drosophila (Chapter 3).

2. To evaluate the effects of gene flow and/or ILS in the analyzed species (genomic porosity)

(Chapter 3).

3. To  assess  the  codon  usage  patterns  in  the  saltans group  species  and  investigate  the

relevance of mutational bias, selection, and drift in the observed patterns. (Chapter 4).
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Abstract

Phylogenomics  revealed  reticulate  evolution  to  be  widespread  across  taxa,  but

whether  reticulation  is  due  to  low statistical  power  (soft  polytomy)  or  true  evolutionary

patterns (hard polytomy) remains a field of investigation. Here, we investigate the phylogeny

and quantify reticulation in the Drosophila saltans species group, a Neotropical clade of the

subgenus  Sophophora comprising 23 species arranged in five subgroups,  namely  cordata,

elliptica, parasaltans,  saltans and sturtevanti,  whose  relationships  have  long  been

problematic. We sequenced and assembled the genomes of 15 species. Phylogenetic analyses

revealed conflicting topologies between the X chromosome, autosomes and the mitochondria.

We  extended  the  ABBA-BABA  test  of  asymmetry  in  phylogenetic  discordance  to  cases

where no “true” species tree could be inferred, and applied our new test (called 2A2B) to ≥50

kb-long 1,797 syntenic blocks with conserved collinearity  across  neotropical  Sophophora.

High incidences of reticulation (sometimes up to 90% of the blocks) were restricted to three

nodes on the tree, at the split between the cordata-elliptica-saltans subgroups and at the origin

of the  sturtevanti and  saltans subgroups. By contrast, cases with asymmetric discordances,

which are often interpreted as evidence for interspecific introgression, did not exceed ~5% of

the blocks. Historical biogeography analysis revealed that short inter-speciational times and

greater  overlap  of  ancestral  geographical  ranges  partly  explain  cases  with  predominant

reticulation. Therefore, episodic rapid radiations have played a major role in the evolution of

this largely understudied Neotropical clade.

Keywords:  phylogenomic  discordance;  genome assembly;  historical  biogeography;

introgression; cyto-nuclear conflicts; Neotropical speciation; Sophophora.
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Introduction

Knowledge of phylogenetic relationships among species is a requirement for many

evolutionary studies.  However,  it  is  often difficult  to reconstruct well-resolved bifurcating

trees for some clades. This could either be due to the lack of signal in the evaluated data, a

condition  known  as  “soft  polytomy”,  or  due  to  persistent  phylogenetic  conflicts  among

datasets leading to “hard polytomies” and reticulate patterns of interspecific relationships. A

plethora  of  biological  processes  could  cause  such  conflicts,  including  incomplete  lineage

sorting  (Maddison  1989;  Maddison  1997;  Walsh  et  al.  1999;  Townsend  et  al.  2012),

horizontal gene transfer, introgression and hybridization (Schrempf and Szöllősi 2020), and

adaptive radiations (Glor 2010). Phylogenetic conflict also may be caused by technical errors,

such as, sequencing error, contamination, wrong model selection and general lack of quality

control  (Philippe  et  al.  2011).  Recent  advances  in  genomic  analyses  have  significantly

reduced such errors and, in a wide range of taxa, increased the number of analyzed genes

hence helping to resolve early conflicting topologies. However, in many other cases, whole

genome analyses demonstrated persistent phylogenetic conflicts (e.g., in plants (Wickett et al.

2014; Gagnon et al. 2022), birds (Suh 2016), sponges and ctenophores (Philippe et al. 2009;

Pick et  al.  2010;  Whelan  et  al.  2015;  Chang et  al.  2015;  Simion  et  al.  2017),  mammals

(Romiguier et al. 2013; Morgan et al. 2013; Doronina et al. 2015), amphibians (Hime et al.

2021), and insects (Owen and Miller 2022)).

Of  the  different  processes  that  can  lead  to  reticulate  evolution,  introgression  and

hybridization have attracted much attention, first because they challenged long-held concept

of reproductive isolation between species, and second due to the development of a number of

bioinformatic  tools  and  tests  that  quantify  phylogenetic  discordance  across  the  genome

(Durand et al. 2011; Pease and Hahn 2015; Malinsky et al. 2021). Site-based methods usually

count the number of bi-allelic sites supporting each of three possible topologies in a species

triplet  with  an  outgroup  (Figure  1A).  Comparisons  between the  proportions  of  the  three

topologies can yield one of four possible outcomes (Figure 1B): (i) complete reticulation, all

topologies are equally encountered; (ii) incomplete reticulation, such as in the case of full

hybridization  wherein  two  topologies  significantly  exceed  the  third  one  but  do  not

significantly  differ  from  each  other;  (iii)  incomplete  bifurcation,  such  as  in  the  case  of

asymmetric introgression wherein the proportion of all topologies significantly differ; and (iv)

complete bifurcation, one topology significantly exceeds the two others, which in their turn

have nearly equal proportions. The earliest of introgression tests, Patterson's D, compared the

two later cases (iii and iv), i.e. it presumed that a “true” species tree exists. A later test, HyDe,
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quantifies admixture (γ) from the  ratio  of  shared alleles with the test  going from 0 (full

isolation) to 0.5 (full hybridization) and therefore it can also cover case ii. The two tests differ

in  how  they  measure  significance,  using  bootstrapping  in  Patterson's  D and  normal

approximation in HyDe. Of late, another site-based test was developed using χ2 to test for

deviation of parity between the three topologies as in case i (Sayyari and Mirarab 2018). A

unified test that can test the prevalence of each of the four categories across the genome and a

phylogenetic tree is still lacking.

Figure 1. Distribution of bi-allelic patterns along the reticulation-bifurcation continuum and the 2A2B test. A)

The distribution of bi-allelic sites of four species can generate three distinct topologies, BBAA with sp.3 and

sp.4 as sister (gray topology), ABBA with sp.2 and sp.3 (blue topology) and BABA with sp.2 and sp.4 are most

closely related (green topology).  B) Based of the frequency of  these topologies in a genome fragment,  this

fragment can be categorized in (i) complete reticulation, T1=T2=T3 (, (ii) incomplete reticulation, T1=T2>T3,

(iii) incomplete bifurcation, T1>T2>T3, and (iv) complete bifurcation, T1>t2=T3, these classes are shown in red,

pink, light blue and blue, respectively.

Polytomies  and  incongruencies  have  been  reported  for  the  jumping  pomace  fly

Drosophila saltans  species group, a clade of the subgenus Sophophora with 23 Neotropical

species (Magalhães 1962). The group retains its name from the peculiar “jumping” habit of its

larvae; “the larva seizes its posterior end with its mouthhooks, and stretches. The hooks pull

loose  suddenly,  the  larva  straightens  with  considerable  force,  and  as  a  result  is  thrown

several  inches  into  the  air” (Sturtevant  1942).  The  group  was  divided  into  five  species

subgroups, namely, saltans, parasaltans, cordata, elliptica and sturtevanti subgroups, mostly

on the basis of male genitalia (Magalhães and Björnberg 1957). Although the monophyly of

the subgroups has been confirmed by different phylogenetic methods, the relationships among
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and within them are not. Hypothesis for their evolutionary relationships have been proposed

using different  methods and different  morphological characters (Magalhães and Björnberg

1957; Throckmorton 1962; Throckmorton and Magalhães 1962; O’Grady et al. 1998; Yassin

2009; Souza et al. 2014; Roman et al. 2022), chromosome polymorphism (Bicudo 1973a),

reproductive  isolation  (Bicudo  1973b;  Bicudo  and  Prioli  1978;  Bicudo  1979),  protein

polymorphism (Nascimento and Bicudo 2002) and gene sequences (Pélandakis and Solignac

1993; O’Grady et al. 1998; Rodríguez-Trelles et al. 1999; de Castro and Carareto 2004; de

Setta  et  al.  2007;  Roman  et  al.  2022).  The  evolutionary  relationships  proposed  are

summarized in Supplementary Table S1.

Unlike other species groups in the subgenus Sophophora, such as the  melanogaster,

obscura and  willistoni groups, genomic resources and genetic investigations in the  saltans

species group are scarce. Indeed, only four genomes have been sequenced and assembled to

date (Kim et al. 2021). To bridge this gap and to test for the extent of phylogenetic conflicts,

we  sequenced  and  assembled  genomes for  15  species  with  representatives  from the  five

subgroups.  Phylogenetic  analyses  using  well-conserved  genes  resolved  the  evolutionary

relationships  among  the  subgroups  but  also  highlighted  conflicts  between  X-linked,

autosomal  and mitochondrial  loci.  To  test  how each  of  the  four  incongruence categories

prevails across the genome, we devised a new χ2-based test that uses pairwise comparisons of

the three topologies proportions in long syntenic blocks with conserved collinearity across the

neotropical  Sophophora (Figure  1). We  found  reticulation  levels  to  differ  among  the

subgroups, in concordance with rate of speciation and historical biogeography.

Results

Short-read assembly of 17 genomes recovered 90% of BUSCO genes

We sequenced using short-read Illumina approach 17 whole genomes from 15 species

collected across various locations in the Neotropical region. Genome size, estimated from 21-

kmer  frequency  spectrum using GenomeScope 2 (Ranallo-Benavidez  et  al.  2020),  ranged

from 154.0  to  356.8  Mb.  Our  de  novo assemblies  using  MaSuRCA (Zimin  et  al.  2013)

resulted in genome lengths ranging from 177.5 to 287.7 Mb, with N50 values ranging from 2

to 92 Kb (Supplementary Table S2). To evaluate the completeness of our assembled genomes,

we searched for single-copy genes (SCG) using Busco (Simão et al. 2015). We found that

over 90% of the searched genes were complete for all of the genomes (Supplementary Table

S2).  Kim et  al.  (2021) assembled using both short  Illumina and long Nanopore reads the
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genomes  of  four  saltans group  species,  all  of  which  we  have  independently  sequenced.

Whereas their assemblies’ contigs were much longer, with N50 ranging from 2 to 6 Mb, the

BUSCO score for the same set of species did not largely differ (98% vs. 95-96% in our study;

Supplementary Table  S2).  Their  genomes  were  also  included  in  subsequent  phylogenetic

analyses, using the assembly of D. willistoni as an outgroup (Kim et al. 2021).

Muller elements analysis resolves relationships between the subgroups and unravels a

minor X-autosomal conflict in the sturtevanti subgroup

Phylogenomic analyses were performed using  2,159 SCG shared across all species.

Gene  trees,  inferred  for  each  SCG using  maximum-likelihood  in  IqTree  produced  1,263

distinct topologies, with 206 of them found more than once (Supplementary Data S1). To test

if SCG chromosomal position may underlie the discrepancies in gene trees, we localized each

SCG to its corresponding Muller element according to the position of its  D. melanogaster

ortholog identified by Blast (Camacho et al. 2009). As a result, we generated five independent

datasets, each corresponding to the Muller elements A, B, C, D, and E, comprising 337, 370,

425, 419, and 568 SCG, respectively. These datasets were then used to reconstruct the species

trees using the multi-species coalescent model, and the genes within them were concatenated

for Bayesian and Maximum Likelihood phylogenetic inferences.

The  trees  generated  by  the  5  data  sets  showed very  similar  topologies  with  well

supported  nodes  either  for  the  multi-species  coalescent  model  analysis  implemented  in

ASTRAL-III (Zhang et al. 2018), the maximum-likelihood implemented in IqTree (Nguyen et

al.  2015)  or  Bayesian  Inference  implemented  in  BEAST  (Bouckaert  et  al.  2019)

(Supplementary Figures S1, S2 and S3). The parasaltans subgroup was placed as sister to all

other subgroups, followed by the emergence of the  sturtevanti  subgroup. The cordata  and

elliptica subgroups showed a close relationship, and were sister to the saltans subgroup. The

only  discrepancy  between  the  topologies  was  the  placement  of  D.  lehrmanae,  a  newly

discovered species in the sturtevanti subgroup (Madi-Ravazzi et al. 2021). For D. lehrmanae,

while  maximum-likelihood and multi  species  coalescent  analyses  reported lack of  branch

support for multiple trees (Supplementary Figures S2 and S3),  Bayesian inference recover

well  supported branches and  two topologies  (Figure  2A and  Supplementary Figures  S1).

These two distinct  topologies  were identified among the  Muller Elements  forming the X

chromosome (Muller elements A and D, a fusion shared by the neotropical Sophophora, the

saltans and willistoni groups, see Sturtevant and Novitski 1941; Dobzhansky and Pavan 1943;
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Cavalcanti  1948)  and  the  Muller  Elements  representing  autosomal  chromosomes  (Muller

elements B, C and E).
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Figure 2. Phylogenomic Conflict of X Chromosome, Autosomal, and Mitochondria. A) Comparative Analysis of

autosomal topology (left, represented by Muller element B) and X-linked topology (right, represented by Muller

element A) demonstrates overall agreement with minor Incongruence. B) Mitochondrial-Nuclear Disagreement

highlight  stronger  incongruence  between  Mitochondrial  Topology  (left)  and  Sexual  chromosome  topology

(right).  Divergence  time  estimation  (in  million  years  ago,  myr)  for  the  Sexual  Chromosome  Topology  is

Provided. All posterior probabilities were equal to 1.
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The published genome of  D. prosaltans (Kim et al. 2021) did not group with the

genome of this species sequenced by us, instead it  grouped with  D. saltans.  The genome

previously  published  comes  from a  line  collected  in  El  Salvador  in  1957.  According  to

Magalhães' (1962) detailed morphological revision of multiple geographical specimens of the

saltans group, the sampling site of this particular strain is outside the geographical range of D.

prosaltans, but within the expected range of  D. saltans. Furthermore, the  D. saltans and D.

prosaltans lines used in our study underwent thorough morphological analyzes (Souza et al.

2014; Roman and Madi-Ravazzi  2021), indicating that  the lines we used were accurately

identified. Therefore, it is most likely that the previously sequenced D. prosaltans strain from

El Salvador was misidentified and we consider it here to belong to D. saltans.

