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abStraCt

The wide geographic range of Anastrepha ludens (Loew) (Diptera: Tephritidae) in Mexico 
and its ability to use various taxonomically unrelated host plant species suggests that this 
species has considerable evolutionary potential and represents a high risk pest. The genetic 
diversity and structure of A. ludens populations from 7 Mexican states (Chiapas, Yucatán, 
Morelos, Veracruz, San Luis Potosí, Tamaulipas and Durango) were investigated. Flies were 
collected as larvae from infested citrus fruits in each state, and sent as pupae to the Genetic 
Sexing Laboratory at the “Moscafrut ” facility in Metapa, Chiapas, where adults emerged 
and were used in isoenzymatic analysis. Genetic diversity was estimated based on expect-
ed and observed heterozygosity, mean number of alleles and polymorphism obtained from 
allelic and genotypic frequencies of 6 enzyme loci revealed in cellulose acetate. Expected 
heterozygosity (H

e
) ranged from 0.199 to 0.330, and percentage of polymorphic loci (P) was 

between 50 and 67%. We found a high level of inbreeding (F
is
 = 0.393, F

it 
= 0.456) and moder-

ate genetic differentiation among populations (F
st
 = 0.105). A negative correlation was found 

between elevation and H
e.
 We conclude that A. ludens populations are genetically diverse 

with moderate levels of differentiation. Genetic structure could not be attributed to the geo-
graphic distance among populations. Differentiation could be the result of natural selection 
associated with the colonization process. Genetic drift and pest management practices may 
have contributed to this differentiation to a lesser extent.

Key Words: Mexican fruit fly, genetic diversity, gene flow, population genetics

reSuMen

La amplia distribución de Anastrepha ludens (Loew) (Diptera: Tephritidae) en México y el 
uso de diferentes plantas hospederas taxonómicamente no relacionadas sugiere que esta es 
una especie con alto potencial evolutivo y representa una plaga de alto riesgo. Se investigó 
la diversidad y estructura genética de poblaciones de Anastrepha ludens en siete estados de 
la República Mexicana (Chiapas, Yucatán, Morelos, Veracruz, San Luis Potosí, Tamaulipas y 
Durango). Las moscas se colectaron como larvas dentro de frutos de cítricos en cada estado, y 
se enviaron como pupas al Laboratorio de Sexado Genético de la planta “Moscafrut” en Meta-
pa, Chiapas, en donde emergieron los adultos y se analizaron genéticamente. La diversidad 
genética de las poblaciones se estimó con base en la heterocigosidad observada y esperada, 
se obtuvo el número promedio de alelos y el polimorfismo, con base en las frecuencias alélicas 
y genotípicas de seis loci enzimáticos revelados en acetatos de celulosa. La heterocigosidad 
esperada (H

e
) fue de 0.199 a 0.330, y el porcentaje de loci polimórficos (P) fue entre 50 y 67%. 

Se encontró un alto coeficiente de endogamia (F
is
= 0.393, F

it 
= 0.456) y una diferenciación 

genética moderada entre poblaciones (F
is
= 0.393, F

it 
= 0.456). La correlación entre la altitud 

y H
e
 fue negativa. Concluimos que las poblaciones de A. ludens son genéticamente diversas y 

con nivel de diferenciación moderado. La estructura genética no pudo ser atribuida a la dis-
tancia geográfica entre poblaciones. Probablemente, la diferenciación pueda ser resultado de 
la selección asociada al proceso de colonización. La deriva genetica y las prácticas de manejo 
posiblemente han contribuido a esta diferenciación en menor grado.

Palabras Clave: Mosca mexicana de la fruta, diversidad genética, flujo genético, genética 
de poblaciones
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The Mexican fruit fly, Anastrepha ludens 
(Loew) (Diptera: Tephritidae), is widely distrib-
uted in Mexico, and it has also been recorded in 
the southern United States, Belize and Central 
America (Hernández-Ortíz 1992). Twenty two 
plant species have been reported as A. ludens 
hosts (Norrbom & Kim 1988). The species is na-
tive to México and Sargentia greggii Wats and Ca-
simiroa edulis Llave & Lex of the Rutaceae family 
have been proposed as its native hosts (Plummer 
et al. 1941). Among commercial crops, Citrus spp. 
L. and Mangifera indica L. (Sapindales: Anacar-
diaceae) are the most economically important 
ones (Norrbom & Kim 1988; Hernández-Ortíz 
1992).

