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Abstract The Anastrepha fraterculus (Wiedemann) (Diptera: Tephritidae) cryptic species complex is currently

composed of seven taxonomically recognized morphotypes. Both, pre- and post-zygotic isolation

has been documented among four of these morphotypes, revealing that in fact they appear to be dis-

tinct biological entities. In order to progress in the full delimitation of species within the complex, we

examined reproductive isolation between a Colombian population of the Andean morphotype and

populations belonging to four other morphotypes spanning from Mexico to Argentina. Flies from

theAndeanmorphotype exhibited strong pre-zygoticmating isolation through temporal partitioning

of mating activity. Post-zygotic isolation was observed for crosses of males of all morphotypes and

Andeanmorphotype females, yet most of the F1 hybrid♂ 9 F1 hybrid♀ self-crosses showed normal

levels of fertility, a finding suggesting a nuclear–cytoplasmic interaction according to previous stud-

ies. Overall, the Andean morphotype within the complex also appears to be a distinct biological

entity. We discuss the implications of these findings for the understanding of speciation mechanisms

in theNeotropical genusAnastrepha.

Introduction

The biological species concept (BSC) defines a species as a

group of actually or potentially interbreeding natural pop-

ulations, which are reproductively isolated from other

such groups (Mayr, 1942). Studying speciation of taxa

with sexual reproduction can therefore be approached

through the study of the evolution of reproductive isola-

tion (Coyne & Orr, 2004). It has been proposed that pre-

zygotic isolation tends to evolve faster than post-zygotic

reproductive isolation among sympatric than among allo-

patric species (Coyne & Orr, 1989, 1997), therefore exam-

ining the strength of different isolating barriers can shed

some light on speciation modes of a particular animal

group.

The South American fruit fly Anastrepha fraterculus

(Wiedemann) (Diptera: Tephritidae) has been found to be

a complex of at least seven cryptic species exhibiting subtle
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morphological and biological differences (Selivon et al.,

2005; Vera et al., 2006; Hern�andez-Ortiz et al., 2012; Rull

et al., 2013). There has been recent interest in delimitating

reproductive boundaries among morphotypes of the com-

plex, both for applied and fundamental scientific reasons.

From an applied perspective, identifying reproductively

isolated morphotypes is critical for an efficient application

of the sterile insect technique (SIT) (Cayol et al., 2002;

Rull et al., 2012) and, because differentmorphotypes exhi-

bit different host affiliations (Aluja et al., 2003), it is also

important when establishing scientifically based trade

restrictions and quarantine treatments for fresh fruit

imports (Aluja & Mangan, 2008). From a theoretical per-

spective, examining reproductive isolation among recently

evolved morphotypes can contribute in particular to

explain tropical fruit fly diversity (Segura et al., 2011;

Oro~no et al., 2013; Rull et al., 2013) and in general to pro-

vide empirical support for establishing the relative impor-

tance of pre- and post-zygotic barriers during speciation

(Coyne &Orr, 2004).

There have been previous efforts to explore the exis-

tence and strength of reproductive barriers among mor-

photypes of the A. fraterculus species complex. A

reduction in egg hatch and F1 sex ratio distortion for

heterotypic crosses between adults of the Brazil-1 and

Brazil-2 morphotypes was observed by Selivon et al.

(1999) and later corroborated in studies examining

other biological differences (Selivon et al., 2005). In

contrast, no pre- or post-zygotic (Petit-Marty et al.,

2004a,b) isolating barriers were found among popula-

tions of A. fraterculus within Argentina, which all

belong to the Brazil-1 morphotype (Alberti et al.,

2002). These findings were extended to include Brazil-

ian populations south of Sao Paulo (Rull et al., 2012),

allowing delimitation of this morphotype’s range and

corroboration of reproductive compatibility among

populations from central Argentina to southern Brazil.

In a study encompassing several populations, Vera et al.