Mitogenomes show cytonuclear conflicts in the sturtevanti and saltans subgroups

We assembled mitochondrial genomes for the 15 saltans group species using MitoZ

(Meng et  al.  2019).  We  did  not  use  the  previously  assembled  four  strains  since  several

mitochondrial scaffolds  were  likely  removed in  those  assemblies  (Kim et  al.  2021).  We

conducted phylogenetic analysis on the aligned mitogenomes genes using both IqTree and

MrBayes. Overall,  the mitochondrial trees matched the topology of the nuclear gene trees

regarding  the  inter-subgroup  relationships.  However,  three  major  discrepancies  were

identified (Figure 2B). First, the position of D. lehrmanae within the sturtevanti subgroup did

not agree with either the X or autosomal SCG topologies, proposing topology wherein  D.

lehrmanae is  a  sister  species  of  D.  sturtevanti (topology  recover  once  in  Multi-Species

Coalesce analysis (Muller element C, Supplementary Figure S3) and Maximum likelihood

(Muller  element  B,  Supplementary  Figure  S2)).  Second,  whereas  the  mitochondrial  tree

recovered the monophyletic relationship between the elliptica, cordata and saltans subgroups,

the position of D. neocordata (cordata subgroup) differed, being sister to the three species of

the elliptica subgroup in the nuclear trees and to the six species of the saltans subgroup in the

mitochondrial tree. Third, whereas nuclear trees recovered three lineages within the  saltans

subgroup,  namely,  austrosaltans,  nigrosaltans-pseudosaltans,  and  septentriosaltans-

prosaltans-saltans,  only two lineages are revealed by the mitochondrial  tree. Intriguingly,

each of the mitochondrial clades involved one species from otherwise sister species in the

nuclear trees,  i.e. D. nigrosaltans and  D. saltans in one clade and their respective closely-

related species D. pseudosaltans and D. prosaltans in the other clade. Because D. saltans and

D. prosaltans are reported as close related species in the nuclear trees and are separated in the

two  mitochondrial  clades,  the  two  mitotypes  were  called  S  and  P,  respectively.  The
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distribution of closely-related species between distinct mitotypic groups suggest that multiple

cytoplasmic introgression events might have occurred in this subgroup (Figure 2B).

Site-specific phylogenetic analysis of syntenic blocks quantifies the extent of reticulate

evolution in the saltans group

Site-specific analyses of phylogenetic discordance are highly sensitive to locus size

(Martin et al. 2015; Pease and Hahn 2015). To overcome this problem, we identified 1,797

syntenic blocks ≥50 kb-long with conserved collinearity across the 15 saltans assemblies and

D. willistoni (see Methods). For a four-taxon species tree with an outgroup, three topologies

can possibly be obtained for each site with two alleles (A and B), namely AABB, ABBA and

BABA, with the AABB topology usually refers to the true species tree (Durand et al. 2011;

Patterson et al. 2012). However, to consider cases where a true species tree cannot be inferred,

we designed a test for reticulation, that we call 2A2B. The test consists of comparing each

pair of the three topologies using a χ2 test, and classify each block with ≥20 evaluated sites

into one of the four categories along the reticulation-bifurcation continuum given in Figure

1B. We run this test for every possible quartet (Supplementary Table S3). Whereas blocks

supporting  bifurcating  trees  (categories  iii  and  iv)  predominated  in  most  quartets,  we

identified three parts on the species tree with reticulation indices (i.e. the proportion of blocks

in categories i and ii) exceeding 70% (Figure 3).
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Figure 3. The 2A2B test  reveals  a  diminished introgression  signal,  while a prominent signal of  reticulation

evolution  is  evident  within  specific  subgroups.  The  distribution  of  classes  i-iv  frequencies,  spanning  from

symmetrical complete reticulation to asymmetrical bifurcation reticulation, is displayed for quartet species. A

pronounced pattern of complete reticulation is apparent in the saltans and sturtevanti subgroups, whereas such a

signal is absent in the elliptica subgroup.

At  the  inter-subgroup level,  high incidences  of  reticulation were  observed  in  any

combination  that  involved  representatives  from  at  least  two  subgroups  of  the  cordata,

elliptica and saltans subgroups. For the sturtevanti subgroup, ~90% of the blocks could not

resolve the relationships between D. sturtevanti, D. lehrmanae and the dacunhai-milleri clade,

in agreement with the conflicting topologies between the X, autosomes and mitochondrial loci

shown above. For the saltans subgroup, reticulation dominated (60-75%) in all comparisons

involving  D. austrosaltans,  and representatives  of  the  nigrosaltans-pseudosaltans and the

septentriosaltans-prosaltans-saltans clades.  However,  not  every  subgroup  with  multiple

representatives  showed  excess  reticulation,  since  for  the  elliptica subgroup,  almost  no

evidence for reticulate  evolution was found whether  D. sturtevanti,  D. neocordata or  any

species of the  saltans subgroup were used as an outgroup. Remarkably, the proportion of
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categories supporting inter-specific hybridization (ii) or introgression (iii) rarely exceeded 5%

of the 50-kb long syntenic blocks (Figure 3).

Historical biogeography partly explains excess reticulation

To  test  if  historical  biogeography  could  explain  the  present  incongruences,  we

mapped current distribution of the studied species on the Bayesian X tree. For each species, a

polygon  connecting  the  four  most  extreme  cartesian  points  was  drawn  and  the  ancestral

position of each point was inferred using BayesTraits (Meade and Pagel 2022) (see Methods).

This approach allowed us to infer an ancestral range at each internal node of the tree. The

historical  biogeography  supported  an  Amazonian  origin  of  the  saltans group  around  16

million years (myr) ago (Figure 2B, 4A, Supplementary Table S4). Internal nodes as old as or

older than 4 myr ago had ranges confined to the central or northern parts of South America.

These nodes included the ancestors of all species subgroups except sturtevanti. Northwestern

dispersal  into  Panama and  southern  Central  America  occurred  around  3  myr  ago,  which

correlates with the geological formation of the isthmus of Panama (O’Dea et al. 2016), and

involved the ancestors of  the  nigrosaltans-pseudosaltans and  septentriosaltans-prosaltans-

saltans clades. The sturtevanti subgroup diversified around 2.5 myr ago in the northern parts

of South America.

We tested  the  effects  of  the  successiveness  of  speciation  times  on  the  estimated

proportion of syntenic blocks with reticulated evolution patterns (i.e. categories i and ii). For

each quartet  with an (outgroup,(sp.1,(sp.2,sp.3))) topology we tested the regression of  the

proportion of reticulation on the ratio of the divergence time between sp.2 and sp.3 and the

divergence time of the three ingroup species (hereafter T2/T1 ratio). This ratio increased as

the time between successive speciation events shortened. Reticulation positively correlated

with this measurement, and the regression line followed an exponential pattern (R2 = 0.98)

(Figure 4C, Supplementary Table S5). We also tested the regression of reticulation on the

degree of overlap between the ancestral ranges of sp.2 and sp.3 (i.e. node 1 and 2 in Figure

4B), and of all  ingroup species (hereafter H2/H1 ratio). This ratio indicates the degree of

conservation of ancestral habitat and possible connectivity. A strong exponential correlation

was obtained for this ratio (R2 = 0.89) (Figure 4C).
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Figure 4. Historical biogeography of the saltans group. A) the midpoint of the extreme geographical points for

each ancestral node, reveals that the ancestral origins of all subgroups lie within the Amazonian forest, node

numbers follows figure 2B. B) Illustration of the method employed to calculate the overlap of ancestral ranges of

the ingroup species (H2/H1 ratio). Specifically, the geographical ranges of the ancestors, nodes 1 and 2, were

inferred using BayesTraits, enabling the determination of shared and unique proportions of geographical ranges.

C) Trashed blue line shows exponential relationship of reticulation in function of divergence time ratio of the

three ingroup species (T2/T1 ratio) and reticulation (frequency of class i  and ii). The black line depicts the

exponential  correlation  between  the  overlap  of  ancestral  ranges  of  the  ingroup  species  (H2/H1  ratio)  and

reticulation.

Discussion

Towards a comprehensive phylogeny of the saltans species group

A  large  number  of  Drosophila genomes  have  been  sequenced  and  used  in

phylogenetic analyses (Suvorov et al. 2022; Khallaf et al. 2021; Kim et al. 2021; Li et al.

2022),  but  studies  with  comprehensive  sampling  of  nearly  all  species  in  a  group remain

relatively uncommon (Mai et al. 2020; Conner et al. 2021; Yusuf et al. 2022; Moreyra et al.

2023).  Despite  minor  inconsistencies,  our  phylogenomic  analysis  of  15  species  of  the

Drosophila saltans species group produced a consistent picture of the relationships between

the five subgroups of this clade. All X, autosomal and mitochondrial phylogenies showed the
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parasaltans subgroup as the first to diverge, followed by the sturtevanti subgroup,  and later

by a clade comprising the cordata,  elliptica and saltans subgroups, in which the position of

the cordata subgroup differed between nuclear and mitochondrial trees. This general picture

has  not  been  previously  proposed  despite  the  tremendous  number  of  phylogenetic

investigations  of  this  group  (Magalhães  1962;  Throckmorton  1962;  Throckmorton  and

Magalhães 1962; O’Grady et al. 1998; Rodríguez-Trelles et al. 1999; de Castro and Carareto

2004;  de  Setta  et  al.  2007;  Yassin  2009;  Souza  et  al.  2014;  Roman  et  al.  2022),  see

Supplementary Table S1 for previous suggested topologies).

After establishing a coherent phylogenetic picture for the Drosophila saltans species

group and identifying the relationships among its  subgroups,  the next critical  step lies in

expanding  our  sampling  efforts.  While  our  analysis  has  shed  light  on  the  intricate

evolutionary dynamics within this clade, further sampling holds the potential  to provide a

more comprehensive understanding into this complex evolutionary history. For example, the

inclusion of  D. subsaltans,  D. lusaltans,  D. cordata, and  D. rectangularis  through whole-

genome sequencing promises to provide insight into unresolved phylogenetic questions raised

from  previously  published  observations  on  reproductive  isolation  and  morphology

(Magalhães  1962;  Bicudo and  Prioli  1978).  These  questions  include  the  monophyly  and

positioning  of  the  parasaltans and  cordata subgroups.  Additionally,  the  inclusion  of  the

insular species  D. lusaltans  which presents low reproductive isolation (Bicudo 1973b), can

bring new insights into the reticulation evolution. These prospects for heightened sampling

efficacy and its potential to unlock further dimensions of the saltans subgroup's evolution are

explored in greater detail in Supplementary Document S1.

The  saltans subgroup showed the most dramatic signal of cyto-nuclear discordance

and reticulated evolution. Bicudo (1973a) investigated reproductive isolation among the seven

then  described species  of  this  subgroup,  and in  a  remarkably  partial  agreement  with  our

nuclear phylogenomic trees,  she concluded that  D. pseudosaltans,  D. nigrosaltans and  D.

austrosaltans showed more basal relationships compared to D. lusaltans, D. septentriosaltans,

D. prosaltans and D. saltans. Indeed, nearly all crosses among the last four species produce

fertile  females with some even producing fertile females and males (Bicudo 1973b). This

behavioral porosity largely agrees with the high incidence of reticulate evolution we report

here for this subgroup.

Two widespread species of the saltans subgroup, D. saltans and D. prosaltans, show a

peculiar  geographical  disjunction.  The  discrimination  between  strains  belonging  to  each

species has long been erroneous (Dobzhansky 1944; Mayr and Dobzhansky 1945; Spassky
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1957; Magalhães 1962) and we showed here that their misidentification persists even in the

genomic era (Suvorov et al. 2022; Kim et al. 2021). Interestingly, Bicudo (1973a) provided

evidence  for  reproductive  reinforcement  between  these  two  sister  species;  sympatric

populations in their junction zone in Costa Rica demonstrated stronger reproductive isolation

than allopatric populations of both species. We have only included one to a few geographical

lines from each species and a broader sampling to investigate the extent of their reproductive

isolation and genome porosity is strongly needed.

Intra- and inter-genomic conflicts impact the inference of phylogenetic patterns in the

saltans group

Concatenation helped recovering a sexual versus autosome conflict, similar to the one

described by Mai et al. (2020) for the nasuta subgroup. Like these authors, this conflict was

limited  to  a  single  part  of  the  tree,  i.e. the  relationship  of  D.  pulau to  D.  sulfurigaster

sulfuricaster and D. s. bilimbata in the nasuta group and the placement of D. lehrmanae in

the sturtevanti subgroup. The peculiarities of sexual chromosomes such as the lower effective

number, different recombination and mutation rates, the greater exposition to natural selection

when found in  hemizygosity,  leads  to higher rates of  adaptive evolution of  sexual-linked

genes compared with autosomal genes (i.e. faster-X evolution) and also to the disproportional

accumulation  of  genes  related  to  reproductive  isolation  and  Dobzhanski-Muller  hybrid

incompatibilities  (i.e. Haldane’s  rule).  Altogether,  those  characteristics  are  thought  to  be

responsible for the resistance to hybridization in the sexual chromosomes (Ellegren 2009;

Qvarnström and Bailey 2009; Sankararaman et al. 2016; Charlesworth et al. 2018; Seixas et

al. 2018; Mai et al. 2020; Matute et al. 2020; Moran et al. 2021; Reilly et al. 2022; Skov et al.

2023; but see David et al. 2022).

The  second  conflict  regards  a  significant  disagreement  between  mitochondrial

(mtDNA) and nuclear data. Discordance between nuclear and mitochondrial genomes is a

well  documented phenomenon in  the tree of  life  as highlighted by (Toews and Brelsford

2012). Several characteristics of mtDNA, such as being haploid and uniparentally inherited,

resulting in a fourfold reduction in effective population size when compared with autosomal

chromosome loci, affect its evolution. Cytoplasmic introgression has long been recognized in

Drosophila (Solignac et al. 1986; Ballard 2000; Llopart et al. 2014). In a recent population

study within the willistoni group, multiple mitochondrial introgressions were observed in D.

paulistorum  populations.  These  included an ancient  introgression  with  a  highly divergent

mitochondrial  type,  followed  by  more  recent  events.  While  nuclear-mitochondrial
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incompatibilities likely posed challenges, the study also suggested two possible alternatives to

overcome these challenges: a selective advantage provided by the mitochondrial type it self.

Or a non-selective factor, such as Wolbachia, a bacteria known to modify the reproduction of

its  host,  could  facilitate  a  mitochondrial  type  fixation  (Baião  et  al.  2023).  Although,

interesting results have been report from population approaches, conflicts between nuclear

and mitochondrial genomes have not been addressed in recent phylogenomic analyses in the

Drosophilidae (Mai et al. 2020; Khallaf et al. 2021; Suvorov et al. 2022; Yusuf et al. 2022).

The disagreement was particularly evident for the saltans subgroup, where it was most likely

of recent origins, separating species that have diverged only 0.7 myr ago, i.e. D. nigrosaltans

and  D. pseudosaltans.  Remarkably,  the two mitotypes  P and S do not  correlate  with  the

degree  of  reproductive  isolation  inferred  by  Bicudo  (1973b),  contrary  to  nuclear  tree,

indicating that cytoplasmic introgression in the  saltans subgroup did not  contribute to the

evolution of reproductive isolation in this clade.

Syntenic blocks also allowed a quantification of the degree of reticulate evolution. Of

the three subgroups for which multiple species were sequenced, the saltans subgroup had the

highest  incidence  of  reticulation.  For  all  subgroups,  the  degree  of  reticulation  correlated

negatively with the time between successive speciation events and positively with the degree

of  range  conservatism.  Indeed,  reticulation  is  expected  to  increase  with  fast  speciation

increasing incomplete lineage sorting and/or range overlap promoting either gene flow or the

selective  retention  of  habitat-associated  alleles  (Avise  and  Robinson  2008;  Degnan  and

Rosenberg 2009; Feng et al. 2022). In the  saltans subgroups, multiple large chromosomal

inversions are known to be shared among closely-related species (Dobzhansky and Pavan

1943; Cavalcanti 1948; Bicudo 1973a; Bicudo et al. 1978) and evidence for balancing on

ancestral inversion has been demonstrated in a number of cases (Bicudo 1973a). Whether the

high  degree  of  reticulation  in  the  saltans subgroup  are  associated  with  large  ancestral

inversions potentially absent in other bifurcating clades would require the future generation of

chromosome-level assemblies for multiple saltans group species.

