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Abstract

Blood feeding (hematophagy) is widespread across Diptera (true flies), yet the underlying genetic basis remains poorly under
stood. Using phylogenomics, we show that four gene families associated with neuromodulation, immune responses, embry
onic development, and iron metabolism have undergone independent expansions within mosquitoes and sandflies. Our 
findings illuminate the underlying genetic basis for blood-feeding adaptations in these important disease vectors.
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Significance
Mosquitoes and sandflies are major vectors of pathogens, responsible for over 700,000 deaths annually. Blood feeding 
(hematophagy) is central to their role, requiring specialized genetic adaptations. This study investigates the genomic ba
sis of hematophagy by analyzing gene family dynamics in these vectors. We identified four gene families that expanded 
independently in mosquitoes and sandflies, suggesting a convergent evolution toward blood feeding.

© The Author(s) 2025. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints 
and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
please contact journals.permissions@oup.com.

Introduction
Insect vectors play a pivotal role in the transmission of major 
human diseases, including dengue, zika, malaria, and leish
maniasis, resulting in over 700,000 deaths annually (WHO 
2020). Hematophagy (blood feeding) is largely responsible 
for the transmission of pathogenic microorganisms and is 
widely distributed among Insecta, likely having evolved in
dependently multiple times (Mans 2011). This behavior re
quires a suite of adaptations, including specialized biting 
structures, the production and release (in the host) of antic
oagulants and immune modulators, plus the ability to with
stand toxic metallic ions present in the blood meal at high 
level (Barillas-Mury et al. 2022). Recent genomic analyses 

carried out on a few hematophagous insects have sug
gested that the expansion of gene families implicated in 
heat shock responses and chemosensory function may con
stitute a distinctive genetic signature associated with blood 
feeding (Freitas and Nery 2020). However, due to the pau
city of genomic resources at the time, investigations re
mained constrained to few species.

The Diptera contribute many blood-feeding species, in
cluding mosquitoes, sandflies, blackflies, and tsetse flies. 
Moreover, the wealth of high-quality genomic data avail
able for this order provides an opportunity to investigate 
genomic changes associated with hematophagy at high 
resolution, particularly in mosquitoes and sandflies. In the 
latter, we identify five gene families that appear to have 
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evolved at different rates compared to other Diptera; four 
of these seem linked to the emergence of hematophagy. 
We suggest that these modifications may provide a glimpse 
of the genetic changes that have occurred during the evo
lution of hematophagy.

Results

Phylogenetic Inference and Ancestral State 
Reconstruction Support the Independent Evolution 
of Blood Feeding

The initial crucial step to investigate genomic changes linked 
to blood feeding is the construction of robust phylogenetic 
trees, essential for comparative analyses. We developed a 
comprehensive dataset of proteomes from 64 dipteran spe
cies, maximizing taxonomical diversity and proteome com
pleteness, and including representatives of mosquitoes 
(Culicidae), sandflies (Phlebotominae), and other hematopha
gous insects (see supplementary table S1, Supplementary 
Material online). We then inferred phylogenetic relationships 
combining two approaches (see Materials and Methods): a (i) 
maximum likelihood (ML) inference on a single-copy gene 
supermatrix and a (ii) gene trees-based method taking into ac
count for incomplete lineage sorting (ILS) (i.e. ancestral poly
morphism retention).

The trees obtained using these two approaches are 
largely consistent, supporting the monophyly of Culicidae 
(ultrafast bootstrap [UFB] = 100 and local posteriori prob
ability = 1.00) and Phlebotominae (UFB = 100 and local 
posterior probability = 1.00). However, the two methods 
identified some incongruences (supplementary fig. S1, 
Supplementary Material online) restricted to the phylogen
etic position of Simulium sp. (Simuliidae), Dixa sp. (Dixidae), 
and Corethrella calathicola (Corethrellidae).

Based on taxonomical distribution, it has been suggested 
that hematophagy emerged independently multiple times 
in Diptera (Mans 2011; Wiegmann et al. 2011). To test 
this hypothesis more formally, we used an ancestral state 
estimation method using a phylogenetic ridge regression 
(see Materials and Methods) on both trees (Fig. 1; 
supplementary fig. S2, Supplementary Material online). 
Our analyses (Fig. 1; supplementary fig. S2, Supplementary 
Material online) suggest that the last common ancestor of 
our tree was nonblood feeding, while the last common mos
quito ancestor (LCMA, node A in Fig. 1) and the last common 
sandfly ancestor (LCSA, node B in Fig. 1) were blood feeding 
with probabilities of 0.68 and 0.97, respectively. Such results 
support the hypothesis of behavioral, physiological, and 
morphological convergence between the two groups.

