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�O�¶�D�G�D�S�W�D�W�L�R�Q�D�X�[�L�Q�V�H�F�W�L�F�L�G�H�V�F�K�H�]�O�H�V�P�R�X�V�W�L�T�X�H�V��
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�5�H�P�H�U�F�L�H�P�H�Q�W�V
�1�p�G�D�Q�V�O�H�P�L�O�L�H�X�G�H�V�D�Q�Q�p�H�V������ �M�¶�D�L�H�X�O�H�S�O�D�L�V�L�U�G�H�J�U�D�Q�G�L�U�G�D�Q�V�X�Q�H�F�X�O�W�X�U�H�R�•

�I�O�H�X�U�L�V�V�D�L�W�X�Q�H�S�O�p�W�K�R�U�H�G�¶�X�Q�L�Y�H�U�V�I�D�Q�W�D�V�W�L�T�X�H�V�H�W�G�H�V�F�L�H�Q�F�H���I�L�F�W�L�R�Q���-�H�P�¶�\�V�X�L�V�S�O�R�Q�J�p�D�Y�H�F
�E�R�Q�K�H�X�U�� �Q�
�\�D�S�S�U�p�F�L�D�Q�W�G�D�Q�V�X�Q�S�U�H�P�L�H�U�W�H�P�S�V�T�X�H�O�D�V�H�Q�V�D�W�L�R�Q�G�¶�p�P�H�U�Y�H�L�O�O�H�P�H�Q�W�H�W�G�H
�G�p�F�R�X�Y�H�U�W�H�T�X�¶�L�O�V�P�H�S�U�R�F�X�U�D�L�H�Q�W���S�R�X�U�Q�H�U�p�D�O�L�V�H�U�T�X�H�S�O�X�V�W�D�U�G�O�H�X�U�F�D�U�D�F�W�q�U�H�I�R�U�P�D�W�H�X�U�H�W�O�H
�P�H�V�V�D�J�H�T�X�¶�L�O�V�U�H�F�q�O�H�Q�W���9�R�X�V�Y�R�X�V�H�Q�V�H�U�H�]�U�H�Q�G�X�F�R�P�S�W�H���O�D�J�U�D�Q�G�H�P�D�M�R�U�L�W�p�G�H�F�H�V�°�X�Y�U�H�V
�V�X�L�Y�H�Q�W�X�Q�H�W�U�D�P�H�F�R�P�P�X�Q�H���U�D�S�L�G�H�P�H�Q�W�L�G�H�Q�W�L�I�L�D�E�O�H���&�H�V�R�Q�W�G�H�V�U�p�F�L�W�V�L�Q�L�W�L�D�W�L�T�X�H�V�� �L�O�V
�G�p�W�D�L�O�O�H�Q�W�O�H�V�W�U�L�E�X�O�D�W�L�R�Q�V�G�¶�X�Q�K�p�U�R�V�R�X�G�¶�X�Q�H�K�p�U�R�w�Q�H�D�X�[�P�L�O�O�H�V�Y�L�V�D�J�H�V���G�¶�X�Q�H�P�r�P�H�I�L�J�X�U�H��
�W�R�X�M�R�X�U�V�Q�D�w�Y�H�H�W�V�R�X�Y�H�Q�W�E�L�H�Q�P�D�O�S�U�p�S�D�U�p�H���O�D�Q�F�p�H�G�D�Q�V�X�Q�H�J�U�D�Q�G�H�T�X�r�W�H�T�X�L�O�D�P�D�U�T�X�H�U�D
�L�P�P�D�Q�T�X�D�E�O�H�P�H�Q�W���&�H�V�D�Y�H�Q�W�X�U�H�V�O�X�L�S�H�U�P�H�W�W�H�Q�W�G�H�P�€�U�L�U���G�H�V�¶�D�I�I�L�U�P�H�U���H�W�I�L�Q�D�O�H�P�H�Q�W�G�H�V�H
�P�X�H�U�H�Q�X�Q�H�Y�H�U�V�L�R�Q�S�O�X�V�U�p�D�O�L�V�W�H�H�W�S�O�X�V�K�X�P�D�L�Q�H�G�H�F�H�T�X�¶�H�O�O�H�D�V�S�L�U�D�L�W�j �G�H�Y�H�Q�L�U�D�X�G�p�E�X�W�G�H
�V�R�Q�S�p�U�L�S�O�H���&�H�V�R�Q�W�G�H�E�H�O�O�H�V�P�p�W�D�S�K�R�U�H�V�G�H�G�p�Y�H�O�R�S�S�H�P�H�Q�W�S�H�U�V�R�Q�Q�H�O���G�X�S�D�V�V�D�J�H�j �O�¶�k�J�H
�D�G�X�O�W�H���F�R�X�Y�H�U�W�H�V�G�X�Y�H�U�Q�L�Y�L�E�U�D�Q�W�G�H�V�P�R�Q�G�H�V�I�D�Q�W�D�V�W�L�T�X�H�V���4�X�D�Q�G�M�H�U�H�S�H�Q�V�H�j �F�H�V�W�U�R�L�V
�G�H�U�Q�L�q�U�H�V�D�Q�Q�p�H�V���P�D�L�V�D�X�V�V�L�S�D�U�H�[�W�H�Q�V�L�R�Q�j �W�R�X�W�H�V�F�H�O�O�H�V�T�X�L�P�H�V�p�S�D�U�H�Q�W�P�D�L�Q�W�H�Q�D�Q�W�G�H�P�R�Q
�H�Q�W�U�p�H�j �O�¶�8�Q�L�Y�H�U�V�L�W�p���M�H�Q�H�S�H�X�[�P�¶�H�P�S�r�F�K�H�U�G�¶�\�Y�R�L�U�X�Q�H�U�H�V�W�L�W�X�W�L�R�Q�P�R�G�H�U�Q�H�G�H�F�H�V�U�p�F�L�W�V
�T�X�H�M�¶�D�L�G�p�Y�R�U�p�H�Q�I�D�Q�W���P�D�L�V�p�Y�L�G�H�P�P�H�Q�W�E�L�H�Q�S�O�X�V�W�U�D�Q�T�X�L�O�O�H�H�W�P�R�L�Q�V�G�D�Q�J�H�U�H�X�V�H����
�)�L�Q�D�O�H�P�H�Q�W���F�H�W�W�H�W�K�q�V�H�P�¶�D�X�U�D�j �P�R�Q�W�R�X�U�S�H�U�P�L�V�G�H�P�¶�H�P�E�D�U�T�X�H�U�G�D�Q�V�P�D�S�U�R�S�U�H�T�X�r�W�H��
�P�R�Q�Y�R�\�D�J�H�L�Q�L�W�L�D�W�L�T�X�H�Y�H�U�V�X�Q�E�X�W�O�R�L�Q�W�D�L�Q�H�W�D�U�G�H�P�P�H�Q�W�G�p�V�L�U�p���O�¶�R�E�W�H�Q�W�L�R�Q�G�¶�X�Q�G�R�F�W�R�U�D�W��

�6�L�F�H�S�U�p�D�P�E�X�O�H�G�H�U�H�P�H�U�F�L�H�P�H�Q�W�V�S�D�U�O�H�D�X�W�D�Q�W�G�H�P�R�L���F�¶�H�V�W�E�L�H�Q�S�D�U�F�H�T�X�¶�L�O�H�[�L�V�W�H�X�Q
�D�X�W�U�H�S�R�L�Q�W�F�R�P�P�X�Q�j �W�R�X�V�O�H�V�U�p�F�L�W�V�D�X�[�T�X�H�O�V�M�H�F�R�P�S�D�U�H�P�R�Q�H�[�S�p�U�L�H�Q�F�H�� �O�H�R�X�O�D
�S�U�R�W�D�J�R�Q�L�V�W�H�Q�¶�H�V�W�M�D�P�D�L�V�V�H�X�O���H���&�¶�H�V�W�W�R�X�M�R�X�U�V�J�U�k�F�H�j �O�¶�D�L�G�H�H�W�D�X�V�R�X�W�L�H�Q�G�H�V�R�Q�H�Q�W�R�X�U�D�J�H��
�G�H�T�X�H�O�T�X�H�V�D�P�L���H���V�I�L�G�q�O�H�V�H�W�F�R�P�S�D�J�Q�R�Q�V�G�H�U�R�X�W�H���T�X�H�V�D�T�X�r�W�H�D�E�R�X�W�L�W�H�W�T�X�H�O�H�U�p�F�L�W
�W�U�R�X�Y�H�V�D�I�L�Q�K�H�X�U�H�X�V�H���-�H�Y�H�X�[�G�R�Q�F�U�H�P�H�U�F�L�H�U�W�R�X�V�O�H�V�P�H�P�E�U�H�V�G�H�P�D�&�R�P�P�X�Q�D�X�W�p�G�H
�O�¶�$�Q�Q�H�D�X���O�H�V�V�°�X�U�V�H�W�I�U�q�U�H�V�G�
�D�U�P�H�V�G�H�P�R�Q�$�O�O�L�D�Q�F�H�5�H�E�H�O�O�H���T�X�L�R�Q�W�U�H�Q�G�X�O�D�U�p�G�D�F�W�L�R�Q�G�H
�F�H�P�D�Q�X�V�F�U�L�W�H�W�O�¶�D�E�R�X�W�L�V�V�H�P�H�Q�W�G�H�F�H�V�p�W�X�G�H�V�S�R�V�V�L�E�O�H�V��

�-�¶�D�L�O�R�Q�J�W�H�P�S�V�F�K�H�U�F�K�p�F�R�P�P�H�Q�W�R�U�J�D�Q�L�V�H�U�F�H�V�U�H�P�H�U�F�L�H�P�H�Q�W�V���S�D�U�T�X�L�F�R�P�P�H�Q�F�H�U�H�W
�I�L�Q�L�U���T�X�H�O�F�K�H�P�L�Q�V�X�L�Y�U�H�S�R�X�U�P�¶�D�G�U�H�V�V�H�U�j �F�K�D�F�X�Q�H�W�F�K�D�F�X�Q�H�H�W�r�W�U�H�E�L�H�Q�F�H�U�W�D�L�Q�G�H�Q�¶�R�X�E�O�L�H�U
�S�H�U�V�R�Q�Q�H���6�D�X�I�T�X�H�Y�R�L�O�j���L�O�P�¶�D�Y�L�W�H�I�D�O�O�X�P�H�U�H�Q�G�U�H�j �O�¶�p�Y�L�G�H�Q�F�H���O�D�W�k�F�K�H�H�V�W�L�P�P�H�Q�V�H�H�W�M�H
�V�X�L�V�E�L�H�Q�W�U�R�S�G�p�V�R�U�J�D�Q�L�V�p�«�-�H�I�H�U�D�L�W�R�X�W�G�H�P�r�P�H�G�H�P�R�Q�P�L�H�X�[���H�W�Y�R�X�V�U�H�F�H�Y�U�H�]�X�Q�H�V�X�L�W�H
�G�H�³�P�H�U�F�L�´�T�X�L�S�H�X�W�V�H�P�E�O�H�U�V�D�Q�V�T�X�H�X�H�Q�L�W�r�W�H���P�D�L�V�T�X�L�V�R�\�H�]���H�Q�D�V�V�X�U�p���H���V���Y�L�H�Q�W�W�R�X�W�G�U�R�L�W
�G�X�F�°�X�U�� �$�X�[�p�Y�H�Q�W�X�H�O�V���O�H�V�R�X�E�O�L�p���H���V�H�W�L�P�P�D�Q�T�X�D�E�O�H�V�D�Q�R�Q�\�P�H�V�j �T�X�L�M�H�G�R�L�V�S�R�X�U�W�D�Q�W
�E�H�D�X�F�R�X�S���M�¶�D�G�U�H�V�V�H�F�H�V�T�X�H�O�T�X�H�V�P�R�W�V�H�P�S�U�X�Q�W�p�V�j �X�Q�K�R�P�P�H�S�H�W�L�W�S�D�U�O�D�W�D�L�O�O�H���P�D�L�V�J�U�D�Q�G
�S�D�U�O�H�F�R�X�U�D�J�H�� �³�-�H�Q�H�U�H�P�H�U�F�L�H�U�D�L�S�D�V�O�D�P�R�L�W�L�p�G�¶�H�Q�W�U�H�Y�R�X�V�D�X�V�V�L�E�L�H�Q�T�X�H�M�H�O�H�Y�R�X�G�U�D�L�V���H�W
�M�H�U�H�P�H�U�F�L�H�P�R�L�Q�V�G�H�O�D�P�R�L�W�L�p�G�¶�H�Q�W�U�H�Y�R�X�V�D�X�V�V�L�E�L�H�Q�T�X�H�Y�R�X�V�O�H�P�p�U�L�W�H�U�L�H�]�´��
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2 