Large syntenic blocks distinguish soft from hard polytomies in the saltans group

There is no consensus in current phylogenomic analysis between concatenating and

partitioning approaches. Whereas the former approach increases the power,  i.e. providing a

total evidence, it also introduces bias due to the non-independence of linked loci and in some

cases it cannot be computationally feasible to analyze whole genomes. Alternatively, multi-

locus-coalescent (MLC) approaches that partition the data into presumably independent and
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neutral loci  have been proposed. Those last  approaches have broadly been applied in the

investigation  of  phylogenetic  discordances,  mostly  in  studies  inferring  asymmetric

introgressions.  The  definition of  independent  loci  widely  differs  between studies  with  an

impact on discordance estimate. For example, in a study of 155 genomes covering a wide

range of drosophilid lineages, Suvorov et al. (2022) limited their MLC analyses on highly

conserved  single-copy  protein-coding  genes.  However,  their  discordance  estimates  were

highly sensitive to the length of the analyzed single genes as well as by the slightest relaxation

of selective pressures, e.g., the exclusion of 5% of loci with the highest non-synonymous to

synonymous  ratio  (dN/dS)  led  to  a  decrease  of  nearly  50%  of  discordance  cases.  An

alternative approach is to align reads from multiple species to a well annotated genome, hence

creating pseudo-references genome wherein different nucleotides replace their orthologous

sites for each species. This approach was used by Mai et al. (2020) in the study of the  D.

nasuta subgroup, a clade of 12 species that diverged ~3 myr ago (Suvorov et al. 2022). These

authors defined loci in terms of 500-kb long windows for phylogenetic reconstruction and 50-

kb  long  windows  for  discordance  analyses.  The  500-kb  windows  were  either  analyzed

separately or concatenated according to chromosomal arm (Muller’s element). Whereas such

an  approach  would  increase  the  signal,  it  also  introduces  biases  due  to  paralogy,

misalignments  or  absence of  collinearity  among species.  Besides,  this  approach is  highly

sensitive to the choice of the reference genome (Valiente-Mullor et al. 2021; Rick et al. 2023).

We combined here both approaches.  First,  we based our phylogenetic analysis on

conserved single-copy protein-coding genes like Suvorov et al. (2022), but like Mai et al.

(2020) we concatenated those genes according to their Muller elements. Second, we inferred

phylogenetic discordance using large ≥50 kb-long windows like Mai et al. (2020), but unlike

these authors we did not infer pseudo-references and defined our windows on large syntenic

blocks  that  conserved  their  collinearity  across  neotropical  Sophophora.  Both  approaches

helped us to define signals of reticulate evolution that were not homogeneously distributed

across the subgroups.(Mai et al. 2020; Khallaf et al. 2021; Suvorov et al. 2022; Yusuf et al.

2022).

Perhaps the most striking outcome of our synteny-based analysis is the low incidence

of  interspecific  introgression  compared  to  recent  analyses  across  the  genus  Drosophila

suggesting introgression to be widespread (Suvorov et al. 2022). Whether this discrepancy is

due to the size of the analyzed loci or reflect genuine differences between the saltans group

and other  Drosophila clades would require the extension of the 2A2B test to these clades.

Early phylogenetic studies in Drosophila suggested radiation episodes to be the most common
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evolutionary patterns in drosophilids (Throckmorton 1975). If hard polytomes are widespread,

currently common introgression analyses based on the assumption of true bifurcating species

trees may be misled. Given the ever growing evidence for introgression in other animal and

plant  clades,  we strongly recommend the application of  phylogenetic  discordance tests in

large  syntenic  blocks  in  these  organisms  as  well  to  distinguish  introgression  from rapid

radiation events.

Materials and Methods

Sample collection, whole genome sequencing and assembly

We performed  whole  genome  pool  sequencing  on  female  flies  from 15  different

species from the saltans group, as well as three populations of D. sturtevanti. The specimens

used for sequencing were obtained from one or multiple strains,  and detailed information

regarding  the  number  of  individuals  and  their  collection  locations  can  be  found  in

Supplementary Table S6. For all species except D. neocordata, which had its DNA extraction

from ovaries and genome assembly described in BAIÃO et  al.  2023, DNA was extracted

following  the  manufacturer's  instructions  using  the  Promega  DNeasy  Kit.  We  conducted

whole genome sequencing using the Illumina Hi-seq platform. The resulting genomes were

then assembled using the Maryland Super Read Cabog Assembler (MaSuRCA) (Zimin et al.

2013), which utilizes both the Bruijn graph and overlap-layout-consensus (OLC) methods to

generate  super-reads.  To assess the assembly's  completeness,  we searched for  SCG using

default  parameters  in  Busco5  (Waterhouse  et  al.  2018)  with  the  diptera_odb10  database

(Kuznetsov et al. 2023).

Phylogenomics: Nuclear genes

In  addition  to  the  sequenced  flies,  we  also  utilized  the  reference  genomes  of  D.

saltans,  D. neocordata,  D. prosaltans  and  D. sturtevanti published by  Kim et  al.  (2021)

(assembly  numbers  ASM1890357v1,  ASM1890361v1,  ASM1815127v1  and

ASM1815037v1, respectively) in our downstream analysis. For phylogenomics analysis, SCG

searches  were  carried  out  using  3,285  SCG  from  diptera_odb10  database  on  Busco5

(Waterhouse et al. 2018). SCG present in all species were kept and aligned using the L-INS-i

method implemented on MAFFT (Katoh and Standley 2013) (mafft --localpair --maxiterate

1000 –adjustdirection).

Genomic data of different species of Drosophila support the ancient proposition that

genes tend to be situated within the same Muller element across multiple species, suggesting
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that natural selection has maintained a low rate of gene transposition between chromosomal

arms (see SCHAEFFER, 2018). Taking this gene linkage into account, we reconstructed five

independent datasets (Muller elements A-E), each comprising all SCG found in the respective

Muller element. To achieve this, we performed a tBlastn search against the D. melanogaster,

and subsequently we concatenated genes found within the same Muller element. Phylogenetic

trees were then constructed using maximum likelihood and Bayesian methods implemented in

the  softwares  IQ-TREE  (Nguyen  et  al.  2015)  and  BEAST  (Bouckaert  et  al.  2019),

respectively. Additionaly, maximum-likelihood trees were generated for each gene, the output

tree from each Muller element data-set were used to reconstruct to species trees, using multi-

species coalesce model implemented in ASTRAL-III (Zhang et al. 2018).

Phylogenomics: Mitochondrial Genome

Mitochondrial  genomes  were  assembled  and  annotated  with  MitoZ  (Meng  et  al.

2019),  with  the  Megahit  assembler  (Li  et  al.  2015).  In  order  to  ensure  the  exclusion  of

nuclear-embedded mitochondrial DNA sequences within the assembly, a strategic approach

was taken. Considering that mitochondrial reads are found in higher frequency than nuclear-

mitochondrial  DNA  sequences,  the  read  subsampling  were  set  to  0.5  gigabases  (--

data_size_for_mt_assembly 0.5). The genes obtained from the mitochondrial genome were

aligned using the MAFFT alignment tool with the --auto parameter due to the close similarity

between sequences.  Subsequently,  the  aligned genes  were concatenated into a  dataset  for

phylogenetic  analysis.  The  concatenated  dataset  served  as  the  basis  for  reconstructing

phylogenetic trees using both Maximum Likelihood (ML) implemented in IQ-TREE (Nguyen

et al. 2015) and Bayesian Inference (BI) in BEAST (Bouckaert et al. 2019).

Quantifying reticulation: 2A2B test

The 20 genomes of the saltans group, the 16 sequenced here and 4 published by Kim

et  al.  (2021) were  preliminary annotated with Miniprot  (miniprot  -Iut16,  (Li 2023)).  The

primary objective of  this  annotation  was to  accurately map proteins  from the  robust  and

reliable genome annotation of D. willistoni. After the protein mapping, the predicted gene loci

were assessed to identify syntenic blocks present in the neotropical Sophophora (comprising

D. willistoni and saltans group). The identification of these blocks was based on gene order

and  orientation,  achieved  using  an  in-house  Perl  script.  First,  this  script  compares  the

scaffolds’  genes  order  and  orientation  between the  references  genome  D. saltans  and  D.

sturtevanti, the synteny block were defined when all the genes were fond in same order and
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orientation  for  both  species.  The  identified  collinear  blocks  were  than  searched  for  the

remaining genomes. Blocks with missing data, i.e. missing gene for one or more species were

subsequently removed, and the remaining blocks were subjected to a size-based filtering with

threshold of 50kb. The selected blocks were subjected to alignment using the Mafft (Katoh

and Standley 2013). The resulting alignments were integral to the subsequent analysis, which

aims to measure reticulation evolution, in the new 2A2B test.

All combination of quartets species were evaluated for test reticulation, bi-allelic non

degenerated sited shared by pairs were searched in every synteny blocks. Collinear blocks that

presented at least 20 informative sites between the evacuated quartets were kept. Bi-alellic

sites shared between pairs of species quartets can generate 3 topologies, AABB (species 2 and

3 closely related),  ABBA (species 1  and 2 closely related),  and BABA (species 1  and 3

closely related) as shown in Figure 1A. For each synteny block, the occurrences of these three

topologies  were  counted,  and  three  different  χ2-based  tests  were  conducted.  First,  the

Patterson’s D, this measure quantifies the difference in allele sharing between species pairs. It

provides insights into whether a ABBA or BABA topology is more prevalent. It is calculated

as the difference in allele sharing normalized by the total allele sharing as in Equation 1.

 (1),

The two other test were D2 and D3 (Equation 2 and 3) focus on discordant allele-

sharing patterns (AABB vs. ABBA and AABB vs. BABA, respectively). They help identify

cases where allele sharing between species pairs deviates from what's expected under a simple

divergence model. Significant values for D1 or D2 might indicate that certain alleles are more

shared between species pairs than expected.

(2), and

(3)
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Afterward, based on how these three topologies were distributed within each synteny

block and considering the significance of the three tests, the collinear blocks were grouped

into  one  of  four  categories  (see  figure  1B).  Class  I  comprises  complete  reticulation,  the

frequencies of the three topologies do not deviate from neutral expectation, i.e. they are equal

(D1, D2 and D3 are not significant), high frequencies of this class are caused by incomplete

lineage sorting. Class II, comprises the cases in which two topologies do not significantly

differentiate between them and are more frequent than the third topology (i.e. two D tests are

significant),  high  frequencies  of  this  class  are expected in  cases  where  hybridization  had

happen. Class iii, incomplete bifurcating, comprises the cases in with the frequency of all

topologies  are  significantly  different.  Blocks  classified  in  class  iii  show  asymmetric

introgression signals. Class iv comprise the cases in each one topology is much more frequent

than the two alternatives ones, and the minor topologies are not significantly different from

each other. High frequency of class iv is expected under the complete lineage sorting, and it is

seen when one topology frequency greater outweighs two the alternative ones, which do not

different between them. After each block classification, the overall genome porosity between

the quartets were evaluated.

Historical biogeography

To determine the sampling locations of the evaluated species, we conducted searches

in TaxoDros (https://www.taxodros.uzh.ch/search/class.php).  Additionally,  we incorporated

sampling sites that we ourselves had conducted. It is important to note that the accuracy of our

species identification was confirmed through BarCode verification. After inspection of the

geographical  points  and  manual  correction,  we  identified  the  most  northern,  southern,

western, and eastern points for each species. We used those points to reconstruct the ancestral

geographical extremes in BayesTraits (Meade and Pagel 2022). This analysis was carried out

using the GEO model with the phylogenetic  tree generated reconstructed with the Muller

element A (XL chromosome arm), 1.000.000 of MCMC and 25% burn-in. The divergence

times were estimated using this tree under Bayesian inference. The calibration point used was

the split between D. willistoni (17.5 myr), as estimated by Suvorov et al. (2022).

To assess the relationship between reticulation ratio and speciation ratio, we employed

specific calculations.  The reticulation ratio, indicating the frequency of syntenic blocks in

class i and ii, was computed for groups of four species. Similarly, the speciation (T2/T1) ratio

was  also  calculated  using  quartets,  it  is  determined  by  the  divergence  time  between  the

ancestor of species 2 and species 3 in relation to the divergence time of the species 1. We also
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evaluated the relationship between reticulation and ancestral connectivity between the species.

To do that,  we utilized the ancestral  geographical  extremes and determined the predicted

overlap  area  using  the  polygon  R  package.  Finally,  we  computed  a  ratio  according  to

Equation 4:

(4)

Here, “H” represented the shared geographical area, “E” is the exclusive geographical

area of ancestral 1 (A1) and 2 (A2). The fit for linear and exponential regressions between

Reticulation and T2/T1 ratio and between Reticulation and H2/H1 ratio were calculated.
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Abstract 

We  investigate  codon  usage  bias  evolution  in  the  Drosophilidae  family,  with  a

specific focus on the  neotropical  Sophophora clade composed of the  saltans  and  willistoni

groups. The lack of codon usage bias has been described in this clade with few genes or only

one genome. We obtained genome assemblies for 197 drosophilids, including 27 genomes

representing 23 species from the  neotropical  Sophophora,  the  saltans  and willistoni  groups.

After  filtering  for  genome  completeness,  we  analyzed  a  final  dataset  consisting  of  174

genomes and selected 3285 single copy  genes for the evaluation of codon usage bias. Our

results  revealed  varying  degrees  of  codon  usage  bias  among  the  species,  with  average

effective number of codons (ENC) ranging from 40.61 to 53.92. The saltans-willistoni clade

displayed a remarkable lack of codon usage preference, similar to outgroup taxa. We further

examined  the  relative  synonymous  codon  usage  (RSCU)  and  identified  specific  codon

preferences  within  different  drosophilid  species.  Additionally,  we  detected  significant

differences in codon usage in  Zaprionus bogoriensis  compared to other species within the

genus.  Phylogenetic  signal  analysis  indicated  a  strong  association  between  codon  usage

patterns and evolutionary relationships, suggesting the influence of genetic drift. Furthermore,

we  found  mutational  bias  to  play  a  crucial  role  in  determining  the  observed  codon

preferences.  Interestingly, our results indicated a primary shift favoring codons ending in C

and G in the early branches of Drosophilid evolution, followed by a reversal in the neotropical

Sophophora clade. We also identified a distinct, yet opposite codon usage shift within the

Zaprionus genus. We discuss the different causes that had potentially led to contrasting codon

usage bias trends in the Drosophilidae.