Genomic Signature of Convergence in Hematophagy

A leading hypothesis proposes that the emergence of novel 
traits correlates with the expansion and contraction of 

gene families (i.e. orthogroups [OGs]) during evolution 
(Kaessmann 2010; Osipova et al. 2023). We modeled OG 
dynamics using a birth–death model to infer evolutionary 
dynamics related to gene family evolution (see Materials 
and Methods). Such methodology allows for the identifica
tion of significant changes in the rate of evolution of OGs 
against the average rate of evolution per genome across 
all species in the tree.

Independently from tree topologies, we observed a change 
in the rate of evolution (P < 0.05) of 70 OGs in sandflies out of 
63,000 OGs in total, with 61 OGs showing an expansion and 
9 a contraction. In contrast, in mosquitoes, we observed an 
expansion of 261 OGs (P < 0.05). Among the above OGs, 
we have identified five OGs represented in both clades. The 
neuronal calcium-binding protein OG (OG0000128) showed 
an expansion within mosquitoes and a contraction within 
sandflies, going from five ancestral gene copies to eight in 
mosquitoes and three in sandflies. The four other OGs, oc
topamine receptors (OG0001113), TBP-associated factor 3 
(OG0001405), qin (OG0001557), and WD-repeat protein 
outer segment 4 (OG0002006), exhibit an increased diversifi
cation in both clades, going from a single ancestral gene 
copy to two in mosquitoes and three in sandflies (Fig. 2; 
supplementary table S1, Supplementary Material online).

To further clarify the evolutionary dynamics of these OGs, 
we wanted to consider the protein sequences (not taken in 
account in CAFE5) and performed a gene-tree-to-species-tree 
reconciliation (see Materials and Methods). These analyses 
suggested that within the neuronal calcium-binding protein 
family (OG0000128), three gene duplications occurred 
in the LCMA and three gene losses in the LCSA. We identified 
one and two duplications, respectively, in the LCMA and 
LCSA, for octopamine receptors (OG0001113), TBP- 
associated factor 3 (OG0001405), qin (OG0001557), and 
WD-repeat protein outer segment 4 (OG0002006) gene fam
ilies (supplementary figs. S3 and S4, Supplementary Material
online). Using analysis of variance (ANOVA), we identified a 
higher number of paralogs in the hematophagous species 
compared to the nonbiting ones for all OGs except 
TBP-associated factor 3 (Fig. 2b; Table 1).

Discussion
Hematophagy is widespread among arthropods and has 
emerged independently multiple times (Mans 2011). 
However, although differences exist in the physical struc
tures that have evolved for biting and in the correlated 
physiological pathways, the adaptations required for such 
a behavior have likely remained the same for the different 
groups of arthropods (Barillas-Mury et al. 2022). The tran
sition to blood feeding is challenging, as multiple barriers 
must be overcome. For instance, host localization, access 
to their blood, and digestion and detoxification of the 
blood meal are the most evident obstacles. A variation in 
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the number of gene copies over time represents a signature 
of gene family evolution. Duplication of a gene can cause 
different selective regimes being applied to the two copies, 
permitting the evolution of novelties (Kaessmann 2010). 

Conversely, gene loss can lead to adaptation by improving 
metabolic efficiency (Osipova et al. 2023).

In hematophagous mosquitoes and sandflies, we have 
identified five gene families showing evolutionary changes 

Fig. 1. Phylogenetic and ancestral trait inference of blood-feeding behavior in Culicomorpha and Psychidomorpha. The ultrametric ASTRAL tree was obtained 
from 63,621 gene trees with ASTRAL- Pro (Zhang et al. 2020) and divergence times computed in r8s (Sanderson 2003). The color of the nodes shows the 
probabilities for ancestral behavior (blood feeding [red] or nonblood feeding [blue]) from a phylogenetic ridge regression obtained with RRphylo (Castiglione 
et al. 2020). Nodes A and B, respectively, represent our node of interest with the emergence of hematophagy in mosquitoes and sandflies.

