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Chromosome-scale genome of the polyphagous pest 
Anastrepha ludens (Diptera: Tephritidae) provides insights 
on sex chromosome evolution in Anastrepha
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The Mexican fruit fly, Anastrepha ludens, is a polyphagous true fruit fly (Diptera: Tephritidae) considered 1 of the most serious insect 
pests in Central and North America to various economically relevant fruits. Despite its agricultural relevance, a high-quality genome as
sembly has not been reported. Here, we described the generation of a chromosome-level genome for the A. ludens using a combination 
of PacBio high fidelity long-reads and chromatin conformation capture sequencing data. The final assembly consisted of 140 scaffolds 
(821 Mb, N50 = 131 Mb), containing 99.27% complete conserved orthologs (BUSCO) for Diptera. We identified the sex chromosomes 
using 3 strategies: (1) visual inspection of Hi-C contact map and coverage analysis using the HiFi reads, (2) synteny with Drosophila 
melanogaster, and (3) the difference in the average read depth of autosomal vs sex chromosomal scaffolds. The X chromosome was 
found in 1 major scaffold (100 Mb) and 8 smaller contigs (1.8 Mb), and the Y chromosome was recovered in 1 large scaffold (6.1 Mb) 
and 35 smaller contigs (4.3 Mb). Sex chromosomes and autosomes showed considerable differences of transposable elements and 
gene content. Moreover, evolutionary rates of orthologs of A. ludens and Anastrepha obliqua revealed a faster evolution of X-linked, 
compared with autosome-linked, genes, consistent with the faster-X effect, leading us to new insights on the evolution of sex chromo
somes in this diverse group of flies. This genome assembly provides a valuable resource for future evolutionary, genetic, and genomic 
translational research supporting the management of this important agricultural pest.
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Introduction
Anastrepha is a highly diverse genus of the Tephritidae family (true 
fruit flies) distributed in the tropics and subtropics of the Americas 
(Norrbom and Kim 1988). Some of the Anastrepha species are of ma
jor economic importance due to their ability to infest a wide range 
of fleshy fruits in which larvae will complete development (Aluja 
1994). Among them, Anastrepha ludens (Loew), commonly known 
as the Mexican fruit fly, is a highly polyphagous pest that has 
been documented to attack at least 50 fruit species including im
portant mango and citrus commercial cultivars (Baker et al. 1944; 
Norrbom and Kim 1988; Norrbom 2022). The geographical range 
of the Mexican fruit fly extends from the southern United States 
through Central America (Foote et al. 1993; Hernandez-Ortiz and 
Aluja 1993; Ruiz-Arce et al. 2015; Dupuis et al. 2019). However, stud
ies have indicated that its geographical distribution could likely in
crease due to climate change (Hill et al. 2016; Skendžić et al. 2021), 
which may seriously impact the economy and food security of 
newly affected countries. Notably, 2 of the most important regula
tory agencies in the world, the Animal and Plant Health Inspection 
Service (APHIS), from the United States of America, and the 

European Food Safety Authority (EFSA), from the European 
Union, consider that Mexican fruit fly satisfy the criteria for impos
ing quarantine on products infested with this pest (EFSA PLH Panel 
et al. 2020; APHIS 2023). This presents unique challenges for imple
menting effective bio-surveillance and pest control strategies in 
countries that both export and import crops susceptible to 
Mexican fruit fly infestations.

Genomic information opens new avenues for developing in
novative identification and control techniques for pest species. 
A. ludens along with other 32 species, including other important 
pests such as Anastrepha obliqua, and the Anastrepha fraterculus 
complex, make up the fraterculus group (Norrbom et al. 2012). In 
this group, species diagnosis is mostly challenging due to morpho
logical and genetic similarities among closely related species, re
sulting from recent divergence and hybridization (Zucchi 2000; 
Norrbom et al. 2012; Perre et al. 2014; Scally et al. 2016; Díaz et al. 
2018; Congrains et al. 2021). Genome-scale methods have been 
employed to improve species-level identification of tephritid pests 
and have enabled to discriminate closely related species with 
complex evolutionary histories (Dupuis et al. 2018; Doellman 
et al. 2020; Congrains et al. 2023; Doorenweerd et al. 2024). 
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Likewise, large-scale sequencing data has been used to track the 
geographic origin of potential invasive pests in this family, which 
can be applied to detect vulnerabilities in border inspection proce
dures (Dupuis et al. 2019; Deschepper et al. 2023; Zhang et al. 2023).

Control techniques that can benefit from the availability of 
complete genomes include the Sterile Insect Technique (SIT). 
The SIT requires mass rearing, sterilization through radiation, 
and subsequent release of large numbers of sterile males from 
the target species to suppress the growth of wild pest populations 
(Hendrichs and Robinson 2009). For the Mexican fruit fly, genetic 
sexing strains (GSS) based on the black pupae (bp) marker have 
been developed to selectively remove females before mass re
leases (Zepeda-Cisneros et al. 2014; Ramírez-Santos et al. 2021), 
but the genetic basis for bp remains unknown. A high-quality gen
ome for A. ludens will facilitate modern functional genomics to 
characterize the bp trait. Combined with adequate protocols for 
targeted gene disruption using CRISPR/Cas9 (Sim et al. 2019; 
Choo et al. 2022; Paulo et al. 2022), the effort could lead to the devel
opment of new, more stable GSS for this and other closely related 
species. A reference genome also opens horizons to explore strat
egies based on transgenic genomic modifications, like homing- 
based gene drives (Meccariello et al. 2024) and precision-guided 
SIT (Kandul et al. 2019), which are promising tools to mitigate the 
negative effects associated to radiation-based sterilization (Barry 
et al. 2003; Orozco-Dávila et al. 2015; Landeta-Escamilla et al. 2016).