Key  words: Mutational  bias,  codon  usage,  genome evolution,  Drosophila  saltans

group, Drosophila willistoni group, Neotropical Drosophila
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Introduction 

The degeneration of the genetic code and the implications of synonymous and non-

synonymous mutations play crucial roles in living organisms and are fundamental concepts in

the neutralist school (KIMURA, 1968). Although synonymous mutations do not directly alter

the primary structure of proteins, it  is evident that codons are not randomly utilized. This

uneven usage of synonymous codons encoding the same amino acid, known as codon usage

bias, has long been studied by researchers  (FIERS et al., 1976; GRANTHAM et al., 1981;

SHARP et al., 1997). The unequal usage of synonymous codons encoding the same amino

acid has been widely observed across genes and organisms, raising questions about the forces

driving this bias. Two primary explanations have been proposed to elucidate the observed

variation  in  codon  usage:  natural  selection  (translational  selection)  and  neutral  processes

(mutational  bias  and  genetic  drift).  Natural  selection  suggests  that  certain  codons  are

preferentially used due to the functional advantages they confer, such as enhanced translation

efficiency,  accurate  tRNA  pairing,  improved  transcript  stability,  and  regulation  of  gene

expression. On the other hand, neutral processes can shape codon usage in the absence of

strong selection, with mutational biases and genetic drift influencing genome-wide mutational

patterns (GRANTHAM et al., 1981; WAN et al., 2004; VICARIO; MORIYAMA; POWELL,

2007; ROTA-STABELLI et al., 2013; SUN; TAMARIT; ANDERSSON, 2017; BALLARD;

BIENIEK;  CARLINI,  2019;  LABELLA  et  al.,  2019;  BALLARD;  BIENIEK;  CARLINI,

2019; KOKATE; TECHTMANN; WERNER, 2021). It is worth noting that the explanations

based on natural selection and neutral processes are not mutually exclusive. Early researchers

recognized that codon bias likely results from a delicate balance between selective and neutral

forces  (SHARP et  al.,  1993).  Codon usage bias  has been associated with fitness changes

(BALLARD; BIENIEK; CARLINI, 2019) and linked to the lifestyle of organisms (ARELLA;

DILUCCA;  GIANSANTI,  2021),  and  even  its  potential  role  speciation  event  has  been

suggested (RETCHLESS; LAWRENCE, 2012).

Regarding  the  drosophilids,  it  has  been  shown  that  many  species  tend  to  favor

synonymous  mutation  in  the  codons  ending  with  G  or  C  (VICARIO;  MORIYAMA;

POWELL, 2007; KOKATE; TECHTMANN; WERNER, 2021). However, this pattern is not

seen within  the  neotropical  species  of  the  subgenus  Sophophora,  namely  the  saltans and

willistoni groups. Previous analyses were conducted with a few genes (POWELL et al., 2003;

RODRÍGUEZ-TRELLES; TARRÍO; AYALA, 1999b; TARRÍO; RODRÍGUEZ-TRELLES;
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AYALA, 2000; YASSIN, 2009) or focused solely on the genome of D. willistoni (KOKATE;

TECHTMANN; WERNER, 2021; VICARIO; MORIYAMA; POWELL, 2007).

The study of codon usage bias provides valuable insights into the selective pressures

that shape genetic variation and contribute to the development of biodiversity. Drosophilids, a

well-studied clade of insects in the field of genetics, offer a unique opportunity to investigate

this  phenomenon.  With over  150 genomes already sequenced and available,  Drosophilids

provide a rich dataset for understanding codon usage patterns. In this study, our main focus is

on the neotropical Sophophora clade, as previous research has indicated a significant shift in

codon usage within this group.

Results and discussion

Ortholog Identification

In  our  study,  we  focused on  obtaining  genome assemblies  for  Acalyptratae,  with

particular attention to the Drosophilidae family. A total of 197 genomes were acquired and

assessed,  with  a  primary emphasis  on  the  neotropical  Sophophora clade.  These  genomes

underwent  a  thorough  completeness  filtering  process,  applying  stringent  BUSCO  score

criteria of 90% or higher.  As a result,  we refined the dataset  to consist  of  174 genomes.

Within  this  dataset,  27  genomes  from 23  species  are  member  of  saltan-willistoni  clade,

covering nearly 50% of the neotropical Sophophora. All SCG were subsequently employed to

examine  codon  usage  patterns  within  the  Drosophilidae  family.  Within  this  dataset,  we

employed a total of 3,285 Single-Copy Genes (SCGs) as search queries. This search led to the

recovery of 556,876 SCG, with each species yielding at least of 2,959 genes (Supplementary

Table S1).This comprehensive dataset formed the basis for our subsequent analysis of codon

usage patterns in Drosophilidae.

Overview of codon Usage Bias in Drosophilidae

Aiming to obtain a general picture of codon usage bias in Drosophidae, the effective

number of codons (ENC) were calculated. ENC provide insights into the preference or lack

thereof in gene codon usage. It varies from 20 to 61, and a value of 20 indicates complete

bias, where each amino acid is carried by a unique tRNA molecule in a gene. Conversely, a

value of 61 indicates complete unbiased selection of codons, where all synonymous codons

are used equally. The ENC averages ranged from 40.61 to 53.92 (Supplementary Table S2),

indicating varying degrees of codon usage bias among the species.  Notably,  strong codon

usage biases average were observed in species such as  D. ironensis  (melanogaster group,
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ananassae subgroup), Z. bogoriensis, and multiple species of the montium group (D. rufa, D.

asahinai, D. lacteicornis and D. tani). Conversely, species within the saltans-willistoni clade

exhibited a remarkable lack of codon usage preference. This observation confirms that the

previously described pattern,  based on one genome  (VICARIO; MORIYAMA; POWELL,

2007; KOKATE; TECHTMANN; WERNER, 2021) or few genes (RODRÍGUEZ-TRELLES;

TARRÍO;  AYALA,  1999b,  1999a;  YASSIN,  2009),  is a  conserved  feature  across  the

neotropical Sophophora clade. Some early diverged Drosophilidae, such as Scaptodrosophila

lebanonensis (average  ENC = 52.84) and  Phortica variegata  (51,76), displayed high ENC

values,  indicating  low  codon  usage  bias  in  the  ancestral,  however  Braula  coeca,  early

divergent line of Drosophilidae, presented moderated ENC averages (47.17) ((Supplementary

Table S2, Figure1).

Figure 1. Investigating codon usage bias (CUB) across Drosophilids reveals potential shifts in in CUB evolution.

The saltans-willistoni clade, in particular, stands out with ENC values much higher than those observed in the

Sophophora and higher in the Drosophila subgenera, indicating a distinct lack of codon usage preference across

all species within this clade. Notably, our analysis also uncovers a contrasting shift in ENC values during the

evolutionary trajectory of the  Zaprionus genus. In this context,  Z. bogoriensis emerges as a striking outlier,

displaying a pronounced trend towards codon bias  that  contradicts  the  broader  patterns  observed within its

genus. Furthermore, it's worth noting that non-Drosophilids and basal clade of Drosophilidae tend to exhibit

higher ENC values, suggesting a consistent trend towards a lack of codon usage bias in these lineages.  The

evolutionary relationship between this species is shown by a phylogenetic tree constructed using a maximum

likelihood approach based on 192 single-copy genes.
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To visualize  the  differences  in  codon  preferences  among  Drosophilids,  we  used

relative synonymous codon usage (RSCU) and constructed a hierarchical clustering based on

average RSCU values (refer to Supplementary Table S2 and Figure 2). The evaluation of the

heatmap (Figure 2) This heatmap revealed three primary clusters: The first cluster, depicted in

red in Figure 2, consists of the neotropical  Sophophora, the outgroup species, and the basal

drosophilids. Notably, the willistoni-saltans groups, exhibited codon usage patterns related to

those of the outgroups.  For instance, they moderately preferred AGT for serine instead of

AGC, and they favored TTG for leucine over CTG, as well as CGT for arginine instead of

CGC (Supplementary Table S2 and Figure 2). The second cluster comprises the Dorsiphola,

Siphlodora, and  Drosophila  subgenera, along with the Hawaiian  Drosophila and  Zaprionus

genus (shown in sandy beige, Figure 2). The third cluster includes  Sophophora  - old world

and Zaprionus bogoriensis. 

Within  the  saltans subgroup,  an  intriguing  pattern  emerged,  with  D.  parasaltans

closely resembling the codon usage of the willistoni group. This suggests variations in genetic
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coding preferences within the saltans group may have evolved after the split  D. parasaltans

branched off. For example,  D. parasaltans shares more similarities in codon usage with the

willistoni group,  particularly  regarding  glutamine  codons.  Additionally,  an  interesting

observation was the differential usage of multiple codons in  Zaprionus bogoriensis, which

carries  various  amino  acids  using  different  tRNAs  compared  to  other  species  within  the

genus. This divergence in codon usage is a novel finding. (Figure 2, Supplementary Table

S2).  In summary, this analysis separated Drosophilids into three major clusters,  reflecting

distinct  codon  usage  patterns  and  highlighting  intriguing  differences  within  and  between

species or subgroups.
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Figure  2.  Relative  synonymous  codon  usage  (RSCU)  analysis  shows  that  the  codon  usage  pattern  the

neotropical Sophophora clade is more similar with the pattern seen for the ancestral of drosophilids, and indicate

a codon usage shift in the Zaprionus genus. The 61 columns represent he non-stop codons. Rows correspond to

the 174 genomes that have been evaluated, darker colored cells correspond to the codons of tRNAs that are

favored and lighter cells the unfavored tRNAs-codons. Codons and species were clustered using hierarchical

clustering by RSCU values. 
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These findings underscore the intricate  nuances in codon preferences, even among

closely  related  species  or  subgroups.  They  suggest  potential  evolutionary  or  functional

distinctions  in  the  utilization  of  the  genetic  code  within  the  Drosophilids.  To  further

investigate  the  patterns  of  codon  usage  across  species,  we  conducted  a  correspondence

analysis using the average relative synonymous  codon  usage (RSCU). While the resulting

analysis revealed the three major groups, it differed from the heatmap clusterization. In this

analysis,  the  saltans-willistoni  clade  exhibited  greater  similarity  to  the  Dorsiphola,

Siphlodora,  Drosophila subgenera,  Hawaiian Drosophila, and  Zaprionus genus in terms of

the first dimension, which explains 86.6% of the variation in the indexed residuals. Notably,

the codons CTG (leucine), CGT (arginine), TTA (leucine), TCA (serine), ATC (isoleucine),

and  ATT  (isoleucine)  played  significant  roles  in  shaping  this  dimension  and  exhibited

differential preferences across the three clusters. In the second dimension, which accounted

for  7%  of  the  variation,  the  codon  usage  in  the  neotropical  Sophophora species  group

appeared more akin to the old-world  Sophophora than the clade comprising the remaining

species.  Argenine-  (CGC,  AGG,  CGG)  and   glycine-  (GGC,  GGA)  carrying  tRNAs

contributing  significantly  for  this  dimension  (Figures  3,  Supplementary  Table  S2,

Supplementary Figure S1).

It is  notable that the correspondence analysis separates 3 major clusters, one contains

the  saltans-willistoni groups, other with the remained  Sophophora  and the last clusted with

the  Lordiphosa,  Zaprionus  genera, the  Drosophila,  Dorsilopha,  Siphlodora subgenera. This

analyses  also  shows  that  the  neotropical  Sophophora codon  usage  pattern  resemble  the

outgroups  and  basal  drosophilids.  Also  the  codon  usage  difference  in  the  Zaprionus

bogoriensis and  other  Zaprionus species is  noticed. Other species that presented a notable

deviation from their close relatives are, namely, D. ironensis (ananassae group), D. setifemur

(setifemur group),  D.  tristis  (obscura  group).  D.  eugracilis  (melanogaster  group),  D.

immigrans (immigrans group ), D. melanica, (melanica group) D. nannoptera and D. pachea

(nannoptera  group),  although the  deviation was not  as  strong as  the  found in  Zaprionus

genus.
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Figure 3. Correspondence analyses of the average relative synonymous codon usage between species recover 3 major clusters, the I - neotropical Sophophora, II - Sophophora – old
world and III Lordiphosa and Zaprionus genera and Drosophila, Siphlodora, Dorsilopha subgenera. The plot shows each of the 174 genomes examined in this study along the first
two dimensions (the X and Yaxes) of a correspondence analysis.  Each axis is  labeled with the percent  variance explained by the corresponding dimension. The the codons
correspondence analysis and each codon contribution is seen in Supplementary Figure S1).
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Genetic drift and mutational bias

Aiming to evaluate the impact of genetic drift on the shaping of codon usage patterns

in drosophilids, the phylogenetic signal of Relative Synonymous Codon Usage (RSCU) was

assessed using Pagel's λ and Blomberg's K tests (Table 1). In one hand, Pagel's λ values range

from 0 to 1, representing different degrees of phylogenetic signal. A value of 0 indicates the

absence of any phylogenetic signal, suggesting that the trait is not influenced by evolutionary

relatedness. On the other hand, a value of 1 indicates that the trait follows a Brownian model

of  random genetic  drift,  meaning  that  its  variation  can  be  attributed  to  the  evolutionary

relationships among species. On the other hand, Blomberg's K is a measure that compares the

variation of a trait among species to the variance of trait differences among species contrasts.

When a trait follows a Brownian model of random genetic drift, Blomberg's K will equal 1,

indicating that trait variation is evenly distributed among species. However, Blomberg's K can

be greater than 1, suggesting that trait variance is primarily observed between distinct clades

rather than within them. We observed very high Pagel’s λ for all codons, in concordance with

high Blomberg’s K, in fact the only codon the presented Blomberg’s K smaller than 1 was

CGA, the arginine-carrier tRNA, this indicate that other evolutionary forces may be shaping

the  choices  of  use-not  use this  tRNA.  The high phylogenetic  signal  observed suggests  a

significant  correlation  between  codon  usage  patterns  and  the  evolutionary  relationships

among  species.  However,  in  agreement  with  this  results  the  RSCU  analyses,  presented

previously, the heatmap and the correspondence analysis (Figures 2 and 3), trend to recover

similarities patterns among closely related species, but by the evaluation of the codon usage

(RSCU) showed that some species can present patterns quite different than their close related.