Abstract  (206 words)  21 

Anopheles gambiae s.l. has been the target of intense insecticide treatment since the mid-XXth 22 

century to try and control malaria. A substitution in the ace-1 locus has been rapidly selected for, 23 

allowing resistance to organophosphate and carbamate insecticides. Since then, two types of 24 

duplication of the ace-1 locus have been found in An. gambiae s.l. populations: homogeneous 25 

duplications that are composed of several resistance copies, or heterogeneous duplications that 26 

contain both resistance and susceptible copies. Heterogeneous duplications confer a permanent 27 

intermediate trade-off between the resistance induced by the mutation in the presence of 28 

insecticides and the disadvantages it incurs in their absence. So far, a single heterogeneous 29 

duplication has been described in An. gambiae s.l. populations (in contrast with the multiple 30 

duplicated alleles found in Culex pipiens mosquitoes). We used an innovative approach, 31 

combining long and short read sequencing with Sanger sequencing to precisely identify and 32 

describe at least nine different heterogeneous duplications, in two populations of An. gambiae 33 

s.l.. We show that these alleles share the same structure as the previously identified 34 

heterogeneous and homogeneous duplications, namely 203-kb tandem amplifications with 35 

conserved breakpoints. Our study sheds new light on the origin and maintenance of these alleles 36 

in An. gambiae s.l. populations, and their role in mosquito adaptation. 37 

  38 



 

3 

Introduction  39 

Human activities have huge impacts on the environment, these diverse anthropogenic 40 

modifications can lead to spectacular adaptations in species subjected to them (see for example 41 

Otto 2018 or Hendry et al., 2017). Among these, resistance to biocides (e.g. antibiotic resistance 42 

in bacteria or resistance to pesticides in crop pests and disease vectors) are probably the most 43 

studied and the best understood, because of their crucial impacts on economy and public health. 44 

From an evolutionary biology point of view, these are also major models to decipher the genetics 45 

of the adaptation (e.g. polygenic vs mono- or oligo-genic) or to understand how evolutionary 46 

processes shape these dynamics (e.g. spatial variation in selective pressure intensity, fluctuating 47 

selection overtime; Guillemaud et al., 1998, David et al., 2010, Milesi et al., 2016). Notably, 48 

studying resistance revealed the complexity and the diversity of the genomic structural 49 

rearrangements underlying adaptations, well beyond the role of single nucleotide polymorphisms 50 

(SNPs). For example, cases of xenobiotic resistance linked to gene duplications are plenty 51 

(Devonshire & Sawicki, 1979, Leister, 2004, Labbé et al., 2007, Kwon et al., 2010, Patterson et 52 

al., 2018). In the present study, we focused on one of these well-known models, the case of 53 

insecticide resistance in the malaria-vector mosquito Anopheles gambiae s.l., and on the genomic 54 

nature and diversity of resistance alleles at the ace-1 locus. 55 

An. gambiae s.l. has been the target of intense insecticide treatment since the mid-XXth 56 

century, particularly on the African continent, to control malaria. While pyrethroids (PYR) are the 57 

most used insecticides, organophosphates (OP) and carbamates (CX) have also been utilised 58 

�V�L�Q�F�H���W�K�H�����������¶�V�����7�K�H�\���W�D�U�J�H�W���D�F�H�W�\�O�F�K�R�O�L�Q�H�V�Werase (AChE), an enzyme that regulates the activity 59 

of the synaptic neurotransmitter acetylcholine (Weill et al., 2003). A unique substitution in the 60 

AChE-encoding gene ace-1, resulting in a glycine to serine substitution at the 280 codon of the 61 

protein (G280S). The substitution enables resistance to OP/CX by hindering their binding to AChE 62 

(R allele, Weill et al., 2004), often referred to as the G119S mutation according to its position in 63 

the homolog gene of Torpedo californica, where AChE structure was first elucidated (Schumacher 64 
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et al., 1986). A nomenclature we will adopt here. This mutation has been independently selected 65 

for in multiple mosquito species (Weill et al., 2003; Huchard et al., 2006). However, the enzymatic 66 

activity of the protein encoded by the R allele is 60% lower than its wild-type susceptible 67 

counterpart (S allele; Bourguet et al., 1997, Alout et al., 2008, Labbé et al., 2014). As a result, the 68 

R alleles are selected against in the absence of OP/CX insecticides. So far in An. gambiae s.l., 69 

G119S is the only SNP mutation that has been found responsible for OP/CX insecticide 70 

resistance, introgressed from An. coluzzii to An. gambiae s.s. (Weill et al., 2003, Djogbenou et 71 

al., 2008, Assogba et al., 2016, Grau-Bové et al., 2021; a couple of other mutations have however 72 

been found in other mosquito species, Alout et al., 2007a, 2007b). 73 

Other types of mutations, i.e. structural variants (SVs), have also been selected in 74 

response to the use of these insecticides. Two types of duplication of the ace-1 locus have been 75 

found in An. gambiae s.l. (Fig. 1A): i) homogeneous duplications, i.e. composed of several R 76 

copies, i.e. (Rx alleles; Assogba et al., 2016, Grau-Bové et al., 2021), or ii) heterogeneous 77 

duplications, containing both R and S copies (D alleles; Assogba et al., 2015, 2016, Grau-Bové 78 

et al., 2021). Rx alleles confer higher resistance levels and are favoured in highly-treated areas. 79 

Yet the heterogeneous duplications (D alleles) enable the fixation of the heterozygous phenotype 80 

(Labbé et al., 2014, Assogba et al., 2015, Milesi et al., 2017), i.e. an intermediate trade-off 81 

between resistance in the presence of insecticides and disadvantage in their absence (or 82 

�³�V�H�O�H�F�W�L�Y�H���F�R�V�W�´�����E�X�W���V�H�H���/�H�Q�R�U�P�D�Q�G��et al., 2018). While Rx and S remain respectively the fittest 83 

alleles in highly-treated and non-treated areas, D alleles are the fittest in populations exposed to 84 

intermediate selective pressures, in those areas exposed to reduced concentrations of treatments 85 

per se, or to temporal or geographical variations in treatment intensity (Labbé et al., 2014, Milesi 86 

et al., 2017). 87 

Diversity in duplicated alleles (and more generally in copy-number variations or CNV) can 88 

result from two types of variation: i) variation in the DNA sequence of the amplicons, in particular 89 

the ace-1 haplotypes, and/or ii) copy-number variations (for example Rx alleles carry different 90 

copy-numbers of the same haplotype). In the present study, we focussed on haplotype variations: 91 
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we will refer to alleles carrying different ace-1 �K�D�S�O�R�W�\�S�H�V�� �D�V�� �³�V�H�T�X�H�Q�F�H-�D�O�O�H�O�H�V�´���� �D�Q�G�� �W�K�R�V�H��92 

�G�L�I�I�H�U�L�Q�J���L�Q���Q�X�P�E�H�U���R�I���F�R�S�L�H�V���D�V���³�F�R�S�\-number-�D�O�O�H�O�H�V�´�����,�Q��An. gambiae s.l., a single R sequence-93 

allele, but with multiple copy-number-alleles or Rx alleles, was found in several African countries 94 

(Assogba et al., 2016). Similarly, only one D sequence-allele, named Ag-D1 (thereafter D1 for 95 

simplicity), has been formally described, using direct sequencing of cloned fragments of the ace-96 

1 gene (real haplotypes, Djogbénou et al., 2008). D1 carries two ace-1 copies, one R copy (the 97 

haplotype is identical to that found in Rx alleles) and one S copy, in 203-kb tandem amplicons 98 

(Assogba et al., 2016). D1 is found all over West Africa (Assogba et al., 2018), which is in sharp 99 

contrast with Cx. pipiens, where several different D sequence-alleles are often found segregating 100 

in the same population (Milesi et al., 2018). Grau-Bové et al., (2021) recently analysed a large 101 

dataset of Illumina paired-end genomes of An. gambiae s.l. from all over Africa (The Anopheles 102 

gambiae 1000 Genomes Consortium (2021): Ag1000G phase 3). Based on the variations in depth 103 

of coverage of the alternative bases at position 119 (i.e. of R or S sequences), they suggested 104 

that several copy-number-alleles, differing in their numbers of R and S copies, might actually be 105 

segregating in Africa, while the nature of their data (i.e. short-read sequencing) was unreliable to 106 

assess whether multiple D sequence-alleles were segregating in the African populations. 107 

Evidence for the existence of diversity in D alleles could help us understand the origin of 108 

these mutations, and more generally how SVs are selected for short-term adaptation. So, we 109 

adopted a comprehensive approach to assess the ace-1 haplotype diversity and the number of R 110 

and S copies in heterogeneous duplications and used information from various sources to 111 

understand the origin of this diversity. As previous studies have shown that the frequency of D 112 

alleles in An. gambiae s.l. was particularly high in Ivory Coast (Assogba et al., 2018) and as Grau-113 

Bové et al. (2021) suggested that several D copy-number-alleles could segregate there, we 114 

analysed the structures and diversity of the heterogeneous duplications present in two natural 115 

populations of Ivory Coast, Yamoussoukro and Yopougon. By screening samples from Assogba 116 

et al. (2018), we found the presence of the D1 allele alone could not explain the observed 117 

frequencies of D alleles. By cloning and sequencing a large part of the ace-1 locus for several 118 
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individuals, we obtained the various haplotypes of each of their D(R) and D(S) copies. We also 119 

tested a more recently developed, and logistically easier approach, based on long-read 120 

sequences of PCR products (Namias et al., 2023). We revealed that at least nine different ace-1 121 

D alleles segregate in these two populations. Using whole genome sequencing, we showed that 122 

at least five of these alleles share the exact same structure, two 203-kb tandem amplicons, with 123 

the exact same breakpoints. Finally, we discuss what these findings suggest in terms of 124 

duplication origin, but also the role of SVs in the adaptation process. 125 

 126 

Material & Methods  127 

Sampling and identification  128 

We focused on two localities from Ivory Coast where the presence of the D1 heterogeneous 129 

duplication has already been documented (Assogba et al., 2018, Grau-Bové et al., 2021), and 130 

where resistance has been monitored since 2012. We first used DNA previously extracted from 131 

adult mosquito samples, collected in 2012, 2015, 2016, and preserved at -80°C in the lab 132 

(Assogba et al., 2018). To assess the frequencies at the time of the study, we collected new fourth 133 

instar (L4) larvae samples in the same sites, in 2019. They were identified as An. coluzzii through 134 

a multiple PCR protocol: the first PCR was able to discriminate An. arabiensis from An. gambiae 135 

s.s. and An. coluzzii ���6�X�S�S�R�U�W�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q���7�D�E�����������³�6�S�H�F�L�H�V�´�����6�F�R�W�W��et al., 1993), and a second 136 

one distinguishing An. gambiae s.s. from An. coluzzii ���6�X�S�S���� �,�Q�I�R���� �7�D�E���� ������ �³�)�R�U�P�´����Favia et 137 

al.,1997).  138 

 139 

DNA extraction and PCR conditions.  140 

We extracted DNA from individual L4 following a protocol modified from Collins et al. 141 

(1987). Briefly, each larva was ground in 200µL CTAB buffer (100mM Tris HCL, pH8.0, 10mM 142 

EDTA,1.4M NaCl, 2% CTAB), then incubated for 15 minutes, at 60°C. 200µL of chloroform with 143 
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4% of isoamyl alcohol were added and the solution was centrifuged for 10 minutes at 8000 144 

rotations/min. The supernatant was transferred to a new tube with 200µL of isopropanol, to 145 

precipitate DNA at room temperature. DNA was washed with 400µL of 70% ethanol after 10 146 

minutes of centrifugation (10000 rotations/min), dried, and then rehydrated in 50µL H2O. 147 

The PCR tests described below were performed using the Promega PCR kit (Madison, 148 

Winsconsin, USA) with ca�����������Q�J���R�I���J�H�Q�R�P�L�F���'�1�$���L�Q�W�R���������/���R�I���3�&�5-mix and using the following: 149 

94°C for 30s, annealing temperature for 30s, and 72°C for 1 to 2 min for a total of 30 cycles 150 

(primers and annealing temperatures are listed in Supp. Info. Tab. 1). 151 

 152 

Heterogeneous duplication detection and frequency estimation  153 

ace-1 phenotyping . �:�H�� �S�H�U�I�R�U�P�H�G�� �W�K�H�� �³ace-1 �S�K�H�Q�R�W�\�S�H�´�� �3�&�5-RFLP test described in 154 

Djogbénou et al., (2008): it amplifies an 817bp sequence of the ace-1 locus encompassing the 155 

resistance-diagnostic G119S mutation. This mutation generates an Alu I restriction site and 156 

enables the distinction between three phenotypes: resistant homozygous [RR], susceptible 157 

homozygous [SS], and heterozygous [RS] (Fig. 1B-1). However, it does not enable the 158 

differentiation between standard heterozygous individuals for single-copy alleles (RS) and 159 

individuals carrying a heterogeneous duplicated allele (D), as D alleles associate both susceptible 160 

