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Introduction

Speciation occurs as a result of the evolution of

reproductive isolation between populations (Dobzhan-

sky, 1937; Coyne & Orr, 2004). Even though the link

between reproductive isolation and speciation is old, it

is only recently that studies have addressed how

patterns of reproductive isolation are informative for

the speciation process (e.g. Coyne & Orr, 1989; Rundle

& Whitlock, 2001; Fry, 2003; Nosil, 2009). Patterns of

reproductive isolation can be instrumental to our

understanding of two fundamental questions in the

study of speciation: (a) Is speciation possible in the face

of gene flow? (b) Does speciation result from ecological

specialization? These questions translate into the dichot-

omies allopatric vs. sympatric speciation (e.g. Via, 2001)

and mutation-order vs. ecological speciation (Schluter,

2009) respectively.

Prezygotic isolation refers to all barriers that prevent

interbreeding between species. The occurrence of strong

prezygotic isolation between species pairs, relative to

post-zygotic isolation, is generally associated with a

speciation process taking place at least partially in

sympatry (Coyne & Orr, 1989, 2004; Presgraves, 2002).

This includes both sympatric speciation and reinforce-

ment of an isolation process that has initiated in

allopatry. Indeed, only whenever two (incipient) species

meet is selection expected to lead to the avoidance of

heterospecific mating events. Several factors may con-

tribute to prezygotic isolation, namely assortative mating,

mechanical incompatibility of the genital organs and

temporal or spatial avoidance of the other species’

(micro)habitat. Avoidance of the other species’ habitat

may contribute to ecological specialization, as each

species will be exposed to a particular habitat more often

than to others (Whitlock, 1996). Conversely, ecological

specialization of two populations or species on different

hosts may lead to the divergent evolution of habitat

choice (Caillaud & Via, 2000; Berlocher & Feder, 2002;

Nosil, 2007). Hence, a prezygotic isolation based on

differential habitat choice is evidence for ecological

speciation.

Post-zygotic isolation, the reduced fitness of hybrids,

can be ‘intrinsic’ or ‘unconditional’ whenever hybrids are

unfit irrespective of the environment, or ‘extrinsic’ or

‘ecologically dependent’ if hybrid fitness depends on the
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Abstract

Knowledge on interspecific pre- and post-zygotic isolation mechanisms

provides insights into speciation patterns. Using crosses (F1 and backcrosses)

of two closely related flea beetles species, Altica fragariae and A. viridicyanea,

specialized on different hosts in sympatry, we measured: (a) the type of

reproductive isolation and (b) the inheritance mode of preference and host-

specific performance, using a joint-scaling test. Each species preferred almost

exclusively its host plant, creating strong prezygotic isolation between them,

and suggesting that speciation may occur at least partly in sympatry.

Reproductive isolation was intrinsic between females of A. fragariae and either

A. viridicyanea or F1 males, whereas the other crosses showed ecologically

dependent reproductive isolation, suggesting ecological speciation. The genetic

basis of preference and performance was at least partially independent, and

several loci coded for preference, which limits the possibility of sympatric

speciation. Hence, both ecological and intrinsic factors may contribute to

speciation between these species.
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environment where crosses occur (Rice & Hostert, 1993;

Rundle & Whitlock, 2001; Coyne & Orr, 2004). Ecolog-

ically dependent post-zygotic isolation is a result of

populations becoming specialized in a subset of the

environment used by the species (Rundle & Whitlock,

2001; Rundle, 2002). Hence, whereas intrinsic post-

zygotic isolation can result from both ecological and

mutation-order speciation, the occurrence of ecologically

dependent isolation is a hallmark of ecological speciation

(Rundle & Whitlock, 2001; Schluter, 2009). Whereas

post-zygotic mutation-order isolation relies on slow

stochastic divergence, ecological isolation, based on

genotype-by-environment interactions, can become

established within few generations (Schluter, 2009).

Hence, ecological speciation is more resilient to the

occurrence of gene flow between populations. Therefore,

sympatric speciation is usually the result of ecological

isolation mechanisms (Schluter, 2001, 2009).