The wide range of environmental conditions 
in which this species is found and its ability to 
use different taxonomically unrelated plant spe-
cies as hosts, suggests that this species has con-
siderable evolutionary potential and represents a 
high risk pest. A species’ evolutionary potential is 
closely related to its population genetic variation 
(Futuyma 1986; Gould 1991). Greater genetic di-
versity increases the possibility to respond to nat-
ural and human induced environmental changes 
(Kim 1993).

Genetic diversity and structure of insect popu-
lations is determined by natural selection, by the 
differential movement of individuals between 
populations, the type of reproduction, random 
events (demographic and environmental) and the 
effective population size (Hedrick 2000; Zúñiga et 
al. 2006; Demirici et al. 2011). The level of genet-
ic diversity and how it is distributed within and 
among populations depends on the intensity of 
each factor and how they interact (Slatkin 1994; 
Hedrick 2000). Population genetic studies with 
tephritid species have shown a wide range of ge-
netic diversity (H

e
). In Ceratitis capitata (Wied.), 

heterozygosity values based on isoenyzmes have 
been determined between H

e 
= 0.005 and H

e 
= 

0.186 (Huettel et al. 1980; Gasperi et al. 1987; 
Vilardi et al. 1990). This variation has been at-
tributed mainly to the geographic origin of the 
populations sampled.

Knowledge on genetic variability and its 
distribution among populations of tephritid 
species has been useful for pest management 
strategies; for example, to determine pest ori-
gin and to recognize migration routes (Reyes 
& Ochando 1998; Davies et al. 1999; Gilchrist 
et al. 2006). In the case of A. ludens, there is 
limited information on the genetic diversity of 
its populations. Pecina-Quintero et al. (2009) 
found moderate genetic diversity (index = 0.30) 
in a population in northeast Mexico using the 
AFLP technique.. Our goals in this study were 
to describe the genetic diversity of A. ludens 
populations from 7 states in México, and to es-
timate by means of enzymatic markers if these 
populations are genetically structured.

MaterialS and MethodS

Collection Sites

The samples of A. ludens were collected as lar-
vae from infested citrus fruits (Citrus aurantium 
L., C. sinensis Osbeck, and C. paradisi Makfad.) in 
Chiapas, Durango, Morelos, San Luis Potosí, Tam-
aulipas, Veracruz and Yucatán from Sep 2008 to 
Jan 2009. Figure 1 shows collection sites and Table 
1 shows the different climate types, mean annual 
temperatures, main natural vegetation at each 
site, altitudes and decimal coordinates, and the 
hosts collected at each location. Collections were 
made in small orchards of 500 to 10,000 m2. Flies 
collected at one farm or orchard in 3 states were 
considered as a population. In the case of Vera-
cruz, Chiapas, Morelos and Durango, we grouped 
the flies collected in different sites in order to have 
a representative sample of each state and to avoid 
sampling biases with respect to the other 3 States.

Sampling

Fruits infested with third instar larvae were 
collected. These fruits were taken to the local 
laboratory of the national fruit fly program (SE-
NASICA-SAGARPA) in each State, and where 
larval development was completed. The larvae 
ready to pupate were placed in containers with 
vermiculite. The insects were shipped as pupae 
from the different locations to the Genetic Sexing 
Laboratory of the “Moscafrut” facility in Metapa, 
Chiapas, Mexico. Here, the pupae were main-
tained at 26 °C and 70% RH until adult emer-
gence. Anastrepha ludens is by far the most com-
mon tephritid species found in citrus in Mexico. 
When adults emerged, their taxonomic identity 
was confirmed following Hernández-Ortíz (1992).

Genetic Analysis

When adults were 15 days-old, a random sam-
ple of 40 individuals (20 males and 20 females) 
from each location was taken. Adult flies were 
individually placed in vials, frozen at -70 °C tem-
perature and maintained at these conditions un-
til electrophoresis. Six enzymatic loci were used 
as biochemical genetic markers, i.e., 6-Phospho-
gluconate Dehydrogenase (6PGDH, EC1.1.1.44), 
Glutamate-oxoloacetate transaminase (also 
known as Aspartate Amino Tranferase; GOT, EC 
2.6.1.1), Glucose-6-Phosphate Isomerase (GPI, 
EC 5.3.1.5), Isocitrate Dehydrogenase (IDH, 
EC 1.1.1.42), Malate Dehydrogenase (MDH, EC 
1.1.1.37), and Malic Enzyme (ME, EC 1.1.1.40); 
using CAMMP to pH 7.0 as electrophoresis buf-
fer (see Herbet & Beaton 1993 for details). Each 
individual adult was macerated in 250 mL of a 
solution of CAAMP- pH 7.0 and centrifuged at 
13,000 rpm during 3 min. The supernatant was 
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used immediately for enzyme separation by elec-
trophoresis in cellulose acetate.