D(S) and resistant D(R) haplotypes of the ace-1 locus (Assogba et al., 2015). Alleles with multiple 161 

identical copies (e.g. Rx) also cannot be distinguished from alleles carrying the same haplotype 162 

but as single-copy. 163 

 164 

Estimation of D allele frequencies . D allele frequencies can nevertheless be inferred from the 165 

phenotypic frequencies (Tab. 1), as their presence in a population causes an excess of [RS] 166 

relative to what is expected under Hardy-Weinberg equilibrium (Lenormand et al., 1998). We took 167 

advantage of this observation and used the same approach as in Assogba et al. (2018) to 168 

compute the D allele frequencies, independently for each year and location, implementing the 169 
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maximum-likelihood approach developed by Lenormand et al. (1998). We calculated the log-170 

likelihood, L, of observing all the data as follow: 171 

�� 
L 
Í �� ������ ���� �:�� ������ �;
��

 172 

with nijt and fijt, the observed number and the predicted frequency of individuals with phenotype i 173 

in population j at time t, respectively. (Lmax) was maximised for each sample using a simulated 174 

annealing algorithm (Labbé et al., 2009; Lenormand, et al., 1998). The support limits (SL, 175 

equivalent to 95% confidence intervals) were defined as the minimum and maximum allele 176 

frequencies that did not significantly decrease the likelihood. Recursions and likelihood 177 

maximization algorithms were written and compiled with Lazarus v1.0.10 178 

(http://www.lazarus.freepascal.org/). 179 

 180 

Discriminating new D  alleles f rom D 1 allele and standard heterozygotes.  Before this study a 181 

single D allele had been characterised in An. gambiae s.l., referred to as D1 (Assogba et al., 2018, 182 

Grau Bové et al., 2021). For each population and year, we tested whether this allele alone could 183 

explain the estimated frequency of D alleles, or if more alleles (hereafter Di) could segregate in 184 

the populations. To do so, we used a PCR-RFLP test specific to the D1 susceptible ace-1 copy 185 

���³�'1�´�� �3�&�5-RFLP-test, Supp. Info. Tab. 1; Assogba et al., 2015) on all individuals with an [RS] 186 

phenotype (those that could harbour a D allele): the same 817bp fragment of the ace-1 gene is 187 

PCR-amplified and an AvaI restriction site specific to the D1(S) copy distinguishes between D1 188 

carriers ([D1+] phenotype) and individuals that do not carry D1 ([D1-] phenotype; Fig. 1B-2). We 189 

then compared a model considering only three alleles (R, S, D1) with models considering either 190 

four (R, S, SD1, D1) or five alleles (R, S, SD1, D1, Di), using likelihood ratio tests (Labbé et al., 2009; 191 

Milesi et al., 2016); we took into consideration the possibility of occurrence of single-copy 192 

susceptible alleles SD1, carrying the same AvaI-diagnostic mutation as the D1(S) copy (Tab. 2). 193 

Our goal was then to characterize the ace-1 haplotypes present in these potentially new Di alleles. 194 

We first sequenced (Sanger sequencing ABI 3500 xL, Applied Biosystems by Thermo Fisher 195 

http://www.lazarus.freepascal.org/
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Scientific) the 817bp ace-1 PCR product for all the [RS D1-] (Fig. 1B-3), i.e. individuals that could 196 

carry a D but not D1 (except for three controls). If, as expected, these individuals harbour at least 197 

one Di allele (genotypes DiR, DiS or DiDj), then up to three ace-1 haplotypes should be present in 198 

the PCR product (Di(R), Di(S) and another one), which would result in SNPs with multiple peaks 199 

in the Sanger sequence (e.g. two peaks for an heterozygote). Providing the different haplotypes 200 

�F�D�U�U�\���G�L�I�I�H�U�H�Q�W���6�1�3�V�����R�Q�H���F�R�X�O�G���H�[�S�H�F�W���G�L�D�J�Q�R�V�W�L�F���³�W�U�L�S�O�H���S�H�D�N�V�´�����S�R�V�L�W�L�R�Q�V���D�W���Z�K�L�F�K���W�K�U�H�H��different 201 

SNPs can be found) in this mix sequence. This enables discrimination of Di carriers from standard 202 

RS heterozygotes. Although powerful to detect new D alleles, this approach can lead to an 203 

underestimation of the new Di allele frequencies: when the ace-1 haplotypes are similar between 204 

D alleles and single-copy resistance or susceptible alleles, triple peaks would not be detected. 205 

 206 

Heterogeneous duplication diversity.  207 

To identify the different haplotypes present in the ace-1 PCR products of Di carriers (i.e.  �³�W�U�L�S�O�H-208 

�S�H�D�N�´�� �L�Q�G�L�Y�L�G�X�D�O�V������ �Z�H�� �X�V�H�G�� �W�Z�R�� �D�S�S�U�R�D�F�K�H�V���� �L���� �F�O�D�V�V�L�F�� �6�D�Q�J�H�U�� �V�H�T�X�H�Q�F�L�Q�J���� �Z�K�L�F�K�� �U�H�T�X�L�U�H�V�� �D��209 

preliminary TA cloning step to provide individual haplotypes from the mixed products, and ii) an 210 

approach initially developed to assess the diversity of Wolbachia cid genes multigenic family, 211 

which is less tedious and more sensitive than TA cloning (Namias et al., 2023). In this approach, 212 

the PCR product is directly sequenced using Nanopore long-reads: each read then corresponds 213 

to one individual haplotype.  214 

 215 

TA cloning/ Sanger sequencing . We purified the ace-1 �3�&�5�� �S�U�R�G�X�F�W�V�� �R�I�� ������ �³�W�U�L�S�O�H-�S�H�D�N�´��216 

individuals, using the BS664-250 Preps EZ-10 Spin Column PCR Purification kit (New England 217 

BioLabs, Evry France). The purified products were then cloned (TOPO TA Cloning Kit pCR 2.1-218 

TOPO Vector and TOP10F' invitrogen bacteria). For each individual, we genotyped 24 clones 219 

(Supp. Info. Tab. 2) using the AluI RFLP test (to discriminate R and S copies). All R haplotypes 220 

recovered so far in An. gambiae s.l. were strictly identical on this 817bp fragment: we Sanger-221 
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sequenced one resistance clone (i.e. D(R) or R), and at least 11 susceptible clones (i.e. D(S) or 222 

S; ABI 3500 xL, Applied Biosystems by Thermo Fisher Scientific). 223 

 224 

Nanopore sequencing of ace -1 PCR products . We directly sequenced the purified ace-1 PCR 225 

�S�U�R�G�X�F�W���R�I���������³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V�����Z�L�W�K���D���P�H�D�Q���§1000X coverage for each individual) using 226 

Nanopore long-reads technology to capture, in a single read, each full 817 bp amplicon. Six of 227 

these individuals, which had been previously analysed with the TA cloning/Sanger sequencing 228 

approach, served as controls to assess the reliability of the Nanopore sequencing-based 229 

approach (Supp. Info. Tab. 2). We then adapted the bioinformatic pipeline developed by Namias 230 

et al. (2023): reads were mapped on a reference file containing two reference haplotypes, one R 231 

and one S, using minimap2 v.2.24 (Li, 2018) with the options map-ont and without secondary 232 

alignments. SNPs were then called using bcftools 1.15, with the config-ont option, and a minimum 233 

mapping quality of 10. Finally, haplotype phasing was performed using WhatsHap 1.4 (Martin et 234 

al., 2023) with the default options. As mentioned in Namias et al. (2023), some heterozygous 235 

SNPs on the S haplotypes were not called: although they were supported by a high number of 236 

reads, the read distribution did not fit with a diploid framework (with only two S copies). We used 237 

the script provided by Namias et al. (2023) to recover those SNPs. 238 

 239 

ace-1 haplotype trees . To assess the diversity of ace-1 haplotypes obtained through the two 240 

approaches, we aligned and compared them using a Neighbour-Joining phylogram compiled by 241 

MEGA software (MEGA11: Molecular Evolutionary Genetics Analysis version 11; Tamura et al., 242 

2021). We added several known ace-1 haplotypes to this phylogram: an R reference haplotype 243 

and the reference D1(S) copy haplotype. We used the information from molecular tests, whole 244 

genome sequencing, ace-1 PCR product long-read sequencing and haplotype frequency to 245 

discriminate the haplotypes corresponding to a D(S) copy from those corresponding to a single-246 

copy S allele, in each individual. 247 
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To infer the geographical origin of the newly characterized D alleles, we then added publicly-248 

available ace-1 S haplotypes to our alignment, from samples collected in the same time period 249 

as or samples and in Ivory Coast or nearby countries (Ghana, sequences from Weetman et al., 250 

2015; and Benin, Burkina Faso and Ivory Coast from Assogba et al., 2018; see Supp. Info. Tab. 251 

3). We then computed a maximum likelihood phylogram using a Tamura 3 parameters model with 252 

gamma distributed invariant site (G+I) mutation rates (best model fit determined with MEGA11). 253 

The phylogram was then plotted using the ggplot2 (Wickham H. 2016) and ggtree packages (Xu 254 

et al., 2022) using the R software (v.4.2.2, R Core Team, 2022; https://www.R-project.org/). 255 

 256 

Duplication architecture  257 

Genomic characterisation . To determine the structural architecture of the newly characterised 258 

Di alleles, we followed the protocol developed by Assogba et al. (2016) for D1. The whole genomes 259 

�R�I���W�Z�H�O�Y�H���³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V���Z�H�U�H���V�H�T�X�H�Q�F�H�G���X�V�L�Q�J���,�O�O�X�P�L�Q�D���S�D�L�U�H�G-end sequencing (WGS, 260 

150bppb reads, 350 bppb insert size; Supp. Info. Tab. 2). Reads from each individual were 261 

mapped to the An. gambiae PEST reference genome assembly (AgamP4.13; 262 

https://www.vectorbase.org) using the bwa (-mem) algorithm (Li & Durbin, 2009). The per-base 263 

depth of coverage (pbDoC) between positions 3,436,000 and 3,639,000 of the 2R chromosome 264 

(ace-1 lies between positions 3,484,107 and 3,495,790) was obtained using the samtools suite 265 

(Danecek et al.,2021). We then standardized them (pbDoCstd), dividing each by the average 266 

µDoC calculated over the whole 2R chromosome (pbDoCstd = pbDoC/µDoC) and plotting the 267 

pbDoCstd along this chromosome, using R software. It allowed a fine scale observation of the 268 

structure of duplications (location, size, gene copy number, etc.). To determine the precise 269 

position of the duplication breakpoints, we isolated reads mapping at ±1 kb from the putative 270 

breakpoints determined from the pbDoCstd graphs and analysed the insert-size among discordant 271 

paired-reads (i.e. paired-reads from each side of the junction between amplicons would map on 272 

each extremity of the amplicons, with an apparent insert-size equal to the amplicon size) and the 273 

https://www.r-project.org/
https://www.vectorbase.org/
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frequency of soft-clipped reads (i.e. the reads encompassing the junction and mapping partially 274 

on each extremity of the amplicons; see Assogba et al., 2016, Fig. S1).  275 

 276 

Molecular validation of structural homologies . Assogba et al. (2016) developed a diagnostic 277 

PCR test for Rx and D1 duplications, which amplifies a 460bp sequence overlapping the junction 278 

�E�H�W�Z�H�H�Q�� �W�K�H�� �D�P�S�O�L�F�R�Q�V�� ���6�X�S�S���� �,�Q�I�R���� �7�D�E���� ������ �³�-�X�Q�F�W�L�R�Q�´������ �:�H used this PCR to further assess 279 

whether the newly identified Di alleles also shared the junction and the breakpoints of both D1 and 280 

Rx alleles, using susceptible [SS] individuals as controls. 281 

 282 

Results  283 

Ivory Coast populations are highly polymorphic for D alleles.  284 

We first analysed samples collected in two populations of Ivory Coast (Yamoussoukro and 285 

Yopougon) for which resistance was monitored between 2012 and 2016 (Assogba et al., 2018) 286 

(Tab. 1). We built the first model (Model A) to analyse �W�K�H���³ace-1 �S�K�H�Q�R�W�\�S�H�´��data and found that 287 

the two populations showed a significant excess of heterozygotes compared to panmixia, 288 

suggesting the presence of D alleles at relatively high frequencies (>0.15; Tab. 2A). Using the 289 

�V�S�H�F�L�I�L�F���³�'1�´���P�R�O�H�F�X�O�D�U���W�H�V�W��based on a single diagnostic mutation (Assogba et al., 2015), we built 290 

a second model (Model B) taking this information into account (Fig. 1B-3), including the rare S 291 

allele, subsequently named SD1 and identified from [SS] individuals positive for this �³�'1�´��test  (Tab. 292 

