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The Mexican fruit fly, Anastrepha ludens, is an important pest that causes widespread damage to a number of fruit crops in Mexico. The sterile insect technique (SIT) is commonly used for its control. However, the existence of natural barriers can give rise to a population structure in neutral loci and possibly behavioral or adaptive traits that interfere with SIT. For this reason, it is important to understand the genetic diversity and structure of A. ludens populations and to better understand the evolutionary ecology and population processes in view of possible expansions and possible host shifts due to climate change. We genotyped nine nuclear DNA (nDNA) microsatellite loci among fruit fly populations collected from five biogeographic areas within Mexico, namely, the Mexican Plateau, the Northeastern Coastal Plain, the Pacific Coast, the Gulf Coast of Mexico, and the Soconusco, and a laboratory strain. The nuclear genetic diversity was moderate (from He = 0.34 to He = 0.39) within the wild mexfly population. We found that populations were clustered in three genetic groups (K = 3). The diversity and the genetic structure of A. ludens are determined by environmental and geological conditions, as well as local conditions like anthropogenic perturbation, which would produce population expansion and the existence of possible predators that would affect the population density. Gene flow showed recent migration among populations. The laboratory strain showed fewer diversity than the wild samples. Large values of current and ancestral population size suggest high resistance to climatic changes, probably due to biological attributes, such as its polyphagous, multivoltine, and high dispersal characteristics. In particular, ecosystem fragmentation and perturbation as well as the existence of new plant hosts would probably increase the abundance of flies.
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Introduction

The patterns of genetic variation in wild populations are the consequence of changes over time and space determined by the combined effect of evolutionary forces such as genetic drift, gene flow, and selection (Nielsen and Slatkin, 2013). Understanding these patterns is particularly important for planning management strategies to control invasive and pathogenic species, such as insect pests (Krafsur, 2005).

Fruit flies of the genus Anastrepha (Diptera: Tephritidae) are the most harmful pest of commercial fruit crops and comprise more than 300 currently recognized species distributed in the tropical American continent (Norrbom et al., 1999; Norrbom and Korytkowski, 2012, 2009). In Mexico, 37 species of economic importance have been described, including Anastrepha obliqua, Anastrepha serpentina, Anastrepha striata, Anastrepha fraterculus, and Anastrepha ludens (Hernandez-Ortiz and Aluja, 1993; Aluja, 1994; Hernandez-Ortiz, 2007). These species cause losses of up to $710 million per year (Reyes et al., 2000; Enkerlin, 2005).

In this study, we focus on A. ludens (Loew), known as the Mexican fruit fly (mexfly), which is widely distributed in Mexico and Central America (Hernandez-Ortiz and Aluja, 1993; Foote, 1994). Female flies harness fruits as oviposition substrate and develop larvae causing damage to up to 60 varieties of fruits, such as citrus, mangoes, peach, guava, sapodilla fruits, and hot peppers (Hernández-Ortíz, 1992; Hernandez-Ortiz and Aluja, 1993; Aluja, 1994; Thomas, 2004).