Electrophoretic separation was carried out at 
room temperature, at 55 V and 30 mA during 150 
min. We visualized the loci using the staining pro-
cedure indicated by Herbet & Beaton (1993). The 
number of individuals for each enzyme-genotype 
was recorded (Richardson et al. 1986; Herbet & 
Beaton 1993). We used only reproducible, clearly 
legible and interpretable electro-morphs. The per-
cent of polymorphisms, and genotypic and allelic 
frequencies were estimated for each population. Ex-
pected (H

e
) and observed (H

o
) heterozygosity of each 

population were used as a measure of genetic di-
versity. We used all loci scored in this analysis. The 
average of all populations represented the diversity 
of A. ludens in Mexico. Chi-square tests for good-
ness fit were carried out to test if each of the loci was 
in Hardy-Weinberg equilibrium. Genetic diversity 
was compared within and among populations by 
Analysis of Molecular Variance (AMOVA) (Excof-
fier et al. 1992) using GeneAlEx software (Peakall 
& Smouse 2006). The relationship between genetic 
diversity (H

e
) with altitude was analyzed by linear 

regression with arcsine(x)1/2 transformed data for H
e 

and log
10
 transformed data for altitude. To have ad-

ditional statistical criteria on the significance of the 
relationship, the 95% confidence interval was cal-
culated for the regression slope (Quinn & Keough 
2002) using the packages mod.lm and boot.ci of soft-
ware Statistical Data Analysis R version 2.13.2(R 
Development Core Team 2012).

Wright’s F-statistics (Wright 1951), F
is
, F

it
 and 

F
st
, were calculated to estimate the level of inbreed-

ing by ancestry in each population and the whole to-
tal population, and to estimate the level of differen-
tiation among populations, respectively. F-statistics 
were calculated by AMOVA, and its framework al-
lows for statistical testing by random permutation 
(Peakall & Smouse 2006; GenAlEx 6.4-Appendix 
1-Methods and Statistics). F

is
 is the inbreeding coef-

ficient within individuals in a given population and 
can be interpreted as a measure of the reduction 
in heterozygosity due to nonrandom mating within 
each population. F

it
 is the inbreeding coefficient 

within individuals in relation to the population (and 
accounts for both nonrandom mating and genetic 
differentiation among populations), and F

st
 provides 

a measure of genetic differentiation among popula-
tions (Peakall & Smouse 2006). All genetics param-
eters and AMOVA were obtained by using GenAlex 
software (Peakall & Smouse 2006)

Fig. 1. Geographic location of collection sites of Anastrepha ludens. In black are collection sites, the medium gray 
area toward the north is the fruit fly free zone; the light grey areas are the low prevalence areas, and the dark gray 
southern zone is under phytosanitary control (SENASICA 2009).
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To analyze whether there was genetic differen-
tiation between pairs of populations and isolation 
by distance pattern, a linear regression analysis 
was done between the F

st
/(1-F

st
) ratio and the geo-

graphic distances (km) calculated for all pairs of 
subpopulations. Pairwise F

st
 were calculated via 

AMOVA in GenAlex software (Peakall & Smouse 
2006); the geographic distances were previously 
transformed to log

10 
(Slatkin 1994; Rousset 1997). 

The regression analysis was done with the soft-
ware Statistical Data Analysis R and was used to 
calculate the 95% confidence interval of the regres-
sion slope.