1). It showed that D1 alone did not explain the observations as well as the third model (Model C) 293 

which considered several D alleles (model C fitted significantly better than model B for three out 294 

of the six populations, Yopougon 2015, and Yamoussoukro 2015 and 2016, p <0.05, Tab. 2C), 295 

with more coherent R and overall D frequencies (Tab. 2A and C vs B). This strongly supports the 296 

presence of at least one other D allele segregating in these populations. Interestingly, D1 was not 297 

always the most frequent D allele (e.g. Yamoussoukro 2015 and 2016, Tab. 2C). 298 
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To identify the alleles present in these populations, we first Sanger-sequenced a fragment 299 

of the ace-1 locus for RR individuals. Only one single resistance haplotype was found (already 300 

known from previous studies; Weill et al., 2003; Djogbenou et al., 2008; Assogba et al., 2016; 301 

Grau-Bové et al., 2021), i.e. no other R sequence-allele (although there were probably different 302 

copy-numbers-alleles; Assogba et al., 2016; Djogbénou et al., 2015).  303 

The only other known resistance allele was D1. We amplified the same PCR fragment in 304 

[RS, D1-] individuals, (individuals that could carry a D but not D1; N = 97, Tab. 1), plus three D1 305 

carriers as controls. The PCR product mixes several haplotypes, both R and S, which results in 306 

multiple �S�H�D�N�V���I�R�U���6�1�3�V���L�Q���W�K�H���6�D�Q�J�H�U���V�H�T�X�H�Q�F�H�����)�L�J�������$�����V�H�H���³�'�L�V�F�U�L�P�L�Q�D�W�L�Q�J���Q�H�Z���'���D�O�O�H�O�H�V���I�U�R�P��307 

D1 �D�O�O�H�O�H���D�Q�G���V�W�D�Q�G�D�U�G���K�H�W�H�U�R�]�\�J�R�W�H�V�´�����0�D�W�H�U�L�D�O�V���D�Q�G���0�H�W�K�R�G�V�������$�V���H�[�S�H�F�W�H�G�����V�R�P�H���L�Q�G�L�Y�L�G�X�D�O�V��308 

(N = 22) displayed several positions with triple peaks (henceforth �³�W�U�L�S�O�H-�S�H�D�N�´�� �L�Q�G�L�Y�L�G�X�D�O�V������309 

confirming the existence of at least three haplotypes (R and S) in the mix and the presence of 310 

other D alleles (Di) segregating in these An. gambiae s.l. �S�R�S�X�O�D�W�L�R�Q�V�����:�H���I�R�X�Q�G���V�L�[���P�R�U�H���³�W�U�L�S�O�H-311 

�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V���L�Q���Q�H�Z���V�D�P�S�O�H�V���F�R�O�O�H�F�W�H�G��in 2019 in Yopougon and Yamoussoukro (among 27 312 

[RS] individuals analysed for each population), consequently, �D���W�R�W�D�O���R�I���������³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V��313 

from 2012 to 2019 were identified. 314 

To describe the diversity of the Di resistance alleles, we used two approaches. First, 315 

Sanger sequencing of PCR products, which required a preliminary TA cloning step to get 316 

individual R and S haplotypes from the mix. As this protocol is tedious and difficult to apply to 317 

large numbers of individuals, we also tested another approach, using Nanopore long-reads 318 

sequencing of PCR products to directly access the various haplotypes carried by each individual 319 

(one read corresponds to one haplotype; Namias et al., �������������� �2�Y�H�U�� �W�K�H�� ������ �L�Q�G�L�Y�L�G�X�D�O�V�� �³�W�U�L�S�O�H-320 

�S�H�D�N�´���� ������ �Z�H�U�H�� �F�O�R�Q�H�G�� �D�Q�G�� ������ �Z�H�U�H Nanopore sequenced (Supp. Info. Tab. 2). Six individuals 321 

among the cloned 22 served as controls for the Nanopore approach (Namias et al., 2023): 322 

adapting the previously described pipeline, we were able to recover the exact same haplotypes 323 

with both approaches (the �§300X high coverage of each haplotype allows easily correcting the 324 
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PCR and/or sequencing errors). This demonstrates the robustness of Namias �H�W�� �D�O���¶s (2023) 325 

approach, which could be used to process much larger samples in the future. 326 

�$�V���H�[�S�H�F�W�H�G�����I�R�U���H�D�F�K���³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�����F�D�U�U�\�L�Q�J���D�W���O�H�D�V�W���R�Q�H���'���D�O�O�H�O�H�������W�K�U�H�H���G�L�I�I�H�U�H�Q�W��327 

ace-1 haplotypes were identified, one R (119S), and two S (119G) with different SNPs. The R 328 

haplotypes of all individuals were identical to D1(R) (the R copy carried by D1) and to the haplotype 329 

recovered from RR individuals: as a result, a unique sequence carrying the G119S mutation is 330 

present in all resistance alleles, whether R or D. The different D resistance alleles differed only in 331 

the S copies they carried (or D(S)): we found 26 different S haplotypes, which could be a D(S) or 332 

a S single-�F�R�S�\�� �D�O�O�H�O�H�� ���V�H�H�� �)�L�J���� ���� �%�� �³�F�R�P�E�L�Q�H�G�� �3�&�5�´������ �7�K�H�\�� �G�L�I�I�H�U�H�G�� �E�\�� �R�Q�O�\�� �D�� �I�H�Z�� �P�X�W�D�W�L�R�Q�V����333 

mostly found in introns, resulting in a relatively low divergence (d = 0.012; dexons= 0.008 vs. 334 

dintrons=0.027). To discriminate the D(S) copies from the S alleles, we compiled a neighbour-joining 335 

�S�K�\�O�R�J�U�D�P���Z�L�W�K���6���K�D�S�O�R�W�\�S�H�V���U�H�F�R�Y�H�U�H�G���I�U�R�P���W�K�H���������³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V���� 336 

We then assigned the various haplotypes as follow:  337 

i) We expected the D(S) haplotypes to be more frequent as they are directly selected for in the 338 

presence of insecticides (they provide resistance) and our protocol selected specifically for D-339 

carriers; therefore, clusters of identical S haplotypes were more likely to correspond to D(S) 340 

copies than to S alleles (Supp. Info. Fig. 1A). Moreover, when several individuals had a first S 341 

haplotype in a cluster, their second S haplotype would often be different and attributed to single-342 

copy S alleles.  343 

ii) This approach was first validated by the observation of an expected cluster corresponding to 344 

D1(S) (purple, Fig. 2). The second haplotypes found in the same individuals were different, as 345 

expected. For example, the individuals Yam19-11 and Yam19-24 (Fig. 2, Supp. Info. Tab. 4): two 346 

haplotypes (Yam19-11-S1 and Yam19-14-S1) were similar to D1(S), but the two others (Yam19-347 

11-S2 and Yam19-14-S2) were different; they were identified as D1S individuals. 348 

iii) Similarly, a second large cluster was found (pink, Fig. 2), which could unambiguously be 349 

assigned to a second D allele, henceforth, D2. 350 



 

15 

iv) A third and a fourth smaller clusters were found, with respectively three and two individuals 351 

sharing one S haplotype. We tentatively named them D3(S) and D4(S) (dark green and orange, 352 

resp., Fig. 2).  353 

v) Rather than inflating the number of potential D alleles, we chose to conservatively consider 354 

individuals carrying one haplotype similar to D1(S) or D2(S) as DS heterozygotes, even if the 355 

second S haplotype was found in another cluster, so they could actually be DiDj heterozygotes 356 

(e.g. Yam19-39 and Yam19-11 carried either D1(S) or D2(S), but their second S haplotypes 357 

clustered together; Fig. 2, Supp. Info. Tab. 4). This parsimonious approach was further supported 358 

by genomic analyses (see below) that confirmed three such individuals were DS heterozygotes 359 

(Yop16-41, Yop16-6, Yop16-16; Supp. Info. Fig. 2). Following this principle, we identified the D(S) 360 

copy of Yop12-45 as Yop12-45-S2, tentatively named D5(S) (light blue, Fig. 2), because Yop12-361 

45-S1 was identical to Yop12-54-S1, while Yop12-54-S2 was identical to D1(S) (Fig. 2, Supp. Info. 362 

Tab. 4).  363 

vi) For some individuals, the total number of ace-1 copies they carried was independently known 364 

from genomic analyses (WGS, see Material and methods): Yop16-60 carried four copies (Fig. 3), 365 

but only three different haplotypes, one R and two S. Yop16-60 carried two different D alleles, it 366 

was a D2D3 heterozygote (Fig. 2): Yop16-60-S1 was identical to D2(S), and Yop16-60-S2 367 

belonged to the tentative D3(S) cluster, which incidentally confirmed the existence of the D3 allele. 368 

vii) Conversely, genomics showed that Yop16-50 carried three ace-1 copies (Supp. Info. Fig. 2) 369 

and was a DS heterozygote. As Yop16-50-S1 was identical to D2(S), it strongly suggested that 370 

Yop16-50-S2 was the single-copy S allele. Yop15-49-S1, which was identical to Yop16-50-S2 371 

(Fig. 2, Supp. Info. Tab. 4), was most probably an S allele too. Consequently, as Yop16-49 carried 372 

a duplicated allele (one R and two S haplotypes), it was the second S haplotype, Yop15-49-S2, 373 

that was the D(S) copy (despite being isolated in the tree; Fig. 2); this new allele has been named 374 

D6. 375 

viii) For the last three D-carriers, Yam15-41, Yam16-42 and Yop15-3, both S haplotypes have 376 

single occurrences in the tree (Fig. 2, Supp. Info. Tab. 4). Although each carried at least one new 377 
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D allele, hence D7, D8 and D9, which S haplotypes corresponded to their D(S) copies remained 378 

undetermined. 379 

From the 28 analysed triple-peak individuals, we were able to conservatively infer that at 380 

least nine different D sequence-alleles (including D1) were segregating in Yamoussoukro and 381 

Yopougon. From the same 28 individuals, we also recovered 17 susceptible S alleles (Fig 2 and 382 

Supp. Info. Tab. 4). For comparison, only one other resistance haplotype, R, was found in our 383 

samples, the same as that encountered in across West Africa. Apart from D1, D2 and D3, their 384 

D(S) haplotype identification remained however unsure. Different D alleles (up to four) were 385 

recovered in each population and year (Supp. Info. Tab. 4), indicating that the two populations 386 

remained polymorphic for these resistance alleles from 2012 to 2019 (> 70 generations). D1, D2 387 

and D3 in particular, were found over the whole period, while the other D alleles were found only 388 

once. However, it does not mean that these alleles have appeared and disappeared rapidly: our 389 

study protocol was designed to assess the overall diversity of D alleles, but not to infer their 390 

frequency, or even their presence over time (the sampling size was too limited, one to eight 391 

individuals per year and population, and limited to those displaying the triple-peak signal).  392 

Of course, nine D sequence-alleles is a minimum estimate of the real diversity of the 393 

duplicated resistance alleles (our approach was not exhaustive). This relatively high diversity, 394 

segregating in only two Ivory Coast populations, immediately begs the question of their molecular 395 

origins: i) could a single original duplication event followed by secondary rearrangements (e.g. 396 

recombinations, deletions) have generated this diversity? or ii) are multiple independent events 397 

of duplication required, one for each allele? To try and answer this question, we used two 398 

approaches, the first one based on phylogeography, the second using genomics. 399 

 400 

ace-1 haplotypes do not show structure at the geographical or species level.  401 

 We first tried to assess whether the different D alleles could be associated with a particular 402 

geographical origin in West Africa. We added around 30 ace-1 S haplotypes from neighbouring 403 

countries (Benin, Burkina Faso, Ghana) of both An. gambiae and An. coluzzii and computed a 404 
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phylogenetic model (Fig. 4; Tamura 3 parameters G+I, see Materials). This revealed no clustering 405 

pertaining to geographical origin or species for the different S copies (whether S or D(S)). Despite 406 

testing different models of evolution, we found that close or identical S copies can be found in all 407 

countries, and that none of the different D(S) copies are associated with a particular country. In 408 

fact, the only highly supported nodes are those of the D(S) clusters (Fig. 4). The diversity is 409 

relatively low and mostly concentrated in the introns. Translating the exonic part of the ace-1 410 

haplotypes carried by D alleles showed that all mutations were synonymous, except G119S for 411 

the D(R) haplotypes.  412 

Overall, we have no evidence if the different D alleles identified in the present study have 413 

originated in the populations where we found them or elsewhere, and cannot rule out the 414 

possibility of a unique origin for all. 415 

   416 

All D alleles share a common genomic architecture.  417 

We then took advantage of the bioinformatic approach developed by Assogba et al. (2016) 418 

to analyse the genomic architecture of these alleles (copy number, amplicon size, breaking points, 419 

etc.): we already knew that D1 and Rx alleles share the same breaking points, but what about 420 

these new D alleles? Different genomic structures would support independent origins. 421 