The likelihood of sympatric speciation is also contin-

gent on the genetic architecture of specialization traits

(Fry, 2003). Indeed, the more the traits determining

habitat or mate preference and performance are genet-

ically linked, the higher the likelihood of sympatric

speciation. In addition, for a given difference in perfor-

mance between specialized populations, sympatric spe-

ciation is more likely as the number of loci determining

preference and performance decreases (Fry, 2003). This

effect is stronger when host choice occurs mostly in the

adult stage, hence when selection precedes host choice

(Fry, 2003). Although it is as yet premature to generalize,

a few studies have indeed shown that reproductive

isolation achieved in sympatry is associated with few loci

coding for the behavioural choice phenotypes (Via &

Hawthorne, 2002; Munday et al., 2004; Rogers &

Bernatchez, 2007). Hence, knowledge of the genetic

architecture of specialization traits is instrumental to the

understanding of speciation mechanisms.

Host plant specialization is widespread among phy-

tophagous arthropod species (Futuyma & Moreno, 1988;

Jaenike, 1990; Nosil, 2002). Even within a single

arthropod species, populations are often specialized on

a particular host plant. Hence, generalist species can be a

congregation of specialized host races (Jaenike, 1981;

Dres & Mallet, 2002; Magalhães et al., 2007). As different

host species often co-occur, specialization and possibly

speciation may take place in sympatry. In addition to this

privileged natural situation, arthropods are frequently

short lived and easily amenable to experimentation such

as performing line crosses. Therefore, phytophagous

arthropods are an excellent group to address speciation

mechanisms.

In this article, we aim to test hypotheses concerning

the speciation mechanism in two phytophagous flea

beetles, Altica fragariae (Nakane) and Altica viridicyanea

(Baly) (Coleoptera: Chrysomelidae: Alticinae), which

occur mostly in sympatry (Yu et al., 1996). Molecular

phylogenetic analyses based on mitochondrial DNA

sequence data have shown that these species are closely

related (Kimura two-parameter distance 0.0303) (Zhai

et al., 2007). Altica viridicyanea feeds exclusively on

Geranium nepalens (Sweet) (Geraniaceae), whereas

A. fragariae feeds on several plants belonging to the

Rosaceae, among which the most common is Duchesnea

indica (Andrews) (Yu et al., 1996; Wang et al., 2005; Xue

& Yang, 2007; Xue et al., 2009). Each species also prefers

the host plant where it performs better. As populations of

each species occur on their respective host plant in

sympatry, sympatric speciation resulting from divergent

host plant adaptation is a possible scenario. To test this,

we made crosses and backcrosses between these species

on each host plant, in order to: (a) distinguish among

reproductive isolation modes and (b) determine the

genetic basis of preference and performance.

Materials and methods

Insects and plants

More than 40 over-wintered adults of A. viridicyanea and

of A. fragariae were collected from field populations living

on their respective host plants at Badaling Forestry

Centre (40.3�N, 116.0�E) of Beijing, in the spring of

2007. In the laboratory, cultures of these insects were

maintained in their native host plants in growth cham-

bers at 16 h : 8 h LD and 25 �C. The flea beetles

complete their life cycles within 30 days under climate-

controlled conditions (16 h : 8 h LD and 25 �C). Plants

were transplanted from native populations to the garden

of the Institute of Zoology, Chinese Academy of Sciences,

or locally collected, kept in a refrigerator, and used

within one week.

Larval performance on the two host plants

Crosses within and among each parental line were made,

and the F1 was subsequently backcrossed with each of

the parental line (Fig. 1). The juvenile survival and

developmental time of each of these crosses was mea-

sured on each host plant. With this experimental design,

it is possible to distinguish between unconditional and

ecologically dependent reproductive isolation (Rundle &

Whitlock, 2001).

