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Abstract The high diversity of phytophagous insects has

been explained by the tendency of the group towards

specialization; however, generalism may be advantageous

in some environments. The cerambycid Apagomerella

versicolor exhibits intraspecific geographical variation in

host use. In northern Argentina it is highly specialized on

the herb Pluchea sagittalis (Asteraceae), while in central

and southern areas it uses seven Asteraceae species. To

study host species geographical variation from ecological

and evolutionary perspectives, we investigated field host

availability and use across a wide latitudinal range, and

performed laboratory studies on insect oviposition prefer-

ence and larval performance and mitochondrial DNA

(mtDNA) variation in a phylogeographical framework.

Geographic variation in host use was unrelated to host

availability but was highly associated with laboratory

oviposition preference, larval performance, and mtDNA

variation. Genetic studies revealed three geographic races

of A. versicolor with gene flow restriction and recent

geographic expansion. Trophic generalism and oligophagy

within A. versicolor seem to have evolved as adaptations

to seasonal and spatial unavailability of the preferred host

P. sagittalis in cooler areas of the species’ geographic

range. No single genotype is successful in all environ-

ments; specialization may be advantageous in environ-

ments with uniform temporal and spatial host availability,

while being a trophic generalist may provide an adaptive

advantage in host-constrained environments.

Keywords Host plant expansion � Phytophagous

evolution � Host preference � Host use � Herbivory

Introduction

Plant-feeding insects comprise a highly diverse group that

is estimated to encompass about 30 million species (Erwin

1982), which is more diverse than its sister nonphytopha-

gous clades (Mitter et al. 1988). This difference has been

attributed to the tendency of the group towards special-

ization and to undergo host plant shifts resulting in host-

race formation followed by speciation (Craig et al. 1993;

Bush 1994). In addition, phytophagous insects exhibit a

kind of evolutionary fidelity known as taxonomic conser-

vation: shifts to host plants that are phylogenetically related

to plants used by the insect lineage in the past are more

common than shifts to unrelated plants (Futuyma et al.

1993; Janz et al. 2001). Geographical host species changes
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in phytophagous insects are often related to changes in

feeding or oviposition preference (Futuyma 1983). The

study of host range dynamics in herbivorous insects can

help to elucidate the underlying mechanisms involved in

the generation and maintenance of biodiversity, which is a

central goal of evolutionary biology (Futuyma and Moreno

1988; Jaenike 1990).

Specialization in phytophagous insects has been

explained as being the result of an optimization process

related to the use of a host plant, which constrains insect

performance in other hosts (Futuyma and Moreno 1988;

Mopper et al. 1995). Specialization may also provide

adaptive advantages (Smith 1988; Craig et al. 1993;

Groman and Pellmyr 2000), such as escape from natural

enemies (predation/parasitism) (Bernays and Graham

1988; Crespi and Sandoval 2000), the possibility of using a

better habitat (Futuyma and Keese 1992), and/or adaptation

to the chemical defenses of a plant species or group of

plants (Dethier 1954; Fraenkel 1959; Ehrlich and Raven

1964; Futuyma and Keese 1992).

Most studies dealing with the evolution of host speci-

ficity reconstruct host use in groups of related insects by

means of phylogenetic analysis (Kelley and Farrell 1998;

Thompson 1998; Futuyma 2001; Janz et al. 2001), or study

shifts to introduced hosts, e.g., Rhagoletis pomonella

(Walsh) (Prokopy et al. 1988) and butterflies of the genera

Euphydryas (Thompson 1993) and Papilio (Singer et al.

1993). However, some insect species exhibit geographical

variation in host use, which may represent a recent or

ongoing evolutionary process (Singer et al. 1992; Bigger

and Fox 1997; Thompson 1998). The study of an insect’s

intraspecific host species use variation may provide hints

about the evolution of host use and insect diversification

(Funk and Bernays 2001). The aphid Uroleucon ambrosi-

ae, for instance, is monophagous on Ambrosia trifida

(Asteraceae) in the east, which is its ancestral condition,

and polyphagous on several species of Asteraceae in the

west of its distribution in North America. Trophic gener-

alism within U. ambrosiae may have evolved as an adap-

tation to the scattered and unpredictable distribution of the

preferred host A. trifida in the most arid area of the insect

distribution (Funk and Bernays 2001). Nevertheless, as in

most studies of intraspecific variation in host use, they

could not find a correlation between genetic variation

and host use (Jaenike 1990; Funk and Bernays 2001),

suggesting that the variation encountered could be an

ecological response to host availability.