Copy number and amplicon size : Twelve individuals carrying different D alleles (D2, D3, 422 

D4, D7, D8, D9) were sequenced using Illumina paired-end sequencing (Supp. Info. Tab. 2 and 4; 423 

we could not get enough DNA for individuals carrying D5 and D6). The reads were first mapped 424 

onto the reference A. gambiae PEST genome (Vector-Base; AgamP4.13). We also mapped short-425 

reads from the susceptible reference strain Kisumu as a non-duplicated reference. For each 426 

individual, we calculated a standardised depth of coverage (pbDoCstd) for each base in a region 427 

surrounding ace-1 ���V�H�H���0�D�W�H�U�L�D�O�V���D�Q�G���0�H�W�K�R�G�V�������$�V���H�[�S�H�F�W�H�G�����.�L�V�X�P�X�¶�V��pbDoCstd remained close 428 

to 1 over the whole region (Fig. 3A). By contrast, all D-carriers displayed a consistent pbDoCstd 429 

increase over a 203 kb region encompassing the ace-1 locus, similar to that seen for D1 (Fig. 3B 430 

and Supp. Info. Fig. 2). For 11 individuals we observed a 1.5-fold pbDoCstd increase (1.5±0.14 for 431 
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the duplicated region vs. 1±0.16 for the flanking non-duplicated regions), which is consistent with 432 

a DS genotype (Supp. Info. Fig. 2). Yop16-60, displayed a 2-fold pbDoCstd increase in the same 433 

area (Fig. 3B), suggesting a DD genotype (actually D2D3, see D(S) copies identification above). 434 

Breakpoint positions : We further combined information from insert-size among 435 

discordant read pairs, i.e. pairs overlapping the amplicon junction, and local enrichment in soft-436 

clipped reads, i.e. reads overlapping the amplicon junction, to precisely map the breakpoints of 437 

the duplication. For all the analysed D alleles, i) the insert-size of the discordant read pairs showed 438 

the duplication to be 203 kb, and ii) a significant increase of soft-clipped reads was found on 439 

positions similar �W�R�� �W�K�H�� ���¶�� �D�Q�G�����¶�� �E�U�H�D�N�S�R�L�Q�W�� �S�R�V�L�W�L�R�Q�V�� �S�U�H�Y�Lously identified for D1 (position 440 

3,436,927 and position 3,639,836; resp.; Fig. 3B; Assogba et al., 2016). We finally submitted 441 

these individuals to the specific PCR test designed by Assogba et al. (2016) that amplifies a 460bp 442 

pb fragment overlapping the amplicon junction in D1 and Rx alleles. The fragment was amplified 443 

in all 12 individuals. 444 

Together, this PCR test and the genomic analysis indicate that all the D alleles share the 445 

exact same genomic architecture, i.e. two amplicons only, with the same boundaries and sizes 446 

(without any internal deletion as seen in some Rx alleles, Assogba et al., 2016, 2018). 447 

 448 

Discussion  449 

An unsuspected duplicated allele diversity : beyond the spotlight effect  450 

So far, in An. gambiae s.l., the only ace-1 SNP that has been linked to OP/CX insecticide 451 

resistance is G119S (Weill et al., 2003; Djogbenou et al., 2008; Assogba et al., 2016; Grau-Bové 452 

et al., 2021; a couple of other substitutions have been found in other mosquito species e.g. Alout 453 

et al.,2007a, 2007b). Moreover, it appears that this mutation occurred only once in An. gambiae 454 

s.l. (introgressing from An. coluzzii to An. gambiae s.s.; Djogbenou et al., 2008), so that a single 455 

R haplotype has rapidly spread over all West Africa (Weill et al., 2003; Djogbenou et al., 2008; 456 
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Assogba et al., 2016, this study). Interestingly, no single-copy R allele has been found, only 457 

homogeneous duplications, with various copy-number-alleles of repeated identical R haplotype 458 

(Rx, Fig. 1A; Assogba et al., 2016, Grau-Bové et al., 2021).  459 

Despite indications of more variations (Grau-Bové et al., 2021), the only resistance allele 460 

known in An. gambiae s.l. was one heterogeneous duplication, D1, also found across all West 461 

Africa (Djogbenou et al., 2008; 2009; Assogba et al., 2016): this allele carries one R and one S 462 

copy, resulting in a [RS] phenotype using the usual molecular test (Fig. 1). Our study showed that 463 

significant excess of apparent heterozygotes in two populations of Ivory Coast could not be 464 

explained by the presence of D1 alone (Tab. 2). Through a multi-approach genotyping and 465 

sequencing protocol, we have further evidenced high diversity of ace-1 resistance alleles in West 466 

African An. gambiae s.l., with eight new D sequence-alleles, found in only two Ivory Coast 467 

populations. All D alleles carry one identical R haplotype, but carry a unique S haplotype, i.e. their 468 

D(S) copy is different (similarly to most of the 27 different D alleles described so far in Cx. pipiens; 469 

Milesi et al., 2018). They also share the same genomic architecture as D1, only two ace-1 copies, 470 

the same amplicon size and breakpoints. The D allele diversity is high compared to a unique R 471 

sequence-allele, but it is only half that of single-copy S alleles, segregating in the same 472 

populations (17 different S haplotypes, Supp. Info. Tab. 4). 473 

The fact that only D1 had been described since the seminal work of Djogbénou et al. (2008), 474 

despite regular surveys (Djogbenou et al., 2008; Assogba et al., 2016, 2018; Grau-Bové et al., 475 

2021, Kouamé et al.,20�����������K�L�J�K�O�L�J�K�W�V���D���E�L�D�V���L�Q���W�K�H���Z�D�\���W�K�H�V�H���Y�D�U�L�D�Q�W�V���D�U�H���V�W�X�G�L�H�G�����W�K�H���³�F�O�D�V�V�L�F�D�O�´��476 

approach, based on field-caught individuals, crossed in the laboratory with a reference 477 

susceptible strain (Labbé et al., 2007; Assogba et al., 2016; Milesi et al., 2018), will only retain 478 

genotypes frequent enough to be sampled, and more importantly, individuals fit enough to survive 479 

�D�Q�G���U�H�S�U�R�G�X�F�H���L�Q���W�K�H���O�D�E�R�U�D�W�R�U�\�����,�W�¶�V���D��major problem when studying duplicated alleles that are 480 

often plagued with strong deleterious effects (Innan & Kondrashov, 2010; Schrider & Hahn, 2010; 481 

Schrider et al., 2013; Milesi et al., 2018). On the other hand, surveys relying on specific molecular 482 

�W�H�V�W�V���I�R�U���D���I�H�Z���G�L�D�J�Q�R�V�W�L�F���P�X�W�D�W�L�R�Q�V���D�U�H���S�U�R�Q�H���W�R���D���V�W�U�R�Q�J���³�V�S�R�W�O�L�J�K�W���H�I�I�H�F�W�´����i.e. they can only find 483 
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what they are looking for, especially when these mutations are not directly causal for the 484 

resistance phenotype. 485 

The last decade has seen a giant leap in sequencing and bioinformatics analyses based 486 

on NGS data, which are now affordable for extensive surveys of natural populations. However, 487 

there are also limitations when it comes to precisely describing (at the sequence level) structural 488 

variants in natural populations, as is the case in our study. For example, in Ivory Coast, Grau-489 

Bové et al. (2021) suggested variation in the number of S copies in D alleles (i.e. copy-number-490 

alleles) of which we found no evidence: all the D alleles identified in the present study carried only 491 

two copies, one S and one R haplotype. While we cannot exclude the existence of D copy-492 

number-alleles, our analyses suggest that this discrepancy may come from how the number of 493 

copies were determined in these two studies. Identifying S/R copy number ratio only from the ratio 494 

of allelic coverage at a single diagnostic position (here the G119S point mutation, see Grau-Bové 495 

et al., 2021) can lead to inaccurate copy-number estimations, especially with low depth of 496 

coverage (see simulations in Karunarathne et al., 2023). In our study, using the average depth of 497 

coverage across the whole ace-1 gene to assess the number of copies and to deduce the 498 

genotype, proved to be more reliable (Supp. Info Tab. 5). Similarly, despite indications that 499 

suggested the potential existence of D sequence-alleles, Grau-Bové et al.�¶�V���V�W�X�G�\���G�L�G���Q�R�W���D�O�O�R�Z��500 

their specific identification, because haplotype reconstruction is particularly difficult from short-501 

read data when several copies are present. We demonstrated the potential of long-read 502 

sequencing to overcome this issue. We described the same haplotypes through direct long-read 503 

sequencing of the PCR mix and bioinformatics analyses and with the logistically heavy but 504 

reliable, TA cloning/Sanger sequencing approach. As long-read sequences become more 505 

accessible and reliable, some limitations may reduce, especially for structural variant detection 506 

and study (Mantere et al., 2019; De Coster et al., 2023, Namias et al., 2023, although these 507 

methods are still limited for the amplicon size we are using; see Hook and Timp, 2023 for a 508 

review). 509 

 510 
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The molecular origins of D alleles remain to be confirmed, although secondary 511 

recombinations are likely  512 

The surprising diversity of D resistance alleles found in two populations poses questions 513 

on their origin(s) in Anopheles mosquitoes. 514 

Deletions/duplications are frequent for multi-copy genes (e.g. esterases, Milesi et al., 515 

2016), due to unequal recombination, so that the existence of different Rx copy-number-alleles is 516 

expected (note that all the copies have the same size exactly, although a secondary internal 517 

deletion has been described; Assogba et al., 2016, 2018). The existence of several D alleles 518 

carrying one identical R haplotype and different S haplotypes could be explained by two different 519 

scenarios, as proposed for D alleles in Cx. pipiens (Labbé et al., 2007, Milesi et al., 2018). The 520 

first one requires multiple independent unequal recombination events in RS heterozygotes 521 

(scenario 1, Fig. 5). The second scenario (scenario 2, Fig. 5) only requires one unequal 522 

recombination event, followed by secondary recombination event between the D(S) copy bound 523 

in the duplication (or one R copy of a R2 allele) and a single-copy S allele in heterozygous DS (or 524 

R2S) individual. These secondary recombination events could be limited to the ace-1 sequence 525 

or much larger (up to 203kb, i.e., encompassing all the genes embedded in the duplication). 526 

In Cx. pipiens, both scenarios are probably at play: both D(R) and D(S) copies differ 527 

between some D alleles, which is expected in scenario 1; however, many share the same D(R) 528 

copy, and the D(S) copies are found as single-copy S alleles in the same populations, a pattern 529 

expected in scenario 2 (Milesi et al., 2018). In An. gambiae, all D alleles (as well as Rx) display a 530 

strict structural homology, i.e., the exact same boundaries and breakpoints, which would require 531 

frequent and precisely localized de novo unequal recombination under scenario 1. While Assogba 532 

et al. (2016) did find a harbinger transposable �H�O�H�P�H�Q�W�� �R�Q�� �W�K�H�� ���¶�� �H�Q�G�� �R�I�� �W�K�H�� �D�P�S�O�L�F�R�Q���� �L�W�� �L�V�� �Q�R�W��533 

evident that it fits such recurrent recombination events in the same genomic area. Therefore, 534 

scenario 1 does not appear to be the most parsimonious. The diversity of D alleles we observed 535 

was more likely to be generated by secondary recombination events between S copies. Single-536 

copy S alleles with close haplotype sequences are found in the same populations (Fig. 2), further 537 
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supporting the hypothesis that the diversity of D alleles was likely due to secondary 538 

recombinations, but the lack of geographic structure tends to weaken it (Fig. 4). To confidently 539 

evaluate those hypotheses, complete haplotypes of the duplicated alleles are required. This could 540 

soon be possible, with the improvement of long-read sequencing (but for the amplicon size, see 541 

above). 542 

Nonetheless, both scenarios imply a high recombination rate in this genomic region, as 543 

these alleles are fairly recent in terms of evolutionary time: OP and CX insecticides have only 544 

been used for 50-60 years to control An. gambiae s.l. population; resistance was first reported in 545 

�W�K�H���O�D�W�H�����������¶�V-�H�D�U�O�\�����������¶�V����Elissa et al., 1994; �1�¶�*�X�H�V�V�D�Q��et al., 2003); the first reports of a D 546 

allele are even more recent (Djogbenou et al., 2008). 547 

 548 

How is the ace-1 resistance alleles diversity maintained in the populations?  549 

Several studies in An. gambiae or Cx. pipiens have shown that various resistance alleles 550 

at the ace-1 locus conferred different fitness (e.g. Assogba et al., 2015, 2016 in An. gambiae, 551 