We estimated by Nei’s genetic distance 
among populations (Nei 1972), after an UP-
GMA (unweighted pair-group method with 
arithmetic mean) analysis, and the reliability 
of groups was evaluated by bootstrap analysis. 
UPGMA was carried out by the TFPGA genetic 
analysis program (Miller 1997). We include an 
analysis of population structures with a Bayes-
ian approach implemented in the Software 
Structure 2.3.4 (Pritchard et al. 2000). Cluster 
analysis was based on the assignment of indi-
viduals to K clusters or populations inferred by 
a probabilistic estimation of the proportion of 
the genome that belongs to each K population. 
To obtain the value of K Structure we used a 
Bayesian approach and Markov Chain Monte 
Carlo (Pritchard 2000). We ran the program 
with the admixture option with a burn-in pe-
riod of 10,000 iterations and a subsequent pe-
riod of 10,000 independent runs of 1-7 popula-
tions were performed. The most likely K was 
recognized by the Evanno et al. (2005) method, 
and after the genome mapping of each of the in-
dividuals corresponding to the inferred cluster 
they were plotted to each population.

reSultS

Genetic Diversity

We recorded 6 loci of which 2 (GPI and MDH) 
were monomorphic in all populations. We record-
ed 2 alleles each for 6PGDH and GOT, and 3 al-
leles each for IDH and ME (Table 2). The test to 
estimate bias in the Hardy Weinberg Equilibrium 
of genotype frequencies revealed that none of the 
loci was under equilibrium in Morelos (Table 3). 
Only one locus was under equilibrium in each 
of Chiapas (IDH), Veracruz (ME) and Durango 
(IDH). Two loci were in equilibrium in each of Yu-
catán (GOT and ME) and San Luis Potosi (6PG-
DH and ME), and 3 in Tamaulipas (6PGDH, GOT 
and ME) (Table 3). The average number of alleles 
per population was 2, only the samples from San 
Luis Potosí and Durango had less than 2 (Table 
4). The percentage of polymorphism, based on 
monomorphic and polymorphic loci, was the same 
in 6 of the populations (66.7%), but in Durango it t
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was 50% (Table 4). The expected heterozygosity 
(H

e
) ranged from 0.199 to 0.330. The lowest H

e 

value was recorded from the Durango population 
and the greatest from San Luis Potosí. The ob-
served heterozygosity (H

o
) was always lower than 

H
e
. H

e
 ranged from 0.111 to 0.302 (Table 4). Linear 

regression analysis showed a negative correla-
tion between genetic diversity (H

e
) and altitude, 

genetic diversity decreased as altitude increased 
(F = 6.35; df = 1,5; P = 0.055; Fig. 2).

Population Genetic Structure

The AMOVA revealed at least 10 % genetic dif-
ferentiation among populations; 35% among in-
dividuals from each population and 54 % among 

individuals of total sample (Table 5). F
is
 and F

it
 

values were 0.393 and 0.456, respectively; and 
they were positively significant in 9,999 permu-
tations for the polymorphic loci (P < 0.0001). Ge-
netic differentiation (F

st
) value was 0.105, indi-

cating a moderate genetic differentiation among 
populations. Pairwise F

st
 statistics were signifi-

cantly different from zero, ranging from 0.02 to 
0.253 (Table 6). Linear regression analysis did not 
detect a significant relationship between genetic 
differentiation and geographic distance (Fig. 3).

Cluster analysis (UPGMA) showed low genetic 
distances between groups of populations, ranging 
from 0.017 to 0.043. This analysis revealed two 
groups (Fig. 4): one formed by the populations 
from Yucatán, Tamaulipas and Chiapas (genetic 

table 2. alleliC frequenCy of Six enzyMatiC loCi at 7 MexiCan populationS of AnAstrephA ludens. n, 
SaMple Size; n, allele (faSt = 1, Slow = 2 or 3); dgo, durango; ChiS, ChiapaS; Mor, MoreloS; yuC, 
yuCatán; taM, taMaulipaS; ver, veraCruz; and SLP, San luiS potoSí.

Locus Allele/n Dgo Chis Mor Yuc Tam Ver SLP

6PGDH N 26 20 40 36 20 40 34
1 1.0 0.950 0.900 0.917 0.875 0.763 0.706
2 0 0.050 0.100 0.083 0.125 0.238 0.294

GOT N 40 40 35 39 32 40 36
1 0.138 0.525 0.357 0.423 0.578 0.638 0.375
2 0.863 0.475 0.643 0.577 0.422 0.363 0.625

GPI N 40 39 40 40 32 40 36
1 1.0 1.0 1.0 1.0 1.0 1.0 1.0

MDH N 40 40 40 35 32 40 36
1 1.0 1.0 1.0 1.0 1.0 1.0 1.0

ME N 40 40 40 40 32 40 36
1 0.213 0.238 0.100 0.163 0.063 0.063 0
2 0.625 0.625 0.475 0.475 0.563 0.313 0.403
3 0.163 0.138 0.425 0.363 0.375 0.625 0.597

IDH N 40 40 40 40 32 40 36
1 0.225 0.225 0.713 0.263 0.359 0.550 0.278
2 0.725 0.688 0.263 0.563 0.484 0.325 0.514
3 0.050 0.088 0.025 0.175 0.156 0.125 0.208

table 3. χ2 (Chi-Square) StatiStiCS to teSt the hardy-weinberg equilibriuM for enzyMatiC loCi in MexiCan 
populationS of AnAstrephA ludens.