Virgin adults of each cross were sexed and paired either

intra- or interspecifically (at least 15 pairs in each cross)

on each host plant. The F1 hybrids were backcrossed with

parental males or females following the scheme shown in

Fig. 1. Eggs were gently collected and transferred into

Petri dishes of 9-cm diameter containing a moistened

filter paper, so that newly hatched larvae had no

experience with any host plant prior to testing. Upon

hatching, the larvae were split into two cohorts and

placed in Petri dishes of 11.5-cm diameter containing a

moistened filter paper and fresh leaf material from

D. indica or G. nepalens. About 20 (16–24) larvae were
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introduced in each Petri dish, and 5–15 replications were

run for each cross with a total of about 100–300 larvae

for each cross (sample sizes for each cross are given in

Table 1). Fresh leaves were added as needed, and

mortality was checked daily until the larva died or

reached the third instar. After 12 days, Petri dishes were

half filled with moist sand to allow pupation. Newly

emerged adults were sexed and prepared for oviposition

preference experiments.

Oviposition preference

The larvae of A. viridicyanea and of the BCVs backcrosses

were reared on G. nepalens, and those of A. fragariae and

BCF on D. indica because they develop poorly on each

other’s host plant. Moreover, a previous study showed

that feeding experiences of larvae has no effect on adult

oviposition preference in Altica species (Xue & Yang,

2007). The F1 was reared on D. indica or G. nepalens.

Host choice experiments were performed in a plastic

cup (9.0 cm in height, 7.5 cm in diameter) covered by a

glass lid. Twigs of the two host plants were dipped in a

small bottle filled with water to keep them fresh, and

they were provided simultaneously. Care was taken that

leaf areas of the two test plants were roughly equal in

each replicate. One pre-ovipositing mated female was

placed in each cup. The number of eggs laid on each plant

was recorded during 10 days and branches were replaced

every other day. More than 20 females were used in each

cross (sample sizes are given in Table 1).

Analyses

Differences in preference among crosses were tested with

Wilcoxon signed rank tests. Mann–Whitney U-tests were

performed to test differences in life-history traits of each

cross between host plants. Kruskal–Wallis tests were used

to assess differences in survival rate, developmental time

and oviposition preference of different crosses on each

host plant. Pairwise Mann–Whitney tests were per-

formed for multiple comparisons. Significance levels

were corrected using the sequential Bonferroni correc-

tion to avoid type I errors (McDonald, 2008). These

analyses were performed using SPSSSPSS 13.0 for Windows

(SPSS Inc., Chicago, IL, USA).

To test the relative strength of pre- and post-zygotic

isolation barriers, we calculated isolation indexes (Coyne

& Orr, 1989; Ramsey et al., 2003). In these species, the

life cycle is such that host choice is done by mated

females. Hence, females from one species will land on the

other species’ host plant bearing a ‘pure-bred’ offspring

that has to develop on that host plant before finding a

mate of the other species. Therefore, prezygotic isolation

includes behavioural preference for a particular host

plant, and the survival of the parental strains on the

other species’ host plant.

The isolation due to host choice was defined as:

RIprezygoticðhost choiceÞ

¼ 1� frequency of interspecific encounters

frequency of homospecific encounters

We calculated this using the host preferences of the

parental species. Hence, the frequency of intraspecific

encounters on plant A was:

Probability of species A choosing plant A

� Probability of species A choosing plant A

And that of interspecific encounters was:

Probability of species A choosing plant A

� Probability of species B choosing plant A

These formulas assume that whenever an individual

landed on the host plant of one species, it would mate

Fig. 1 Study scheme employed to produce hybrids between Altica

viridicyane (AV) and Altica fragariae (AF), backcross (BC) of F1 hybrid

and AV, AF (in each cross, the female parent is given first).

Table 1. The ovipositon preference and larval performance (means ± SD) of each cross derived from Altica fragariae and Altica viridicyanea on

Duchesnea indica and Geranium nepalens.