The sterile insect technique (SIT) is a method currently used to control A. ludens populations. The SIT involves the production of sterile male flies whose sterility is activated by gamma radiation. These flies are then released into infested areas. Sterile males mate with wild females, who then generate infertile eggs (Klassen and Curtis, 2005; Vreysen, 2005; Pérez-Staples et al., 2021). The sterilization of males of different species of flies does not affect the biology of the insect (Walder and Calkins, 1993; Rull and Barreda-Landa, 2007; Mahmoud, 2010; Panduranga et al., 2022). In the field, it is a method that allows reducing the natural population affecting the population dynamics. However, concerns about SIT effectiveness remain. For example, a sterile laboratory fly colony established in Mexico resulted in the loss of fertility among native flies (Orozco-Dávila et al., 2007). Similarly, the colony establishment must include specimens with broad genetic diversity (Parker et al., 2021). Also, the “degradation” of laboratory stocks occurs via adaptation by selection and inbreeding, with a loss of field competitiveness (Krafsur and Ouma, 2021). Predating pressure is absent in colonies, and sexual selection that operates in nature may be relaxed during laboratory adaptation (Krafsur and Ouma, 2021). Inbreeding causes a loss of genetic variation that could, in principle, reduce competitiveness, and a substantial loss of heterozygosity may occur if a release strain is formed from too few founding insects, followed by a prolonged “bottleneck” in colony size (Krafsur and Ouma, 2021). This could also be related to the loss of competitiveness of mexfly males in the field due to the artificial selection of mass-reared flies. The SIT premise supposes that there is a high genetic similarity between wild and laboratory strains that allow mating. However, sterile males usually have lower mating success with wild females compared with wild males (Pérez-Staples et al., 2013). After many decades of mass reproduction in captivity, the success of this approach has decreased because of mating incompatibility, low competitiveness in reproductive behavior (sexual selection and courtship patterns), and shorter longevity of the sterile versus the wild males (Rull et al., 2005; Rull and Barreda-Landa, 2007). Also, population isolation, such as mass rearing, leads to the appearance of homozygous individuals and inbreeding depression, which in turn causes inefficient mating (Alberti et al., 2002; Rull and Barreda-Landa, 2007). The loss of genetic variation in mass-reared insects may also reflect the loss of the wild genotypes and the loss of their natural vigor under laboratory conditions (Zygouridis et al., 2014). Furthermore, management strategies probably affect the SIT control method in a negative way by diminishing genetic variation (Dupuis et al., 2019; Ruiz-Arce et al., 2019). This impact could be more important for a species with large population sizes and this is distributed in a wide geographic area (e.g., Shi et al., 2005).

Molecular analyses based on population genetics studies on A. ludens using mitochondrial sequence polymorphisms (Ruiz-Arce et al., 2015), biochemical markers such as isoenzymes and molecular dominant amplified fragment length polymorphism (AFLP) markers (Malavasi and Morgante, 1982; Molina-Nery et al., 2014; Pecina-Quintero et al., 2020, 2009; Ruiz-Montoya et al., 2020), and single-nucleotide polymorphisms (SNPs) throughout the genome (Dupuis et al., 2019) have contributed to the understanding of the origin of mexfly populations and indicate mixed results stemming from the extent of the geographic range analyzed and in a lesser degree from the genetic markers (dominant–codominant) employed to survey populations. Particularly, at a small scale, AFLP markers detect very low (Nuevo León, Tamaulipas; Pecina-Quintero et al., 2009) or high genetic structure (Veracruz, Nuevo León, and Tamaulipas; Pecina-Quintero et al., 2020). When using biochemical markers such as allozymes and surveying seven populations in the different States of Mexico, with different climates and vegetation types, low genetic structure for A. ludens was detected (Molina-Nery et al., 2014). In contrast, populations of this species in Chiapas, Mexico, show high genetic variation and low genetic structure between localities and moderate structure when populations are grouped by host plant used (Ruiz-Montoya et al., 2020). The latter results are in agreement with the findings of Ruiz-Arce et al. (2015), they performed the most comprehensive phylogeographic study on the genetic structure of A. ludens to date, with two mitochondrial regions (COI and ND6) covering 67 populations along the whole range of the species and collections from the northern and southern Mexican territory to Central America. Ruiz-Arce et al. (2015), found a low genetic structure between the two major groups (north south) divided by the Tehuantepec Isthmus, accounting ca. 6% of genetic variance, and significant genetic variance within groups (ca. 25%). Furthermore, this study supports a Southern Mexico/Central American origin for A. ludens (Ruiz-Arce et al., 2015). However, SNP analyses of the same populations did not detect differences in genetic diversity between populations of Central America and others, but they did detect a higher level of genetic structuring (FST = 0.09). With these markers, three main genetic clusters were identified, namely, west Mexico, east Mexico/Texas, and Isthmian Central America; high divergence in the studied strains of A. ludens and an explicit biogeographic analysis are suggested to identify the ancestral range of A. ludens (Dupuis et al., 2019). However, further molecular analyses to determine the diversity and the structure based on nuclear microsatellites may be used to better understand the dynamics of mexfly populations.