Assembly of sex chromosomes have been particularly challen
ging due to the high content of repetitive regions (Bachtrog 
2003; Kejnovsky et al. 2009; Tomaszkiewicz et al. 2017), the haploid 
nature of Y or W (in XX/XY and ZZ/ZW systems, respectively) 
(Tomaszkiewicz et al. 2017), and in some taxa, complex systems 
with multiple sex chromosomes (Carey et al. 2022). Recent improve
ments in sequencing technology and assembly algorithms have 
provided the tools to generate sex chromosomes assemblies with 
higher accuracy and contiguity (Carey et al. 2022). For instance, 
long-read sequencing (i.e. PacBio and Nanopore sequencing ap
proaches) has been used to generate telomere-to-telomere human 
sex chromosomes (Miga et al. 2020; Rhie et al. 2023). Furthermore, 
chromatin conformation capture (Hi-C) sequencing has been ap
plied to accurately assign and order contigs into scaffolds at the 
chromosome-scale (Burton et al. 2013), which can be beneficial 
for assembling sex chromosomes (Xue et al. 2021; Carey et al. 
2022). Despite these advances, there is still no standard method 
for identifying sex chromosomes in a genome assembly (Carey 
et al. 2022). In addition, some genome sequencing initiatives have 
overlooked the particularities of sex chromosomes, especially the 
sex-limited chromosomes (i.e. chromosomes present in haploid 
form in only one sex, such as Y and W) (Tomaszkiewicz et al. 
2017; Deakin et al. 2019). For example, from a total of 13 chromo
some scale genome assemblies of Tephritidae species deposited 
in the NCBI Genome database (https://www.ncbi.nlm.nih.gov/ 
datasets/genome/? taxon=7211, accessed on 2023 November 2), 
only 3 (including this study) were able to properly identify at least 
1 sex chromosome.

Here, we present a high-quality, chromosome-scale genome as
sembly of A. ludens generated using PacBio high-fidelity (HiFi) reads 
coupled with chromatin conformation capture (Hi-C) data. We fur
ther performed comparative genomics analysis of transposable 
elements (TEs) between A. ludens and other tephritid species to de
termine the extent of conservation of TE composition across the 
Family. The highly contiguous and complete (in terms of gene con
tent) genome generated here, also allowed us to identify and char
acterize scaffolds assigned to both sex chromosomes (X and Y) of 
A. ludens. Using this data, we estimated the evolutionary rates 

between autosomal and sex-linked orthologous genes in A. ludens 
and a close relative, A. obliqua (both species belong to the fraterculus 
group), which in turn will contribute to understanding of the 
evolution of sex chromosomes in this group.

Materials and methods
Sample collection
Unmated A. ludens males were sampled from the wild-type 
Willacy strain, which is routinely maintained at the United State 
Department of Agriculture (USDA) APHIS Plant Protection and 
Quarantine Sterile Mexican Fruit Fly Production Facility in 
Edinburg, Texas, USA (Dupuis et al. 2019). The specimens were 
flash frozen in liquid nitrogen and transported on dry ice to the 
USDA—Agricultural Research Service (ARS)—Daniel K. Inouye 
U.S. Pacific Basin Agricultural Research Center in Hilo, HI, USA. 
Specimens were stored at −80°C until further processing.

DNA extraction, library preparation, and 
sequencing
For PacBio HiFi sequencing high molecular weight genomic DNA 
(HMW gDNA) was extracted from the thorax of a single male fly 
using the Qiagen MagAttract HMW DNA Kit (Qiagen, Hilden, 
Germany), followed by 2× bead clean-up. DNA concentration 
was quantified using Qubit dsDNA high sensitivity assay 
(Thermo Fisher Scientific) and a DS-11 Spectrophotometer and 
Fluorometer (DeNovix Inc., Wilmington, DE, USA). DNA purity 
was evaluated using ratios of absorbance at 260/280 and 260/ 
230 obtained using a DS-11 Spectrophotometer and Fluorometer 
(DeNovix Inc.). The fragment size distribution was assessed using 
Agilent Femto Pulse analyzer (Agilent Technologies). Extracted 
HMW gDNA was sheared using a Diagenode Megaruptor 2 
(Denville, NJ, USA) to a mean size of ∼15 kb, as further confirmed 
by Femto Pulse analyzer (Agilent Technologies, Ankeny, IA, USA). 
The sequencing library was prepared using the SMRTbell Express 
Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA) and se
quenced on a Sequel II system (Pacific Biosciences, Menlo Park, 
CA, USA) using a Pacific Biosciences 8M SMRT Cell. The PacBio 
subreads were processed to generate HiFi reads using circular 
consensus sequencing mode on the SMRTLink v8.0 software. 
The Hi-C library was prepared from the head and abdomen of 
the same individual using the Arima HiC 2.0 kit (Arima 
Genomics, San Diego, CA, USA). The sample was sheared to gener
ate an average size of ∼450 bp using a Bioruptor Pico (Diagenode, 
Denville, NJ, USA). A short-read library was prepared using 
NEBNext Ultra DNA Library Prep Kit for Illumina (NEB, Ipswich, 
MA, USA), and sequenced with 150-bp paired-end run on an 
Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA).

Genome assembly
The HiFi reads were composed with 3 or more passes (subreads) 
and had a minimum read quality of 0.99 using default HiFi set
tings in the SMART Link software. Raw HiFi reads were filtered 
to remove adapter containing reads using HiFiAdapterFilt v2.0 
(Sim et al. 2022). Remaining reads were used to generate a haplo
type aware contig assembly with hifiasm v0.16.1-r375 (Cheng 
et al. 2021). This program generates 2 assemblies: the first with 
longer pseudohaploid contigs (primary assembly) and the second 
with the heterozygous regions within this assembly (alternate as
sembly). The primary assembly were used for subsequent ana
lysis. Potential contaminant sequences (i.e. genomic fragments 
of Bacteria) were identified using BlobTools v2.6.1 (Challis et al. 
2020). This assessment consisted of a taxon-based annotation, 
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the analysis of GC content and read coverage. Taxonomic annota
tion was carried out by locally aligning all assembled contigs to 
the NCBI nucleotide database (downloaded on 2022 February 14) 
using an e-value cutoff of 10−25 and the MegaBLAST algorithm im
plemented in BLAST + v2.7.1 (Camacho et al. 2009). Likewise, con
tigs shorter than 10 Mb were aligned against reference proteomes 
from the UniProt database (March 2020) using an e-value cutoff of 
10−25 and the BLASTX algorithm in DAIMOND v2.0.9.147 (Buchfink 
et al. 2021). Genome coverage was estimated by mapping cleaned 
PacBio reads to the primary assembly using Minimap v2.22-r1101 
(Li 2018, 2021). The estimated genome size and heterozygosity 
were calculated using GenomeScope v2 (Ranallo-Benavidez et al. 
2020). Additionally, the consensus quality value (QV) of the final 
assembly was calculated using YAK v0.1-r69 (https://github. 
com/lh3/yak) based on the k-mer counts of the filtered HiFi reads.