Survial rate (%) Developmental time (days) Oviposition %

on D. indica on G. nepalens on D. indica on G. nepalens on D. indica

AF 97.00 ± 4.47 (5)a 0 (5)c 6.24 ± 0.45 (97)a \ 98.93 ± 2.21(20)a

BCF 63.93 ± 6.88 (12)b 12.84 ± 6.24 (10)b 7.64 ± 1.07 (163)b 8.05 ± 1.23 (19)c 90.32 ± 12.29 (29)b

F1 60.00 ± 15.81 (12)b 85.46 ± 12.48 (15)a 8.77 ± 1.36 (48)c 6.13 ± 0.78 (135)b 29.20 ± 21.02 (30)c

BCV1 2.51 ± 2.70 (8)c 74.80 ± 8.59 (11)a 11.00 ± 0.82 (4)d 5.96 ± 0.57 (82)ab 7.01 ± 10.61 (30)d

BCV2 3.45 ± 5.47 (10)c 78.19 ± 12.27 (8)a 12.60 ± 1.34 (5)d 6.21 ± 0.60 (138)b 3.78 ± 7.40 (24)de

AV 0 (5)d 85.09 ± 5.72 (8)a \ 5.80 ± 0.51 (121)a 0.59 ± 2.20 (20)e

The numbers in brackets indicate sample sizes. Different letters in each row indicate significance (Mann–Whitney tests including sequential

Bonferroni correction for multiple comparisons, P < 0.05).
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with that species, thereby ignoring the possibility of

assortative mating; hence, it is a conservative measure of

prezygotic isolation.

Our formula is thus:

The prezygotic isolation due to the performance of the

parentals on the other species’ host plant was calculated as:

RIprezygoticðperformanceÞ ¼

1�performance of parentals on the other species host plant

performance of parentals on their host plant

Intrinsic post-zygotic isolation was estimated as:

RIpost�zygoticðintrinsicÞ

¼ 1� frequency of interspecific viable crosses

Ecologically dependent post-zygotic isolation was esti-

mated as:

RIpost�zygoticðextrinsicÞ ¼

1� average of F1 survival on each host plant

average survival of parentals on their host plant

Next, we calculated the relative strength of these

barriers using the methodology described in Ramsey et al.

(2003). We first calculated the components of reproduc-

tive isolation of each life-history stage as:

AC1 ¼ RI1

AC2 ¼ RI2ð1� AC1Þ

AC3 ¼ RI3½1� ðAC1 þ AC2Þ�

AC4 ¼ RI4½1� ðAC1 þ AC2 þ AC3Þ�

The total reproductive isolation T is the sum of these

components, and their relative contribution is:

RCn ¼ ACn=T

To test the inheritance mode of the traits studied, we

used a joint-scaling test on the data of the parental lines,

F1 and backcrosses (Lynch & Walsh, 1998). Data for the

reciprocal backcrosses between F1 and A. viridicyane

(BCV1 and BCV2) were pooled, as they proved not to

be significantly different for any trait (cf. the Results

section, Table 1). When additivity (a) alone was not

sufficient to explain the data observed (i.e. a nonsignif-

icant P-value for the goodness of fit), we included

dominance (d) in the model. All data were explained

by these two factors; hence, epistasis was not tested (cf.

the Results section). As variances were unequal among

crosses, the goodness-of-fit genetic model was performed

using weighted least squares means (Lynch & Walsh,

1998). The sum of the weighted least squares differences

between expected and observed values for all lines was

then tested using a chi-squared test with the number of

degrees of freedom equal to the total number of lines

used (five for juvenile survival and preference and four

for developmental time) minus the number of par-

ameters used in the model (two and three for the additive

and additive-dominance models respectively). A signifi-

cant v2 indicates a lack of fit between the data and the

model. To test whether including dominance increased

the fit of the model, a log-likelihood test on the difference

between the additive (A) and the additive-dominance

(AD) model was performed: K ¼ v2
A � v2

AD. The statistic

obtained is chi-squared distributed with 1 d.f. A signif-

icant v2 indicates that adding dominance contributes

significantly to increasing the model fit.

Next, we estimated the effective number of segregating

factors (ne) underlying each trait using the Castle–Wright

estimator (Lynch & Walsh, 1998). ne is an estimation of

the minimum number of loci that would yield the

observed values of line means and variances. The

formula to obtain ne is:

ne ¼ ðP1 � P2Þ2 � ½varðP1Þ � varðP2Þ�=8 varðSÞ;

where P1, P2 are mean trait values in each parental line,

var(P1), var(P2), var(S) are the variance of each parental

line, and segregational variance, respectively, measured

using weighted least squares.