The stem borer Apagomerella versicolor (Coleoptera:

Cerambycidae, subtribe Aerini) exhibits intraspecific vari-

ation in host use within its distribution range: it is highly

specialized on Pluchea sagittalis Cabr in northern Argen-

tina, while in the central and southern regions it is

oligophagous on seven species of Asteraceae, including

P. sagittalis (Logarzo and Gandolfo 2005). The geographic

distribution of the cerambycid in Argentina covers a wide

latitudinal range, from warm subtropical areas in the north

(23� S) to Patagonia in the south (40� S), which encom-

passes wide variations in climate and vegetation. Life cycle

variations also reflect this disparity in environmental con-

ditions, since beetles from latitudes higher than 31� S are

obligate diapausers (Logarzo et al. 2002; Logarzo and

Gandolfo 2005), while northern populations (25–27� S)

are at least bivoltine and do not diapause (Logarzo and

Gandolfo 2005).

Apagomerella versicolor was formerly considered a

candidate agent for the biological control of cocklebur

(Xanthium cavanillesii) in the United States (Logarzo et al.

2002), but it was rejected because of its broad host range.

The genus Apagomerella includes only two species,

A. versicolor and A. dissimilis. Females lay only one egg

per oviposition site, and there is always only one larva per

stem. The larvae bore through the stem towards the root,

where they pupate (Logarzo et al. 2002).

Our main questions regarding host range variation in

A. versicolor were (1) is geographical variation in host

species use an ecological response to host plant species

availability, or is it an evolutionarily derived condition, and

(2) if it is evolutionarily derived, which are the ecological

factors involved?

To address these questions we studied intraspecific

geographical variation in host use in A. versicolor, com-

bining field studies of host plant use and availability with

controlled experiments on oviposition preference, larval

performance and genetic variation in a phylogeographical

framework.

Materials and methods

Field studies

Host plants studied

We studied the seven host plant species reported for

A. versicolor (Logarzo and Gandolfo 2005): Ambrosia

tenuifolia Spreng, A. scabra, Pluchea sagittalis Cabrera,

P. absinthioides DC, Xanthium cavanillesii Schouw,

X. spinosum L, and X. strumarium L, all of which belong to

the family Asteraceae and have erect single stems. Detailed

information on the characteristics of these plants is given in

Table 1. For A. tenuifolia, we only considered plant spec-

imens with a stem diameter of[5 mm for the studies, since

larvae of A. versicolor cannot develop in narrower stems

(Logarzo et al. 2002).
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Study area

Field studies of host plant availability and utilization were

conducted between 1990 and 1994 and between 2003 and

2005. These studies covered all of the distribution area of

the cerambycid in Argentina, between 23� S and 40� S

(Logarzo et al. 2002). This area was divided into three zones

based on previous studies on host plant occurrence and use

(Logarzo and Gandolfo 2005). Zone 1 (approx. 23�–27� S):

all hosts were present and P. sagittalis was the only plant

attacked. Zone 2 (approx. 27�–38� S, Central and Eastern

Argentina): all hosts were present and attacked. Zone 3

(approx. 31�–40� S, bordering west and south of zone 2): all

hosts were present except P. sagittalis; P. absinthioides was

the only plant species that was confirmed as being attacked

(Fig. 1). Zones 1, 2 and 3 covered approx. 22, 62 and 16%,

respectively, of the total studied area.