Table  1.  Testing  of  phylogenetic  concordance  of  the  RSCU  for  each  codon  across  all  174  genomes.  The
Blomberg’s K, Pagel’s λ, and corresponding P-value are reported for each codon.

codon Blomberg’s K, p (K) Pagel’s λ p (λ)
AAA 14,2210 1,00E-03 0,99993 1,50E-147
AAC 6,3350 1,00E-03 0,99993 2,10E-138
AAG 14,2210 1,00E-03 0,99993 1,50E-147
AAT 6,3350 1,00E-03 0,99993 2,10E-138
ACA 9,5410 1,00E-03 0,99993 1,20E-141
ACC 12,8970 1,00E-03 0,99993 6,10E-149
ACG 3,1050 1,00E-03 0,99993 6,60E-113
ACT 4,4550 1,00E-03 0,99993 1,40E-114
AGA 3,5770 1,00E-03 0,99993 2,20E-110
AGC 6,5550 1,00E-03 0,99993 1,50E-129
AGG 8,3620 1,00E-03 0,99993 1,50E-149
AGT 5,5350 1,00E-03 0,99993 2,00E-127
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codon Blomberg’s K, p (K) Pagel’s λ p (λ)
ATA 13,0910 1,00E-03 0,99993 4,90E-148
ATC 8,3630 1,00E-03 0,99993 4,70E-139
ATT 2,9960 1,00E-03 0,99993 1,50E-114
CAA 13,2060 1,00E-03 0,99993 1,80E-144
CAC 5,8060 1,00E-03 0,99993 4,10E-136
CAG 13,2060 1,00E-03 0,99993 1,80E-144
CAT 5,8060 1,00E-03 0,99993 4,10E-136
CCA 7,6570 1,00E-03 0,99993 1,50E-128
CCC 9,1420 1,00E-03 0,99993 7,00E-122
CCG 2,5660 1,00E-03 0,99993 3,80E-106
CCT 3,2640 1,00E-03 0,99993 4,20E-93
CGA 0,4580 1,00E-03 0,99993 6,40E-71
CGC 2,7400 1,00E-03 0,99993 4,70E-108
CGG 6,8320 1,00E-03 0,99993 4,00E-136
CGT 9,6890 1,00E-03 0,99993 7,00E-142
CTA 1,9320 1,00E-03 0,99993 4,40E-99
CTC 4,5250 1,00E-03 0,99993 3,50E-111
CTG 7,7690 1,00E-03 0,99993 3,80E-130
CTT 3,39 1,00E-03 0,99993 1,40E-95
GAA 12,52 1,00E-03 0,99993 2,10E-136
GAC 4,46 1,00E-03 0,99993 1,90E-129
GAG 12,52 1,00E-03 0,99993 2,10E-136
GAT 4,46 1,00E-03 0,99993 1,90E-129
GCA 10,22 1,00E-03 0,99993 4,90E-133
GCC 13,23 1,00E-03 0,99993 1,60E-138
GCG 1,74 1,00E-03 0,99993 1,30E-112
GCT 5,45 1,00E-03 0,99993 8,00E-115
GGA 1,07 1,00E-03 0,99993 8,40E-100
GGC 2,77 1,00E-03 0,99993 4,40E-105
GGG 2,12 1,00E-03 0,99993 2,40E-99
GGT 8,16 1,00E-03 0,99993 2,30E-128
GTA 7,87 1,00E-03 0,99993 2,60E-119
GTC 4,37 1,00E-03 0,99993 1,60E-96
GTG 8,00 1,00E-03 0,99993 1,60E-124
GTT 7,49 1,00E-03 0,99993 2,30E-120
TAC 5,64 1,00E-03 0,99993 1,10E-138
TAT 5,64 1,00E-03 0,99993 1,10E-138
TCA 12,03 1,00E-03 0,99993 2,50E-137
TCC 12,23 1,00E-03 0,99993 6,30E-145
TCG 2,65 1,00E-03 0,99993 3,40E-93
TCT 4,57 1,00E-03 0,99993 1,20E-102
TGC 6,67 1,00E-03 0,99993 5,70E-127
TGT 6,67 1,00E-03 0,99993 5,70E-127
TTA 17,76 1,00E-03 0,99993 1,80E-143
TTC 4,43 1,00E-03 0,99993 1,00E-114
TTG 4,26 1,00E-03 0,99993 1,10E-132
TTT 4,43 1,00E-03 0,99993 1,00E-114
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Genetic drift, which refers to random changes in isomorphism frequencies over time,

may play a significant role in driving codon usage patterns within closely related species. The

genetic drift effect is more pronounced at shorter evolutionary timescales, leading to greater

similarity  in  codon  usage  patterns  among  closely  related  species.  However,  at  deeper

branches,  where  the  influence  of  genetic  drift  might  be  attenuated  or  obscured  by  other

evolutionary  processes,  the  recovery  of  similar  codon  usage  patterns  becomes  more

challenging. 

Therefore,  while  the  phylogenetic  signal  analysis  indicates  a  strong  association

between codon usage patterns and the overall evolutionary relationships among drosophilids,

it is important to consider the limitations of the RSCU analyses in capturing similarities at

deeper  branches.  The  interplay  between  genetic  drift,  other  evolutionary  forces,  and  the

complex dynamics of codon usage bias requires further investigation to fully understand the

evolutionary mechanisms underlying the observed patterns.

We investigated the influence of mutational bias on codon usage patterns in various

species. Mutational bias refers to the tendency of certain nucleotides to be more likely to

mutate than others, which can impact the composition of codons. To assess this effect, we

compared the effective number of codons (ENC) with the GC3 content (the proportion of G

and  C  nucleotides  at  the  third  codon position)  for  each  gene  identified  by  BUSCO.  By

comparing the distribution of ENC as a function of GC3 and comparing the observed values

with the expected ENC under the assumption that the only factor influencing codon usage

bias is CG composition, we were able to evaluate the specific contribution of mutational bias

to the observed codon usage patterns,  and we estimated the percentage of deviation from

expectation  for  each  gene.  Even  the  species  that  presented  the  lowest  ENC  values  (D.

ironensis, Figure 1), appears to be significantly affected by the mutational Bias (Figure 4A),

althoug the selection force is pushing the obseved values of ENC down. The pattern between

The neotropical sophophora and basal species resemble much more with the one demostrated

with the values of D. sturtevanti (Figure 4B), and although a clear correlation is not seen, the

deviation from the expectation does not appear to favore drastically increase of the observed

ENC  (Figure  4C),  indicationg  that  the  fact  that  the  saltans-willistoni clade  has GC3

composition close to 50% may be the major force acting on the lack of bias observed .

In addition to investigating codon usage bias and its evolutionary mechanisms in the

Drosophilidae family,  an important  perspective of this work is  to  quantify the number of

genes that deviate from the expectations of mutational bias and to evaluate the impact of

translational  selection.  This  approach aims to  provide  a  clearer  and  more  comprehensive
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understanding of the codon usage patterns in the Drosophilidae family. By identifying the

genes  that  fall  outside  the  range  of  mutational  bias,  it  becomes  possible  to  uncover  the

selective  pressures  acting  on  codon  usage.  Furthermore,  assessing  the  influence  of

translational selection helps elucidate the role of natural selection in shaping the observed

codon preferences.  This  perspective enhances our understanding of  the complex interplay

between  mutational  biases,  translational  selection,  and  codon  usage  patterns,  ultimately

contributing  to  a  more  nuanced  characterization of  the  evolutionary  dynamics  within  the

Drosophilidae  family.  Moreover,  analyzing  alterations  in  mutation  rates  can  offer  novel

insights into the mechanisms underlying shifts in codon usage among Drosophilidae.
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Figure 4. Influence of Mutational Bias on Codon Usage in Drosophila. The relationship between GC3 and ENC
values reveals the impact of mutational bias, even in species with low Effective Number of Codons (ENC), as
exemplified by D. ironensis (A). In contrast, species with higher ENC values, like D. sturtevanti (B), exhibit a
less clear pattern. Notably, the percentage of genes deviating from the expected only by mutational bias (C)
suggests that, despite a influence of selection, the neotropical  Sophophora  species  tend to  have higher ENC
values due to their GC3 content approaching 50%. The reddish points indicate a higher likelihood of selection
influence, while the bluish points signify a lower impact of selection on codon usage.
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Codon Usage impact in the phylogeny

To  assess  the  impact  of  codon  usage  bias  and  saturation  on  the  phylogenetic

relationships of drosophilids, multiple maximum likelihood trees were reconstructed, using

amino acids, first, second, and third codon positions, as well as the first and second codon

positions. Notably, our analyses revealed several noteworthy topological changes within the

Drosophilidae  phylogeny  (Supplentary  Figures  S2-S6),  particularly  in  the  context  of  the

saltans species  group  (Figure  5).The  most  significant  changes  occurred  in  the  saltans

subgroup, but changes within the sturtevanti subgroup were also noted, although only in the

third possition of the codon.

Furthermore,  for  the saltans subgroup the  analysis  of  the  first  and  second  codon

positions presented a markedly different topology compared to the amino acid-based tree.

Surprisingly, these differences appeared to be primarily driven by mutations in the second

codon  position.  The  distinct  influence  of  the  second  codon  position  on  phylogenetic

relationships suggests that mutations in this position may carry more phylogenetic signal than

those  in  the  first  codon position.  These  results  emphasize  the  need  for  a  more  nuanced

consideration of codon position and its context in phylogenetic studies.

It's  essential  to  note  that  these  findings underscore  the  critical  influence of  codon

usage  bias  and  saturation  on  the  reconstruction  of  evolutionary  relationships  within  the

saltans species group. The saturation effects, as observed in the third codon position,  can

further  complicate  phylogenetic  reconstructions.  In  summary,  our  study  highlights  the

intricate interplay between codon usage bias, saturation, and codon position in shaping the

phylogenetic  relationships  of  drosophilids.  These  findings  have  implications  for  the
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interpretation  of  molecular  data  in  evolutionary  studies  and  suggest  the  need  for  further

research to elucidate the specific mechanisms behind these codon-specific effects. This, in

turn,  could  contribute  to  the  development  of  more  robust  and  accurate  phylogenetic

methodologies.
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Figure 5. Comparison of topologies generated with amino-acids, first+second (A), first (A), second (B) and third (B) codon bases focusing in the neotropical Sophophora clade. See
Supplentary Figures S2-S6 for the all evaluated Drosophilidae topologies. Species deviating from the topology generated with amino acid data are highlighted with *.

A



126

B



75

Material and Methods

Data acquisition and ortholog identification

To acquire genome assemblies of Acalyptratae, specifically focusing on the family

Drosophilidae, a search was conducted on the NCBI database until March 2023, using the key

searches txid7214[Organism:exp] and txid43741[Organism:exp] to target Drosophilidae taxa

and Acalyptratae taxa, respectively. The obtained results underwent filtering, to ensure that

multiple genomes of the same species were removed, selecting the one that presented better

assembly  report  (higher  N50).  The  primary  objective  of  the study  was to  investigate  the

neotropical Sophophoran clade (saltans and willistoni groups). As such, genome sequencing

and draft assembly were performed for 15 species belonging to the Drosophila saltans species

group, as described in Prediger et al. (Chapter 3).

In  order  to  compare  codon  usage  bias  across  approximately  of  the  retrived  197

species, a critical step involved utilizing the single-copy genes identified by BUSCO v.5, a

computational  tool  that  searches  for  highly  conserved  single-copy genes  across  genomes

(WATERHOUSE et al., 2018). By focusing exclusively on single-copy genes, the analysis

avoids the inclusion of paralogous genes, ensuring a more accurate and unbiased comparison

of codon usage bias among the species. This approach allows for a robust evaluation of codon

usage patterns, as it provides a standardized set of genes for comparison across the diverse

range of species included in the study. The downstream analysis was performed using the

genomes that exhibited at least 90% completeness for the identified single-copy genes, which

corresponded to a minimum of 2,956 SCG present in the genome.

Codon usage bias measure

In order to obtain the general view of codon usage between species, the ENC were

calculated  to  33,408  single  copy  genes  from  174  species  using  the  R  package  Vhica

(WALLAU et al., 2016).The effective number of codons (ENC or Nc, WRIGHT, 1990), is a

mesure of the preference in a gene codon usage and it quantify the departure of a gene from

the equal use of synonymous codon. It was defined bt Wright (1990) seen in equation 1:

ENC=2+
9
F2

+
1
F3

+
5
F4

+
3
F6

 (1)

Where “F2”, “F3”, “F4”,and “F6”  are the average homozygosity for the amino acids

having a degeneracy of two, three, four and six respectively. And are calculated as shown in

equation 2, where “n” represents the overall occurrence of the amino acid within the gene, and
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“pi”  denotes  the  frequency  of  the  “ith”  synonymous  codon corresponding  to  that  specific

amino acid.

F=
(n∑

i−1

k

pi
2)−1

n−1
(2)

The ENC value ranges from 20 to 61 due to the presence of 61 tRNA molecules

carrying the 20 amino acids. A value of 20 indicates complete bias, where each amino acid is

carried by a unique tRNA molecule. Conversely, a value of 61 indicates complete unbiased

selection of  codons,  where all  synonymous codons are used equally.  Due to  the  ENC be

independent of gene length and amino acid composition, does not rely on organism-specifc

data and can be easily applied to study new organisms.

Other  while  spread that  we used  to  evaluate  the codon usage  bias  is  the  relative

synonymous codon usage (RSCU)  (SHARP; TUOHY; MOSURSKI, 1986) is the observed

frequency of a codon divided by the expected frequency if all the synonymous codons were

used equally, as demostrated in equation 2. Where where “i” is the ith aminoacid carried by the

codon “c”. Xic is the frequency of the codon “c” among the gene and “ni” represents the total

number of synonymous codons for the ith-aminoacid. RSCU values can be 2, 3, 4 and 6 when

a  single  codon  is  used  to  encode  amino  acids  having  2,3,4  and  6  synonymous  codons

respectively (Supplementary Table S3)

(2)

To analyze the codon usage patterns, we calculated the RSCU values for the 33,408

single-copy genes across 174 species using the R package SeqinR (CHARIF; LOBRY, 2007).

To gain insights  into general  trends,  we employed hierarchical  clustering with  the gplots

package  (WARNES et al.,  2005) to visualize the average RSCU values for  each species.

Additionally,  we  performed  correspondence  analysis  based  on  the  average  RSCU  values

using the FactoMineR package (LÊ; JOSSE; HUSSON, 2008) to identify specific codons that

contribute to variations in codon usage between species.

Genetic drift and mutational bias

To  reconstruct  the  evolutionary  relationships  within  Drosophilidae,  partitioned

Maximum Likelihood analysis were performed in IQ-TREE (NGUYEN et al., 2015), using
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the 192 SCGs shared by the 174 genomes that had completness higher the 90%. The aligment

of SCGs coding sequences were carried out using Clustal-Codons methods inplemented in

Mega  X  (megacc,  KUMAR  et  al.,  2018), whereas  the  alignmentfor  SCG  amino  acids

sequences they were carried out in mafft (KATOH; STANDLEY, 2013).The CDS sequences

were evaluated using five different approaches: considering only the first and second bases of

each codon, considering only the first base, considering only the second base, considering

only  the  third  base,  and  considering  all  bases.  Additionally, partitionated  Maximum

Likelihood analysis was also applied for the protein sequences. To examine the influence of

phylogeny  on  the  observed  variation  in  codon  bias,  we  computed  two  measures  of

phylogenetic signal in R, Pagel’s λ and Blomberg’s K implemented in the R package phytools

(REVELL, 2012), using the phylogenetic tree reconstructed with amino acids. Aiming to infer

the role of mutational bias in every genome, the ENC effective number of codons (ENC) of

each  gene  to  the  synonymous  GC3 proportion  of  that  gene  using  the  R  package  vhcub

(ANWAR; SOUDY; MOHAMED, 2019)
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5 Final considerations

My thesis leveraged the advantages of new genomic resources for 16 species of the

Drosophila saltans species. I investigated two aspects: the phylogenomic relationships (Chap-

ter 3) and the evolution of a set of highly conserved genes (Chapter 4). A specific discussion

on each of these questions was given at the end of the corresponding chapters. In this General

discussion and prospectives chapter, I would like to discuss three major implications of my

thesis in the evolution of the Drosophila saltans species group as well as of Neotropical in-

sects in general.