This analysis assumes that the parental lines are homo-

zygous for the traits under study, which is probably the

case in this system (cf. the Results section). ne for

developmental time could not be estimated, as only one

parental species was tested on each host plant, due to

reduced number of survivors of the other species on the

alternative host plant. Calculations were performed in

Excel.

Results

Oviposition preference

Females from both parental lines exhibited strong pref-

erence for their respective natal host plant (Fig. 2).

Females of the F1, BCV1 and BCV2 crosses preferred

G. nepalens to D. indica (Wilcoxon signed rank tests,

RIprezygoticðhost choiceÞ ¼

1�
frequency of interspecific encounters in D. indica
frequency of intraspecific encounters in D. indica

þ frequency of interspecific encounters in G. nepalens
frequency of intraspecific encounters in G. nepalens

number of host plants
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Z = )3.898, P < 0.001; Z = )4.855, P < 0.001 and

Z = )4.389, P < 0.001, respectively, Fig. 2), whereas

females BCF preferred D. indica to G. nepalens (Wilcoxon

signed rank test, Z = )4.782, P < 0.001, Fig. 2). Prefer-

ence differed significantly among crosses (Kruskal–Wallis

test, v2 = 125.818, d.f. = 5, P < 0.001). Multiple compar-

isons are shown in Table 1.

Intrinsic reproductive isolation

Viable larvae of F1 were obtained from the cross of AV

females with AF males, whereas in the reciprocal cross

eggs failed to hatch, although the mating behaviour was

observed. The backcross between AF females and F1

males was also inviable, whereas all other backcrosses

were viable. Hence, reproductive isolation was asym-

metric and involved AF females.

Larval performance on two plants

Neonate larvae of A. viridicyanea (AV) and of A. fragariae

(AF) did not complete their first instar on the host of

the other species. Survival of F1 individuals was signif-

icantly higher on G. nepalens than on D. indica (Mann–

Whitney U-test, U = 19.500, P < 0.001, Fig. 3a,b). The

survival of the backcross F1 · AF (BCF) was signifi-

cantly higher on D. indica than that on G. nepalens

(Mann–Whitney U-test, U = 0, P < 0.001, Fig. 3a,b).

Survival of both backcrosses to AV (BCV1 and BCV2)

was significantly higher on G. nepalens than on D. indica

(Mann–Whitney U-tests, BCV1: U = 0, P < 0.001;

BCV2: U = 0, P < 0.001, Fig. 3a,b). On each host plant,

the survival rates of these crosses differed (Kruskal–

Wallis test, on Gn: v2 = 38.276, d.f. = 5, P < 0.001; on

Di: v2 = 41.274, d.f. = 5, P < 0.001). Multiple compari-

sons are shown in Table 1.

The F1 larvae and the larvae of both backcrosses to AV

(BCV1 and BCV2) developed faster on G. nepalens than

on D. indica (Mann–Whitney U-tests, U = 336.00,

P < 0.001; U = 0, P < 0.001 and U = 0, P < 0.001 respec-

tively). The development time of BCF larvae on

G. nepalens and on D. indica was not significantly differ-

ent (Mann–Whitney U-test, U = 1264.00, P = 0.076)

(Fig. 4a,b). The development time varied significantly

among crosses on both plants (Kruskal–Wallis test, on

Gn: v2 = 79.481, d.f. = 4, P < 0.001; on Di: v2 = 179.125,

d.f. = 4, P < 0.001). Multiple comparisons are shown in

Table 1.

Components of reproductive isolation

Prezygotic isolation on D. indica was:

RIprezygoticðhost choice DiÞ ¼ 1� 0:9893� 0:0107

0:9893� 0:9893
¼ 0:9892

Fig. 2 Oviposition preferences (means ± SD) of females of each

cross when given a choice between Duchesnea indica and Geranium

nepalens. Sample sizes are showed in Table 1. The line indicates the

expected hybrid means if inheritance of population differences in

oviposition preference were purely additive.