Labbé et al., 2007, 2014, Milesi et al., 2018, 2022 in Cx. pipiens). For the homogenous duplicated 552 

alleles Rx, a larger number of copies (e.g. 5 vs 3) confers both a higher resistance level and higher 553 

selective disadvantages, although it does not follow a linear pattern (Assogba et al., 2016 in An. 554 

gambiae, Milesi et al., 2022 in Cx. pipiens). These alleles appear to be selected in areas exposed 555 

to intense selective pressure, the copy-number-allele diversity is potentially being maintained by 556 

small insecticide treatment fluctuations (Assogba et al., 2018). On the other hand, D1, the only 557 

heterogenous duplicated allele known before the present study in An. gambiae, has been shown 558 

to confer a phenotype similar to standard heterozygotes RS: it provides more resistance than S 559 

but less than Rx alleles, and less selective disadvantages than Rx but more than S (Assogba et 560 

al., 2015, 2016), as observed for D alleles in Cx. pipiens (Labbé et al., 2014). These alleles are 561 

selected for in areas where insecticide treatments are moderate or fluctuating (Assogba 2015, 562 

2016, Lenormand et al., 1998, Labbé et al., 2007, 2014, Milesi et al., 2018, 2017). 563 
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In the present study, in all samples except those from Yopougon in 2012, the resistant 564 

heterozygous phenotype was more frequent than the susceptible phenotype, and the frequency 565 

of [RR] individuals was very low (maximum one individual per sample, Supp. Info. Tab. 4). The 566 

overall D frequency remained globally stable from 2012 to 2019, despite a slight increase in 567 

resistance (binomial test, p = 5.5x10-11 and p = 2.4x10-4 for Yopougon and Yamoussoukro, 568 

respectively; Supp. Info. Fig. 3). As the response to change in selective pressure is usually fast 569 

for resistance alleles (even seasonal; Lenormand et al., 1999, Milesi et al., 2016, Milesi et al., 570 

2017), it suggests that the insecticide treatments did not change much over the period of the 571 

study. The higher frequency of D over Rx among resistance alleles and the persistence of S alleles 572 

at relatively high frequencies, further suggests that these populations were exposed to moderate 573 

(or fluctuating) treatment intensities. 574 

We found nine D sequence-alleles that differ only by their D(S) copy and up to four of them 575 

have been co-segregating in the same population over at least 70 generations (Supp. Info. Tab. 576 

4). At first glance, these alleles are not expected to confer different resistance levels. Previous 577 

studies in Cx. pipiens suggests that the intermediate resistance level displayed by D alleles 578 

depends entirely on the association of an R and an S copy (i.e. one carrying the G119S mutation 579 

and the other not), but not on the sequence of the R or S alleles captured in the duplication (Labbé 580 

et al., 2007, 2014, Milesi et al., 2018). While D alleles are clearly selected for over the S and Rx 581 

alleles in conditions of intermediate selective pressures, the D sequence-alleles found here are 582 

expected to be neutral in terms of selective advantage. A first parsimonious explanation would be 583 

that the polymorphism observed in D alleles reflects the rate at which new D alleles are generated, 584 

i.e. the duplication rate - genetic drift equilibrium considering scenario 1, or the recombination rate 585 

- genetic drift equilibrium in scenario 2. In such cases, the diversity of D alleles should be similar 586 

to that of the S alleles, and their frequency spectrum should also be similar. However, the diversity 587 

of the D alleles is lower than the neutral expectancy provided by the diversity of S alleles found 588 

in the exa�F�W���V�D�P�H���L�Q�G�L�Y�L�G�X�D�O�V�����L�Q���W�K�H���������³�W�U�L�S�O�H-�S�H�D�N�´���L�Q�G�L�Y�L�G�X�D�O�V�����������D�O�O�H�O�H�V���L�Q���W�R�W�D�O�������Z�H���L�G�H�Q�W�L�I�L�H�G��589 

nine different D haplotypes over 29 D sequences, but significantly more S haplotypes (17 different 590 
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haplotypes over 27 S sequences; binomial test, �$2 = 4.5, df = 1, p = 0.03). Similarly, some D 591 

alleles segregate at a much higher frequency than the S alleles (Tab. S4 and Supp. Info. Fig. 1B): 592 

for instance, D2 and D1 were found 11 and 8 times, respectively (relative frequency over all D 593 

alleles = 0.38 and 0.28, resp.; Supp. Info. Fig. 1B), while one S allele was found five times and 594 

the second most frequent S three times (relative frequency over all S alleles = 0.18 and 0.11, 595 

resp.; Supp. Info. Fig. 1B). Our limited sample size (1 to 8 D carriers per sample) and the fact that 596 

we captured a D2D3 heterozygote (under panmixia fD2D3= 2fD2fD3), further suggests that the D 597 

alleles captured in this study must segregate at a higher frequency. It is unlikely that the D(S) 598 

copies would be a random sample of the S diversity, considering that our discovery approach was 599 

meant to maximise the diversity in D alleles while not affecting S allele diversity. 600 

It appears that the observed diversity and frequencies of D alleles are probably not the 601 

results of neutral processes only. How could selection contribute to explaining the persistence of 602 

D resistance allele polymorphism at the population scale? In Cx. pipiens several populations are 603 

polymorphic for D alleles (Milesi et al,. 2018). These D alleles are associated with various 604 

deleterious effects expressed only in homozygotes and independent from ace-1 (Labbé et al., 605 

2014) and they complement each other (each D allele compensates for each other's flaws, so 606 

that a DiDj heterozygote is fine; Labbé et al., 2007, Milesi et al., 2018). Simulations have shown 607 

that such alleles can be maintained in the same population by frequency-dependent selection 608 

(Milesi et al., 2018). Gene duplications are extensive structural rearrangements that are known to 609 

be largely detrimental (Schrider et al., 2013; Katju and Berthogsson, 2013), whether for structural 610 

reasons (e.g., gene disruption, deleterious mutation hitchhiking) or in relation to gene-dosage 611 

imbalance. It would not be surprising that similarly detrimental D alleles, that could complement 612 

each other, might be found in An. gambiae s.l. too. However, D1 was not sublethal when 613 

homozygous in lab experiments (although less fit than S in absence of insecticides; Assogba et 614 

al., 2015) and this frequency-dependent selection among D alleles should last only until S and Rx 615 

alleles are eliminated. On the other hand, S allele frequency remained relatively high and globally 616 

stable over the whole period of the study (Tab. 2, Supp. Info. Fig. 4), arguing for a complex 617 
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balancing selection situation, as was observed in Cx. pipiens (Milesi et al., 2018). A definitive 618 

approach to assess the primacy of selection over neutral processes in the observed D diversity 619 

would require measuring the fitness of these new D alleles, either by establishing a mosquito line 620 

for each of these alleles, introgressed on a unique genomic background (e.g., Labbé et al., 2007, 621 

Assogba et al., 2015, 2016, Milesi et al., 2018) or by monitoring their dynamics in the populations 622 

over many years (e.g., Labbe et al., 2009, Milesi et al., 2016). Both require extensive long-lasting 623 

effort. By revealing the existence of this unexpectedly high polymorphism of D allele in An. 624 

gambiae s.l., our study represents the first step in that direction. 625 

Conclusion  626 

Altogether our findings highlight the relatively high local diversity and frequency of ace-1 627 

heterogeneous duplications implicated in the adaptation to OP/CX insecticides in Anopheles 628 

mosquitoes, particularly when compared to the regional uniqueness of the other resistance allele 629 

(R). This diversity likely results from frequent secondary recombination events between single-630 

copy and duplicated alleles, not only restricted to ace-1 but potentially involving a large portion of 631 

the 203kb amplicon. Our study supports a role for selection in the maintenance of D allele 632 

polymorphism in the populations, but further investigations are required to better assess the 633 

relative roles of neutral processes and selection.  634 

More generally, our study highlights the challenges that must be overcome when analysing 635 

large-scale structural variants (SV). The last 15 years have seen an increase of interest in the 636 

role of SVs in the adaptation process (e.g. Wellenreuther et al., 2019). Gene copy-number 637 

variations are a perfect example of genomic mutations that are particularly arduous to investigate 638 

for technical reasons (they are mostly just more of the same sequence, all mapping together on 639 

reference genomes), but also because of their often multi-allelic nature. For large-scale segmental 640 

duplications, our study of An. gambiae s.l. clearly demonstrates that both the number of copies 641 

(Rx alleles) and the specific sequence carried by the copies (D alleles) are relevant to understand 642 

their evolution. It also showed that the study of copy-number variations (CNVs) is prone to 643 
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misinterpretations with rushed approaches (as both the number and the nature of the copies can 644 

affect the phenotype). 645 

These large genomic mutations are frequent and ubiquitous (Emerson et al., 2008; Itsara 646 

et al., 2009; Reams et al., 2010; Langley et al., 2012; Katju & Bergthorsson, 2013; Schrider et al., 647 

2013, Remnant et al., 2013, Mérot et al., 2020), they played a decisive role in the evolution of 648 

living organisms and are still determinant in the adaptation process, even at the micro-649 

evolutionary scale (e.g. Kondrashov, 2012 and references therein); therefore they are worth the 650 

painstaking endeavour to study them.  651 
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Evolutionary trade‑o�s associated with�copy 
number variations in�resistance alleles in�Culex 
pipiens mosquitoes
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Abstract 

Organophosphate and carbamate insecticides have largely been used worldwide to control mosquito populations. As 
a response, the same amino acid substitution in the ace-1 gene (G119S), conferring resistance to both insecticides, has 
been selected independently in many mosquito species. In Anopheles gambiae, it has recently been shown that the 
G119S mutation is actually part of homogeneous duplications that associate multiple resistance copies of the ace-1 
gene. In this study, we showed that duplications of resistance copies of the ace-1 gene also exist in the Culex pipiens 
species complex. The number of copies is variable, and di�erent numbers of copies are associated with di�erent 
phenotypic trade-o�s: we used a combination of bioassays and competition in population cages to show that having 
more resistance copies conferred higher resistance levels, but was also associated with higher selective disadvantage 
(or cost) in the absence of insecticide. These results further show the versatility of the genetic architecture of resist-
ance to organophosphate and carbamate insecticides around the ace-1 locus and its role in �ne-tuned adaptation to 
insecticide treatment variations.
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Background
Whether for sanitary or economic (agriculture, tourism) 
reasons, pest and vector species have been the target of 
intense xenobiotic exposure to control their popula-
tions. As a response, resistances have been selected for 
and have spread worldwide in many diverse organisms 
[1–3]. Resistance has been the focus of many studies with 
a management perspective, in particular in vector species 
where long-term monitoring and resistance evolution 
surveys took place, for instance in mosquitoes ([3] and 
references therein). However, resistance to insecticides 
also provides a wealth of information for evolutionary 
biologists as it is an iconic example of rapid adaptation to 
a new environment.

Mutations conferring resistance to insecticides are 
adaptive in the sense that they provide greater �tness in 
presence of insecticide. However, in mosquitoes, most of 
the mutations conferring resistance described so far are 
also disadvantageous in the insecticide-free environment 
[4–9]. For instance, the mutated allele could encode for 
a protein that is less e�cient than the susceptible one, 
or metabolic equilibria could be dysregulated. Both can 
result in strong deleterious e�ects [3], a�ecting many dif-
ferent life history traits (hereafter termed ‘selective dis-
advantage;’ see useful criticism of use of the term ‘cost’ 
for these selective disadvantages by Lenormand et� al. 
[10]). Because both advantages and disadvantages can 
vary between resistance mutations, they convey di�er-
ent evolutionary trade-o�s in di�erent environments 
(e.g. [11, 12], in particular regarding insecticide treat-
ment intensities [5, 13]). For instance, intermediate treat-
ment intensities would favor heterogeneous duplications 
over single-copy resistance alleles, despite the fact that 
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they confer a lower resistance level, because they are 
also associated with a much lower �tness cost. How-
ever, heterogeneous duplications are outcompeted by 
single-copy resistance alleles when selective pressure is 
high because of a too low resistance level [5, 7]. In a con-
stant environment, and as time passes, new alleles, with a 
more favorable evolutionary trade-o�, and/or compensa-
tory mutations are expected to be selected for (e.g. [14] 
in Lucilia cuprina, [11, 15–17] in Culex pipiens species 
complex and [18] in Anopheles gambiae). �ese contem-
porary evolutions of insecticide resistance are thus iconic 
examples of adaptive trajectories (“adaptive walk” in Orr 
[19]). �e resistance alleles selected along these adap-
tive walks can result from simple nucleotide substitu-
tions (e.g. a�ecting the target of insecticides), but various 
genetic architectures can also be selected for, for instance 
homogeneous duplications (aka gene ampli�cation) or 
heterogeneous duplications [3, 20]. Di�erent genetic 
architectures of resistance can be selected for precisely 
because they are associated with di�erent evolutionary 
trade-o�s [5, 21, 22]. Finally, the variation of treatment 
intensities in time and/or space can also generate balanc-
ing selection patterns that could (i) allow for the mainte-
nance of susceptible and resistance alleles polymorphism 
in natural populations, (ii) select for alleles with more 
generalist trade-o�s (e.g. [9, 10, 16]), but also (iii) main-
tain resistance allele polymorphism [23].