5.1 Phylogenetic systematics of the Drosophila saltans species group

The parasaltans species subgroup consists of two Amazonian species, D. parasaltans

and  D. subsaltans,  but no study has ever included both species. Indeed, only two nuclear

sequence from the Xanthine dehydrogenase (Xdh) and a fragment of alcohol dehydrogenase

(Adh) genes are available for D. subsaltans (Tarrío et al. 1998). By extracting this sequence

from all the genomes, we sequenced and reconducting a phylogenetic analysis, we confirmed

the  monophyly  of  the  parasaltans subgroup  based  on  Xdh but  not  with  the  very  short

fragment of  Adh that is available (Appendix A, Supplementary Figure S4). The two species

are however strongly reproductively and geographically isolated (Bicudo and Prioli 1978).

The sturtevanti species subgroup includes seven species, of which four were included

in our study. Of the species that were not included, D. pulchella, which was described from a

male specimen from the Island of Saint Vincent, is likely a synonym of the widespread  D.

sturtevanti (Vilela and Bächli 1990). Whereas our biogeographical analysis indicated that the

ancestral range of all four sequenced species was likely the northern coasts of South America,

the unsampled species D. magalhaesi was originally described from southern Brazil (Mourão

and Bicudo 1967). The Southern strain of this species is strongly reproductively isolated from

both  D. sturtevanti and  D. milleri (Bicudo 1979).  Recent  studies  reported its  presence in

northern  Brazil,  but  we  were  not  able  to  collect  it  despite  our  extensive  sampling  of

drosophilids in  Brazil,  including in  the type locality of  this species.  The third unsampled

species,  D.  rectangularis,  is  endemic  to  Mexico  and  its  males  have  genitalia  that  are

completely distinct from those of the remaining species of the subgroup (Magalhães 1962).

Indeed, the morphology of the male genitalia approaches  D. rectangularis to species of the

cordata subgroup.
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The  cordata subgroup  consists  of  two  species,  D.  cordata which  is  endemic  to

Guatemala and the widespread  D. neocordata, which was originally described from Brazil.

We have used two South American strains of D. neocordata. However, larger collections in

Central America would be required to gain better insights on the taxonomic delimitation of

this subgroup, especially given that  D. cordata has never been included in any molecular

analysis and that the Mexican D. rectangularis is likely member of this clade. The taxonomic

increase  could  also  help  better  identifying  the  exact  placement  of  the  cordata subgroup

relative  to  both  the  elliptica and  saltans subgroups  that  differed  between  nuclear  and

mitochondrial trees.

The  elliptica subgroup includes four species,  of which three were sequenced here.

Remarkably, the two species only found in Brazil, i.e. D. neosaltans and D. neoelliptica, were

not  sisters,  with  D.  neoelliptica being  closely  related  to  the  widespread  D.  emarginata.

Previous studies demonstrated morphological differences between widespread populations of

D. emarginata and a population from Peru (Magalhães 1962) and there is evidence for partial

reproductive isolation between populations in Central America (Bicudo and Prioli 1978). No

molecular study has ever included the Mexican endemic D. elliptica and further geographical

sampling is needed.

The saltans subgroup is by far the more speciose in the group, including eight species.

Six  out  of  these  species  were  sequenced  here.  The  two  unsampled  species  included  D.

lusaltans, a species endemic to Haiti (Magalhães 1962), and D. neoprosaltans, which was re-

cently described from Ecuador (Guillín and Rafael 2017). Earlier molecular studies included a

short fragment of the Alcohol dehydrogenase (Adh) nuclear gene and the complete sequence

of the mitochondrial gene Cytochrome oxidase subunit 1 and 2 (COI and COII) (O’Grady et

al. 1998; Roman et al. 2022). We were not able to conclusively place D. lusaltans using the

short Adh sequence, but the mitochondrial analysis indicated that this species belongs to the

mitotype P clade (Appendix A, Supplementary Figure S4). Indeed, Magalhães (1962) noted

that the male genitalia of D. lusaltans closely resemble those of D. prosaltans. We were re-

cently collecting and molecularly characterizing drosophilids in Ecuador, and found speci-

mens of D. prosaltans and D. austrosaltans but we were not able to collect D. neoprosaltans.

5.2 Genome evolution of the Drosophila saltans species group

My analysis of the relaxation of codon usage bias in the  saltans subgroup treated a

single aspect of molecular evolution in this clade. Given the wide phylogenetic breadth of the
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study, only highly conserved single-copy genes were considered. How much inference from

this subset of genes reflect whole-genome patterns requires further investigations. In particu-

lar, the evolution of codon usage bias may reflect a general pattern of relaxation of selection

and increase of genetic load in this clade. Such relaxation could occur due to decrease of ef-

fective population size, which in its turn could result from demographic effects or due to re-

duction in recombination rate reducing the efficiency of purging slightly deleterious synony-

mous mutations. Indeed, species of the neotropical Sophophora have long been notorious for

their highly frequent polymorphic large chromosomal inversions. Large inversions often re-

duce recombination and increase gene load (Jay et al. 2019). Testing this hypothesis would re-

quire assembling the genomes of multiple lines of species of the  saltans group using long-

read sequencing approaches and inferring the boundaries and extent of inversions (cf. Ferreira

et al. 2023). The genomes would then need to be annotated in order to quantify the extent of

codon usage bias in genes present on different chromosomes or in different positions in re-

spect to the inversions. To account for the effects of translational selection, the expression

levels of the different genes need to be quantified using recent transcriptomic technologies

and compared to their codon usage. Furthermore, studies on population genomics of species

of the Drosophila saltans group can also shed a light on the recombination landscape in these

species, since in most species local levels of nucleotide diversity correlate with recombination

rate (Kern and Hahn 2018; Ferreira et al. 2023). Despite these gaps of our knowledge, the ge-

nomic analyses provided in this thesis represent a major step towards the application of next-

generation-sequencing tools to understand the evolution of this longly neglected clade.

5.3 Phenotypic evolution of the Drosophila saltans species group

Compared to other species of the subgenus Sophophora, the genetic basis of phenotypic evo-

lution has rarely been investigated in the saltans species group. A very interesting aspect of

the  saltans group is  related to the male external  genitalia morphology. The  saltans group

species are cryptic and show wide variation in male genital morphology, with phallic struc-

tures evolving rapidly and significantly differing among the five subgroups, but not within

them (MAGALHÃES; BJÖRNBERG, 1957; SOUZA et al., 2014; SEGALA, 2019; ROMAN;

MADI-RAVAZZI, 2021). In addition to the rapid evolution of male genitalia, a peculiar char-

acteristic of this group is the evolution of male genital size. The elliptica subgroup is an ex-

ception to the pattern of negative allometry for the male reproductive organ in arthropods, ex-

hibiting a large size of aedeagi. For example, the greatest aedeagus length (measured between



83

the phalapodeme and the apix of aedeagus) is observed in D. emarginata (1.07 mm), followed

by D. neosaltans (0.85 mm), D. elliptica (0.73 mm), and D. neoelliptica (0.61 mm) (after the

scaled illustrations given in MAGALHÃES; BJÖRNBERG, 1957). These numbers are signif-

icantly higher when compared, for example, with the species D. melanogaster, which has an

approximate length of 0.2 mm (TSACAS et al., 1971), although the difference in body length

of this species is not that remarkable. The enlargement of this structure represents a nice op-

portunity to test this species as model to understand the genetic basis of genitalia develop-

ment, and the mechanisms that constrain aedeagus enlargements. I investigated from the taxo-

nomic literature the distribution of the lengths of the aedeagus relative to body size in multiple

Drosophila species and found that indeed the enlargement in the  elliptica species group is

unique. I have also started to investigate the pupal development of the male and female geni-

tal discs. In the future, I would like to better understand the changes in the developmental net-

works underlying the evolution of this spectacular phenotype.
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Supplentmentary  Document  1.  Futher  discussion.  Available  link:
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Supplementary Data S1. 2,159 gene trees generated maximum likelihood estimation. Available link:
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Supplementary Table S1. Summary of previous competing phylogenetic hypotheses in the saltans group. CO = cordata subgroup, EL = elliptica subgroup, ST = stutevanti subgroup,

PA = parasaltans subgroup, SA = saltans subgroup, aus= D. austrosaltans, nig = D. nigrosaltans, sal = D. saltans, pro = D. prosaltans, lus = D. lusaltans, sep = D. septentriosaltans,

pse = D. pseudosaltans, stu= D. sturtevanti, leh = D. lehrmanae, mil = D. milleri, dac = D. dacunhai, nsa = D. neosaltans, nel = D. neoelliptica, ema= D. emarginada, OS = overall

similarities, ai = measure of isolation for each interspecific cross, MP = maximum parsimonia, ML = maximum likelihood, BI =Bayesian inference.

Markers Topology
N. of

species
Methods Authors

D. saltans group

Morphology 1 (CO,(EL,(ST,(PA,SA)))); 14 OS Throckmorton & Magalhães 1962

Spermatheca (CO,EL,ST,(SA,PA)); 5 OS Throckmorton 1962

Morphology 2 (ST,SA,(PA,(CO,EL))); 8 MP Magalhaes 1962 in O'Grady 1998

28S ((ST,EL),(CO,SA)); 4 MP Pélandakis & Solignac 1993

Adh D. saltans subgroup not monophyletic 8 MP O’Grady et al. 1998

COI (CO,EL,(ST,PA,SA)); 8 MP O’Grady et al. 1998

COI + COII + ITS1 + AdH + morphology2 (CO, (EL, (ST, PA, SA))); 8 MP O’Grady et al. 1998

COII (PA,(CO,SA,EL,ST)); 8 MP O’Grady et al. 1998

ITS1 (PA,(CO,EL), ST, SA); 8 MP O’Grady et al. 1998

Xdh (PA,(ST,(EL,(CO,SA)))); 6 ML Rodríguez-Trelles et al., 1998

Xdh + Adh + ITS1 (PA,(ST,((EL,CO),SA))); 6 NJ Rodríguez-Trelles et al., 1998

Xdh + Adh + ITS1 + COI (PA,(ST,((EL,CO),SA))); 6 NJ Rodríguez-Trelles et al., 1998

Xdh + Adh + ITS1 + COI + COII (PA,(ST,((EL,CO),SA))); 6 NJ Rodríguez-Trelles et al., 1998

Xdh + Adh + ITS1 + COII (PA,(ST,((EL,CO),SA))); 6 NJ Rodríguez-Trelles et al., 1998

P element ((CO,EL),(PA,(SA,ST))); or
(CO,EL,(PA,(SA,ST)));

10 PA Castro & Carareto 2004

Adh (CO,(SA,(PA,(EL,ST)))); 9 NJ Setta et al. 2007
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Morphology 3 (ST, ((CO,EL),(PA,SA))); 9 MP Yassin, 2009

Morphology 4 (CO,((EL, ST),(PA,SA))); 10 MP Souza, 2014

CO I+ COII + morphology 5 (PA,(SA,(ST,(EL,CO)))); 16 BI Roman et al. 2022

COI + COII (PA,(SA,(ST,(EL,CO)))); 16 BI Roman et al. 2022

Morphology 5 ((PA,SA),ST,EL,CO)); 16 MP Roman et al. 2022

D. saltans subgroup

Reproductive isolation ((aus, nig),(sep,(lus,sal,pro)),pse); 7 Ai Bicudo 1973

chromosome inversion ((((lus,sep,sal),(aus,nig)),pse),pro); 7 OS Bicudo 1973

Adh + ITS1 + COI + COII + morphology2 (sal,aus,lus,pro); 4 MP O'Grady, 1998

Esterases (pro,(aus,(sep,sal))); 4 NJ Nascimento & Bicudo 2002

Adh (pro, (sal, (lus, aus))); 4 NJ Setta et al. 2007

morphology 3 ((aus,lus),pro,sal); 4 MP Yassin 2009

Morphology 4 (sal,(pro,lus,aus)); 4 MP Souza et al. 2014

COI + COII ((lus,pro,pse,sep),(nig,(aua,sal)) 7 BI Roman et al. 2022

CO I + COII + morphology 5 (lus,pse,(pro,sep),(nig,(aus,sal))); 7 BI Roman et al. 2022

morphology 5 (sal,(sep,aus),(pse,nig),pro,lus) 7 MP Roman et al. 2022

D. sturtevanti subgroup

reproductive isolation ((stu,mil),mag); 3 Ai Bicudo 1979

Morphology 4 (stu, (dac,mil)); 3 MP Souza, 2014

COI + COII + ND4 + ND2 ((stu,leh),(mil,dac)); 4 BI Madi-Ravazzi et al. 2021

morphology5 ((stu,leh),(mil,dac)); 4 MP Roman et al. 2022

COI + COII ((stu,leh),(mil,dac)); 4 BI Roman et al. 2022

CO I+ COII + morphology 5 ((stu,leh),(mil,dac)); 4 BI Roman et al. 2022
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D. elliptica subgroup

COI + COII (nsa,(nel,ema)); 3 BI Roman et al. 2022

CO I+ COII + morphology 5  (nsa,(nel,ema)); 3 BI Roman et al. 2022

morphology 5 (nsa,(nel,ema)); 3 MP Roman et al. 2022
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Supplementary Table S2. Assembly quality, completeness of the genome of the saltans group. The total number

of single copy genes used as baits is 3,285.

Available link: https://drive.google.com/drive/folders/15evhOfc3jxKn_rZoxOb1PwQFiH84iPTP?usp=drive_link

Supplementary Table S3. 2A2B Results for every quartets

Available link: https://drive.google.com/drive/folders/15evhOfc3jxKn_rZoxOb1PwQFiH84iPTP?usp=drive_link

SupplementaryTable S4. Node ages, ancestral area for the saltans group

Available link: https://drive.google.com/drive/folders/15evhOfc3jxKn_rZoxOb1PwQFiH84iPTP?usp=drive_link

Supplementary Table S5. T2/T1 and H2/H1ratio and reticulation estimated for the saltans group.

Available link: https://drive.google.com/drive/folders/15evhOfc3jxKn_rZoxOb1PwQFiH84iPTP?usp=drive_link

Supplementary Table S6. Location and number of individuals used in the illumina PoolSeq.