During the past decade, nuclear microsatellite tools developed for Anastrepha species have increased exponentially (Boykin et al., 2010; Islam et al., 2011; Lanzavecchia et al., 2014; Manni et al., 2015; Ruiz-Arce et al., 2019). Microsatellites are polymorphic DNAs that comprise sequences of repeated nucleotides; usually, the repeated units are composed of two to six nucleotides (motifs) (Hancock, 1999). The number of repeated units in a specific locus may differ, thus constituting alleles. Microsatellites are codominant, a relevant property that makes these markers suitable for population genetics studies, such as, genetic structure, gene flow, and genetic relationships between populations. Microsatellites are distributed along the whole genome of organisms, and although it seems that they are not strictly randomly distributed, they are present in coding and noncoding sequences. Theoretically, microsatellites are expected to have lower occurrence in coding regions due to purifying selection (see Carneiro-Vieira et al., 2016 and references therein). Although microsatellites have higher rates of mutation than other genetic markers, variations between loci and alleles within a locus have been documented (Jin et al., 1996; Carneiro-Vieira et al., 2016). Short-length microsatellite repeats appear to have lower mutation rates (Schug et al., 1997). The high polymorphism level of microsatellites makes them more suitable than other genetic markers (Carneiro-Vieira et al., 2016). Relative reproducibility in different laboratories and high-throughput genotyping (Barker, 2002; Selkoe and Toonen, 2006) have proven to be very useful to study populations. Specifically, microsatellite markers have been designed for A. obliqua, and microsatellite amplification in A. ludens DNA has been successfully tested (Islam et al., 2011).

The correlation of genetic variation with the geographic distribution of A. ludens populations has not been explored in detail. In this study, we analyzed A. ludens populations from five biogeographic areas within Mexico, namely, the Mexican Plateau, the Northeastern Coastal Plain, the Pacific Coast, the Gulf Coast of Mexico, and Soconusco, as well as a laboratory strain (25 years old = 152 generations, used for developing SIT). We used nine selected microsatellite markers to achieve the following three goals, (i) to investigate the genetic structure of the A. ludens population from different biogeographic areas in Mexico; (ii) to analyze if wild A. ludens populations from Mexico are genetically different from the laboratory strain; and (iii) to propose recommendations for pest management. We hypothesized that the population structure among A. ludens populations would be influenced by climate and the biogeographic characteristics of its distributional area. Additionally, we expect lower diversity in laboratory strain samples than in wild population samples.



Materials and methods


Sampling and genomic DNA extraction

We collected A. ludens adults from five biogeographic provinces that included the Mexican Plateau (MP), the Northeastern Coastal Plain (NCP), the Pacific Coast (PC), the Gulf Coast of Mexico (GC), and the Soconusco (SOC). These areas have been defined using the proposal by Rzedowski (1978), and it is based on plant species composition in different localities (see Supplementary Table 1). Additionally, a laboratory strain (LAB) of ∼25 years equivalent to 152 generations, currently in production and being used by the mass rearing facility (Orozco-Dávila et al., 2007, 2017), was used as a reference group to analyze the levels of genetic variation and inbreeding. The specimens were provided by the Department of Colonization and Breeding of Fruit Flies, the Development Methods of the Moscafrut Program (Metapa de Domínguez, Chiapas), and the Instituto de Ecología-INECOL (Xalapa, Veracruz, México). Flies were sorted for each locality (10 insects of each sex, 20 from each locality). In total, 120 specimens were stored at −20°C until processed for further analyses. Deoxyribonucleic acid (DNA) extractions and purifications were performed with a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, United States) following the instructions of the manufacturer.