(2006) found mating discrimination and differences in

the timing of mating activities among flies of the An-

dean, Brazil-1, and Peruvian morphotypes. C�aceres

et al. (2009) examined in detail pre- and post-zygotic

isolation between the Brazil-1 (from Argentina) and

Peruvian morphotypes confirming Vera et al. (2006)

findings and also documenting low egg hatch for the

cross of Peruvian males and Brazil-1 females. More

recently, Rull et al. (2013) found strong pre- and post-

zygotic isolation among Mexican, Brazil-1, and Peru-

vian morphotypes. Collectively, all of the previously

identified morphotypes of the A. fraterculus species

complex that have been examined (four out of seven)

display some degree of reproductive isolation among

themselves.

Pre-zygotic isolation has been found to occur through

either temporal partitioning of mating activity (flies of dif-

ferent morphotypes mate at different times of the day) or

strong mating discrimination resulting in marked (and

sometimes complete) assortative mating (Vera et al.,

2006; C�aceres et al., 2009; Rull et al., 2013). Mating

discrimination is mediated from a distance by differences

in male pheromone composition (C�aceres et al., 2009;

Br�ızov�a et al., 2013) and also perhaps, after male–female

contact is established, through differences in cuticular

hydrocarbon composition that result in female resistance

to copulation after mounting (Rull et al., 2013). Although

there are differences in mating duration among morpho-

types (Vera et al., 2006; Rull et al., 2013), such differences

are not influenced bymale origin, do not result in differen-

tial sperm transfer, and do not influence female remating

propensity or the duration of the refractory period (Abra-

ham et al., 2014).

All of the examined morphotypes display some degree

of post-zygotic (postcopulatory) isolation. In general, het-

erotypic crosses in one male–female direction result in a

reduction of F1 egg hatch, which vary in degree (Selivon

et al., 1999, 2005; C�aceres et al., 2009; Rull et al., 2013)

and some morphotypes have been found to carry Wolba-

chia infections (Selivon et al., 2002; C�aceres et al., 2009;

Coscrato et al., 2009; Marcon et al., 2011). Also, hybrid

crosses in one direction between adults of some morpho-

types have been found to produce an F1 female-biased

progeny (Selivon et al., 1999). Hybrids between morpho-

types produce different and unique blends of male sex

pheromone (C�aceres et al., 2009) to which hybrid females

preferentially respond (Segura et al., 2011) and, finally,

per cent egg hatch of hybrid self-crosses appears to be

restored to levels similar to those recorded for homotypic

parental crosses (C�aceres et al., 2009).

Overall, pre-zygotic isolation has been found to be

stronger than post-zygotic isolation among morphotypes

of theA. fraterculus species complex. Even when some het-

erotypic crosses are very infrequent, F1 hybrids are viable

and can be backcrossed with parentals, suggesting that

hybridization could be a component, along with host plant

chemistry, of a speciation mode explaining radiation of

the group (Segura et al., 2011; Oro~no et al., 2013). This

pattern may indicate, according to findings for Drosophila

(Coyne & Orr, 1989, 1997), that the A. fraterculus species

group is undergoing rapid radiation and that this process

may have been triggered in sympatry (pre-zygotic isolation

through reinforcement evolves faster among sympatric

taxa).

Speciation inAnastrepha fraterculus 239



Here, we explore pre- and post-zygotic isolation

between A. fraterculus of the Andean morphotype

(Colombia) and adults belonging to four distinct morpho-

types: Brazil-1 (Argentina), Brazil-3 (Parnamirim), Mexi-

can, and Peruvian. According to patterns unveiled during

previous studies, we expected to find reproductive isola-

tion for all mating combinations involving the Andean

morphotype, with strong pre-zygotic isolation and some

degree of post-zygotic incompatibility.

Materials and methods

Biological material

Flies from the Andean morphotype were obtained from a

laboratory colony originally established from infested cof-

fee berries (Coffea arabica L.) and reared for research pur-

poses at the Laboratorio de Entomolog�ıa in the

Universidad del Tolima in Ibagu�e, Colombia, since 2005.