(a)

(b)

Fig. 3 Survival rate (surviving to the third instar, means ± SD) of

each cross on Duchesnea indica (a) or Geranium nepalens (b). Sample

sizes were showed in Table 1. The line indicates the expected hybrid

means if inheritance of population differences in survival rate were

purely additive. Vertical bars correspond to standard errors of the

mean.

2262 H.-J. XUE ET AL.

ª 2 0 0 9 T H E A U T H O R S . J . E V O L . B I O L . 2 2 ( 2 0 0 9 ) 2 2 5 8 – 2 2 6 6

J O U R N A L C O M P I L A T I O N ª 2 0 0 9 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



On G. nepalens:

RIprezygoticðhost choice GnÞ ¼ 1� 0:9941� 0:0059

0:9941� 0:9941
¼ 0:9941

Hence, total prezygotic reproductive isolation due to host

choice was:

RIprezygoticðhost choiceÞ ¼ 0:9917

As no individual of one species survives on the other

species’ host plant, prezygotic isolation due to perfor-

mance of the parental strain in the other species’ host

plant is:

RIprezygoticðperformanceÞ ¼ 1

As half of the F1 crosses were inviable, intrinsic post-

zygotic isolation was:

RIpost-zygoticðintrinsicÞ ¼ 1� 0:5 ¼ 0:5

Ecologically dependent post-zygotic isolation was:

RIpost-zygoticðextrinsicÞ ¼ 1� 0:6þ 0:856

0:97þ 0:851
¼ 0:2004

Their absolute component is thus:

ACprezygoticðhost choiceÞ ¼ 0:9917

ACprezygoticðperformanceÞ ¼ 1� ð1� 0:9917Þ ¼ 0:0083

ACpost-zygoticðintrinsicÞ ¼ 0:5� ½1� ð0:9917þ 0:0083Þ� ¼ 0

ACpost-zygoticðextrinsicÞ ¼0:2�½1�ð0:9917þ0:0083þ0Þ�¼0

Their relative contribution is:

RCprezygoticðhost choiceÞ ¼ 0:9917

RCprezygoticðperformanceÞ ¼ 0:0083

RCpost-zygoticðintrinsicÞ ¼ 0

RCpost-zygoticðextrinsicÞ ¼ 0

Joint-scaling test and Castle–Wright estimator

Survival on G. nepalens was not adequately explained by

a purely additive model, but it was by an additive-

dominance model (Table 2). Concomitantly, the log-

likelihood ratio test indicated that including dominance

significantly improved the model fit (Table 2). By con-

trast, survival on D. indica, as well as all other traits, could

be explained by additivity only (Table 2). The Castle–

Wright estimator indicated that few loci were needed to

explain the means and variances of survival of all line

crosses on both host plants (Table 3). By contrast, the

number of segregation factors contributing to host

preference was quite large (Table 3).

Discussion

Sympatric populations of the flea beetle species A. fraga-

riae and A. viridicyane almost exclusively preferred their

own host plant to the host plant of the other species. In

addition, no individual of A. viridicyane survived on

D. indica and no individual of A. fragariae survived on

G. nepalens, whereas the survival of each species on their

respective host plant was close to 100%. These patterns

of preference and performance created a strong prezyg-

otic isolation barrier between these species, due to their

ecological adaptations on different host plants. Moreover,

we found partial unconditional, ecologically independent

post-zygotic reproductive isolation between species.

Indeed, females of A. fragariae were unable to produce

viable offspring when mated with A. viridicyane or F1

males, whereas all other crosses were viable. The perfor-

mance of the compatible F1 and backcrosses confirmed

the role of ecology in the isolation process, as it revealed

the occurrence of ecologically dependent post-zygotic

reproductive isolation. The quantitative genetic analysis

(a)

(b)

Fig. 4 Development time (number of days from hatch to the third

instar, means ± SD) of each cross fed on Duchesnea indica (a) or

Geranium nepalens (b). Sample sizes are showed in Table 1. The line

indicates the expected hybrid means if inheritance of population

differences in developmental time were purely additive.
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of line crosses revealed that all traits had a mostly

additive inheritance mode, except for survival on G.

nepalens, in which dominance played a role. Juvenile

survival was determined by few segregating factors,

whereas the inheritance mode of preference was based

on many segregating factors.