Hematophagy Generates a Convergent Genomic Signature                                                                                              GBE

Genome Biol. Evol. 17(3) https://doi.org/10.1093/gbe/evaf044 Advance Access publication 11 March 2025                                      3 

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/17/3/evaf044/8069160 by guest on 08 February 2026



in the number of paralogs present in the last common an
cestor of each group. The two clades occupy different eco
logical niches. For example, in mosquitoes, the larvae are 
aquatic while in sandflies, they grow on soil (Cecílio et al. 
2022). Furthermore, although the adults feed on sugars 
in both groups, sandflies are more flexible, foraging on 

fruits in addition to nectar from flowers (Junnila et al. 
2011). The only commonality between the two groups is 
the hematophagy of adult females for oviposition. Thus, 
we expect that diversification or contraction of the same 
gene families (OGs) in both clades may highlight a genetic 
signature of hematophagy.

(a)

(b)

Fig. 2. Boxplot showing the repartition of number of genes in gene families showing a modification of their rate of evolution in mosquitoes and sand-flies. 
a) Distribution of number of genes in mosquitoes, sandflies, and other species from our dataset. b) Distribution of number of genes in blood feeding 
and nonblood feeding species. An ANOVA have been performed to test the effect of hematophagy on gene copy number for each OG: *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ns, P > 0.05. P-values have been adjusted for multiple comparisons using the Bonferroni correction.

Table 1 Interaction between number of gene copies per OG with hematophagic behavior

OG Class df Sum of squares Mean square F-value P-value

OG0000128 Behavior 1 128.5 128.49 9.722 0.0028a

Residuals 60 793.0 13.22 …
OG0001113 Behavior 1 30.75 30.746 8.622 0.0047a

Residuals 60 213.97 3.566 …
OG0001405 Behavior 1 13.07 13.067 2.731 0.104

Residuals 60 287.09 4.785 …
OG0001557 Behavior 1 46.48 46.48 16.53 0.000141b

Residuals 60 168.69 2.81 …
OG0002006 Behavior 1 17.44 17.442 4.223 0.0442c

Residuals 60 247.81 4.130 …

Results one-way ANOVA testing the effect of hematophagy on gene copy number for each OG: aP < 0.01. bP < 0.001. cP < 0.05.
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We have identified five OGs with significant changes in 
gene copy dynamic in the two groups, neuronal calcium- 
binding protein (OG0000128), octopamine receptors 
(OG0001113), TBP-associated factor 3 (OG0001405), qin 
(OG0001557), and WD-repeat protein outer segment 
4 (OG0002006). We propose that such changes are asso
ciated with the emergence of hematophagy in mosquitoes 
and sandflies. Our results differ from a previous study that 
used representatives of biting species from several insect 
orders. This detected a contraction in the number of genes 
encoding chemosensory proteins and an expansion of 
those encoding carboxylic ester hydrolases (Freitas and 
Nery 2020). However, here, we focus on closely related spe
cies from two groups of hematophagous dipterans, and im
portantly, we have identified common changes for both 
clades.

The neuronal calcium-binding protein gene family 
(OG0000128) shows increased diversification in mosqui
toes but contraction in sandflies (Fig. 2a). In mosquitoes, 
this gene family includes hippocalcin, a brain-specific pro
tein involved in sleep (Chen et al. 2019); frequenin, involved 
in synaptic exocytosis, neurite outgrowth, and neuronal 
specification during embryonic development (Dason et al. 
2012; Pongs et al. 1993); and calsenilin, a voltage-gated 
potassium channel involved in calcium signaling and tran
scription (Bähring 2018). These proteins are also known 
to interact with transient receptor potential channels 
(Dason et al. 2012) and are mainly expressed in the brain 
and antennae of Aedes aegypti (Matthews et al. 2016) 
and Anopheles gambiae (Pitts et al. 2011). Importantly, 
the expression in the antennae of A. aegypti is sexually di
morphic (Tallon et al. 2019). As calcium and potassium 
ion movements are essential in hearing (Loh et al. 2023), 
we hypothesize these proteins to be potentially related to 
the different mating behaviors between the two groups, 
swarming (mosquitoes), highly dependent on sound, and 
lekking (sandflies) where hearing is less relevant.