The colony is refreshed with field-collected flies on an

annual basis. Flies from the Mexican morphotype were

obtained from naturally infested peaches [Prunus persica

(L.) Batsch] in the vicinity of Xalapa, Veracruz, Mexico

(19°320N, 96°550W), in July 2012. Flies from the Brazil-3

morphotype were obtained from infested guava (Psidium

guajava L.) in the locality of Parnamirim, Rio Grande do

Norte, Brazil (05°54057″ S, 35°15046″ W), in March 2012.

Flies from the Brazil-1 morphotype were obtained from a

laboratory colony originally established in 1997 from

infested guavas in the locality of Yerba Buena, Tucum�an,

Argentina (26°4805″S, 65°9050″W). And flies from the

Peruvian morphotype were obtained from a colony held at

La Molina mass rearing facility since 2002, originally col-

lected from infested cherimoyas (Annona cherimola

Miller) in La Molina, south-eastern Lima, Peru (12°00003″
S, 76°57000″W). Collection sites are shown in Figure 1. All

flies were shipped as pupae to the Entomology Unit, FAO/

IAEA Agriculture and Biotechnology Laboratory, in Sei-

bersdorf, Austria, and maintained according to methods

described by Rull et al. (2012) until experiments. Before

testing, flies were sexed upon adult emergence and held in

separation until sexual maturity (males: 10–25 days old;

females: 15–25 days old) in cylindrical Plexiglas cages with

free access to water and a diet consisting of wheat germ,

hydrolysed yeast, and sugar at a 1:1:3 ratio.

Pre-zygotic isolation

For pre-zygotic isolation tests, 20 sexually mature virgin

males and 20 sexuallymature virgin females of the Brazil-1,

Xalapa, México

Ibagué, Colombia

La Molina, Perú

Yerba Buena, Argentina

Northwestern 
South America

Mesoamerica

Paranaense

Chacoan

Amazonian

Andean

Parnamirim, Brazil

Figure 1 Collection sites ofAnastrepha

fraterculus flies of theMexican (Xalapa,

Mexico), Andean (Ibagu�e, Colombia),

Brazil-3 (Parnamirim, Brazil), Peruvian

(LaMolina, Peru), and Brazil-1 (Yerba

Buena, Tucum�an, Argentina)

morphotypes. Collection sites were

highlighted on amap showingmajor

biogeographic areas according toMorrone

(2006) andmodified byHern�andez-Ortiz

et al. (2012).
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Andean, Mexican, and Peruvian morphotypes were

marked on the notothorax with a distinctive dot of vinyl

paint according to fly origin. No adults of the Brazil-3

morphotype were available for these tests. Flies were held

in a dark room at 20 °C overnight and taken into a green-

house at 26 °C, 65% r.h., around 08:30 hours. Within the

greenhouse, 20 marked males of the Andean morphotype

and 20 marked males of either the Brazil-1, Mexican, or

Peruvian morphotype were released inside a cylindrical

(2 m high, 3 m diameter) field cage containing a potted

citrus tree (2 m high, 1.2 m canopy diameter) in its centre.

After 15 min, 20 females from the Brazil-1, Mexican, or

Peruvianmorphotypes and 20 females of the Andeanmor-

photype were released in the cages. Thereafter, mating

couples were gently placed in a plastic transparent vial and

immediately labelled with a permanent marker. The time

at which the mating pair was detected as well as the colour

mark of each sex were recorded. The vials containing cou-

ples were continuously inspected until flies disengaged

and the copulation ending time was noted. Observations

were carried out from 08:30 to 19:00 hours. Five replicates

were performed for the Brazil-1–Andean combination,

four for the Mexican–Andean combination, and two for

the Peruvian–Andean combination.