To generate a chromosome-level genome assembly, we used 
Hi-C sequencing data and the primary assembly following the steps 
implemented in the Arima-HiC Mapping Pipeline (Arima Genomics 
Inc., https://github.com/ArimaGenomics/mapping_pipeline). First, 
the paired-end reads were independently mapped to the primary 
assembly using BWA-MEM2 (Vasimuddin et al. 2019). The reads 
with a ligation junction were considered chimeric, and their 
3′-ends were trimmed using the filter_five_end.pl script included 
in the Arima-HiC Mapping Pipeline. Trimmed pair-end reads were 
then combined using the script two_read_bam_combiner.pl in
cluded in the Arima-HiC Mapping Pipeline. Reads with mapping 
quality <10 were removed using SAMtools v1.3.1 (Li et al. 2009). 
PCR duplicates were excluded using MarkDuplicates option in 
Picard Tools v2.26.10 (http://broadinstitute.github.io/picard/). We 
used YaHS v1.1 (Zhou et al. 2023) with no contig error correction op
tion to generate the Hi-C scaffolds. Visualization and manual cur
ation were performed using Juicebox v1.11 (Durand et al. 2016). 
We used BlobTools v2.6.1 (Challis et al. 2020) once again to generate 
plots, assess assembly statistics, and further contamination 
removal.

Assessment of the genome assembly
Completeness in terms of gene content was evaluated on the con
tig and scaffold level assemblies, as well as the predicted proteins 
(see details below) with Benchmarking Universal Single-Copy 
Orthologs (BUSCO) v5.4.4 (Manni et al. 2021) using the 3,285 
conserved orthologs for Diptera in orthoDB v10 database 
(Kriventseva et al. 2019). For the assemblies, the gene prediction 
was performed using the pre-trained set for Drosophila melanoga
ster in Augustus v3.5 (Stanke et al. 2006).

Genome annotation
The genome assembly was submitted to the GenBank, and the an
notation was performed internally using the NCBI Eukaryotic 
Genome Annotation Pipeline v10.1 (Thibaud-Nissen et al. 2016). 
A full report of the A. ludens genome annotation can be found at 
https://www.ncbi.nlm.nih.gov/refseq/annotation_euk/Anastrepha_ 
ludens/GCF_028408465.1-RS_2023_03/. This method provided a set 
of standardized annotated features, which facilitates compari
sons between studies. We extracted all the coding sequences 
(CDS) using gffread v0.12.1 (Pertea and Pertea 2020) from the gen
eral feature format (GFF) file and the set of longest CDS per gene 
was obtained using the script get_longest_CDS_per_gene.py 
(https://github.com/popphylotools/get_longest_CDS_per_gene/). 
Functional annotation was performed on the protein set (trans
lated longest CDS per gene) using the default parameters 
in eggNOG-mapper v2 implemented in eggNOG v5.0 (Huerta- 
Cepas et al. 2019; Cantalapiedra et al. 2021). The functional 

annotation of eggNOG includes the assignment of Clusters 
of Orthologous Groups of proteins (COG/KOG) (Tatusov et al. 
1997, 2003), gene ontology (GO) terms (The Gene Ontology 
Consortium et al. 2023) and to protein families using the Pfam 
database (Mistry et al. 2021). The distribution of the GO terms 
with a percentage higher than 2% was visualized using the 
Gene Ontology file of 01-Nov-2018 in WEGO v. 2 (Ye et al. 2006, 
2018).

TEs were annotated using the Extensive de novo TE Annotator 
software (Ou et al. 2019). For this analysis, regions correspond to 
genes were excluded (option –exclude), and fasta files with CDS 
(option –cds) of the species and a manually curated TE database 
developed for D. melanogaster (Rech 2022) (option –curatedlib) 
were provided. To enable comparisons in the Tephritidae family, 
the TEs of the following species were also predicted using the 
same approach: A. obliqua (GenBank: GCF_027943255.1) (Sim 
et al. 2024), Rhagoletis zephyria (GenBank: GCF_001687245.2), 
Ceratitis capitata (GenBank: GCF_000347755.3) (Papanicolaou et al. 
2016), Bactrocera dorsalis (GenBank: GCF_023373825.1) (Jiang et al. 
2022), and Zeugodacus cucurbitae (GenBank: GCF_028554725.1). 
Retrotransposons were classified in the TE class I and DNA trans
posons in the TE class II (Wicker et al. 2007). The frequency of TE 
classes and gene content was estimated in windows of 500 kb 
across the A. ludens genome, and visualized in ChromoMap 
v.0.4.1 (Anand and Rodriguez Lopez 2022) using R v4.2.2 (R Core 
Team 2022).