The four OGs showing increased diversification in both 
clades include octopamine receptors (OG0001113), 
TBP-associated factor 3 (OG0001405), qin (OG0001557), 
and WD-repeat protein outer segment 4 (OG0002006) 
gene families. In insects, octopamine is a key neuromodula
tor, often associated with odor-related behaviors (Claßen 
and Scholz 2018), especially host seeking (Tallon et al. 
2020). Octopamine receptors are primarily expressed in 
the brain, ovaries (Matthews et al. 2016), and salivary 
glands (Ali 1997). Among other functions, they are notable 
for modulating ovulation in mosquitoes (Lim et al. 2014), 
vision in Drosophila (Suver et al. 2012), and feeding in 
blowflies (Long and Murdock 1983). In A. aegypti females, 
a blood meal causes an increased expression of octopamine 
receptors (Finetti et al. 2023). Moreover, individuals in
fected by the dengue virus show a dysregulation of octopa
minergic signaling, causing reduced flight abilities and 

increased attraction to the odor of the host (Tallon 
et al. 2020). In flies, diversified octopamine receptors 
(OG0001113) are part of the mushroom body octopamine 
receptor gene family (Georgiades et al. 2023), in which al
teration of expression alters the fly’s response to sucrose 
(Youn et al. 2018). Based on these functions, we speculate 
that the diversification of octopamine receptors may have 
played an important role in the emergence of hemato
phagy, driving host-seeking behavior in Diptera and, per
haps, in all biting insects.

In Drosophila, WD-repeat protein outer segment 4 is 
involved in the regulation of the canonical Wingless path
way during development (Balmer et al. 2015) and in cilium 
assembly (Avidor-Reiss et al. 2004). In mosquitoes, it is ex
pressed in antennal neurons (Pitts et al. 2011; Matthews 
et al. 2016) used for hearing and carbon dioxide perception 
(Montell and Zwiebel 2016). WD-repeat protein outer seg
ment 4 (OG0002006) gene family expansion might have 
thus accompanied the adoption of blood-feeding behavior 
with its implication in host seeking with carbon dioxide per
ception. Blood meals enable the transmission of pathogens 
from the host to the biting insect. Thus, we may expect a 
selective drive for the optimization of the immune system 
of blood-feeding species. We have identified increased di
versification within the qin family (OG0001557), which is 
involved in piwi-interacting RNA-mediated retrotransposon 
silencing by mRNA destabilization (Zhang et al. 2011). This 
function can extend to viruses also (Varjak et al. 2018), 
which may explain the expansion of this family by tuning 
immune response to parasitism. Furthermore, Qin has 
been proposed to have metal ion-binding properties by 
structural similarity to other proteins (Gramates et al. 
2022), suggesting an additional function of this protein in 
digestion and detoxification of ingested blood.

In summary, our study has produced some intriguing in
sights on genetic changes that may have been permissive 
for the emergence of blood feeding in mosquitoes and 
sandflies. Future work will be aimed at clarifying the func
tion of the members of these gene families. Additionally, 
we will address whether the evolutionary patterns we ob
served in these two clades can be generalized to other bit
ing insects.

Materials and Methods

Sampling and Data Preprocessing

Genomes, transcriptomes, and proteomes for Culicomorpha 
(including mosquitoes and blackflies) and Psychodomorpha 
(including sandflies) were freely available on NCBI and 
were accessed in December 2021 (Benson et al. 2012) (see 
supplementary table S1, Supplementary Material online). 
De novo assemblies of genomic and transcriptomic raw 
reads from the Sequence Read Archive (Leinonen et al. 
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2011) were assembled using MaSuRCA 4.0.5 (Zimin et al. 
2013) and Trinity 2.13.2 (Haas et al. 2013). Proteomes 
were predicted using Augustus 3.2.3 (Keller et al. 2011) 
with default parameters, using either Drosophila or Aedes 
as a model species for genomic data, and TransDecoder 
5.5.0 (https://github.com/TransDecoder/TransDecoder) for 
transcriptomic data. All proteomes were cleaned from du
plicated sequences due to misassembly or sequencing er
rors by removing all sequences with more than 95% 
similarities using cd-hits 4.6.6 (Fu et al. 2012). Finally, pro
teomes were filtered for <30% missing Insecta BUSCO (v. 
4.0.5) (Manni et al. 2021) genes the exception of a few 
species due to their ecological (Psychodidae: Clogmia 
albipunctata) or systematic relevance (Chironomidae: 
Chironomus riparius; Chaoboridae: Chaoborus trivittatus; 
and Ceratopogonidae: Culicoides sonorensis). Finally, we 
ensured the completeness (i.e. BUSCO values) of the 
used proteomes was not impacted by either the type of 
data used (i.e. proteome, transcriptome, or genome) or their 
ecological niches (i.e. blood feeding or not) using a multivari
ate ANOVA (respectively F = 0.626, Wilks’ Λ = 0.919, P =  
0.7547 for the data type, and F = 1.904, Wilks’ Λ = 0.886, 
P = 0.1217 for the ecological niches). In total, 64 proteomes 
were analyzed (see supplementary table S1, Supplementary 
Material online).