Post-zygotic isolation

To assess the degree of post-zygotic isolation between the

Andean and the Brazil-1, Brazil-3, Mexican, and Peruvian

morphotypes, 10 sexually mature males and 10 sexually

mature females of the four possible mating combinations

[two pure parental crosses and hybrid crosses in both

directions (reciprocal)] were placed inside cylindrical

Plexiglas cages (45 cm high, 20 cm diameter) and were

provided with water and adult diet. Flies were left in cages

for 2 days and allowed to copulate (copulations were

observed in all cages). Three cages were set up for every

possible homotypic and Andean heterotypic combination

(this resulted in 39 cages considering that only three cages

of the Andean–Andean combination were set up).

An artificial egg-laying device, consisting of the bottom

of a 10-cm-diameter Petri dish in which a ca. 9-cm-diame-

ter hole was cut and covered with a piece of cloth that had

been previously lined with a thin layer of black silicone,

was placed on top of each cage. The device was filled with

water to prevent dehydration of eggs. Eggs were recovered

every 48 h using a Pasteur pipette, lined over a piece of

black filter paper which was later placed over moist cotton

inside a clean Petri dish. The eggs laid were counted and

incubated under a dark cloth. After 2 days, the filter paper

was transferred to a Petri dish with larval diet and left for a

total of 6 days when egg hatch was recorded. For every

cage, four egg collections of at least 30 eggs were made.

In the case of crosses involving Andean females, which

had been selected to lay eggs on red wax domes placed on

the bottom of laboratory cages, such devices had to be

used. Red wax domes were also exposed for 48 h, after

which period eggs were removed from domes with a paint

brush aligned over a Petri dish and treated in an identical

manner as eggs recovered from upper-cage egg-laying

devices.

F1 sex ratio and viability

Each Petri dish containing diet with F1 larvae was left

inside a plastic container with a tight sealing lid using ver-

miculite as pupation substrate. Larvae refraining from

leaving the diet were gently transferred in the vermiculite

to force pupation. One hundred pupae of every possible

combination were placed in a Plexiglas cage to record

adult emergence and calculate sex ratios. Emerging adults

were allowed to mature sexually and mate with each other

(i.e., F1♂ 9 F1♀), and egg-laying devices were placed on

top of cages to verify viability (fertility/egg hatch) of the F1

progeny using similar methods as those described

above for homo- and heterotypic crosses of parental

morphotypes.

Statistical analysis

Pre-zygotic isolation. The total number of copulations in

field cages was compared among male–female mating

combinations using Kruskal–Wallis tests. In the case of

the Andean–Peruvian combination total number of

copulations per replicate per mating combination was

compared to a uniform distribution of male–female

mating combinations using a v2 test (only two replicates

could be performed). Latency to mate and duration of

copulations were compared between Brazil-1 and

Andean morphotypes using a Mann–Whitney U-test

(there were no heterotypic matings). In the case of the

Mexican–Andean and Peruvian–Andean combinations,

latency to mate and duration of copulations were

compared using Kruskal–Wallis tests. All analyses were

carried out using STATISTICA, version 7 (Statsoft,

Tulsa, OK, USA).

Post-zygotic isolation. Mean per cent egg hatch was

compared among all possible male–female mating

combinations between the Andean and either the Brazil-1,

Mexican, Peruvian, or Brazil-3 morphotypes using one-

way ANOVAs on arcsin√x-transformed proportions. Sex

ratio of F1 adults was compared to a 1:1 ratio using a v2

homogeneity test. Finally F1 9 F1 egg hatch of all male–
female mating combinations was contrasted against a

uniform distribution of egg hatch with a v2 homogeneity

test.
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Results

Pre-zygotic isolation

Mating compatibility. There were significant differences

in total number of copulations among the four possible

male–female combinations of Brazil-1 and Andean

morphotypes (H = 17.45, d.f. = 3, P<0.01; n = 20); in

fact there were no heterotypic copulations recorded for

this morphotype combination (Figure 2A). For the

Mexican–Andean combination, there was also a

significantly higher number of homotypic than

heterotypic copulations (H = 11.96, d.f. = 3, P<0.01;
n = 16) (Figure 2B). In the case of the Peruvian–Andean
morphotype combination, the v2 test revealed significant

deviations from random mating (homogeneous total

copulations for all four possible male–female

combinations) (v2 = 30.69, d.f. = 3, P<0.01), with more

homotypic than heterotypic copulations (Figure 2C).
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Figure 2 Mean (� SE) number of

copulations per replicate per male–female

mating combination for adultAnastrepha

fraterculus flies of the Andean (And) and

(A) Brazil-1, (B)Mexican, and (C)

Peruvian morphotypes (Morph).