Genotyping microsatellite markers

We amplified DNA using nine fluorescently labeled nuclear microsatellite primers (GenBank access key: JF292994, JF292995, JF292996, JF293003, JF292998, JF293004, JF292999, JF293001, and JF293006). Amplification of microsatellite loci was carried out following the protocol described by Islam et al. (2011). PCR products of approximately 150–240 bp were confirmed on 1% agarose gel dyed with 0.1% ethidium bromide. The samples were processed at the Caver Biotechnology, University of Illinois (Champaign, United States). We determined the size of each peak by using Peak Scanner software 1.0 (Applied Biosystems).



Estimation of genetic diversity

We calculated the number of alleles (Ae), the observed (Ho) and expected (He) heterozygosity, Hardy-Weinberg equilibrium (HWE), allelic richness (A), and effective population size (Ne) with Arlequin 3.5.2.2 (Excoffier and Lischer, 2010). Also, we assessed the inbreeding coefficient (FIS) and the statistics F using GenePop 4.6 (Rousset, 2008).



Structure and gene flow of populations

We estimated the degree of genetic differentiation from RST and FST values using Arlequin 3.5.2.2. The genetic grouping was performed using Samova 1.0, and the analysis of molecular variance (AMOVA) was performed using Arlequin 3.5.2.2. The genetic structure for collections was examined using the ancestry admixture model runs with 100,000 burn-in, 1,000,000 MCMC, and 25 iterations for each value K (1−8) with STRUCTURE 2.3.4 (Pritchard et al., 2000). We estimated the most probable K value, the highest value of ΔK was calculated by implementing the Evanno method (Evanno et al., 2005) using Structure Harvester v0.6.94 (Earl and vonHoldt, 2012), the structure runs were summarized using CLUMPP (Jakobsson and Rosenberg, 2007), and the results were plotted in Distruct v1.1 and CLUMPP v1.1.2 (Rosenberg, 2004). The dendrogram was calculated with the genetic distance using the Neighbor-Joining with Population v1.2.30 (Langella, 1999). The tree was exported, visualized, and edited using figtree-1.4.3 (Rambaut, 2012). For the isolation by distance (IBD), we calculated population pairwise FST values (Slatkin’s Distance) with 9,999 permutations (Arlequin 3.5.2.2), and we tested IBD using a Mantel test with 9,999 permutations by testing for a correlation between genetic distance and geographic distance (Arlequin 3.5.2.2). We detected the genetic barriers using the Monmonier algorithm based on linearized FST with Barrier 2.2 (Slatkin, 1995; Manni et al., 2004) and evaluated the gene flow between genetic groups with Migrate-N 3.6 (Beerli, 2006).




Results


Genetic diversity of populations

The genetic diversity exhibited 40 alleles from wild fly collections, two alleles for the laboratory strain, nine private alleles from the wild fly, and eleven private alleles among all collections (Supplementary Table 2). The HWE test for wild and laboratory flies showed homozygous excess at the nine microsatellite loci, but we only found significant deviations in six of them (Supplementary Table 3). The highest allelic richness was observed for Soconusco (A = 3.22), and the lowest allelic richness was observed for the laboratory strain (A = 2.11). The highest genetic diversity of Nei was found in the Gulf Coast of Mexico (He = 0.39) and Soconusco (He = 0.38). The lowest values were found in the population of the Mexican Plateau (He = 0.35) and the laboratory strain (He = 0.34). The positive values and significant inbreeding coefficients (FIS p < 0.05) showed heterozygosity deficiency for all loci (Table 1).


TABLE 1    Genetic diversity of nine nDNA microsatellite loci.
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Structure and gene flow of populations

The comparison of pairwise RST and FST values displayed genetic differentiation among all populations with microsatellites (Table 2), principally, among SOC and PC (RST = 0.191; FST = 0.065) and LAB among SOC (RST = 0.154; FST = 0.110). The analysis of molecular variance presented ΦST = 0.115 in nDNA microsatellite loci among wild populations and the laboratory strain (Table 3). According to the genetic structure analysis, the best K value was three genetic populations, K = 3 showed the highest value of ΔK, and the second most relevant K value is 4, suggesting ancestry on one fraction of mixed alleles, probably genetic migrants, except Soconusco and the laboratory strain (Figure 1A and Supplementary Figure 1). Moreover, the dendrogram supported a pattern of genetic clustering with three groups (Figure 1C). The Mantel test did not show a significant relationship between geographic and genetic distances with microsatellites < r = 0.275, p > 0.05 > (Supplementary Figure 2).