The geographical distribution of A. versicolor comprises

three ecoregions: Pampa grassland, Chaco forest and Monte

shrubland (Logarzo et al. 2002). Zone 1 occupies the

warmest and most humid areas of northern Chaco, zone 2 is

located in southern Chaco and Pampa, while zone 3 is in the

Monte. The Chaco is a savanna that has thorn forests

dominated by Schinopsis spp. (Anacardiaceae), Aspido-

sperma (Apocynaceae) and Prosopis spp. (Mimosoideade)

interspersed in grasslands, with different degrees of domi-

nance of both. Mean annual temperatures decrease from

23�C in the north to 21�C in the south, and mean annual

precipitations range from 1,300 mm in the east to 500 mm

in the west, with the precipitation occurring mostly in the

summer (Cabrera 1994). The Pampas (sensu Morrone 2006)

originally consisted of temperate grasslands, savannas,

shrublands or xeric woodlands, all of which are now mostly

crop ecosystems. The dominant grasses of the Pampas

belong to the genera Stipa, Piptochaetium, Aristida, Melica,

Briza, Bromus, Eragrostis and Poa. The climate is mild

(19.7–13.4�C), with precipitation of 600–1,200 mm, dis-

tributed more or less evenly throughout the year. The Monte

ecoregion is dominated by scrublands of resinous evergreen

bushes, mostly in the Zygophyllaceae family, interspersed

in a matrix of grasses, herbs and bare soil. The climate is

Table 1 Main characteristics of the host plant species of Apagomerella versicolor, all of which belong to the Asteraceae family

Pluchea sagittalis Pluchea
absinthioides

Xanthium
cavanillesii

Xanthium
spinosum

Xanthium
strumarium

Ambrosia
tenuifolia

Ambrosia
scabra

Tribe Plucheeae Plucheeae Heliantheae Heliantheae Heliantheae Heliantheae Heliantheae

Subtribe – – Ambrosiinae Ambrosiinae Ambrosiinae Ambrosiinae Ambrosiinae

Origin Native Native Native Native Exotic Native Native

Life cycle Perennial Perennial Annual Annual Annual Perennial Perennial

Height 0.5–2 m 1.2–1.8 m 0.7–2 m 0.1–1 m 0.4–1.4 m 0.2–1 m 1–2 m

Growth

habit

Forb-herb Forb-subshrub Forb-herb Forb-herb Forb-herb Herb Forb-herb

Habitat Moist, open places;

flat areas with

clayish or moist

sandy soil.

Riparian, common

on roadsides

Normal, saline or

sandy soils. Edges

of irrigation

channels and

marine coasts.

Common on

roadsides

Grows mostly

along river

banks and

coastal dunes.

Common on

roadsides

Agricultural areas,

coastland,

ruderal/

disturbed areas,

farmland.

Common on

roadsides

Wasteland,

railways

embankments,

river banks,

coastal dunes.

Common on

roadsides

Low, salty

fields,

stubble,

dunes and

wasteland.

Common on

roadsides

Sandy soils,

and along

river banks

Common

name

Wingstem

camphorweed

Brea South

American

Burr

Bathurst burr,

spiny cockleburr

Cockleburr Lacy ragweed
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Fig. 1 Zonification of the distribution range of A. versicolor in

Argentina according to information on host plant species occurrence

and their use by A. versicolor, as gathered from previous studies and

observations. In zone 1, all host plant species except A. scabra were

present but only Pluchea sagittalis was used by A. versicolor; in zone

2, all seven host plant species were present and they were all used; in

zone 3, P. absinthioides, X. cavanillesii and X. spinosum were

present, but only the former was used
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temperate–arid (17.5–13.4�C) with very little rainfall

(between 80 and 250 mm per year), which occurs in sum-

mer in the north or in the winter in the south. There is some

evidence that the Monte and the Pampa represent an

impoverished Chaco (Cabrera 1994; Morrone 2006).

Host plant availability

Host plant species availability was estimated along 85

transects (100 km each) randomly located in the three

zones. All transects were sampled between September and

April (spring and fall in the southern hemisphere); most of

them between the years 1990 and 1994, and a few between

2003 and 2005. The number of transects surveyed in each

zone was proportional to its area: 17 (20.0%) in zone 1; 54

in zone 2 (63.5%); and 14 in zone 3 (16.5%), covering the

distributional range of the cerambycid (between latitudes

of 23� S and 40� S). For each of the seven host plant

species of A. versicolor, we recorded the number of patches

and the number of plant specimens within each patch (all

host plant species studied grow clumped in monospecific

patches) at five sampling points placed every 20 km along

each transect. All host plant species patches located within

a 300 m distance of the sampling point were counted and

recorded. Sampling points located at river sides, road sides,

etc., were included in the study, since those are suitable

habitats for the studied host plant species (see Table 1).