Table 1 Mean (� SE) latency to mate (min) for all possible male–female mating combinations between flies of the Anastrepha fraterculus

Andeanmorphotype (And) and flies of the Brazil-1,Mexican, or Peruvianmorphotype (Morph). Sample sizes in parenthesis

Mating combination

Morphotype And♂ 9 And♀ Morph♂ 9 And♀ And♂ 9 Morph♀ Morph♂ 9 Morph♀

Brazil-1 489.7 � 6.01a (30) – – 21.7 � 4.04b (27)

Mexican 457.71 � 10.2a (39) 207b (1) 165b (1) 82.2 � 13.1b (38)

Peruvian 476.36 � 20.11a (11) 481.5 � 27.7a (4) 315 � 82ab (4) 162.6 � 25.2b (27)

Means within a row followed by different letters are significantly different [Mann–Whitney (Brazil-1) and Kruskal–Wallis test: P<0.05].
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Latency to mate. Flies from the Andean morphotype

mated significantly later than flies from the Brazil-1

morphotype (Z = 6.47, P<0.001; Table 1). For the

Mexican–Andean combination significant differences in

latency to mate among the four male–female mating

combinations were detected (H = 59.03, d.f. = 3,

P<0.001; n = 79), with flies from the Andean morphotype

mating later than Mexican flies (Table 1). For the

Peruvian and Andean combinations, there were also

significant differences in latency to mate among the four

possible male–female mating combinations (H = 27.41,

d.f. = 3, P<0.001; n = 46) with flies from the Andean

morphotype mating substantially later than Peruvian flies

(Table 1).

Duration of copulation. On average, Andean homotypic

matings lasted shorter than homotypic Brazil-1 matings

(Z = 4.51, P<0.001; Table 2). For the Mexican–Andean
morphotypes no differences were found in mating

duration among male–female mating combinations

(H = 3.74, d.f. = 2, P = 0.15; n = 73) (Table 2).

Similarly, there were no differences in mating duration

among male–female combinations of Andean and

Peruvian flies (H = 4.33, d.f. = 3, P = 0.23; n = 45)

(Table 2).

Post-zygotic isolation

A one-way ANOVA on arcsin√x-transformed proportions

revealed no significant differences in egg hatch among the

four Brazil-1–Andean male–female mating combinations

(F3,8 = 2.72, P = 0.11; Table 3). The cross of Mexican

males and Andean females yielded significantly lower per

cent of egg hatch than the Mexican homotypic cross

(F3,6 = 8.19, P = 0.015; Table 3). The Peruvian

male 9 Andean female cross produced significantly lower

percentages of egg hatch than both homotypic crosses

(F3,8 = 7.48, P = 0.010; Table 3). Similarly, Brazil-3

males 9 Andean females produced significantly lower

percentages of egg hatch than the homotypic cross of Bra-

zil-3 flies (F3,8 = 7.32, P = 0.011; Table 3).

F1 sex ratio and viability

There was no significant deviation from a 1:1 sex ratio for

any of the F1 9 F1 self-crosses (v2 = 0.83, d.f. = 1,

P = 0.99) and although all of them were viable (adults

were interfertile), there were significant differences in

mean per cent egg hatch (v2 = 68.54, d.f. = 11, P<0.01;
Figure 3). Specifically, the Andean 9 Andean, Bra-

zil-1 9 Andean, and Brazil-3 9 Andean mating

combinations had lower egg hatch than average, whereas

the Andean 9 Peruvian and Andean 9 Brazil-3 had

higher egg hatch than average.