Identification and characterization of sex 
chromosomes
We used 3 strategies to identify contigs and scaffolds linked to sex 
chromosomes in the final A. ludens genome assembly, including: 
(1) visualization of the Hi-C contact map and coverage of HiFi 
reads across the genome, (2) synteny with D. melanogaster, and 
(3) the difference in the average read depth of autosomal vs sex 
chromosomal scaffolds (known as the average depth (AD)-ratio 
or chromosome quotient approach) (Hall et al. 2013; Bidon et al. 
2015). In the first approach, we expect heteromorphic sex chromo
somes (XY for a male individual) to show approximate half of 
the coverage observed in the autosomes of the Hi-C reads. 
Consequently, the contact map would display them with less in
tensity than the other chromosomes (autosomes). Additionally, 
we calculated the coverage of the HiFi reads in windows of 
500 kb across the A. ludens genome using a mapping quality 
threshold of 20 in mosdepth (Pedersen and Quinlan 2018).

Cytogenetic and genomic studies have shown conservation at 
chromosome level in many species across the order Diptera, 
which exhibit high levels of synteny in 6 chromosomes arms, 
which are referred to as Muller elements from A to F (White 
1949; Holt et al. 2002; Vicoso and Bachtrog 2013, 2015). The X 
chromosome of groups of ancient divergence in Diptera such as 
the Tephritidae family corresponds to the Muller element F, dif
ferent to what was found in D. melanogaster, which X chromosome 
corresponds to the Muller element A (Vicoso and Bachtrog 2013). 
To confirm this pattern, the synteny between A. ludens and D. mel
anogaster (GCF_000001215.4) (Hoskins et al. 2015) genomes was 
conducted using the NCBI assembly-assembly alignment pipe
line. The visualization was performed in the Comparative 
Genome Viewer tool of the NCBI (https://www.ncbi.nlm.nih.gov/ 
genome/cgv/).

For the AD-ratio approach, whole-genome sequencing (WGS) 
data from 25 males and 25 females of A. ludens, previously de
scribed in Paulo et al. (2024), were used to estimate differential 
coverage of chromosomes between sexes. Briefly, WGS reads 
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were filtered using fastp (Chen et al. 2018) and mapped against the 
Mexican fruit fly genome using BWA-MEM (Li and Durbin 2009; Li 
2013). Duplicates were marked with the SAMBLASTER tool (Faust 
and Hall 2014) and removed from alignments along with non- 
mapped reads and low-quality aligned reads using the SAMtools 
v1.3.1 (Li et al. 2009) view module (parameters: -q 15 -F 1028) (Li 
et al. 2009). Filtered alignments were sorted and merged into a sin
gle BAM file per sex using SAMtools v1.3.1 (Li et al. 2009). After 
mapping, male and female read depths were calculated for each 
scaffold using a mapping quality (Q) threshold of 30 in mosdepth 
(Pedersen and Quinlan 2018). The AD-ratio of each scaffold was 
calculated by dividing the average read depth in the female group 
by the average read depth in the male group: AD-ratio =  
ADfemale/(ADmale × norm). A normalization factor (norm) was 
used to account for differences in sequencing coverage between 
groups and was calculated by dividing the total number of reads 
in the female BAM file by the total number of reads in the male 
BAM file: norm = BAMfemale/BAMmale. The AD-ratio is expected 
to be close to zero for perfectly mapped Y-linked scaffolds, 1 for 
autosomal, and 2 for X-linked scaffolds. We used relaxed interval 
cutoffs, classifying scaffolds as Y-linked if AD-ratio ≤ 0.3 (3.33 
times as many alignments from male data than from female 
data) as suggested by Hall et al. (2013). We further classified scaf
folds as autosomal if AD-ratio ranges between 0.7 and 1.3, or 
X-linked if AD-ratio ≥ 1.7 (Bidon et al. 2015).

Evolutionary rates
We calculated the nonsynonymous to synonymous substitution 
rates ratio (Ka/Ks) of orthologous CDSs from A. ludens and a close 
relative A. obliqua (GenBank: GCF_027943255.1) (Sim et al. 2024). 
Annotation files (GFF) of A. obliqua and A. ludens genomes were 
used to extract all complete CDS in gffread v0.12.1 (Pertea and 
Pertea 2020). The set of longest CDS per gene was extracted using 
the script get_longest_CDS_per_gene.py (https://github.com/ 
popphylotools/get_longest_CDS_per_gene). The pair of orthologs 
was inferred using best reciprocal blast strategy. For that, 2 
BLASTN searches were performed using an e-value cut-off of 
10−6 in BLAST + v2.7.1 (Camacho et al. 2009). The first search in
volved using CDS of A. obliqua as query and the CDS of A. ludens 
as subject, and in the second, the species in the query and subject 
were interchanged. The pairs of CDSs that resulted as hit with the 
highest bit score in both BLAST searches were retained for further 
analysis. The Ka/Ks ratio was calculated using KaKs_Calculator 
v3.0 (Zhang 2022). To ensure the accuracy of our analysis, we per
formed a filtering step to remove potential non-orthologous 
genes, excluding genes with a difference in length >30% of the 
longest CDS, without variation, sequences with over 25% of vari
able sites, and Ks exceeding 2. We estimated the average values 
of Ka/Ks, Ka and Ks in windows of 500 kb across the A. ludens gen
ome and results were visualized using ChromoMap v.0.4.1 
(Anand and Rodriguez Lopez 2022) in R v4.2.2 (R Core Team 
2022). We tested if the evolutionary rates (Ka, Ks, and Ka/Ks) for 
X-linked genes were significantly different than the observed for 
autosome-linked genes using the Wilcoxon sum rank test with 
Bonferroni-corrected P-values in R v4.2.2 (R Core Team 2022). 
Additionally, we compared the proportion of rapidly evolving 
genes (Ka/Ks > 1) in the X chromosome and autosomes using the 
Fisher’s exact test in R v4.2.2 (R Core Team 2022).