TABLE 2    Pairwise comparison RST and FST in nDNA microsatellites loci.
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TABLE 3    Analysis of molecular variance and genetic differentiation index in nDNA microsatellite loci among wild populations and the laboratory strain.
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FIGURE 1
(A) Genetic structure of mexfly based on the nDNA microsatellite loci estimated using STRUCTURE and visualized with Distruct. The bar plot and pie chart indicating the blue, yellow, and purple colors of graphics indicate three genetic groups with Admixture model: K = 3, 25 iterations of each K (1−8) and delta K. (B) Map of five collected localities in Mexico showing the three main genetic barriers with nDNA and the orange line (a, b, and c) found by the Monmonier algorithm; thickness and the number on the side of the barriers indicate the percentage of bootstrap support. The map shows the migration of mexfly populations, and the arrows represent the effective number of migrants in a generation. The main physiographic features and/or regions’ biogeographical boundaries for fruit fly are delimited with lines: (1) SMOcc: Sierra Madre Occidental, (2) SMO: Sierra Madre Oriental, (3) TMVB: Trans Mexican Volcanic Belt, (4) SMS: Sierra Madre del Sur, (5) IT: Isthmus of Tehuantepec, (6) SCh: Sierra Madre de Chiapas. (C) Genetic distance of mexfly populations obtained by Neighbor-Joining of nDNA.


We identified three main genetic barriers contributing to the population structure: “a,” “b” (bootstrap support = 100), and “c” (bootstrap support = 90). Genetic barrier “a” separates populations to the east of the country (Northeastern Coastal Plain and Gulf Coast). Genetic barrier “b” likely is located at the Isthmus of Tehuantepec, separating Soconusco from the rest of the populations. Genetic barrier “c” separates the Mexican Plateau from the Pacific Coast (Figure 1B). For genetic flow, our result about the most probable migration model was based on the Neighbor-Joining dendrogram (Table 4) calculated with Migrate-N 3.6 [AICmin-AICi = 0, p(Bezier) = 1]. The migration was observed only among neighboring populations (Soconusco↔Gulf Coast of Mexico↔Northeastern Coastal Plain, and Mexican Plateau↔Pacific Coast), with migration being higher from south to north, and it was not found between the two groups (Figure 1B and Table 4).


TABLE 4    Migration’s model and no. of migrants between populations.
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Discussion

By studying the genetic variation of nDNA microsatellites in A. ludens, the data reveal moderate genetic diversity and population structure (K = 3) within species, including wild populations and laboratory strains. The genetic diversity and population structure may be influenced by climate with a close association in the species’ distribution (Santos et al., 2020) and the biogeographic characteristics of the regions of this study, because we identified genetic barriers delineating populations, showing high bootstrap support. Those genetic barriers are delineated according to physiographic features from the Sierra Madre Oriental and the Sierra Madre Occidental, the Sierra Madre del Sur, and the Isthmus of Tehuantepec. Thus, migration was observed only among neighboring populations.