Discussion

Reproductive isolation between flies from the Andean

morphotype and four other morphotypes within the

A. fraterculus complex was found acting both at the pre-

and post-zygotic level. Pre-zygotic isolation was strong

(and sometimes complete) and this was mainly the result

of differences in the timing of mating activity: adults of the

Brazil-1, Mexican, and Peruvian morphotypes became

sexually active in the morning/noon, whereas those of the

Andean morphotype did so late in the afternoon. When

forced to copulate at high densities, all mating combina-

tions produced fertile hybrids; however, egg hatch was

reduced in the case of Andean females that mated with

males from other morphotypes. There was no distortion

of sex ratio for hybrid progeny and F1 adults were viable

and frequently displayed higher fertility levels than the

parental hybrid cross.

Marked differences in the timing of mating activities of

Andean A. fraterculus compared to common mating pat-

terns within the A. fraterculus complex (early morning or

mid-day) could have evolved in response to selection

against maladaptive hybridization in sympatry (Butlin,

1987). However, it is unlikely that selection pressure for

differences in diel rhythm emerged from coexistence with

the testedmorphotypes ofA. fraterculus, which are all allo-

patric to the Andeanmorphotype (Hern�andez-Ortiz et al.,

2012). In fact, differences in the timing of mating activity

Table 2 Mean (� SE) duration of copulation (min) between flies of the Anastrepha fraterculus Andean (Colombia; And) morphotype and

flies of the Brazil-1 (Argentina), Mexican, or Peruvianmorphotype (Morph). Sample sizes in parenthesis

Mating combination

Morphotype And♂ 9 And♀ Morph♂ 9 And♀ And♂ 9 Morph♀ Morph♂ 9 Morph♀

Brazil-1 25.3 � 2.8a (30) – – 56.4 � 5.5b (27)

Mexican 50.8 � 5.7a (39) 5a (1) – 58.2 � 4.8a (38)

Peruvian 38.8 � 6.5a (11) 38.2 � 5.1a (4) 19.8 � 4.6a (4) 35.07 � 3.6a (27)

Means within a row followed by different letters are significantly different [Mann–Whitney (Brazil-1) and Kruskal–Wallis test: P<0.05].
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among sympatric species in the A. fraterculus species

group, such of Anastrepha zenildae Zucchi, Anastrepha so-

rorcula Zucchi, Anastrepha obliquaMacquart, and A. frat-

erculus have been recently documented in Brazil (De

Almeida et al., 2011). Similarly, Anastrepha schultzi Blan-

chard and A. fraterculus morphotype Brazil-1 coexist in

northern Argentina, both exploiting native walnuts and

guavas (Schliserman et al., 2004) and exhibiting marked

differences in the time of mating activity (J Rull, S Ovruski

& P Schliserman, unpubl.).

The Andean morphotype of A. fraterculus in Colombia

is sympatric with Anastrepha distincta Greene, A. sororcu-

la, and A. obliqua (Casta~neda et al., 2010), three closely

related species of the A. fraterculus group (Santos et al.,

2001; Smith-Caldas et al., 2001). Among these sister spe-

cies, it is known that A. obliqua has a peak of mating activ-

ity early in the morning (Aluja et al., 2000) whereas there

is no published information on mating behaviour of the

other species. Reproductive isolation through temporal

partitioning of mating activity among allopatric A. frater-

culus morphotypes may therefore be the by-product of

selection against maladaptive hybridization on adults of

the Andean morphotype and local guilds of sympatric

sister species with spatial overlap.