Available link: https://drive.google.com/drive/folders/15evhOfc3jxKn_rZoxOb1PwQFiH84iPTP?usp=drive_link
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Supplementary Figure S1. Bayesian Inference trees generated with 5 independent datasets, chromosome arms

and respecteve Muller elements are indicated in each tree. Branch Posterior probabilities are shown for each

node. The parasaltans, sturtevanti, saltans, elliptica and cordata subgroups are highlighted in yellow, blue, red,

green and pink, respectively.
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Supplementary Figure S2. Maximum likelihood trees generated with 5 independent datasets, each comprise the

concatenate genes predicted to the Muller elements A-F. UltraFast Bootrap values are shown for each node. The

parasaltans, sturtevanti, saltans, elliptica and cordata subgroups are highlighted in yellow, blue, red, green and

pink, respectively.
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Supplementary Figure S3.  Species  Tree generated under the  multi-species  coalecent  model impremented in

ASTRAL-III, from the 2,156 genes tree available in Supplementary Data S1 and evaluated as 5 different data

sets, acording to genes predicted to the Muller elements A-F. Branch support are shown for each node. The

parasaltans, sturtevanti, saltans, elliptica and cordata subgroups are highlighted in yellow, blue, red, green and

pink, respectively.
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Supplementary Figure S4. Phylogenetic tree with inclusion of D. lusaltans and D. subsaltans. Mitochondrial tree reconstructed with inclusion of mitochondrial genes of D. lusaltans
(A) and nuclear trees generated with the  Xdh (B) and Adh (C) genes, which includes sequences of D. subsaltans. Branch supporter different than 1 are shown. The parasaltans,
sturtevanti, saltans, elliptica and cordata subgroups are highlighted in yellow, blue, red, green and pink, respectively.



103

APPENDIX B: supplementary material chapter 4

Supplementary Figure S1. Correspondence analysis of codons (A) and their contributions to the first (B) and
second (C) diminutions. Red dashed lines in B and C represent the expected values for contributions assuming
equal contributions from all factors.
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Supplementary Figure S2. Drosophilidae Phylogeny generated with 192 gene sequenced translated to amino-
Acids.
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Supplementary Figure S3. Drosophilidae Phylogeny generated with 192 gene using the first and second codon
bases.
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Supplementary Figure S4. Drosophilidae Phylogeny generated with 192 gene using the first codon base.
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Supplementary Figure S5. Drosophilidae Phylogeny generated with 192 gene using the second codon base.
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Supplementary Figure S6. Drosophilidae Phylogeny generated with 192 gene using the third codon base.
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Supplementary Table S1. Total number of recover genes for each evaluated genome.

Species
Number of recover single copy 
genes (3285 baits genes)

Drosophila sproati 3238
Drosophila tsacasi 3028
Braula 3100
Coremacera marginata 3157
Scaptomyza flava 3088
Drosophila pandora 3125
Drosophila lacteicornis 3184
Drosophila sturtevanti-s3 2969
Drosophila sulfurigaster 3215
Drosophila elegans 3250
Drosophila gunungcola 3207
Drosophila tani 3112
Drosophila orosa 3086
Drosophila lehrmanae 2996
Scaptomyza graminum 3225
Drosophila rubida 3214
Zeugodacus cucurbitae 3235
Drosophila lini 3096
Drosophila jambulina GCA 018152175.1 3229
Drosophila ogumai 3140
Drosophila emarginata 3183
Drosophila leontia 3099
Drosophila mojavensis 3233
Drosophila pectinifera 3217
Drosophila ohnishii 2959
Lordiphosa magnipectinata 3094
Zaprionus indianus 3220
Drosophila pallidifrons 3204
Drosophila sturtevanti ncbi 3217
Drosophila nikananu 3152
Drosophila ercepeae 3248
Drosophila cardini 3211
Drosophila athabasca 3200
Drosophila koepferae 3220
Drosophila immigrans 3231
Drosophila pachea 3233
Bactrocera latifrons 3212
Drosophila ficusphila 3236
Drosophila parabipectinata 3240
Drosophila bunnanda 3224
Teleopsis dalmanni 3058
Drosophila milleri 3183
Drosophila mauritiana 3245
Drosophila teissieri 3222
Drosophila nigrodunni 3218
Drosophila quadrilineata 3237
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Species
Number of recover single copy 
genes (3285 baits genes)

Zaprionus nigranus 3115
Drosophila oshimai 3206
Lordiphosa mommai 3131
Drosophila aff. chauvacae BK-2020 3145
Scaptomyza pallida 3169
Drosophila dunni 3238
Drosophila lowei 3102
Drosophila melanogaster 3234
Drosophila neoelliptica 3194
Phortica variegata 3076
Lordiphosa collinella 3077
Drosophila burlai 3114
Drosophila obscura 3204
Scaptomyza montana 3214
Drosophila truncata 3216
Zaprionus kolodkinae 3231
Drosophila nannoptera 3201
Drosophila subobscura 3226
Drosophila repletoides 3232
Zaprionus africanus 3233
Drosophila melanica 3178
Drosophila repleta 3244
Drosophila kepulauana 3233
Zaprionus lachaisei 3210
Drosophila willistoni 3212
Zaprionus bogoriensis 3243
Drosophila parasaltans 3166
Drosophila novamexicana 3202
Zaprionus capensis 3213
Drosophila subpulchrella 3082
Drosophila birchii 3218
Drosophila auraria 3192
Drosophila rhopaloa 3220
Drosophila malerkotliana 3236
Drosophila takahashii 3198
Drosophila varians 3235
Drosophila murphyi 3238
Drosophila sucinea 3215
Drosophila prosaltans ncbi 3229
Drosophila triauraria 2998
Zaprionus gabonicus 3237
Zaprionus davidi 3220
Drosophila albomicans 3230
Drosophila insularis 3238
Leucophenga varia 2961
Drosophila chauvacae 2983
Drosophila eugracilis 3218
Drosophila septentriosaltans 3156
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Species
Number of recover single copy 
genes (3285 baits genes)

Drosophila carrolli 3213
Drosophila austrosaltans 3069
Drosophila tropicalis 3196
Drosophila watanabei 3008
Drosophila pseudotakahashii 3241
Drosophila santomea 3249
Drosophila seguyi 3182
Drosophila neosaltans 3208
Drosophila punjabiensis 3073
Drosophila anomelani 3104
Drosophila paulistorum 3224
Drosophila littoralis 3243
Drosophila persimilis 3182
Drosophila azteca 3195
Scaptomyza hsui 3212
Zaprionus ornatus 3213
Drosophila fuyamai 3234
Drosophila arawakana 3214
Drosophila neocordata 3232
Drosophila saltans ncbi 3231
Drosophila sturtevanti-s2 3154
Drosophila micromelanica 3204
Drosophila biarmipes 3245
Drosophila sturtevanti-s1 3035
Drosophila ironensis 3200
Drosophila kurseongensis 3239
Drosophila ananassae 3243
Drosophila dacunhai 3190
Drosophila pseudoobscura 3219
Drosophila tristis 3178
Scaptodrosophila lebanonensis 3210
Drosophila suzukii 3105
Drosophila bifasciata 3024
Drosophila nebulosa 3187
Drosophila virilis 3195
Drosophila setifemur 3234
Drosophila jambulina GCA 008042695.1 3202
Drosophila navojoa 3216
Drosophila bipectinata 3235
Drosophila americana 3238
Zaprionus taronus 3141
Zaprionus camerounensis 3226
Drosophila simulans 3246
Drosophila nigrosaltans 3153
Drosophila arizonae 3124
Drosophila kohkoa 3036
Drosophila busckii 3177
Drosophila bocki 3198
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Species
Number of recover single copy 
genes (3285 baits genes)

Drosophila saltans NEW 3162
Drosophila equinoxialis 3158
Drosophila erecta 3245
Drosophila bocqueti 3202
Chymomyza costata 3225
Zaprionus ghesquierei 3218
Drosophila guanche 3234
Drosophila nasuta 3224
Drosophila pseudosaltans 3120
Drosophila parvula 2971
Drosophila yakuba 3247
Ceratitis capitata 3236
Drosophila sechellia 3241
Drosophila funebris 3217
Drosophila grimshawi 3235
Drosophila rufa 3213
Bactrocera tryoni 3210
Zaprionus tsacasi 3232
Drosophila asahinai 3192
Drosophila pseudoananassae 3231
Drosophila orena 3062
Drosophila hydei 3187
Lordiphosa clarofinis 3118
Drosophila kanapiae 3218
Drosophila pruinosa 3233
Zaprionus vittiger 3236
Drosophila ambigua 3211
Drosophila mayri 3220
Drosophila prosaltans new 3114
Drosophila serrata 3132
Zaprionus inermis 3236
Drosophila kikkawai 3217
TOTAL 553627
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Supplementary Table S2. Average RSCU calculated from all SCGs. The most frequently used codon for each
amino acid is highlighted in blue, and favored codons, denoted by RSCU greater than 1, are displayed in bold.
Availlable at : https://drive.google.com/file/d/1foT434g7BhqVricHRZplhq_f3tyjIkZo/view?usp=drive_link

Supplementary Table S3 The relationship between the amino acinds and the tRNAs responsible for carrying
them, their codons and the range of their RSCU. 

Amino Acid N. tRNA Codons
maximum range of

RSCU values

Arginine 6 tRNAs CGT, CGC, CGA, CGG, AGA, AGG 0-6
Leucine 6 tRNAs TTA, TTG, CTT, CTC, CTA, CTG 0-6
Serine 6 tRNAs TCT, TCC, TCA, TCG, AGT, AGC 0-6
Alanine 4 tRNAs GCT, GCC, GCA, GCG 0-4
Glycine 4 tRNAs GGT, GGC, GGA, GGG 0-4
Proline 4 tRNAs CCT, CCC, CCA, CCG 0-4
Threonine 4 tRNAs ACT, ACC, ACA, ACG 0-4
Valine 4 tRNAs GTT, GTC, GTA, GTG 0-4
Isoleucine 3 tRNAs ATT, ATC, ATA 0-3
Asparagine 2 tRNAs AAT, AAC 0-2
Aspartic Acid 2 tRNAs GAT, GAC 0-2
Cysteine 2 tRNAs TGT, TGC 0-2
Glutamic Acid 2 tRNAs GAA, GAG 0-2
Glutamine 2 tRNAs CAA, CAG 0-2
Histidine 2 tRNAs CAT, CAC 0-2
Lysine 2 tRNAs AAA, AAG 0-2
Phenylalanine 2 tRNAs TTT, TTC 0-2
Tyrosine 2 tRNAs TAT, TAC 0-2
Methionine 1 tRNA ATG 1
Tryptophan 1 tRNA TGG 1
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APPENDIX C : Résumé étendu de la thèse

Introduction général

Comprendre  les  relations  entre  les  espèces  et  les  processus  sous-jacents  à  leur

diversification  est  un  objectif  fondamental  en  biologie.  Traditionnellement,  les  relations

évolutives des espèces sont représentées dans des arbres, offrant une représentation simplifiée

de leurs relations phylogénétiques. Cependant, cette représentation directe devient complexe

lorsque des polytomies surviennent, ajoutant  une couche de complexité au modèle d'arbre

ramifié. Les polytomies sont largement classées en deux catégories : "soft" et "hard".  Les

polytomies  "soft"  surviennent  lorsque  les  données  disponibles  manquent  de  signal

phylogénétique suffisant pour résoudre un nœud, conduisant à un schéma de ramification non

résolu,  et la  topologie changera jusqu'à ce que suffisamment de données  de haute qualité

soient  ajoutées  à  l'analyse.  En  revanche,  les  polytomies  "hard"  sont  intégrées  dans  la

trajectoire historique des espèces, marquée par une influence plus prononcée de l'évolution

réticulaire. Divers processus, tels que le transfert horizontal de gènes, le flux génique (comme

la spéciation hybride et l'introgression) et la ségrégation incomplète des lignée, contribuent à

la configuration complexe des ramifications. Contrairement aux polytomies "soft", les défis

posés par les polytomies "hard" vont au-delà des problèmes de qualité des données, s'étendant

à la complexité de l'histoire évolutive des espèces. La reconnaissance de ces deux classes de

polytomies souligne la complexité inhérente à la représentation des relations évolutives. Cela

met  en  évidence  l'interaction  dynamique  entre  les  limitations  méthodologiques  et  les

processus  biologiques  complexes  qui  façonnent  l'arbre  de  la  vie.  En  substance,  la

reconnaissance  des  polytomies  incite  à  une  exploration  plus  approfondie  de  la  nature

complexe de l'évolution des espèces et des forces diverses qui contribuent aux schémas de

ramification observés dans l'arbre évolutif.

Au cours de la dernière décennie, les efforts pour distinguer tri incomplet des lignées

et  introgression  posent  des  défis  en  raison  de  motifs  génétiques  similaires  qu'ils  peuvent

produire. Des tests analytiques, tels que le D de Patterson et HyDe, sont utilisés pour démêler

ces  complexités,  en  évaluant  le  partage  des  mutations  dans  des  paires  d'espèces  en

quadruplets.  Pour  chaque  quadruplet  d'espèces,  avec  un  groupe  externe  connu,  trois

topologies sont possibles, fréquemment appelées AABB, ABBA et BABA (Figure 1).
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Figure 1. Structures topologiques potentielles dans des quatuors d'espèces avec un groupe externe, déduites de la
variation génétique partagée dans des paires. Trois topologies distinctes sont possibles : AABB (gris, espèces 2
et 3 comme les plus proches parents), ABBA (bleu, espèces 1 et 2 comme les plus étroitement liées), et BABA
(vert, espèces 1 et 3 comme la paire la plus proche). Sp1=espèces 1, Sp2=espèces 2,Sp3=espèces 3, O= groupe
extérieur. 

La fréquence de ces topologies peut être organisée en quatre classes : (i) réticulation

complète, où toutes les topologies (AABB, ABBA et BABA) ont des fréquences égales, ce

cas  est  attendu  dans  des  cas  de  SIL  élevée,  comme  dans  les  radiations  adaptatives;  (ii)

réticulation incomplète, où deux topologies dépassent significativement la troisième mais ne

diffèrent  pas  significativement  l'une de l'autre,  ce qui  est  attendu dans des  cas  d'échange

bidirectionnel de matériel génétique entre espèces/populations, comme observé dans des cas

d'hybridation  complète;  (iii)  bifurcation  incomplète,  où  les  proportions  de  toutes  les

topologies  diffèrent  significativement,  fréquemment  interprétée  comme  un  signal

d'introgression; et (iv) bifurcation complète, où une topologie dépasse significativement les

deux autres, ces dernières ayant des proportions presque égales (Figure 2). Les tests existants

couvrent la classe iii,  la classe iv (dans le cas du D de Patterson), et la classe ii (HyDe).

Cependant, un test unifié pour une évaluation complète reste insaisissable.
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Figure 2. Quatre classes possibles de distributions topologiques de fréquence à travers le génome. Ces classes
offrent des perspectives sur divers scénarios évolutifs : classe I, réticulation complète, attendue dans les régions
du génome affectées par l'ILS ; classe II, échange bidirectionnel de matériel génétique, interprété comme un
signal d'hybridation ; classe III, échange asymétrique de matériel génétique, interprété comme une introgression ;
et classe IV, bifurcation complète, attendue dans les événements de spéciation sans ILS et flux génique.