Local weather during the field studies was not recorded.

To evaluate if the host plant species differed in their

availabilities within each zone, we used a generalized lin-

ear model analysis with a Poisson error distribution and a

log link function, using host plant species as the explana-

tory variable and plant species abundance as the response

variable. Analyses were conducted using the nlme function

in the lme4 package of the R statistical software package,

version 2.4.0 (http://www.r-project.org). We used Akaike’s

information criterion (AIC) to compare the fits of different

models. For each zone, we started with a model that

compared the availabilities of all host plant species present

in the respective zone, and then we simplified the model by

excluding the host plant species that did not contribute to

the model. This simplification was considered to be justi-

fied only if the associated AIC value was at least two units

lower than the AIC associated with the previous model

(Burnham and Anderson 2002).

We also checked model deviance for overdispersion

using the ‘‘estimated scale’’ parameter, U, returned by nlme

(i.e., the model residual deviance over the residual degrees

of freedom), which indicates departure from the assumed

Poisson error distribution (Crawley 2005). A model is

overdispersed if U[ 1, and underdispersed if U\ 1.

When we found that the value of U departed substantially

from 1 for a given model, we re-ran the analysis using the

quasi-Poisson distribution (by setting family = quasipois-

son in the lmer function call).

The relationship between host plant species (P. sagit-

talis, P. absinthioides, X. cavanillesii, X. spinosum and

A. tenuifolia) availability and latitude was analyzed by

linear regression analyses (SPSS 11.5; SPSS, Inc., Chicago,

IL, USA), using abundance as the response variable and

latitude as the fixed independent variable. To perform the

regression, the number of patches observed in a degree

latitudinal band was grouped and standarized to 100 km

(in order to overcome the unbalanced number of transects

per latitudinal band).

Host plant utilization

The numbers of attacked patches and attacked plants per

patch of each host plant species were recorded between

April and November (to ensure larval or pupal presence) at

the same sampling points used for the estimation of host

plant availability. At each patch, 30–100 plants (depending

on patch size) were dissected and inspected for the pres-

ence of A. versicolor larvae. Pupae found in the stumps

were also recorded. All cerambycid larvae and pupae col-

lected were reared to adulthood on a meridic diet (Logarzo

et al. 2002) to confirm insect identification. When larvae

were found dead inside the host plant, they were collected

and identified in the laboratory. The damage produced by

the larvae was also used for identification purposes.

The host plant utilization of A. versicolor was analyzed

using the Neu method (Neu et al. 1974). This method

compares host plant species availability with the actual

proportion of plant individuals of that species used by

A. versicolor, using a chi-square goodness of fit test.

Critical assumptions of the method are that all of the insect

observations are independent, and that the availability of

each host plant is the same for all A. versicolor specimens.

In this study, availability was measured as the total number

of plants of each species counted. Two null hypotheses

were tested: (1) A. versicolor utilizes plant species in

proportion to their availability, considering all of the host

plant species simultaneously; (2) A. versicolor utilizes

plant species in proportion to their availability, considering

all of the host plant species separately.

When a difference in plant utilization was detected (null

hypothesis 1), simultaneous confidence intervals (CI) were

calculated using a Bonferroni t-statistic,

CI ¼ p̂j � ta=2k:n�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̂jð1� p̂jÞ=n
q

;

where p̂j is the proportion of plants utilized by A. versicolor

and a/2k is used to ensure that k (= number of host

plant species analyzed) simultaneous CIs have an overall

a = 0.05.
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Three categories of interaction were established: (1)

‘‘preferred,’’ where A. versicolor utilized a host plant

species more than its availability, i.e., the CI lower limit

was above the plant species’ availability; (2) ‘‘used in

proportion,’’ where the insect utilized a host plant species

in proportion to its availability, i.e., the plant species

availability was within the CI for the proportion used by

the cerambycid, and (3) ‘‘used less,’’ where the insect

utilized a host plant species less than its availability, i.e.,

the upper CI limit was below the plant species’ availability.