Smith-Caldas et al. (2001) reported strong molecular

divergence between geographically connected A. fratercu-

lus populations at low (Caracas, Venezuela) and high

(Merida, Venezuela) elevations. Flies from the highlands

of Colombia and Venezuela belonging to the Andeanmor-

photype exploit, among other hosts, large extensions of

coffee (Nu~nez et al., 2004; Casta~neda et al., 2010), whereas

flies from the Venezuelan morphotype (one of the least

studied morphotypes in the complex)—which probably

extend to the Caribbean lowlands of both countries and

appear to be parapatric with the Andean morphotype—
exploit other hosts such as tropical almonds and guava

(Hern�andez-Ortiz & Morales-Valles, 2004). Under such a

scenario, differences in host plant chemistry could contrib-

ute to morphotype divergence (Oro~no et al., 2013), and

reproductive isolation could have been reinforced in a

contact zone at mid elevation. Comparing the degree of

reproductive isolation in the contact zone and at the

extremes of their distribution, as it has been done between

allopatric and sympatric populations of sister species of

Drosophila (Noor & Ort�ız-Barrientos, 2006), could reveal

whether or not divergence of these twomorphotypes is the

result of reinforcement. Studying host affiliation, diel

rhythms, and mating isolation among parapatric

Table 3 Mean (� SE) egg hatch (%) for all possible male–female crosses between the Anastrepha fraterculus Andean morphotype (And)

and flies of the Brazil-1, Brazil-3, Mexican, or Peruvianmorphotypes (Morph)

Mating combination

Morphotype And♂ 9 And♀ Morph♂ 9 And♀ And♂ 9 Morph♀ Morph♂ 9 Morph♀

Brazil-1 0.59 � 0.04a 0.47 � 0.10a 0.51 � 0.09a 0.75 � 0.04a

Mexican 0.59 � 0.04ab 0.25 � 0.12b 0.49 � 0.10ab 0.76 � 0.04a

Peruvian 0.59 � 0.04a 0.08 � 0.05b 0.39 � 0.18ab 0.73 � 0.07a

Brazil-3 0.59 � 0.04ab 0.30 � 0.03b 0.62 � 0.13ab 0.81 � 0.04a

Means within a row followed by different letters are significantly different (ANOVA: P<0.05).
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Figure 3 Mean (+ SE) egg hatch (%) for

F1♂ 9 F1♀ crosses of parental male–
female homotypic and heterotypic mating

combinations between Anastrepha

fraterculus flies of the Andean (And)

morphotype and either the Brazil-1

(Br-1), Mexican (Mex), Peruvian (Per),

or Brazil-3 (Br-3) morphotypes.
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morphotypes and among sympatric sister species across

elevation gradients in Colombia could contribute to our

understanding of how mating patterns evolve under selec-

tion against maladaptive hybridization.

Finally, differences in the timing of mating activities

could be the result of inhabiting environments that differ

in physical attributes such as humidity, light intensity,

temperature, vegetation structure, and guild of predators,

which have all been shown to influence fruit fly mating

behaviour (Hendrichs & Hendrichs, 1990; Hendrichs

et al., 1994; Aluja et al., 2000). Therefore, the timing of

mating activity of the Andean morphotype could have

evolved as a response to local environmental conditions,

given that the coolest part of the day in the Colombian

highlands occurs early in the morning and late in the

afternoon.

In the case of post-zygotic isolation, the cross of Peru-

vian, Mexican, and Brazil-3 males with Andean females

resulted in lower egg hatch than homotypic mating

combinations. However, the few obtained F1 adults were

viable and laid eggs that hatched normally. C�aceres et al.

(2009) reported similar findings for the cross of Brazil-1

females and Peruvian males, concluding that low egg

hatch in the parental cross may be the result of major

karyotypic differences between morphotypes that trans-

lated into large asynaptic areas in the hybrids. They fur-

ther conclude that a nuclear–cytoplasmic interaction

may be at play because the cross of identical genotypes

(F1 9 F1) did not result in reduced egg hatch. We

detected very similar patterns between the Andean mor-

photype and the four other A. fraterculus morphotypes

(Mexican, Brazil-1, Brazil-3, Peruvian). Some morpho-

types of the A. fraterculus species complex have been

found to carry single and even double infections of Wol-

bachia (Selivon et al., 2002; C�aceres et al., 2009; Coscra-

to et al., 2009; Marcon et al., 2011), although several

morphotypes have not been examined yet. Post-zygotic

isolation patterns in our study could be suggestive of

cytoplasmic incompatibility due to Wolbachia, a hypo-

thesis that could be corroborated by screening flies from

the morphotypes evaluated here. Altogether, our results

suggest that the A. fraterculus Andean morphotype is a

distinct biological entity.