Le  biais  d'utilisation  des  codons,  c'est-à-dire  l'utilisation  non  aléatoire  de  codons

synonymes, pose des défis pour l'inférence phylogénétique. Alors que les motifs d'utilisation

des codons s'alignent généralement au sein d'espèces étroitement apparentées, les branches

spécifiques aux clades peuvent présenter des similitudes en raison de la parallélisme, de la

convergence ou de l'inversion. Deux explications principales de la variation non aléatoire des

codons  impliquent  la  sélection  translationnelle  et  des  processus  neutres.  La  sélection

translationnelle postule que les préférences de codons améliorent l'efficacité de la traduction,

en  alignant  avec  l'abondance  des  ARNt.  Les  processus  neutres,  influencés  par  les  biais

mutationnels et la dérive génétique, contribuent également au biais d'utilisation des codons.

L'équilibre délicat entre les forces de sélection et neutres façonne le biais d'utilisation des

codons, impactant la fitness et jouant potentiellement un rôle dans l'évolution des espèces. Le

biais  d'utilisation  des  codons  a  été  associé  au  mode  de  vie  des  organismes,  et  son  rôle

potentiel  dans  le  processus  de  spéciation  a  été  proposé.  Investiguer  l'importance  de

l'utilisation des codons tout  au long de  l'évolution des espèces  offre  des perspectives  sur

l'interaction complexe entre la variation génétique, la sélection naturelle et le développement

de la biodiversité. Le genre Drosophila, en particulier le sous-genre Sophophora, est connu

pour  sa  préférence  pour  l'utilisation  de  codons  se  terminant  par  C  et  G.  Cependant,  un

changement d'utilisation des codons a été identifié pour le clade néotropical de Sophophora,

c'est-à-dire les groupes d'espèces  D. saltans et  D. willistoni. Et le manque général de biais

d'utilisation des codons est rapporté pour ce  clade. Un modèle pour étudier ces aspects de
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l'évolution  est  le  groupe  saltans  de  Drosophila.  Ce  groupe  d'espèces  se  compose  de  23

espèces réparties en cinq sous-groupes, à savoir  saltans,  cordata,  sturtevanti,  parasaltans et

elliptica. De nombreuses études utilisant divers marqueurs ont cherché à élucider les relations

phylogénétiques au sein du groupe  saltans, mais des incohérences persistent et des réserves

quant aux relations évolutives subsistent. Les défis découlent des divergences entre les études

utilisant différentes sources de  données, et les incohérences dans les marqueurs moléculaires

peuvent résulter des caractéristiques intrinsèques à l'évolution des espèces. Malgré ces défis,

l'utilisation de méthodologies de séquençage de nouvelle génération offre des perspectives

prometteuses pour clarifier la phylogénie de ce groupe d'espèces, offrant une multitude de

caractères  phylogénétiquement  informatifs  et  contribuant  à  une  compréhension  plus

approfondie de leur histoire évolutive. La grande quantité de données génomiques offre une

opportunité d'évaluer le changement d'utilisation des codons qui a été rapporté en utilisant

quelques gènes et seulement un génome de  Sophophora néotropical. L'objectif principal de

cette étude a été d'explorer l'évolution au sein du groupe saltans de Drosophila. Les relations

phylogénétiques et l'évolution génomique de 15 espèces réparties dans ses sous-groupes ont

été  examinées.  L'impact  du flux génique  et  du tri  incomplet  des  lignées  a  également  été

évalué. Enfin, les motifs d'utilisation des codons ont été analysés, examinant les rôles de la

mutation  et  de  la  dérive  au  sein  de  la  famille  des  Drosophilidae,  en  se  concentrant

particulièrement sur le groupe saltans.

Article I : La réticulation évolutive du groupe saltans de Drosophila

Titre  du  article : Saltational  episodes  of  reticulate  evolution  in  the  jumping

Drosophila saltans species group

Auteurs: Carolina Prediger, Erina A. Ferreira, Samara Videira Zorzato, Aurélie Hua-

Van, Lisa Klasson, Wolfgang J. Miller, Amir Yassin and Lilian Madi-Ravazzi

Dans cette étude, nous avons mené une analyse phylogénomique approfondie de 15

espèces au sein du groupe saltans, un clade diversifié de mouches des fruits néotropicales, en

utilisant  des  séquences  Illumina  de  lecture  courte  et  des  approches  d'assemblage.  De

nombreuses  approches  phylogénomiques  ont  été  réalisées,  notamment  l'évaluation  de  5

ensembles  de  données  de  plus  de  300  gènes  uniques  chacun  et  l'utilisation  de  gènes

mitochondriaux  pour  la  reconstruction  des  relations  évolutives  de  ce  groupe,  ainsi  que

l'évaluation des topologies de conflit potentielles. De plus, nous avons généré et appliqué le
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test 2A2B, un test pour l'estimation de l'évolution de la réticulation, et comparé la quantité de

zone géographique ancestrale partagée et la brièveté de multiples événements de spéciation

avec la fréquence du signal de réticulation.

Nos analyses phylogénétiques nucléaires ont révélé des relations cohérentes parmi les

cinq sous-groupes du clade saltans, plaçant le sous-groupe parasaltans comme le premier à se

diviser, suivi de sturtevanti. Le sous-groupe saltans était étroitement lié aux sœurs  cordata-

elliptica  (Figure  3A).  Cependant,  des  incongruences  ont  été  observées  au  sein  des  sous-

groupes, notamment le sturtevanti, la plupart des différences observées dans les différentes

méthodes appliquées étant corrélées aux locus des gènes des chromosomes X et autosomes.

L'analyse mitogénomique différait de l'analyse nucléaire dans le positionnement de certaines

espèces,  indicatif  d'événements  d'introgression  cytoplasmique,  notamment  dans  le  sous-

groupe  saltans,  mais  cela  a  également  été  observé  pour  les  espèces  D. sturtevanti  et  D.

lehrmanae (sous-groupe sturtevanti). Entre les sous-groupes, des différences mito-nucléaires

apparaissent concernant le clade saltans-elliptica-cordata (Figure 3B).
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Figure  3.  Conflit  Phylogénomique  du  Chromosome  X,  des  Autosomes  et  des  Mitochondries.  A)  Analyse
Comparative de la topologie autosomique (à gauche, représentée par l'élément de Muller B) et de la topologie
liée au chromosome X (à droite, représentée par l'élément de Muller A) démontre un accord global avec des
incongruences mineures. B) Le Désaccord Mitochondrie-Nucléaire met en évidence une incongruence plus forte
entre la Topologie Mitochondriale (à gauche) et la topologie des chromosomes sexuels (à droite). L'estimation du
temps de divergence (en millions d'années, Ma) pour la Topologie Chromosomique Sexuelle est fournie. Toutes
les probabilités postérieures étaient égales à 1.

En  ce  qui  concerne  l'analyse  de  la  réticulation,  plusieurs  points  de  signal  élevé

d'évolution de la réticulation ont été notés, notamment au niveau du clade  saltans-elliptica-

cordata et pour les espèces du sous-groupe saltans, ainsi que pour les espèces D. sturtevanti
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et  D. lehrmanae  (sous-groupe  sturtevanti) (Figure 4). Ces résultats suggèrent des processus

évolutifs  complexes,  avec  des  implications  pour  l'isolement  reproductif  et  la  diversité

génétique à ces points des relations évolutives du groupe saltans.

Figure 4.  Le test 2A2B révèle un signal d'introgression diminué, tandis qu'un signal proéminent d'évolution
réticulaire est évident au sein de sous-groupes spécifiques. La distribution des fréquences des classes i-iv, allant
de la réticulation complète symétrique à la réticulation de bifurcation asymétrique, est affichée pour les espèces
en quatuor. Un motif prononcé de réticulation complète est apparent dans les sous-groupes saltans et sturtevanti,
tandis qu'un tel signal est absent dans le sous-groupe elliptica.

L'étude a également abordé les défis liés à l'identification géographique erronée et à

l'isolement reproductif au sein du sous-groupe saltans. L'inclusion d'espèces supplémentaires,

telles  que  D.  subsaltans  et  D.  lusaltans,  grâce  à  des  séquençages  génomiques  complets,

promet d'apporter de nouvelles perspectives sur des questions phylogénétiques non résolues.

Les  disjonctions  géographiques  et  le  renforcement  potentiel  de  la  reproduction  entre  D.

saltans et D. prosaltans soulignent la nécessité d'un échantillonnage élargi pour comprendre

l'étendue de l'isolement reproductif et de la porosité génomique.

L'analyse  des  blocs  synténiques  a  fourni  une  mesure  quantitative  de  l'évolution

réticulée, le sous-groupe saltans présentant la plus forte incidence de réticulation. Le degré de

réticulation était corrélé au temps entre les événements successifs de spéciation et au degré de
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conservation des aires géographiques, soulignant l'influence des échelles de temps évolutives

et des facteurs géographiques sur les motifs de réticulation.

De  plus,  l'étude  a  introduit  un  nouveau  test  2A2B,  révélant  des  informations  sur

l'étendue de l'introgression et des événements de radiation rapide au sein du groupe saltans.

La faible incidence d'introgression interspécifique, comparée à d'autres clades de Drosophila,

suggère que les analyses traditionnelles d'introgression basées sur des arbres de spéciation

bifurqués peuvent être trompées en présence de polytomies difficiles.

En  conclusion,  cette  analyse  génomique  approfondie  éclaire  les  dynamiques

évolutives  complexes,  les  conflits  et  l'évolution  réticulée  au  sein  du  groupe  d'espèces

Drosophila  saltans.  Les  résultats  soulignent  l'importance  d'étendre  les  efforts

d'échantillonnage, de traiter les erreurs d'identification géographique et de prendre en compte

de grands blocs synténiques pour déchiffrer avec précision l'histoire évolutive de ce clade

néotropical.

Article II : Changement dans l'utilisation des codons chez Drosophila

Titre  du article : Ancestral  state  relaxation  and contrasting trends in  codon usage

across 174 Drosophila species

Auteurs: Carolina Prediger, Amir Yassin and Lilian Madi-Ravazzi

Ce chapitre présente les résultats partiels de nos recherches sur l'utilisation des codons

dans la famille des Drosophilidae, en mettant l'accent sur le clade néotropical  Sophophora,

composé des groupes saltans et  willistoni. Cela s'explique par l'observation d'un manque de

préférence  pour  l'utilisation  de  codons  dans  ce  clade,  que  ce  soit  dans  quelques  gènes

spécifiques étudiés précédemment ou dans un seul génome. Le travail a utilisé 197 génomes

de  drosophiles,  après  une  filtration  de  la  complétude  génomique,  174  génomes  ont  été

analysés, dont 27 représentants du clade Sophophora néotropical. En raison du grand nombre

de  génomes  analysés,  3285  gènes  à  copie  unique  ont  été  sélectionnés  pour  évaluer  la

préférence d'utilisation des codons.

Les résultats  ont  révélé différents  degrés de  préférence entre  les  espèces,  le  clade

saltans-willistoni présentant un manque notable de préférence pour les codons, similaire à des

taxons externes. Le Calcul du Nombre Effectif de Codons (ENC) a été réalisé pour évaluer la

préférence d'utilisation des codons. Les valeurs de l'ENC varient de 20 à 61, indiquant un

biais complet à une sélection complètement sans biais. Les moyennes de l'ENC ont varié de

40,61  à  53,92,  révélant  différents  degrés  de  préférence  d'utilisation  des  codons  entre  les
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espèces.  Des  biais  forts  ont  été  observés  chez  des  espèces  telles  que  D.  ironensis  et  Z.

bogoriensis, tandis que le clade saltans-willistoni présentait un manque notable de préférence

pour les codons.

L'analyse  de  l'Utilisation  Relative  des  Codons  (RSCU)  et  la  construction  d'un

regroupement hiérarchique ont mis en évidence trois clusters principaux. Le premier englobait

la  Sophophora néotropicale,  les  espèces  externes  et  les  drosophiles  basales,  le  deuxième

incluait  les  sous-genres  Dorsiphola,  Siphlodora et  Drosophila,  ainsi  que  Drosophila

hawaïenne  et  Zaprionus.  Le  troisième  cluster  comprenait  Sophophora -  ancien monde  et

Zaprionus bogoriensis.  De  manière  intrigante,  dans  le  groupe  saltans,  D.  parasaltans

présentait  un  modèle  similaire  au  groupe  willistoni,  indiquant  des  variations  dans  les

préférences génétiques après la divergence de  D. parasaltans.  Z. bogoriensis a montré un

modèle d'utilisation de codons divergent, suggérant une distinction évolutive ou fonctionnelle

unique (Figure 5).
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Figure 5. L'analyse de l'utilisation relative des codons synonymes montre que le motif d'utilisation des codons
dans le clade néotropical de Sophophora est plus similaire au motif observé pour l'ancêtre des drosophiles. Les
colonnes représentent les codons et les lignes correspondent aux espèces qui ont été évaluées, les cellules de
couleur plus foncée correspondent aux codons des ARNt qui sont favorisés.
A

continuer
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L'analyse de correspondance utilisant RSCU a révélé des similitudes entre le clade

saltans-willistoni  et  les  sous-genres  Dorsiphola,  Siphlodora,  Drosophila et  Zaprionus,

mettant  en  évidence  l'influence  de  codons  spécifiques  dans  les  différences  observées.

L'analyse a séparé trois clusters principaux : saltans-willistoni,  Sophophora - ancien monde,

et Lordiphosa et Zaprionus. Des différences notables dans le modèle d'utilisation des codons

ont  été  observées  chez  Z.  bogoriensis et  d'autres  espèces  de  Zaprionus,  ainsi  que  chez

certaines espèces divergeant de leurs proches parents, telles que D. ironensis, D. setifemur, D.

tristis, D. eugracilis, D. immigrans, D. melanica, D. nannoptera et D. pachea. (Figure 6).



126

Figure 6. Les analyses de correspondance de l'utilisation relative moyenne des codons synonymes entre les espèces permettent de récupérer 3 clusters majeurs : I - néotropical
Sophophora, II - Sophophora - vieux monde et III - genres Lordiphosa et Zaprionus, ainsi que les sous-genres Drosophila, Siphlodora et Dorsilopha. Le graphique montre chacun
des 174 génomes examinés le long des deux premières dimensions d'une analyse de correspondance.

.
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Ces découvertes mettent en lumière des nuances complexes dans les préférences de

codons,  indiquant  des  distinctions  évolutives  ou  fonctionnelles  même  entre  des  espèces

étroitement apparentées. Les résultats suggèrent également un possible changement évolutif

dans  le  modèle  d'utilisation  des  codons  dans  le  clade  saltans-willistoni.  L'analyse  de

correspondance offre une perspective supplémentaire, montrant des similitudes entre saltans-

willistoni  et  d'autres  sous-genres  en  termes  de  RSCU,  soulignant  l'importance de  codons

spécifiques  dans  ces  différences.  Ces  découvertes  contribuent  à  une  compréhension  plus

approfondie de la dynamique évolutive et fonctionnelle sous-jacente aux modèles d'utilisation

des  codons  chez  les  Drosophilidae.  L'influence  du  biais  mutagène  a  été  examinée  dans

plusieurs espèces en comparant l'ENC avec le contenu GC3. Même chez des espèces avec un

faible ENC, comme D. ironensis,  un impact  significatif  du biais mutagène a été observé,

indiquant que la force de sélection pousse les valeurs d'ENC observées vers le bas.
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