Enzymatic loci
State GPI MDH 6PGDH GOT ME IDH

Chiapas Fix Fix  20.0**  32.38**  9.90*  3.40NS

Morelos Fix Fix  40.0 **  16.61* 27.30**  10.47**
Yucatán Fix Fix  36.0**  1.75NS  6.46NS  11.40**
Veracruz Fix Fix  25.15**  28.07**  0.32NS  12.52**
San Luis Potosí Fix Fix  0.89NS  17.82**  0.34NS  15.59**
Tamaulipas Fix Fix  1.98NS  0.049NS  0.62NS  15.05**
Durango Fix Fix  Fix  32.01** 18.97**  7.71 NS

NS, not significant; *, P < 0.05; **, P < 0.01
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distance = 0.017), with the population from Du-
rango attached to this group (genetic distance = 
0.042). The other group was formed by the popu-
lations from Veracruz, San Luis Potosí and More-
los (genetic distance 0.043). The Bootstrap values 
were below 45% for all clusters; this indicates a 
low reliability of node or sluster formation (Fig. 
4).

The Bayesian approach indicated the probabil-
ity of 2 populations (cluster inferred) that could 
be represented by Tamaulipas and Durango. The 
other populations showed an admixture genome 
composition (Fig. 5).

diSCuSSion

Our study based on 4 polymorphic loci, suggests 
that populations of A. ludens had high levels of ge-
netic diversity (H

e
 ≥ 0.200) and moderate genetic 

differentiation (F
st 

= 0.105) (Hartl & Clark 1997). 
The H

e
 recorded values were greater than those 

reported for Anastrepha fraterculus Wiedemann 
(1830) from Brazil (mean H

e
 = 0.03; Morgante & 

Malavasi 1985) but lower than those found by Al-
berti et al. (2002) for that same species in Argentina 
(H

e
, 0.353 - 0.492). The Mexican populations of A. 

ludens showed a genetic diversity within the range 

Fig. 2. Regression analysis of expected heterozygosity (H
e
) at elevation (m) of sites occupied by populations of 

Anastrepha ludens in Mexico. Numbers on the graph are altitude (m asl) without transformation.

table 5. reSultS froM the analySiS of MoleCular varianCe (AMOVA) on 268 individualS froM 7 popula-
tionS of AnAstrephA ludens in MexiCo. SS, SuM of SquareS; p, teSt the hypotheSiS that the ob-
Served valueS were SMaller or equal to randoM valueS baSed on 9,999 perMutationS.

Source of variation d.f. SS
Variance 

component
% Variation 
explained

Inbreeding 
coefficient P

Among populations 6 62.26 0.117 10 F
st
 = 0.105 0.0001

Among individuals 261 365.21 0.395 35 F
st
 = 0.393 0.0001

Within individuals 268 163.50 0.610 54 F
st
 = 0.456 0.0001
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reported for Ceratitis capitata based on enzymes 
(from 0.022 to 0.48; Milani et al. 1989). Bonnizzoni 
et al. (2001) and Meixner et al. (2002) reported low-
er genetic diversity for C. capitata in California, but 
this is a case of an recently adventive species and 
this lower diversity can be explained as the bottle-
neck of the colonization process (Carey 2010).

A possible explanation for the high genetic 
diversity in A. ludens is its origin in Mexico. 

Ancestral populations tend to maintain high 
levels of genetic diversity and low genetic differ-
entiation (Gilchrist et al. 2006, 2012). Also, its 
demographic characteristics, such as large size 
populations and high fecundity rates (Leyva et 
al. 1991; Liedo et al. 1992; Carey et al. 2005), 
could contribute to overcome the loss of genetic 
diversity associated with genetic drift and natu-
ral selection.

table 6. pairwiSe f
St
 (genetiC differentiation) StatiStiC for MexiCan populationS of AnAstrephA ludens 

below of diagonal and nM (gene flow) valueS over the diagonal.