Gene content of the sex chromosomes
In addition to the characterization of the sex chromosome-linked 
genes predicted using the NCBI Eukaryotic Genome Annotation 
Pipeline v10.1 (Thibaud-Nissen et al. 2016) and GO assignment 

(Huerta-Cepas et al. 2019; Cantalapiedra et al. 2021), we conducted 
similarity searches to find previously identified known sex-linked 
genes in tephritid fruit flies: Maleness-on-the-Y (MoY) and Gigyf (gyf). 
MoY is a male-specific gene located in the Y chromosome, and 
plays a key role in sex determination in Tephritidae (Meccariello 
et al. 2019). In contrast, the gyf gene has been described on the X 
chromosome of Bactrocera tryoni (Teprhitidae) (Choo et al. 2019). 
Although truncated paralogs of gyf may exist on the Y chromo
some, we anticipated finding the complete CDS only on the 
X-linked scaffold. For this analysis, we aligned the MoY of 
B. dorsalis (GenBank: MK165749.1) and gyf of B. tryoni (GenBank: 
XM_040111897.1) against the final A. ludens genome assembly 
using 2 e-value cutoffs (10−5 and 10) and 2 searching algorithms 
(BLASTn and tBLASTn) implemented in BLAST + v2.7.1 
(Camacho et al. 2009).

Results and discussion
Genome assembly
The contig assembly was generated based on 4.8 million PacBio 
HiFi reads with an average length of 8.7 kb (totaling 41.3 Gb of 
raw HiFi data). The taxon-based annotation approach implemen
ted in BlobTools (Challis et al. 2020) identified 19 contigs (454 kb) 
suspected to originate from Bacteria, which were excluded for fur
ther analysis. The filtered assembly comprised 183 contigs with a 
total length of 821 Mb with N50 of 78.3 Mb and GC content of 
37.2% (Fig. 1a). The estimated genome size was 753 Mb, which is 
less than the total number of assembled bases. The heterozygos
ity calculated based on k-mer counts was 1.5%, which is high 
when compared with other animal taxa (Gan et al. 2019; Papa 
et al. 2023; Supple et al. 2024; Wu et al. 2024), but moderate for 
an insect (Deng et al. 2024). The alternate assembly was substan
tially less contiguous than the primary, which included 15,663 
contigs with N50 of 181.426 kb (Supplementary Table 1 in File 1). 
The differences in contiguity between the primary and the alter
nate assembly is due to the heterozygosity found in this genome, 
with the alternate assembly representing each heterozygous re
gion in the genome graph. The scaffolding of the primary assem
bly was performed based on Hi-C data containing 93.2 million 
pair-end reads (Fig. 1b). The Hi-C contact map revealed some sig
nals of interchromosomal interactions near putative centromere 
and telomere regions of the chromosomes. This is an indication 
of centromere-centromere and interchromosomal telomere- 
telomere interactions happening within the nuclei, which has 
been documented in other Diptera species (Hoencamp et al. 
2021; Lukyanchikova et al. 2022). A pattern that is concordant 
with the Rabl-like chromatin conformation (Rabl 1885). Their lo
cations in the Hi-C map suggest a Rabl-like chromatin conform
ation in A. ludens, extending this phenomenon to this species as 
well.

The final scaffold assembly comprised of 140 scaffolds with 
N50 of 131 Mb, which represents a 67% increase compared with 
the N50 of the contig assembly (Fig. 1a and c). Cytogenetic analysis 
of A. ludens shows that males have 5 pairs of autosomes and 1 pair 
of sex chromosomes (namely XY) (Garcia-Martinez et al. 2009). 
This observation is consistent with the presence of the 7 longest 
scaffolds, which collectively constitute 98.9% of the genome as
sembly and with the coverage pattern visualized in the Hi-C con
tact map (Fig. 1b). This assembly showed an adjusted QV of 61.259, 
which implies approximately only 1 error every million of bases. 
Moreover, BlobTools analysis (Challis et al. 2020) showed no sig
nals for potential contaminants remained in the final assembly 
(Fig. 1d).
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An evaluation of the assembly’s completeness revealed that 
the A. ludens genome contains most of the BUSCO gene set ex
pected for the Diptera lineage. Specifically, 99.27% of these genes 
were found to be complete in the annotated genes of the scaffold 
assembly (98.63% single-copy and 0.64% duplicated), only 0.12% 
fragmented, and 0.61% were missing (Fig. 1e).

Genome annotation
The genome annotation revealed a total of 16,617 predicted genes, 
of which 87.78% were protein coding genes (PCGs) (Table 1). 
Notably, 99% of the predicted PCGs were complete sequences 
(i.e. initiating with a Methionine start codon and finishing 
with a stop codon). Eggnog annotated 13,028 complete PCGs. 
Furthermore, functional categorization revealed that 90% of these 
genes were assigned to COG/KOG categories, 73% to protein fam
ilies (Pfam), and 70% to GO terms. The most common COG/KOG 
class was cellular processes and signaling class (3,740 genes, 
28.6%), and the second was the poorly characterized class (3,570 
genes, 27.4%) (Fig. 2a). In terms of GO, the most prevalent GO 

terms per category were cell (46%) for cellular component, binding 
(25.8%) for molecular function, and cellular process (49.5%) for 
biological process (Fig. 2b).

Repetitive elements encompassed 424 Mb (51.69%) of the 
A. ludens genome (Fig. 3). Among these, TEs class II (DNA transpo
sons, Helitron and TIR: CACTA, Mutator, PIF Harbinger, Tc1 

Fig. 1. Statistics of the Anastrepha ludens (Mexican fruit fly) genome assembly. a) Snail plot visualization of the contig assembly. b) Hi-C contact map 
indicates that contigs (green squares) can be grouped in 7 major scaffolds (blue squares). c) Snail plot visualization of the scaffold assembly. d) Coverage 
and GC content of taxon-annotated scaffolds, after removing potential contaminant sequences from Bacteria. e) BUSCO assessment of the contig and 
scaffold assemblies, as well as the set of annotated proteins (1 per gene) of the scaffold assembly using Diptera conserved orthologs.

Table 1. Statistics of the annotation of the Anastrepha ludens 
(Mexican fruit fly) genome assembly.