Data from zones 1 and 3 were not analyzed because the

cerambycid used only one host plant species in those zones.

Laboratory studies

We explored oviposition preference, larval performance

and genetic variation associated with A. versicolor geo-

graphical variation in host utilization. We used A. versi-

color adults that emerged in the laboratory from larvae and

pupae collected in the field. Last instars (sixth or seventh)

were obtained by dissecting host plant stems and stumps.

Pupae were found only in roots or stumps. Last instars and

pupae were reared individually until adult emergence in

34-ml plastic cups with paper lids that were filled with

moist tissue paper (3/4 of total volume) to provide a humid

substrate. All insects were held at 25–30�C, 70–80% RH,

with a 14–10 L:D photoperiod. Some host plant species

yielded very few larvae and could not be used for some

(A. tenuifolia) or any (X. strumarium, X spinosum, A. scabra)

laboratory studies.

Oviposition preferences and larval performance test

We performed multiple choice tests to investigate if ovi-

position preferences and/or larval performance were

affected by the geographical and host plant origins of

females. Oviposition preference could not be measured

independently from larval performance, because it was not

possible to determine whether or not A. versicolor laid an

egg in a plant specimen, given that the eggs are endophytic

and females frequently introduce their ovipositor into the

stem (leaving a hole: an oviposition mark) but do not lay

any eggs (Gandolfo et al. 1997). The response variable used

in this test was therefore the presence of an emerged adult of

A. versicolor (only one larva can survive per plant) at each

offered host plant specimen. Thus, this study integrates

female preference for ovipositing on a given host species

and larval aptitude for reaching the adult stage on that host.

A female was offered four host plant species simulta-

neously: P. sagittalis, X. cavanillesii, A. tenuifolia, and

P. absinthioides from which it could choose freely one

or more plant species in which to oviposit. In these exper-

iments, we used mated females derived from the following

zones and the following host plant species attacked in each

zone: P. sagittalis from zones 1 and 2; X. cavanillesii and

A. tenuifolia from zone 2; and P. absinthioides from zones

2 and 3. Five to 15 replicates were run per type of female,

resulting in a total of 61 cages. Each female was placed in a

1 m side cage with voile screen walls containing one

specimen of each of the four host plants. After 24 h, the

females were removed and the plants were labeled and

isolated to avoid infestation with wild adults. At the end of

the summer, when the larvae reached their last instars, the

plants were dissected and the presence of A. versicolor was

recorded. The females used in these tests had been previ-

ously mated with insects from the same zone and host plant.

All host plant species specimens used in the tests were

collected, either as plants (A. tenuifolia, P. saggitalis,

P. absinthioides) or as seeds (X. cavanillesii) in zone 2, and

were grown inside mesh cages to avoid attack by free-living

A. versicolor females.

Genetic differentiation among zones

The degree of genetic differentiation was investigated

using samples of adults collected in the three zones.

Specimens from different collecting sites in Corrientes and

Formosa Provinces in zone 1 (n = 17) were pooled due to

the scarcity of individuals per site. In zone 2 (n = 50), five

different localities were sampled due to its broad latitudinal

range: Gualeguaychú and Colón (Entre Rı́os Province);

Paso de los Libres (Corrientes Province); and Mar del Plata

and Reta (Buenos Aires Province). Specimens from zone 3

(n = 11) were collected from the locality of Rı́o Colorado

(Rı́o Negro Province).

Total DNA was extracted from adult specimens using the

Puregene� DNA Purification Kit (Gentra System) accord-

ing to the manufacturers protocol. A 629 bp fragment of the

mitochondrial cytochrome oxidase subunit I (COI) gene

was PCR amplified and sequenced as described in Piccinali

et al. (2009). New COI sequences were deposited in Gen-

bank (accession numbers EU232664–EU232691).