The two sympatric flea beetle species studied here

showed completely opposite patterns of preference, as

they almost exclusively preferred their host relative to

the host plant of the other species. In most cases, the

differences observed between species or populations

inhabiting different host plants are not as extreme as

those reported here (e.g. Jaenike, 1987; Forister, 2005;

Tang et al., 2006; Scriber, 2007). The preference for

their own host plant is a strong premating isolation

mechanism, as it will result in the two species rarely

meeting in the field (Feder et al., 1994; Bailey et al.,

2004; Skoracka, 2008). Our analysis of reproductive

isolation confirmed that prezygotic isolation due to host

choice was the main factor creating a gene flow barrier

between these species. Hence, the behavioural avoid-

ance of the other species’ habitat contributes strongly

to the reproductive isolation between these species,

suggesting ecological speciation. In addition, the occur-

rence of these preference patterns suggests the oppor-

tunity of selection to operate on this trait, which

implies that individuals encounter both habitats in the

field. Moreover, the isolation resulting from this pre-

zygotic mechanism was stronger than that resulting

from post-zygotic mechanisms. This pattern has repeat-

edly been associated with speciation occurring at least

partially in sympatry (Coyne & Orr, 1989, 2004;

Presgraves, 2002). Therefore, speciation between

these beetle species is likely to include a sympatric

component.

The two sympatric flea beetle species cannot survive

on each others’ host plant. As the life cycle in these

beetles is such that migration is done mostly by mated

females, for an interspecific mating event to take place

the migrant females will have to lay eggs on the other

Table 2. Estimates of the additive and

dominance components of each trait.
Trait Parameter A model AD model K ¼ v2

A � v2
AD

Survival

on Gn

l 10.66 ± 0.503 7.65 ± 0.927

a 9.36 ± 0.503 8.54 ± 0.546

d 3.83 ± 0.991

v2 16.785 1.855 14.930

P 0.0008 0.396 < 0.00001

Survival

on Di

l 10.36 ± 0.433

a 9.66 ± 0.433

d

v2 2.175

P 0.537

Development

on Gn

l 6.64 ± 0.512

a 0.95 ± 0.707

d

v2 1.048

P 0.790

Development

on Di

l 9.55 ± 0.713

a 3.37 ± 0.815

d

v2 0.592

P 0.733

Preference l 49.39 ± 1.521

a 49.56 ± 1.55

d

v2 6.886

P 0.076

Gn, Geranium nepalens; Di, Duchesnea indica; l, average over all lines; a, additive component

of the genetic variance; d, dominance component of the genetic variance (all parameters

estimated using weighted least squares means); v2, chi-square statistic; P, P-value. A model,

additive model; AD model, model incorporating additivity and dominance; L, maximum

likelihood ratio between the additive and additive-dominance models.

Table 3. Number of segregating loci involved in each trait, ne,

estimated by the Castle–Wright estimator.

ne

Survival on Duchesnea indica 3.18 ± 1.303

Survival on Geranium nepalens 4.14 ± 1.803

Preference 29.20 ± 4.627

Calculations were performed using weighted least squares.
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species host plant, and these eggs will have to reach

maturity on that plant. The patterns of performance

observed here will strongly reduce the number of

individuals that will reach maturity on the ‘wrong’ host

plant. Moreover, these individuals will be competing

with individuals fully adapted to that host plant.

Therefore, selection against migrants is expected to be

another very strong prezygotic barrier effectively imped-

ing gene flow between these beetle species (Nosil et al.,

2005).