Feature Number

Genes 16,617
Protein coding genes 14,586
Non-protein coding genes lncRNA 824

rRNA 695
snoRNA 45
snRNA 90
tRNA 377

Pseudogenes 688
mRNA 25,247
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Mariner, hAT and Polinton) were the most abundant (31.59%), 
with TIR being the most prevalent order (24.55%). TEs class I 
(LTRs, and non-LTRs) represented 12.19% of the genome 
(Fig. 3a). It’s worth mentioning that TE content may substantially 
vary among taxa (Wells and Feschotte 2020) and even between 
closely related species (Feschotte and Pritham 2007). For instance, 

the proportion of LTRs varies from ∼2 to 17% across Drosophila spe
cies (Sessegolo et al. 2016; Mérel et al. 2020). In the case of 
Tephritidae genomes, TE content ranged from 25.5% (C. capitata) 
to 51.7% (A. ludens) (Fig. 3b). Among the Tephritidae species com
pared, the top 3 most prevalent TEs (excluding unclassified TEs) 
were TIR, LTR, and Helitron, with average proportions of 20.5, 

a b

Fig. 2. Functional annotation summary of the Anastrepha ludens genome assembly. a) Distribution of Clusters of Orthologous Groups of proteins (COG/ 
KOG) functional categories. b) Distribution of gene ontology (GO) classification including GO terms with percentages >2%.

Fig. 3. TEs classification found in the genomes of Anastrepha ludens and 5 other Tephritidae species. a) Genomic proportions of TEs classified in orders and 
superfamilies annotated in the A. ludens genome. TE categories with genomic proportions exceeding 0.1% are shown. Genomic proportion b) and copy 
number c) of TEs classified in orders found in the genomes of A. ludens, Anastrepha obliqua (GCF_027943255.1), Rhagoletis zephyria (GCF_001687245.2), 
Ceratitis capitata (GCF_000347755.3), Bactrocera dorsalis (GCF_023373825.1) and Zeugodacus cucurbitae (GCF_028554725.1). Genome sizes in megabases (Mb) 
are shown in gray below the species names.
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9.7, and 4.6%, respectively. R. zephyria genome exhibited the high
est proportion (32.5%) and copy number (1,384,103) of TIR ele
ments (Fig. 3b and c). Furthermore, both species of Anastrepha 
showed similar genomic proportion and copy number of the anno
tated TE categories, and the largest proportion and copy number 
of LINE and Helitron (Fig. 3b and c).

Identification of sex chromosomes
Hi-C contact map revealed that 5 scaffolds (NC_071498.1, 
NC_071499.1, NC_071500.1, NC_071501.1, and NC_071502.1) had 
approximately double the coverage relative to the remaining 2 
main scaffolds (scaffolds larger than 5 Mb) and a group of smaller 
contigs (Fig. 1b). The coverage analysis using the HiFi reads also 
showed a similar pattern (Supplementary Fig. 1 in File 1). The 
average of the HiFi coverage for the scaffolds NC_071498.1, 
NC_071499.1, NC_071500.1, NC_071501.1, and NC_071502.1 was 
42.6×, which is approximately double of the coverage of 
NC_071503.1 (22.1×) and NC_071504.1 (18.7×) (Supplementary 
Fig. 1 in File 1). These results suggest that NC_071498.1, 
NC_071499.1, NC_071500.1, NC_071501.1, and NC_071502.1 are 
autosomes, while NC_071502.1 and NC_071504.1 are linked to 
the sex chromosomes.

We found substantial level of synteny and homology between 
A. ludens and D. melanogaster genomes, especially for scaffolds 
from NC_071498.1 to NC_071502.1 (Fig. 4). This high degree of con
servation suggests that these scaffolds correspond to autosomes, 
which agrees with the results of the coverage analysis of the Hi-C 
and HiFi data. Given the high level of synteny across Diptera 
(White 1949; Holt et al. 2002; Vicoso and Bachtrog 2013, 2015; 
Sved et al. 2016), we established the correspondence between scaf
folds NC_071498.1, NC_071499.1, NC_071500.1, NC_071501.1, and 
NC_071502.1 with the Muller elements E, A, D, B, and C, respectively. 

The scaffold NC_071503.1 displayed relatively low levels of 
homology and synteny with the element F, aligning with the pattern 
expected for the X chromosome in taxa with ancient divergence 
in higher Diptera, such as the Tephritidae family (Vicoso and 
Bachtrog 2013). Conversely, the scaffold NC_071504.1 did not show 
homology with D. melanogaster genome, making it a potential candi
date for the male-specific Y chromosome, which is expected to have 
low degree of conservation across taxa including Diptera (Mahajan 
and Bachtrog 2017; Tomaszkiewicz et al. 2017; Vicoso 2019).

Scaffold-to-chromosome classification using the AD-ratio ap
proach (Table 2 and Supplementary Table 2 in File 1) largely corrobo
rates with the previous analysis, assigning the chromosome-level 
scaffolds NC_071498.1, NC_071499.1, NC_071500.1, NC_071501.1, 
and NC_071502.1 to autosomes (AD-ratio = 0.93–0.94), the scaffold 
NC_071503.1 to the X chromosome (AD-ratio = 1.73), and the scaf
fold NC_071504.1 to the Y chromosome (AD-ratio = 0.05). We also 
detected 8 additional contigs assigned to the X chromosome 
(AD-ratio ranges between 1.75 and 2.17) with a total of 1.8 Mb 
(∼1.8% of the total X chromosome length). Moreover, we identified 
35 additional contigs with an AD-ratio close to zero (AD-ratio ranges 
between 0.0 and 0.27), which is expected for Y-linked sequences, 
with a combined length of 4.3 Mb (Supplementary Table 2 in 
File 1). Together with scaffold NC_071504.1 (the longest Y-linked 
scaffold with 6.1 Mb), we estimate the Y chromosome of A. ludens 
to be 10.4 Mb in length.

Overall, the coverage analysis using the Hi-C contact map and 
HiFi reads, along with synteny, and the AD-ratio results, all agree 
that the chromosome-level scaffolds NC_071498.1, NC_071499.1, 
NC_071500.1, NC_071501.1, and NC_071502.1 are autosomes 
(hereafter referred to as mitotic chromosomes 2, 3, 4, 5, and 6, re
spectively); NC_071503.1 is the X chromosome; and NC_071504.1 
is the largest fragment of the Y chromosome.