Genetic variability

Moderate Nei’s genetic diversity and low allelic richness can be observed on nDNA among populations of A. ludens. Ruiz-Arce et al. (2015) reported low genetic diversity of A. ludens (hd = 0.58, π = 0.00184) with 68 haplotypes (COI+ND6). The low allelic richness and moderate Nei’s genetic diversity in wild populations were reported in the same species (Malavasi and Morgante, 1982; Pecina-Quintero et al., 2009; Molina-Nery et al., 2014). Also, relative low diversity for the laboratory strain has been previously reported in nuclear markers (Isozymes: A = 1.55 and 1.95) within this species (Malavasi and Morgante, 1982; Molina-Nery et al., 2014). A moderate genetic diversity within our samples, when compared with other Anastrepha species that have been studied with nuclear microsatellites (A. fraterculus, Lanzavecchia et al., 2014; Parreño et al., 2014; A. obliqua, Ruiz-Arce et al., 2019; A. suspensa, Boykin et al., 2010), is likely due to its geographic distribution and effective population size, which are associated with host availability and climate conditions as rain and environmental heterogeneity have a strong influence on the distribution of the species (Aluja, 1994; Celedonio-Hurtado et al., 1995; Hernandez-Ortiz, 2007). Also, the strong wind dispersal capability (up to 135 km) of A. ludens, or human-assisted spread through the movement of infested fruits and pupae on the ground, probably has influenced the moderate genetic diversity (Christenson and Foote, 1960; Aluja, 1994; European Food Safety Authority [EFSA] et al., 2019, 2021). Natural populations of A. ludens are discontinuously distributed, and gene flow varies among these populations depending on historical, geographical, and environmental factors and locality conditions such as humidity, host variability, competition for space, nutrition or mating, parasitism, and competition for resources with another species (Krafsur and Ouma, 2021; Parker et al., 2021). The geographic range of many pest species is very large, and locally adapted populations probably may exist. There may be local selection regimes that cause one or more populations to differ biologically in ways that could make the SIT less effective due to mating barriers. Such barriers might be ecological, temporal, or behavioral (Krafsur and Ouma, 2021; Parker et al., 2021).

The low allelic richness reveals a decrease in genetic diversity that can be explained by a lower effective population size when compared with other Anastrepha species where nuclear microsatellites have also been used (A. fraterculus, Lanzavecchia et al., 2014; Parreño et al., 2014; A. obliqua, Ruiz-Arce et al., 2019; A. suspensa, Boykin et al., 2010), probably due to adaptive response to environmental and demographic changes, and that indicates that A. ludens is at the limit of the tropical distribution. Also, allelic richness is sensitive to the effects of short and severe bottlenecks that affect the distribution of allele frequencies (Franks et al., 2011; Nielsen and Slatkin, 2013). Thus, temporal allelic richness in mexfly is likely due to effective population size variation during fruiting, related to host availability, and due to their polyphagous and multivoltine behavior (Hernandez-Ortiz and Aluja, 1993; Thomas, 2003; Aluja and Mangan, 2008).



Structure, genetic barriers, and migration of populations

We found moderate differentiation, three genetic groups within A. ludens populations were inferred by STRUCTURE, and no pattern of isolation by distance was detected. This is similar to other studies that have found moderate differentiation among groups FST = 0.302 (Ruiz-Arce et al., 2015), FST = 0.058 (Pecina-Quintero et al., 2009), FST = 0.105 (Molina-Nery et al., 2014), and FST = 0.047 (Dupuis et al., 2019) within populations from Mexico. Specifically, the Soconusco population presented a high differentiation with respect to others; this is probably because the Soconusco population is isolated by the mountains of the Sierra Madre del Sur and by the environmental barrier due to trade winds from the Isthmus of Tehuantepec (Lugo-Hubp, 1990). Also, this supports the notion that the origin of this fly may have been southern Mexico/Central America (Ruiz-Arce et al., 2015).