Populations Chis Mor Ver Yuc SLP Tam Dgo

Chis 1.002 1.084 2.982 1.653 10.87 3.325
Mor 0.200** 3.942 3.181 2.592 2.019 1.064
Ver 0.187** 0.060** 3.08 4.7 3.144 0.737
Yuc 0.077** 0.073** 0.075** 8.772 6.022 2.936
SLP 0.131** 0.088** 0.051** 0.028** 4.304 1.655
Tam 0.022* 0.110** 0.074** 0.040** 0.055** 1.983
Dgo 0.070** 0.190** 0.253** 0.078** 0.131** 0.112**

NS, no significant; *, P = 0.02; **, P = 0.01; P was calculated as the probability of a random value greater or equal to the observed 
data value in 1,000 permutations.

Fig. 3. Regression analysis of genetic differentiation F
st
/(1-F

st
) and log

10
 (km) of geographic distances separating 

the various populations.
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Inbreeding coefficients (F
is
 and F

it
) were positive, 

indicating a deficiency of heterozygotes, probably 
caused by nonrandom mating both within popula-
tions and among populations. High levels of average 
inbreeding were also found in A. ludens at a small-
er geographic scale in Chiapas (f = 0.682, R.M.L. 
unpublished data). Assortative mating is the most 
parsimonious explanation of high inbreeding coef-
ficients; however, some studies have documented an 
absence of assortative mating among populations 
of A. ludens (Orozco et al. 2007; Aluja et al. 2009). 
Nonrandom inverse frequency-dependent mating 
could also explain high inbreeding coefficients. The 
lek mating behavior of this species, where one domi-
nant male could account for a large fraction of the 
total number of matings (Burk 1981; Robacker & 
Hart 1985; Sivinski & Burk 1989), could explain our 
findings. Another possible cause of inbreeding could 
be that adults coming from the same fruit are likely 
to mate, as have been suggested for A. fraterculus 
(Alberti et al. 1999). The possibility of sex-linked lo-
ci and a sub-structuring of female and male popula-
tions may lead to an expected excess of homozygotes 
and deficiency of heterozygotes compared with Har-
dy-Weinberg proportions (Hedrick & Parker 1997). 
We did not detect significant differences in the al-
lelic frequencies of any loci between sexes, and a 
possible substructure cannot be revealed with the 
present data due to the small number of localities 
sampled in each State. The null alleles also could 
account for the excess of homozygotes.

We found moderate genetic differentiation (F
st
 

= 0.105) among populations and from moderate 
to high genetic differentiation in pairwise com-
parisons, which were done as suggested by Hartl 
& Clark (1997, page 118) for qualitative interpreta-
tion of F

st
 values. A similar pattern was observed 

in populations of A. ludens from northeast Mexico 
(Pecina-Quintero et al. 2009). The effect of gene 
flow on the population genetic structure depends 
on the species’ movement capacity and its ability 
to overcome geographic and ecological barriers. Iso-
lation due to distance is one of the most common 

and simple mechanisms to decrease gene flow. As 
distance between population increases, gene flow 
decreases to produce genetic differentiation (Slat-
kin 1994; Rousset 1997). Our results are not in 
agreement with this isolation-by-distance model, 
but we recognize that the samples from distant lo-
cations without intermediately located populations 
do not allow us to accurately estimate gene flow 
(Nm). However, their structure could be explained 
by their geographical origin. The populations from 
Veracruz, Morelos and San Luis Potosí showed little 
differentiation among them (F

st
 values ranged from 

0.050 to 0.088) and they conform to a group in the 
UPGMA analysis. The Bayesian approach showed 
that they have a similar genome content as in the 
2 inferred clusters, which is in partial agreement 
with the proposed ancestral origin of this species 
from the Morelos region in central Mexico (Plum-
mer et al. 1941).  The gene pool of the ancestral Mo-
relos populations would be expected to have much 
in common with those of the derived populations. 
This is supported by the fact that the Yucatan, Chi-
apas and Tamaulipas populations constituted a 
group slightly differentiated from the ancestral Mo-
relos population  and the population from Durango 
was further differentiated. The Bayesian approach 
also indicated Durango to be a single population. 
A genetic study of populations of northeast Mexico 
based on amplified fragment length polymorphism 
(AFLP markers) showed genetic differentiation be-
tween a population from San Luis Potosí and those 
from Tamaulipas and Nuevo Léon (Pecina-Quintero 
et al. 2009). Thus, we hypothesize a historical dis-
persion process from the Morelos region to Tamau-
lipas, where A. ludens could enlarge its population 
using its abundant host S. greggi (Plummer et al. 
1941; Hernández-Ortíz 1992; Baker et al. 1944), af-
terwards it moved to other parts of the country fa-
cilitated by human activities, such as the establish-
ment of Citrus crops, which in some cases covered 
large areas (Garcia-Dessommes 2009; SIAP 2009).