Fig. 4. Synteny analysis of Anastrepha ludens and Drosophila melanogaster (GCF_000001215.4) genomes. Muller elements are shown next to the arm 
chromosome names of the D. melanogaster genome. Forward and reverse alignments are shown in green and purple, respectively. An interactive version 
of this figure is available at https://www.ncbi.nlm.nih.gov/genome/cgv/browse/GCF_028408465.1/GCF_000001215.4/36815/28586.

Table 2. Scaffolds identification in the Anastrepha ludens genome assembly by the AD-ratio approach.

Scaffold ID Length (bp) AD-female AD-male AD-ratio Normalized AD-ratio Designation

NC_071498.1 185,090,897 26.05 15.16 1.72 0.93 A
NC_071499.1 133,334,115 25.58 14.89 1.72 0.93 A
NC_071500.1 131,385,309 26.63 15.49 1.72 0.93 A
NC_071501.1 128,169,930 26.26 15.3 1.72 0.93 A
NC_071502.1 127,816,056 26.17 15.18 1.72 0.94 A
NC_071503.1 99,992,179 32.06 10.05 3.19 1.73 X
NC_071504.1 6,146,282 0.3 3.56 0.08 0.05 Y

A, autosome; X, X chromosome; Y, Y chromosome.

Anastrepha ludens genome and faster-X | 7

http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
https://www.ncbi.nlm.nih.gov/genome/cgv/browse/GCF_028408465.1/GCF_000001215.4/36815/28586


Characterization TE and gene content of sex 
chromosomes
The sex chromosomes showed ∼50% reduction in gene density 
(genes per Mb) and an ∼10% increase in the proportion of TEs, 
when compared with the autosomes (Fig. 5 and Supplementary 
Tables 3 and 4 in File 1). Both sex chromosomes had substantially 
higher TE content of class I (4.5× for X chromosome and 3× for Y 
chromosome) relative to the autosomes (Supplementary Table 3 
in File 1). The X chromosome had an increase of both class I orders 
(LTR and LINE), while the Y chromosome only increased the LTR 
elements (Supplementary Table 3 in File 1). The increment of 
LINE element in the X and Z chromosome has been reported in 
other metazoans (Bellott et al. 2010) and in chromosome 4 [homolog 
to the ancestral X in Diptera (Vicoso and Bachtrog 2013)] in D. mel
anogaster (Kaminker et al. 2002). In humans, LINE elements may 
play a role in X chromosome inactivation (Bailey et al. 2000; Chow 
et al. 2010; Barros de Andrade e Sousa et al. 2019), but the role of 
these TEs in other taxa such insects is still poorly understood.

Evolutionary rates of sex chromosome-linked 
genes
We observed a lower proportion of orthologous genes of A. ludens 
and A. obliqua in the sex chromosomes than in the autosomes 
(Supplementary Table 4 in File 1 and Table 5 in File 2), which 
was 3 times fewer for X chromosome (χ2 P-value < 0.01) and 15 
times fewer for Y chromosome (χ2 P-value < 0.01), suggesting 
higher genetic divergence in sex chromosome-linked genes. 
Furthermore, orthologous genes in the X chromosome showed 
higher median of Ka and Ka/Ks compared with orthologs located 

in the autosomes (Fig. 6). These differences were significant for 
the comparison of Ka/Ks of genes located in autosomes (compared 
independently) and X-linked genes (Bonferroni corrected P-value 
of Wilcoxon sum rank test < 0.001). This elevated rate of evolution 
is concordant with the faster-X (or Z) effect (Charlesworth et al. 
1987; Meisel and Connallon 2013). This phenomenon is highly 
widespread across animal taxa, it has been found in insects 
(Begun et al. 2007; Hu et al. 2013; Mongue et al. 2022), birds (Mank 
et al. 2007; Hayes et al. 2020), mammals (Hvilsom et al. 2012; 
Kousathanas et al. 2014), and fishes (Darolti et al. 2023). 
However, exceptions to the faster-X evolution have also been re
ported (Rousselle et al. 2016; Whittle et al. 2020; Darolti et al. 
2023), which reflects the complexity of the evolutionary trajector
ies of the sex chromosomes.

Two non-mutually exclusive evolutionary processes have been 
postulated to explain this effect: relaxed purifying selection and 
positive selection (Charlesworth et al. 1987; Vicoso and 
Charlesworth 2009; Parker et al. 2022). We found significant differ
ences not only for Ka/Ks, but also for Ka (Bonferroni corrected 
P-value of Wilcoxon sum rank test < 0.001) in all the comparisons 
between autosomes and the X chromosome and only 1 compari
son (median higher in chromosome 2 than in the X) for Ks 

(Bonferroni corrected P-value of Wilcoxon sum rank test < 0.05) 
(Fig. 6 and Supplementary Table 5 in File 2). Additionally, the pro
portion of genes with Ka/Ks higher than 1 (i.e. genes probably 
evolving under positive selection) was 10 times higher in the X 
chromosome than in the autosomes (Fisher’s exact test P value  
< 0.01). Although we cannot rule out the possibility of relaxed se
lection, these results support that, in some extent, the faster-X ef
fect is due to adaptive evolution in these taxa.

Fig. 5. Heatmap of frequency of TEs and PCGs across the Anastrepha ludens genome assembly. The frequencies of the TE classes and PCGs were calculated 
in windows of 500 kb. TEs class I are composed of LTRs (Copia, Gypsy, and unclassified LTRs) and non-LTRs (DIRS, LINE and unclassified non-LTR 
elements). TEs class II are composed of DNA transposons, TIR (CACTA, Mutator, PIF Harbinger, Tc1 Mariner, hAT, and Polinton), and non-TIR element 
Helitron.