Our results, based on population structure, demonstrated that the laboratory strain remains genetically differentiated and has lower genetic diversity than wild populations, probably due to inbreeding associated with mass rearing. Similar results were found by Dupuis et al. (2019) that included rearing strains of A. ludens to provide context to the structure of wild populations, and all rearing strains were quite divergent from the wild populations. Despite the genetic differentiation, the laboratory strain has been refreshed with wild populations of Mexico, principally Chiapas (Orozco-Dávila et al., 2007). However, the original laboratory strain is a mixture of a strain similar to the initial one from Mission, Texas, United States, whose specimens were collected in Nuevo León and Tamaulipas (México), and wild flies collected from different regions in Mexico for renewing laboratory strain (Orozco-Dávila et al., 2007). Until now, the original strain is still used for mass rearing (Orozco-Dávila et al., 2007, 2017). Also, mass rearing involves breeding about 175 million pupas weekly, intended for the liberation of these flies (Domínguez et al., 2010). Although rearing lines are to be highly bottlenecked and inbreeding causes a loss of genetic variation that could reduce the competitiveness of males (Krafsur and Ouma, 2021), these lines can still be expected to continue to evolve over time and may share some artificially selected traits due to common artificial rearing conditions (Dupuis et al., 2019). A progressive loss of diversity in laboratory colonies, coupled with a progressive decay in physiological quality control indices (e.g., egg hatch, larval development time, pupa size, emergence, flight ability, pheromone production, vision, longevity, and mating compatibility) (FAO/IAEA/USDA, 2019; Parker et al., 2021), could provide evidence of degradation and possibly predict a decline in field competitiveness (Krafsur and Ouma, 2021).

Nevertheless, the genetic structure found in wild populations due to genetic barriers is similar to a metapopulation dynamic (Hanski and Gilpin, 1991; Hanski, 1998; Wegier et al., 2011), that is, a group of spatially separated populations of a species that interact at some level. Each population functions in relative independence from other populations and may eventually become extinct, but immigrants may recolonize another population that is declining or that has become extinct, so the metapopulation persists as long as the colonization rate is equal to the extinction rate (Hanski and Gilpin, 1991; Hanski, 1998; Hanski and Gaggiotti, 2004). The population structure corresponds to the biogeographic provinces in Mexico (Rzedowski, 1978). For example, the main genetic barrier (Figure 1, letter b) matches the existence of physical barriers from the Sierra Madre Oriental and the Sierra Madre Occidental. A second genetic barrier, which is isolating the Soconusco population, is likely related to the Sierra Madre del Sur and the Isthmus of Tehuantepec, the inter-oceanic pass of low altitude in Mexico where the winds range from 18 to 90 km/h (Figure 1, letter b). Similar to previous population genetic studies, our population structuring is high and matches with the biogeographic zones, for example, Dupuis et al. (2019) found that the west Mexico cluster is bounded using SNPs by the southwestern and western extents of the Sierra Madre Occidental, while Ruiz-Arce et al. (2015) found the support for genetic structure between the northern and southern parts of A. ludens’ range, corresponding to the Isthmus of Tehuantepec, using two mitochondrial genes (Ruiz-Arce et al., 2015).

The migration model indicated that natural barriers strongly influence dispersion among populations. However, between neighbor populations, bidirectional genetic flow was significant. This suggests that migration is an important factor in the variability of genetic interchange and in reducing the genetic structure. The more the gene flow, the less the population structure. Therefore, migration under a stepping-stone model, where nearby populations have higher bidirectional gene flow, seems to better explain the distribution of genetic diversity rather than IBD alone. In addition, mexfly has been a species with the adaptation capacity to diverse climates. The gene flow and the genetic structure could be influenced by the high dispersion that occurred due to considerable distance (>30 km) by wind, climate conditions, altitude, and dissemination of larvae for fruits’ commerce activity, allowing mexfly to find the availability of hosts and the refuge for reproduction (Alberti et al., 2002; Shi et al., 2005; Aluja et al., 2009).



Implications of genetic diversity for sterile insect technique management of Anastrepha ludens

At present, old concerns about SIT effectiveness are still applicable (Krafsur, 2005; Pérez-Staples et al., 2021). The results of the current study of mexfly are relevant to understanding the reduced effectiveness of SIT programs. This study found that the genetic diversity of the laboratory strain is lower than that from the wild populations of A. ludens; also, the population structure estimates for the laboratory strain revealed less admixture than wild populations, probably due to massive breeding. This factor may contribute negatively to the SIT efficacy. Furthermore, local landscape, natural barriers, and metapopulation structure may contribute to the moderate genetic diversity, gene flow leading to genetic panmixia, moderate differentiation, and genetic structure found in wild mexfly species.