Our results do not rule out the possibility that 
populations distributed over a smaller geographic 
scale might have a genetic structure consistent 
with the isolation-by-distance model or relating 
to use of different host species, considering that 
the typical range of movement of this species is 
around 240 m (Thomas & Loera-Gallardo 1998; 
Hernández et al. 2007).

Genetic differentiation by natural selection and 
genetic drift has been reported for other tephritid 
species, such as C. capitata and A. fraterculus (Mor-
gante et al. 1985; Reyes & Ochando 1997, 1998; 
Alberti et al. 1999, 2002; Gilchrist et al. 2006). 
The variation in the presence and abundance of 
host species and the local climatic conditions may 
constitute a wide range of environments with se-
lectively distinct effects on A. ludens populations, 
and thereby promote genetic differentiation. The 
negative relationship found between altitude and 
genetic diversity (H

e
) could be the result of selec-

Fig. 4. UPGMA tree based on Nei’s genetic distance. 
The number at base (node) of each cluster is the boot-
strap probability based on 1,000 iterations.
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Fig. 5. Admixture analysis of Anastrepha ludens computed by Structure software 2.3.4 with K = 7. Each indi-
vidual is represented by a vertical line broken into K= 2 segments whose length is proportional to the estimated 
memberships in the 2 inferred populations or cluster.
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tion. The altitude factor itself is not selective, but it 
is associated with other factors that could exert se-
lection (Wang et al. 2008; Demirici et al. 2011). For 
example, temperature is known to influence de-
velopmental time and reproductive rates of many 
insect species, including tephritid fruit flies (Leyva 
1988; Fletcher 1989; Bale et al. 2002). Develop-
mental time and reproductive rates are important 
fitness components; their variation will invariably 
affect the genetic structure of populations. Other 
selective factors could be associated with the type, 
availability and nutritional quality of hosts, and 
the presence of natural enemies (Malavasi & Mor-
gante 1981; Carey 1984; Krainacker et al. 1987; 
Leyva et al. 1991; Aluja et al. 2003; Díaz-Fleischer 
& Aluja 2003; Silva et al. 2010). The relationships 
between genetic diversity, temperature, presence 
and abundance of host species and natural en-
emies remain unresolved.

Finally, genetic structure could be factored into 
pest management strategies. The Mexican Fruit 
Fly Campaign divides the national territory in 3 
pest management regions, according to fruit fly 
presence and population densities: (1) fruit fly free 
zones, (2) low prevalence zones, and (3) pest con-
trol zones (Fig. 1). Durango has a surface area of 
121,134.0 km2 of which 77.4% is fruit fly free and 
the rest (22.6%) is part of the low prevalence zone. 
San Luis Potosí comprises 62,450.0 km2 of which 
52.3% is fruit fly free, and 29.4% is part of the low 
prevalence zone, and the rest (18.3%) belongs to 
the areas under phytosanitary control. Tamaulip-
as comprises 136,063.4 km2 of which 82.7% is part 
of the low prevalence zone, and the rest (17.3%) 
belongs to the areas under phytosanitary control. 
The other 4 states (Chiapas, Yucatán, Morelos and 
Veracruz) belong to the areas under phytosanitary 
control. These categories represent different man-
agement strategies and fruit movement is only al-
lowed within areas of the same category (SENA-
SICA 2009). Thus there is a possibility that the 
gene flow patterns could be mediated by human 
activities (Oliver 2006).

To obtain a better understanding of the genetic 
diversity and structure of A. ludens populations, 
it will be necessary to sample the species entire 
geographical range. Sampling on a smaller geo-
graphic scale (hundreds of meters) and the use 
of nuclear DNA markers such as ITS or SSR (mi-
crosatelites), and mitochondrial DNA could con-
tribute to a better understanding of the pathway 
and intensity of genetic interchange among sub-
populations.
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