If individuals from each species do reach the mating

stage on the host plant of the other species, the crosses

between A. fragariae females and A. viridicyane or F1

males will be inviable. This suggests an incompatibility

between A. fragariae females and any male that is not

conspecific. The incompatibility occurred independently

of the host plant, indicating unconditional reproductive

isolation (Rundle & Whitlock, 2001). This incompatibil-

ity did not affect the heterogametic sex (i.e. males)

more than females; hence, it is not the result of

Haldanes’ rule (Haldane, 1922). The other F1 cross,

between A. viridicyane females and A. fragariae males, is

relatively fit on both host plants. However, in the next

generation, the F2 or the backcross with the migrant

species will result in a considerable fitness decrease.

Hence, survival of the migrant genes will only be

possible through the backcross with the resident species.

This will cause some introgression, albeit rarely and for

a short time period. It must be noted, however, that

prezygotic mechanisms are responsible for most of the

reproductive isolation occurring between these species;

hence, these post-zygotic mechanisms are likely to play

a neglectable role in this process.

Performance and preference of A. fragariae and

A. viridicyane were largely determined by the additive

component of genetic variance. Although epistasis may

result from both mutation order and ecological speciation

(Schluter, 2009), its absence indicates that incompatibil-

ities are mostly due to genotype · environment interac-

tions. This pattern is a strong evidence that ecological

speciation occurred between these species. The fact that

dominance only increased the model fit in one of the

traits studied (survival on D. indica) suggests that addi-

tivity is sufficient to explain most trait values observed.

The dominance of AV genes in the F1 on G. nepalens,

together with the fact that the F1 preferred this plant

relatively to D. indica, suggests that introgression will

occur more frequently in G. nepalens.

The Castle–Wright estimator revealed that a small

number of loci underlie juvenile survival on both host

plants (approximately three to four), whereas several

loci contributed to the genetic determination of prefer-

ence (on average 29). Theoretical models predict that

sympatric speciation is more likely if preference and

performance traits are determined by the same genes

(one-trait models, Fry, 2003). This is not the case in

these beetle species. Indeed, survival on G. nepalens was

partially dominant, whereas all other traits were addi-

tive, and preference and survival were determined by a

different number of segregating factors. This indicates

that the genetic basis of preference and of performance

on each host is, at least partially, independent. In

addition, models predict that the minimum value for the

selection coefficient required for sympatric speciation

increases as the number of loci underlying preference

and performance increases, especially when selection

precedes host choice (Fry, 2003). Host choice in

A. fragariae and A. viridicyane is mostly done by mated

females, whereas immatures usually remain on the

same host plant; hence, selection is expected to precede

host choice in this system. Therefore, the genetic

architecture of preference and the life cycle of these

species are such that the conditions for sympatric

speciation are the most stringent. As preference patterns

were responsible for most of the reproductive isolation

between these species, the genetic architecture of this

trait is likely to be more relevant for this process than

that of performance, which further limits the possibility

of sympatric speciation. However, even though the

selection coefficient before speciation is unknown, the

local adaptation patterns shown here (after speciation)

suggest that this selection coefficient may have reached

high values, possibly allowing for sympatric speciation.

Another possibility is that preference was initially

determined by few loci, and later the effects were

subdivided into several genes.

In the system composed of the flea beetles A. fragariae

and A. viridicyane and the host plants they colonize, host

choice was the main factor determining the reproductive

isolation between species. Hence, isolation is mainly due

to prezygotic mechanisms associated with the ecology of

these species. Apart from host choice, selection against

migrants and unconditional and ecologically dependent

post-zygotic reproductive isolation also occur, underscor-

ing that these processes are not mutually exclusive

(Rundle & Nosil, 2005; Nosil, 2007; Fuller, 2008;

Schluter, 2009). In addition, we found that the local

adaptation pattern in sympatry points to the possibility of

sympatric speciation to occur, whereas the genetic basis

of preference suggests that sympatric speciation requires

that stringent conditions are met. Hence, this study

highlights the relevance of using several approaches to

the study of speciation modes. We have thus unravelled

the contribution of several factors to the reproductive

isolation between these species. The challenge now is to

determine the sequence of events that have led to

speciation.
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