8 | C. Congrains et al.

http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data


Gene content of the sex chromosomes
The NCBI eukaryotic genome annotation pipeline predicted 1,140 
genes (1,011 PCGs, 98 long non-coding RNA, 7 small nuclear RNA, 
and 24 ribosomal RNA) located in the X chromosome (scaffolds 
NC_071503.1, NW_026530029.1, and NW_026530059.1) of 
A. ludens. In contrast, only 54 (3 long non-coding RNA and 51 

PCGs) Y-linked genes were predicted, all of them located in the 
major scaffold (NC_071504.1). The majority of these Y-linked 
genes were annotated as uncharacterized proteins and only 4 
genes had GO terms assigned, 1 of those genes (protein accession 
number: XP_053969199.1) was associated with GO terms related to 
the nervous system (Supplementary Table 6 in File 1). This result 

a

b c

d e

Fig. 6. Evolutionary rates of 9,325 orthologous genes of Anastrepha ludens and Anastrepha obliqua. a) A heatmap of the average of nonsynonymous to 
synonymous rate ratio (Ka/Ks), nonsynonymous rate (Ka) and synonymous rate (Ks) calculated in windows of 500 kb and plotted across the A. ludens 
genome. b) Scatter plot of Ka and Ks calculated for each orthologous gene. Colors indicate location of the gene in the A. ludens genome: light blue for 
autosomes, red for the X chromosome and yellow for the Y chromosome. Box plots of evolutionary rates: Log(Ka/Ks) c), Log(Ka) d), and Log(Ks) e). These 
parameters were estimated for each pair of ortholog and plotted according to the respective gene chromosome location. Box plot of Y-linked genes was 
not included due to the low number of orthologous genes (only 2). Asterisks above the boxplots in the autosomes indicate significant difference of 
evolutionary rates between autosome-linked relative to X-linked genes using Bonferroni corrected P-value of Wilcoxon sum rank test (*P-value < 0.05 and 
***P-value < 0.001). The boxes indicate the interquartile range (IQR), the medians are shown as black lines inside the boxes and the whiskers were 
estimated at 1.5 IQR. Evolutionary rates for each pair of orthologs are available on Supplementary Table 5 in File S2.

Anastrepha ludens genome and faster-X | 9

http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae239#supplementary-data


suggests that at least some of these genes represent evolutionary 
novelties, making them potential targets for studies of sex- 
specific genes and sex determination.

The similarity searches revealed a putative homolog to the gyf 
in the X chromosome of A. ludens (alignment coordinates in the X 
chromosome: 11,460,704–11,456,115, e-value of 0.0, and identity 
of 58%), so this gene is in synteny between A. ludens and B. tryoni. 
We failed to find any paralog of this gene in A. ludens genome, 
which is consistent with the origin of the Y-linked typo-gyf in a 
clade of the Bactrocera genus (Choo et al. 2019). The annotation 
pipeline predicted 5 isoforms (GenBank: XM_054113069.1— 
XM_054113073.1) for the gyf gene, all containing 8 exons and 
with a range of sizes from 5,670 to 5,864 bp. Although the function 
of this gene has not been experimentally validated in Tephritidae, 
the gyf homolog in Drosophila has a role in the regulation of autop
hagy (Kim et al. 2015). Additionally, we could not identify any 
MoY-like sequences in the Mexican fruit fly genome assembly, 
even when applying relaxed set of BLAST parameters (e-value =  
10−5 to 10) for comparisons based on nucleotide and protein se
quences of the gene described for B. dorsalis. MoY is a Y-specific 
gene in tephritid fruit flies, encoding for a small protein necessary 
for normal male development (Meccariello et al. 2019). In the con
text of Tephritidae phylogeny (Han and Ro 2016; Congrains et al. 
2023; Sim et al. 2024), this result suggests that MoY has been lost or 
diverged rapidly during the evolution of Anastrepha lineage. 
Alternatively, it is possible that this gene is specific to the subfamily 
Dacinae, as previously proposed (Meccariello et al. 2019). 
Additionally, given the apparent fragmentation of the Y chromo
some into 36 pieces in our assembly, it is also possible that the gen
omic region for MoY has not been covered by our sequencing 
approach. A more contiguous assembly of the Y chromosome of an 
Anastrepha species may help to clarify the origin of the MoY gene.

Conclusion
In this study, we present a highly contiguous (N50 = 131 Mb) and 
complete (98.9% of complete BUSCOs) chromosome-scale genome 
assembly of the polyphagous pest A. ludens, the Mexican fruit fly. 
This high-quality genome assembly enables us to identify a major 
scaffold (∼100 Mb) and 8 contigs (totaling of 1.8 Mb) linked to the 
X chromosome, as well as a substantial part of the Y chromosome 
(1 scaffold and 35 contigs totaling 10.4 Mb in length). Our findings 
revealed that these sex chromosomes have distinctive TE and 
gene content when compared with the autosomes. Furthermore, 
an analysis of evolutionary rates between A. ludens and A. obliqua 
indicates that X-linked genes have evolved faster than autosome- 
linked genes, which is concordant with the faster-X effect. In 
addition to the valuable contribution with new insights into the evo
lution of X chromosome within the Tephritidae family, the reported 
genome assembly is a relevant resource for developing new molecu
lar tools to manage this economically important fruit pest.

Data availability
Raw data of PacBio long-reads and Hi-C reads were deposited in the 
Sequence Read Archive of the NCBI under accession numbers 
SRX25519850 and SRX14205169, respectively. The A. ludens genome 
assembly is available under the accession number GCF_028408465.1 
in the NCBI Assembly database. The annotated features can be 
accessed at https://ftp.ncbi.nlm.nih.gov/genomes/all/annotation_ 
releases/28586/GCF_028408465.1-RS_2023_03/. The NCBI accession 
numbers of the WGS data used for the AD-ratio analysis can be 
found in the Supplementary Table 7 in File 1. Scripts and commands 

used to assemble the genome can be found at https://doi.org/10. 
15482/USDA.ADC/25762509.v1.

Supplemental material available at G3 online.
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