The population size of A. ludens has been kept high, and there have been small changes in allele frequencies caused by the effect of genetic drift and bottleneck. Regarding our results, considering that the diversity and Ne of the strain are lower than the wild populations, probably due to the bottleneck effect and inbreeding, they could contribute to reduced effectiveness of SIT (Krafsur and Ouma, 2021), so one proposal would be to control the pupae stage where A. ludens are less likely to disperse. Also, genetic data such as inbreeding coefficients and genetic distances should be estimated continuously as part of the quality control program for target populations and for laboratory colonies and their source populations (Krafsur and Ouma, 2021). According to our STRUCTURE results, genetic data showed considerable admixture in wild populations, and it could be by natural spread. A. ludens is considered a strong flier (Centre for Agriculture and Bioscience International [CABI], 2019), which flies as far as 135 km (Christenson and Foote, 1960) using the wind for displacement (Aluja, 1994). The maximum natural spreading distance that A. ludens is expected to cover in 1 year is approximately 9.4 km (with a 95% uncertainly range of 1–34 km). However, the introduction of the pest into areas could occur by human-assisted spread through the movement of infested fruits, such as imports of fruit commodities or fruits in passenger luggage and pupae in soil or another growing medium with host plants (European Food Safety Authority [EFSA] et al., 2019, 2021). As such, we suggest establishing population management units; the first control unit would comprise Soconusco–Gulf Coast of Mexico–Northeastern Coastal Plain, and the second would integrate the Mexican Plateau and the Pacific Coast. In particular, the states of Veracruz (in the Gulf Coast of Mexico) and Tamaulipas (in Northeastern Coastal Plain) grow and harvest citrus. Similarly, Sinaloa and Nayarit (in Pacific Coast) and Chiapas (in Soconusco) grow and harvest mangoes (SAGARPA, 2022). Where each management unit could be colonized by sterile specimens derived from the same unit. This would also require developing strains compatible with each local population, by utilizing genomics differentiation in A. ludens populations and associations with different host plants and predicting the geographic and environmental ranges and relative abundances of invasive species using ecological niche modeling to give policies on a scientific basis (Santos et al., 2020; Aguirre-Ramirez et al., 2021; Gutierrez et al., 2021).
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No. of groups maximized and genetic differentiation between populations by SAMOVA in nDNA microsatellite loci (Kmax = 2, ®@st = 0.115) showed 2 groups: (1) NCP, GC, and SOC and (2)

MP, PC, and LAB.
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Migration models Bezier LH Harmonic media HL
Among groups —340882.47 29.52

Barriers —149018.66 —502.75
Neighbor-joining —118093.36 —727.56

Origin MP NCP

Mexican Plateau 0 =0.90238 0
Northeastern Coastal Plain 0 0 =0.98350

Pacific Coast M=976 0

Gulf Coast of Mexico 0 M=5.87
Soconusco 0 M=29.93

25

13

AIC

681814.94
298059.32
236212.72

Destiny

PC

M=10.74
0
0 =0.95519
0
0

(AICmin-AICi)

445602.22
61846.6
0

GC

M =14.07
0

0 =1.07390

M=13.88

P (Bezier)

SOC

M= 6.84
0
M=724
0 =1.07398

The parameters used were a model of Brownian mutation for microsatellites, an analysis strategy with Bayesian inference, heating iterations of 10,000, and chain 1.0 x 107 iteration samples every

1,000. Four chains sampled temperatures T1 = 1.0, T2 = 1.5, T3 = 3.0, and T4 = 1.0 x 10°. Migration model most probably based on Akaike information criterion (AIC) using Bezier’s estimators

was third with K = 13 and probability of model AAIC = 0.

AIC, Akaike information criterion. No. of migrants significant (Nm > 1) based on Neighbor-Joining. Ne values scaled to § mutation rate in black and M mutation rate in cursive.

Ne values scaled to 6 mutation rate are in bold.
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