It is important to highlight the fact that our methodol-

ogy, largely based on the BSC, is a useful tool for cryptic

species delimitation within the A. fraterculus species

group. Indeed, geographically isolated populations

belonging to the same morphotype display similar mating

patterns, random mating, and reproductive compatibility

(Petit-Marty et al., 2004a,b; Rull et al., 2012), whereas

populations belonging to different morphotypes show

partial, and even complete, pre-zygotic reproductive

isolation (Vera et al., 2006; C�aceres et al., 2009; Rull et al.,

2013), asymmetrical post-zygotic isolation (Selivon

et al.,1999,2005; C�aceres et al., 2009; Rull et al., 2013),

and sex ratio distortion (Selivon et al., 1999; C�aceres et al.,

2009). Collective evidence indicates that all of the

morphotypes identified with taxonomic techniques

(Hern�andez-Ortiz et al., 2012) tested so far are distinct

biological species. Comparatively, similar methods have

been applied to delimit putative cryptic species in the Bac-

trocera dorsalis (Hendel) complex, but yielded opposite

results, with two cryptic species displaying full pre- and

post-zygotic compatibility (Schutze et al., 2012, 2013).

Santos et al. (2001) examined post-zygotic isolation

among three distinct species in the A. fraterculus group

(A. sororcula, A. obliqua, and A. fraterculus) and found

that some interspecific crosses did not yield offspring at all

and others produced marked distortions in sex ratio (only

females). These results, coupled with our findings, suggest

that post-zygotic isolation among cryptic species in the

A. fraterculus group is at an early evolutionary state and

should become stronger over time and also that pre-zygo-

tic isolation evolved faster within the complex than post-

zygotic isolation. In fact, in our study the highest level of

pre-zygotic isolation was recorded between flies from the

Andean and Brazil-1 morphotypes. However, when

females from the Andean morphotype were forced to cop-

ulate with males from the Brazil-1 morphotype, the per-

centage of egg hatch was comparable to that of homotypic

crosses. According to Coyne & Orr (1989, 1997) such a

pattern is suggestive of sympatric speciation events.

Further, exploration of reproductive isolation between

sister species pairs in the A. fraterculus species group may

aid in understanding speciation mechanisms in tropical

Anastrepha spp.

From an applied perspective, our results stress the

importance to delimit the extent of the geographical range

of different A. fraterculus morphotypes, given that they

exhibit differences in host plant affiliations that have

strong implications on commercial exchange of fresh fruit

(Aluja et al., 2003). Additionally, efficient application of

area-wide management schemes such as the SIT require

that mass-reared strains released in a particular area

belong to the same morphotype as wild populations caus-

ing economic damage to fruit production (Rull et al.,

2012), a factor that becomes highly relevant considering

the magnitude of pre-zygotic isolation among morpho-

types revealed here.

So far, only the Venezuelan and Brazil-2 morphotypes

remain to be tested for reproductive isolation. However,

the A. fraterculus group as a whole may still contain sub-

stantial hidden diversity. For example, Ludue~na et al.

(2010) reported a distinct clade in the Ecuatorian Andes,
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whereas Ruiz-Arce et al. (2012) revealed the existence of

six genetically distinct populations of A. obliqua among

which the magnitude of differences warrants taxonomic

revision. This recent and rapid differentiation renders the

A. fraterculus species group a potential model for the

understanding of divergence in tropical frugivorous

insects but also renders management of pest species a

highly complex task.
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