Among the most commonly used families of insecti-
cides worldwide, organophosphate (OPs) and carbamate 
(CXs) insecticides target  acetylcholinesterase (AChE1), 
encoded by the ace-1 locus, which terminates cholin-
ergic neurotransmission by hydrolysis of acetylcholine 
(ACh). �ese insecticides bind to AChE1, thereby imped-
ing  ACh degradation and inducing death by tetany. Point 
mutations modifying the conformation of the AChE1 
active site and preventing the binding of the insecticide 
have been selected for in many vector and pest species. 
In particular, the same amino acid substitution (G119S) 
has been repetitively and independently selected in many 
mosquito species [24, 25]. While conferring resistance to 
OPs and CXs, the G119S mutation has also been shown 
to decrease the activity of the resistant acetylcholinest-
erase (AChE1R) by about 60% compared with the wild-
type protein (AChE1S) in both the West Nile virus vector 
Culex pipiens sensu lato and the malaria vector An. gam-
biae [26, 27]. In both species, this drastic reduction in 
a�nity with its natural subtract probably explains a large 
part of the selective disadvantage endured by resistant 
mosquitoes in absence of insecticides compared to sus-
ceptible ones [4, 7, 12, 28, 29].

In recent studies of An. gambiae, all alleles carrying the 
G119S mutation (R alleles) have been found to be part 

of homogeneous duplications (several resistance copies 
in tandem, Rx alleles) or of heterogeneous duplications 
(pairing a susceptible and a resistance copy, D alleles), 
i.e. they were never found in the natural population in a 
single-copy state [18, 22, 30].

In the C. pipiens species complex, two di�erent R 
alleles have been found widely spread across natural 
populations [23]: R1 is found in C. pipiens sensu stricto all 
over Europe and the Mediterranean area, and R2 is found 
worldwide in Culex quinquefasciatus. �ey are also 
found in many D alleles associated with local susceptible 
variants [23]. However, the possibility that some R alleles 
could, as in An. gambiae, actually be part of homogene-
ous duplications, as well as what phenotypic e�ects these 
di�erent genomic architectures could induce, has not yet 
been investigated in C. pipiens species complex.

In the present study, we isolated the R1 and R2 alleles 
in laboratory strains sharing the genetic background of 
the susceptible reference strain, SLAB. We �rst showed 
that, while R1 is found in a single-copy state, R2 is part 
of a homogeneous duplication carrying three R copies. 
We then investigated the phenotypes conferred by these 
di�erent alleles (protein activity, resistance level and 
dynamics in absence of insecticides) and showed that 
di�erent evolutionary trade-o�s are associated with the 
di�erent genomic architectures. We �nally discuss the 
implication of the present study from both evolutionary 
biology and more applied perspectives.

Materials and�methods
Mosquito strains
�ree mosquito laboratory strains were used in this 
study: SLAB [31], SR [32] and SRQ (this study). SLAB is 
�xed for a single-copy susceptible allele (SSLAB, isolated in 
California, C. quinquefasciatus). SR is �xed for R1 [24], a 
resistance allele isolated from Southern France and found 
in C. pipiens s.s. all over Europe and around the Mediter-
ranean Sea [23, 33]. SRQ is �xed for R2 [24], a resistance 
allele found worldwide in C. quinquefasciatus [23] and 
isolated from a population from Martinique Island. �e 
two resistance alleles were introgressed into the genetic 
background of the SLAB strain through at least 15 
rounds of back-crossing. All strains thus share the same 
genetic background (> 99%) and di�er from each other 
almost only in their ace-1 locus (although recombination 
around the ace-1 gene is not complete, most of the back-
ground e�ects would be eliminated).

All strains were regularly checked for contamination: 
DNA was extracted from pools of �rst-instar larvae 
(~ 200 individuals per pool) and molecular tests, speci�c 
for each ace-1 allele (detailed below), were used to check 
the homogeneity of each strain.
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Genotyping
�e various strains can be easily distinguished using 
a single PCR and di�erent restriction fragment length 
polymorphisms (RFLPs). After DNA extraction, follow-
ing the protocol in [34], a ~ 600-bp fragment of the ace-
1 gene, including intron 2 and most of exon 3 (with the 
resistance G119S mutation), was ampli�ed using two 
generalist primers, Intron2dir1 and CpEx3rev, according 
to [35].

Susceptible vs. resistant
�e G119S mutation creates an AluI  restriction site 
[33] so that three genotypes can be distinguished (AluI 
RFLP test): susceptible homozygote (SS; one fragment, 
597� bp), resistant homozygote (RR; two fragments, 496 
and 101�bp) and heterozygote (RS; three fragments, 597, 
496 and 101�bp); 5�µl of the PCR product was incubated 
for 2�h at 37�°C.

R1 vs. R2

�e two di�erent resistance alleles can be further distin-
guished by taking advantage of another single-nucleo-
tide polymorphism (SNP) between R1 and R2 creating a 
Bfa1 restriction site in R2 (Additional File 1). �is second 
RFLP test (Bfa1 RFLP test) distinguishes three genotypes, 
the homozygotes R1R1 (one fragment, 597�bp) and R2R2 
(three fragments, 73, 132 and 392�bp) and the heterozy-
gotes R1R2 (four fragments, 597, 73, 132 and 392�bp); 5�µl 
of the PCR product was incubated for 2�h at 37�°C.

Gene copy number quanti�cation
ace-1 gene copy number was estimated for ten individu-
als of each resistant strain using quantitative real-time 
PCR (qRT-PCR). Two individuals from the SLAB-sus-
ceptible strain were also used as controls. After DNA 
extraction, we dispensed 250� ng of genomic DNA and 
1.5� �l of reaction mixture containing speci�c primers, 
each at a concentration of 0.8� �M and 0.75� �l of Mas-
ter Mix (LightCycler 480 SYBR Green I Master, Roche), 
into the wells of a 384-well plate with a Labcyte Echo525 
dispenser. We performed qPCR as follows: activation 
at 95�°C for 8�min followed by 45 cycles of 95�°C for 4�s, 
67� °C for 13� s and 72� °C for 19� s. Melting curves were 
generated by a post-ampli�cation melting step between 
70�°C and 95�°C for Tm analysis. All quanti�cations were 
replicated three times for each DNA template. Two loci 
were ampli�ed for each individual: ace-1 (primers: ‘Cul-
exace1univdir3’ AGA AGG TGG ACG CAT GGA TG; 
‘Culexace1univrev3’ ATC TGG ACG CAG GAG TTG G) 
and ace-2, a locus known to be in a single copy in these 
species (primers: ‘acequantidir’ GCA GCA CCA GTC 
CAA GG; ‘acequantirev’ CTT CAC GGC CGT TCA 

AGT AG) [36]. ace-1 over ace-2 copy-number ratios 
were determined by the advanced quanti�cation method 
(LightCycler 480 software v.1.5.0). Standard reference 
curves were constructed with tenfold dilutions of a PCR 
product previously ampli�ed with speci�c primers for 
each locus from SLAB DNA.

Phenotyping
Protein activity
We measured acetylcholinesterase (AChE1) activity for 
48 individuals of each resistance strain, using spectro-
photometry [37]. Adult mosquitoes were decapitated, 
and each head was individually homogenized in 400� �l 
of a phosphate bu�er (0.25�M, pH7) supplemented with 
1% Triton X-100. Homogenates were centrifuged (9.3� g 
for 3�min), and 100��l of the supernatant was dispensed 
into each of two wells of a 96-well microtitration plate. 
We added 10� �l of propoxur, a carbamate insecticide, 
at 10�3 �M and 10�1 �M (diluted in ethanol) into the �rst 
and second well, respectively. �e plate was incubated 
for 15�min at room temperature. We then added 100� �l 
of substrate solution (25�mM sodium phosphate, pH 7.0, 
0.2� mM DTNB, 0.35� mM sodium bicarbonate, 2.5� mM 
acetylthiocholine) to each well. AChE1 activity was esti-
mated by measuring the change in optical density fol-
lowing the cleavage of acetylthiocholine, as described by 
[38]. Optical density at 412�nm was recorded every min-
ute for 15�min with an EL 800 microplate reader (Bio-Tek 
Instruments, Inc.). �e mean slope of each reaction was 
calculated with KCjunior v1.41.4 analysis software (Bio-
Tek Instruments, Inc.) and was used as a measurement 
of AChE1 activity in each well. Individual AChE1 activ-
ity was computed as the average activity between the two 
wells. To avoid any block or sex confounding e�ects, indi-
viduals from both sexes and the two strains were evenly 
distributed in the plates.

Resistance level and�bioassays
We used bioassays to assess the three strains’ resist-
ance to an OP insecticide, temephos (PESTANAL®,96% 
purity). We incubated 20 late third-instar larvae for 24�h 
at 27�°C �  2�°C in plastic cups containing 99�ml of distilled 
water to which we added 1�ml of insecticide solution at 
the required concentration (1�ml of ethanol in controls). 
Four replicates were performed for each concentration 
(from 0 to 0.07�g� .ml�1  see Additional File 2 for the com-
plete dataset). Larval mortality was recorded after 24�h of 
exposure. We used the BioRssay R package (v.1.0.0 [39], 
https://​CRAN.R-​proje​ct.​org/​packa​ge�​BioRs​say) to ana-
lyze the dose-mortality responses of the di�erent ace-1 
alleles and calculate the LD50 of the di�erent strains, i.e. 
the lethal dose for 50% of the sample.

https://CRAN.R-project.org/package=BioRssay
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Experimental evolution in�population cages
Population cages were used to set up a competition 
experiment between the two resistance alleles in absence 
of insecticides. R1R1 and R2R2 individuals were crossed, 
and the resulting F1 (100% R1R2 individuals) was reared 
until adulthood under standard conditions (25�°C, > 60% 
humidity, 12:12� h light:dark). Adults were released into 
a new cage to mate freely and reproduce. �eir o�spring 
were raised and released in new cages to ensure discrete 
generations. �e process was repeated 11 times (i.e. 11 
generations) with three independent cages (i.e. repli-
cates). Almost each generation, and for each cage, about 
a hundred second-instar larvae were genotyped using 
the Bfa1 RFLP test (see above) to measure the frequency 
of each genotype (R1R1, R1R2, R2R2). Allelic frequencies 
were then computed from genotypic frequencies.

We estimated the relative �tness of the various geno-
types (R1R1, R1R2 and R2R2) using a deterministic genetic 
model (reproduction and selection, 11 cycles, no drift). 
�e model was adjusted to the data and optimized using 
a maximum-likelihood approach as in Milesi et�al. [5, 23]. 
For the reproduction step, the frequency of each geno-
type in the larvae of generation i was computed from the 
allelic frequencies (p) in the gametes of the previous gen-
eration, assuming panmixia (Eq.�1):

For each genotype g selection was then computed 
between larval and adult stages of generation i using the 
following genotype �tness: wR1R1 � 1, wR1R2 � 1 �  h.s and 
wR2R2 � 1 �  s, with h the dominance coe�cient and s the 
selection coe�cient, both varying between �  1 and 1 
(Eq.�2):

�e genotypic frequencies after selection were used to 
calculate the allelic frequencies in the gametes produced 
by the surviving adults (Eq.�3).

�e �rst run of 100,000 simulations was used to explore 
the parameter space and provide the likelihood pro�le 
associated with di�erent random pairs of h and s values 
(Eq.�4):
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� �� � � � � � � �
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where n is the number of individuals of genotype g 
observed in the cages at generation i, and f is the fre-
quency of the genotype g at generation i calculated for 
a given pair of h and s values using our deterministic 
genetic model. One million additional simulations were 
run with parameter ranges more limited around the 
maximal likelihood h and s pair to precisely estimate the 
coe�cients and their support limits (rough equivalents 
to 95% con�dence intervals), de�ned as h and s maximal 
and minimal values, resulting in a likelihood equal to the 
maximum likelihood minus 1.96, as in [5].

Statistical analyses
All the statistical analyses were conducted using the R 
software (R Core Team, https://​www.r-​proje​ct.​org/):

We used the following linear model to compare ace-
1 copy number between the various strains:

with � �� the number of copies of the ace-1 gene in repli-
cate i from strain j, �  the population mean, �  is the �xed 
e�ect of strain j (SLAB, SR or SRQ) and � �� the error term 
following a normal distribution � � �� � �.