Phylogenetic Inference

Species relationships were inferred using two different 
techniques: (i) ML inference from a supermatrix and (ii) a 
tree summarizing method taking into account ILS and 
gene flow that can interfere with phylogenetic inference 
methods (Degnan and Rosenberg 2009). Single-copy 
BUSCO genes were extracted from the previous complete
ness assessment and aligned using MAFFT 7.503 algorithm 
(Katoh and Standley 2013) with default parameters. 
BUSCO assignments were corrected using a bespoke script, 
removing sequences divergent from more than twice the 
average standard deviation of the gene tree. Kept gene se
quences were realigned as previously and trimmed using 
trimAl 1.2 (Capella-Gutierrez et al. 2009), allowing a max
imum of half gaps in the final alignment. All gene-trimmed 
alignments were then concatenated with FASconCAT-G 
(https://github.com/PatrickKueck/FASconCAT-G) into a 
641,089 amino acid positions across 64 species superma
trix. ML inference was carried out in version 2.1.4 of 
IQtree (Nguyen et al. 2015) under the best-fitting evolu
tionary model from ModelFinder (Kalyaanamoorthy et al. 
2017). UFB, as implemented in IQtree (Hoang et al. 
2018), with 1000 replicates, was used to evaluate nodal 
support.

A second method, taking ILS into account, was also 
used. OGs were computed from the proteomes using 
OrthoFinder 2.0 (Emms and Kelly 2019), identifying 

63,621 gene trees for OGs with more than four sequences. 
The gene trees were then used to infer the species tree with 
the Accurate Species TRee ALgorithm for PaRalogs and 
Orthologs algorithm implemented in ASTRAL-Pro v.1.1.6 
(Zhang et al. 2020). To encounter the lack of inference 
of tip branches length by the ASTRAL-Pro software, the 
topology of the ASTRAL-tree was fixed in IQtree using the 
previous single-copy BUSCO genes supermatrix. Node sup
ports of the tree are shown as local posterior probabilities as 
described in Zhang et al. (2020).

Estimation of Divergence Times

Divergence times among the two inferred trees were in
ferred with the penalized likelihood method implemented 
in r8s v. 1.81 (Sanderson 2003), using a 260 Mya split be
tween Drosophila melanogaster and A. gambiae as a cali
bration point (Wiegmann et al. 2011).

CAFE Analysis

We then used a birth/death model with a gamma distribu
tion implemented in CAFE 5 (Mendes et al. 2021) to detect 
changes in the rate of evolution of individual gene families 
along the trees. The parameters of the birth–death model 
were estimated using a subset of OGs with <200 genes. 
Because of software limitations for this analysis, we 
removed the 25 largest gene families with more than a 
thousand genes. All OGs have been annotated under 
eggNOG-mapper version 2 (Cantalapiedra et al. 2021).

Ancestral State Reconstruction of Blood-Feeding 
Behavior

All subsequent analyses were carried out in RStudio using R 
version 4.3 (R Core Team 2023). Hematophagy was en
coded as a discrete trait (0 for nonbiting and 1 for biting). 
The ancestral state has been inferred among both previous 
ultrametric trees using the phylogenetic ridge regression 
implemented in the R package RRphylo (Castiglione et al. 
2020). Ancestral states were then plotted on the trees 
with ggtree (Yu et al. 2017). Nodes A and B (Fig. 1) were 
used for the emergence of hematophagy in both clades 
for the following analysis.

Selection of Gene Families of Interest and Gene 
Tree-Species Tree Reconciliations

OGs with a significant (P < 0.05) change in their rate of evo
lution for both nodes A and B in both trees were selected 
for further analyses. Gene tree-species tree reconciliation 
of the five gene families showing changes in their rate of 
evolution at both nodes A and B was performed in 
GeneRax v. 1.1.0 (Morel et al. 2020) using duplication 
and loss models. Reconciled trees were visualized using 
ThirdKind 3.2.2 (Penel et al. 2022). The effect of 
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hematophagous behavior (blood feeding vs. nonblood 
feeding) on the number of genes in these gene families 
has been tested using an ANOVA. To better describe these 
gene families, D. melanogaster sequences for the five gene 
families of interest were aligned against its reference prote
ome in FlyBase release FB2024_01 (Gramates et al. 2022) 
using a Basic Local Alignment Search Tool (BLAST). BLAST 
of A. gambiae and A. aegypti sequences was also per
formed in VectorBase release 67 (Giraldo-Calderón et al. 
2015).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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