We used the following linear model to test the sig-
nificance of the difference in AChE1 activity between 
the SR and SRQ strains:

with � ����  the AChE1 activity for individual i of strain j and 
sex k measured in plate l, �  the population mean and �  
the �xed e�ect of strain j (SR or SRQ). �  and �  are con-
trol for the �xed e�ects of sex k and plate l, respectively, 
and � ����  is the error term following a normal distribution 

� � �� � �.
For both models, the significance of the various 

terms was tested using likelihood ratio tests (LRTs) 
comparing the full model with a model without the 
tested effect (‘anova’ function, R [40]). For both mod-
els, we also confirmed the absence of significant heter-
oskedasticity (‘bptest’ function, ‘lmtest’ R package [41]) 
and that the models’ residuals followed a normal dis-
tribution (‘shapiro.test’ function, ‘stats’ R package).

Finally, we used binomial proportion tests (‘prop.test’ 
function, ‘stats’ R package) to assess whether the allele 
frequencies at the end of the experimental evolution 
in cages (i.e. after 11 generations) differed from initial 
frequencies of 0.5 (100% R1R2 individuals).

(4)� �
�

�

�

�

�
� �� � ��

�
���

��

� �� � � � � � � � �� � ������

� ���� � � � � � � � � � � � � � ���� �������

https://www.r-project.org/
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Results and�discussion
�e goal of the present study was to investigate the 
potential existence of homogeneous duplications of the 
ace-1 locus in the C. pipiens species complex, similar 
to those found in An. gambiae, to assess the phenotypic 
e�ects of di�erent genetic architectures and their role in 
adaptation to insecticides.

Higher ace-1 copy number partly restores protein activity 
levels
We �rst quanti�ed the number of ace-1 copies in the 
three di�erent strains, with the susceptible reference 
strain SLAB as a control. SLAB was found carrying a 
single-copy allele (mean � 1 �  0.007 SD), and this was 
also the case for the resistant strain SR, carrying the R1 
allele (mean � 1.03 �  0.03 SD; mod. 1, t � 0.34, p � 0.74). 
However, we detected three copies of the ace-1 locus 
in the SRQ strain (mean � 3 �  0.14 SD), indicating that 
the R2 allele is a homogeneous duplication (Rx), i.e. R2

3 
allele (mod. 1, t � 25.8, p < 0.001, Fig.�1A). While several 
Rx alleles (aka homogeneous duplications) have recently 
been described in An. gambiae populations, with two to 
nine ace-1 copies [22, 30], this study is the �rst to report 
homogeneous duplications of the ace-1 resistance allele 
in mosquitoes from the C. pipiens species complex.

We then investigated whether having more ace-1 resist-
ance copies would lead to higher activity of the resistant 
acetylcholinesterase (AChE1R, encoded by the R alleles). 

�e activity  AR of the resistant acetylcholinesterase was 
signi�cantly higher in the SRQ strain (AR2 � 10.8 � 1.4 , 
three copies) than in the SR strain (AR1 � 6.3 � 1.2; mod. 
2, LRT: F � 269, df � 1, p < 0.001, Fig.�1B, Additional �le�3: 
Table�S1).

As in An. gambiae [22], it thus clearly appears that hav-
ing a higher resistance copy number does increase the 
AChE1 protein activity. However, the protein activity did 
not increase in a strictly additive way with the number 
of copies of ace-1; R2

3 activity is 1.67 times higher than 
that of R1, not three times as  was expected. In previous 
studies in An. gambiae and C. pipiens species complex 
conducted on heterogeneous duplications, D, AR was 
indeed found roughly proportional to the number of R 
copies [7, 21]. Here, the R1 and R2

3 alleles di�er not only 
by their copy number but also in their ace-1 sequences 
(Additional �le� 1). As all R2

3 copies are identical (no vari-
ation over 3�kb of the ace-1 sequence in [23]), the depar-
ture from additivity observed could thus be explained by 
a lower per-copy activity for the proteins encoded by the 
C. quinquefasciatus R2

3 allele compared to the protein 
encoded by the C. pipiens s.s. R1 allele. Alternatively, the 
expression of the ace-1 gene in the SRQ strain could be 
somehow regulated. Finding more variation in copy num-
ber for the R2 allele, if any, would help settle this issue. 
For instance, in An. gambiae, for the homogeneous dupli-
cation Rx, the relation between the number of resistance 
copies and ACHE1R activity is not strictly additive, even 
though  all copies are identical [22], strongly suggesting 
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that ace-1 resistance copy expression is further regulated. 
Both hypotheses are not exclusive, and further studies 
are required to identify if and when regulation happens.

Alternative genetic architectures confer di�erent 
evolutionary trade-o�s
We then compared the phenotypic consequences of copy 
number variation at the ace-1 locus and �rst quanti�ed 
the resistance levels associated with the di�erent geno-
types. As expected, both R1 and R2

3 alleles confer insec-
ticide resistance compared with the susceptible strain 
(RR50 �  4.6 [3.7–5.7], 95% CI and 15 [12–18], respec-
tively), but more importantly, the duplicated allele con-
ferred a signi�cantly higher resistance level than the 
single copy allele (R1/R2

3 resistance ratio RR50 � 3.2 [2.5–
4.2], X2 � 61, df � 1, p < 0.001; Fig.�2 and Additional �le�3: 
Table�S2). We then addressed the selective disadvantages 
associated with the resistance alleles. Despite its obvious 
advantage in presence of insecticides, the SR strain was 
indeed repeatedly shown in previous studies to incur a 
strong selective disadvantage compared to SLAB in their 
absence (e.g. [28]). Rather than comparing both resistant 
strains to the susceptible one, we thus chose to directly 
assess whether R2

3 incurred a stronger or lesser disadvan-
tage than R1 in absence of insecticide through a competi-
tion experiment in population cages: this set-up allows 
an integrative assessment of their relative �tness over the 
full life cycle and ensures that genetic background e�ects 
associated to each strain (e.g. resulting from their �xation 
process) are strongly reduced, as the alleles are mixed in 
the individuals of each generation [5].

After 11 generations of direct competition, the fre-
quency of the R1 allele rose signi�cantly, from 0.5 to ~ 0.63 
in all three replicates, out-competing the R2

3 duplicated 
allele (binomial test, all p < 0.004, Fig.�3A). To quantita-
tively estimate the �tness of the di�erent genotypes, we 
then adjusted a model of reproduction-selection to the 
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temporal genotypic data: we found that the heterozy-
gous genotype (R1/R2

3) conferred the highest �tness 
(wR1R2 �  1.23 [1.14–1.21] support limits) and that the R1/
R1 genotype (wR1R1 �  1) had much higher �tness than 
R2

3/R2
3 (0.62 [0.56–0.68], Fig.�3 and Additional �le�3: Fig. 

S1).
�e strong �tness reduction incurred by resistant 

mosquitoes is thought to be associated with multiple 
pleiotropic deleterious e�ects, a�ecting many di�erent 
life history traits, because of the reduced activity of the 
AChE1R [4, 7, 12, 28, 29, 42]. Accordingly, D alleles are 
thought to be selected because they reduce these delete-
rious e�ects by pairing a resistance copy (R, low AChE1 
activity) and a susceptible copy (S, high AChE1 activity) 
in a heterogeneous duplication, thereby partly restoring 
the AChE1 activity to levels closer to those of susceptible 
alleles [21, 22]. However, the case of the homogeneous 
duplication Rx is less clear: we show in the present study 
that despite a higher global activity for R2

3 compared to 
R1, the former allele induces higher selective disadvan-
tages (Fig.�3), which is also what was observed for R5 vs 
R3 alleles in An. gambiae [22].

�e less-than-strictly-additive AChE1R activity for the 
R2

3 allele suggests that some deleterious e�ects could 
be associated with speci�c resistance alleles, potentially 
resulting from background deleterious mutations in the 
gene or its vicinity in the haplotype where the resistance 
mutation occurred. �e fact that R2

3/R1 heterozygotes 
appear to incur a higher �tness than both homozy-
gotes supports this hypothesis (Fig.�3): if both alleles are 
weighted by linked deleterious mutations, they can com-
plement each other, i.e. if they are di�erent between the 
two alleles, the heterozygote would incur a higher �tness 
(a similar explanation has been proposed for the com-
plementation of strongly deleterious D alleles in C. pip-
iens s.l. [17, 23].). However, the overall activity remains 
higher for this allele compared to R1 (Fig.�1), and in An. 
gambiae it is the same ace-1 sequence that is present in 
�ve or three copies [22]. It thus suggests that the archi-
tecture itself, i.e. the mere fact of carrying more copies, 
induces selective disadvantages. �is structural “cost” 
could result from deleterious mutations trapped into the 
amplicons, from the breakpoints of the duplication being 
located in functional regions or from dosage imbalance 
for other genes embedded in the duplicated alleles that 
might disrupt biochemical equilibrium, as previously 
proposed [22, 23, 35]. �ough none of these hypothe-
ses are exclusive, the latter has been favored in the case 
of An. gambiae duplications: in this species, a ~ 200-kb 
amplicon encompassing 11 genes in addition to ace-1 
has been described, and a variant with a deletion of these 
other genes appears to be favored by selection in natural 
populations, probably because the deletion restores the 

gene balances [18]. Note that deleterious mutations in 
these closely linked genes could also explain the higher 
�tness of R2

3/R1 heterozygotes (Fig.�3). �ere is thus a 
strong incentive to characterize the genomic structure of 
the ace-1 duplications (either heterogeneous or homoge-
neous) in C. pipiens species complex too.

To summarize, the two ace-1 R alleles present di�er-
ent evolutionary trade-o�s: while having a higher copy 
number of resistance allele confers a higher resistance 
level, and thus higher selective advantage in presence of 
OP and CX insecticides, it is also associated with higher 
selective disadvantages, revealed in absence of insecti-
cide. Although the mutations occurred independently 
in the di�erent species, the same relationships among R 
copy number, resistance level and selective disadvantages 
have been described in An. gambiae [22]. Similarly, the 
R2

3 duplicated allele would likely tend to be selected for 
in areas of intense selective pressure, its higher resist-
ance surpassing its higher disadvantages, while the R1 
single-copy allele would be favored in areas with more 
moderate intensity of treatment. �is can re�ect the 
ecology of the mosquito populations where these alleles 
were found: in the tropical areas where R2

3 was found, C. 
quinquefasciatus is the year-long vector of several viruses 
and thus probably subjected to more intense and regu-
lar treatments than in the Mediterranean area where R1 
is found and where C. pipiens s.s. is less a vector than a 
summer nuisance (the female diapauses in winter). �e 
genotyping of natural populations to look speci�cally 
for the presence of Rx homogeneous duplications of the 
ace-1 locus could con�rm this hypothesis. It would also 
allow us to understand whether the number of copies is 
as variable as in An. gambiae (at least up to 6 copies [22]), 
whether the Rx alleles are only found in C. quinquefascia-
tus or are also found in C. pipiens s.s. and, if so, if they 
are found in populations experiencing higher treatment 
intensities. Finally, the recurrent selection of homogene-
ous duplications of the ace-1 resistance copies in phylo-
genetically distant species complexes (e.g. in Anopheles 
[18, 22, 30] and in Culex, this study), along with the high 
diversity of heterogeneous duplications already described 
in both species [7, 17, 23, 30, 35, 43–45], provides further 
support for a very high duplication rate of the ace-1 loci. 
It also highlights the versatility of adaptive responses that 
can result from such structural variants (i.e. as opposed 
to simple SNP): from a more quantitative resistance 
advantage resulting, at least in part, from the increased 
amount of protein produced for the homogeneous dupli-
cations (as also seen for metabolic resistances like ester-
ases or P450 monooxygenases [46]) to a more qualitative 
advantage for the heterogeneous duplications that allow 
the �xation of a heterozygote advantage selected in 
more variable environments [5, 23]. Note however that 
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the recurrent selection of architectures such as homo-
geneous duplications in distant lineages calls for more 
functional research to understand how producing more 
AChE1R proteins leads to higher resistance levels.

Conclusion
In C. pipiens species complex many di�erent genetic 
architectures encompassing the ace-1 locus exist for 
resistance to OPs and CXs insecticides, which are each 
associated with a di�erent evolutionary trade-o�: the 
single-copy resistance allele provides resistance but is 
associated with a high selective disadvantage in absence 
of insecticides, while homogeneous duplications pro-
vide even higher resistance levels but are associated with 
higher selective disadvantages. Not only di�erent genetic 
architectures could represent various steps along an 
adaptive walk, but there also are  many ways to answer to 
the various intensities of selective pressure. While inspir-
ing from an evolutionary perspective, the vector man-
agement view is clearly worrying, as this ‘toolbox’ allows 
mosquito populations to �nely and quickly adjust to local 
treatment strategies in natural populations (particularly 
if one considers the various heterozygous combinations 
between the di�erent alleles), which de�nitely represents 
a hindrance to vector control policies.
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