Nucleotide diversity was estimated using Watterson’s

estimator (hW) and the average number of pairwise differ-

ences observed per site (p). Haplotype variation was esti-

mated using the number of haplotypes (h) and haplotype

diversity (Hd). The tests of Tajima (1989), Fu (1997) and

Ramos-Onsins and Rozas (2002) were applied to determine

if the populations of A. versicolor were in genetic drift–

mutation equilibrium. The significance of each test was

calculated after performing 1,000 coalescent simulations

based on a Monte Carlo process with no recombination

(Hudson 1990). All calculations were carried out using

DnaSP 5.0 (Librado and Rozas 2009).

Population structure was analyzed by means of an

analysis of molecular variance (AMOVA, Excoffier et al.
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1992). Sequences were arranged in two hierarchical levels:

(1) site of collection (population), and (2) the zone to

which the populations belong. The significances of the

variance components and the A statistics were calculated

by means of 10,000 permutations of haplotypes between

populations and zones using the Arlequin 3.1 software

(Excoffier et al. 2005). Genetic differentiation between

pairs of zones was also tested with KST
* statistics (Hudson

et al. 1992), as implemented in DnaSp 5.0 (Librado and

Rozas 2009). Phylogenetic relationships between COI

haplotypes were analyzed using a maximum parsimony

approach. The shortest trees were found with the implicit

enumeration search option implemented in TNT (Goloboff

et al. 2008). All characters were regarded as unordered and

unweighted because all parsimony-informative nucleotide

changes were synonymous transitions. Statistical support

for clades was assessed by means of a bootstrap method

(Felsenstein 1985) based on 1,000 replicates and Bremer

support (Bremer 1994). Phylogeographic patterns were

analyzed with nested clade analysis (NCA) (Templeton

et al. 1992) using the automation approach implemented in

ANeCA (Panchal 2007), which includes the TCS 2.1

(Clement et al. 2000) and GeoDis 2.5 (Posada et al. 2000)

programs.

Results

Field studies

Host plant availability

We recorded 247 patches of the seven host plant species at

425 sampling points. Four host species accounted for 88%

of the observed host patches: X. cavanillesii (107 patches,

43%), P. sagittalis (58 patches, 23%), P. absinthioides

(29 patches, 12%), and A. tenuifolia (25 patches, 10%)

(Table 2a).

In zone 1, all hosts were present with the exception of A.

scabra. Pluchea sagittalis and X. cavanillesii had similar

availabilities and were more abundant than the remaining

four host plant species (z = 2.419, P = 0.0156, U = 0.75),

according to the simplest model fit (AIC = 166.58)

(Table 2a).

In zone 2, the seven host species were present and,

according to the simplest model fit (AIC = 520.29), the

most abundant host was X. cavanillesii (z = 4.261, P =

0.000), followed by P. sagittalis (z = 3.618, P = 0.000),

Ambrosia tenuifolia, and P. absinthioides, which had

similar availabilities (z = 2.629, P = 0.008), and were

more abundant than X. spinosum, X. strumarium, and

A. sacra, which did not differ in their availabilities

(z = 1.535, P = 0.1248) (Table 2a).

In zone 3, four hosts were present: X. cavanillesii,

P. absinthioides, X. spinosum, and A. tenuifolia. According

to the simplest model fit (AIC = 129.04, vs. 130.57),

Xanthium cavanillesii and P. absinthioides had similar

availabilities and were more abundant than X. spinosum

and A. tenuifolia (z = 2.880, P = 0.004, Table 2a).

The three zones showed different patterns of numbers of

plants per patch. In zone 1, all host species had similar

numbers of plants per patch (F = 0.495, df = 5, 44,

P = 0.778). In zone 2, P. absinthioides had more plants

per patch than the other hosts, which had similar numbers

per patch (F = 6.522, df = 5, 147, P = 0.000) (Table 2a).

In zone 3, P. absinthioides had more plants per patch than

X. spinosum, but neither of these differed significantly from

the other two hosts, X. cavanillesii and A. tenuifolia

(F = 4.336, df = 3, 39, P = 0.01) (Table 2a).

Regression analyses showed that the availabilities of

P. sagittalis (R2 = 0.80, df = 1, 12, F = 54.4, P = 8.6 9

10-6) and P. absinthioides (R2 = 0.66, df = 1, 12; F =

23.38; P = 0.000) were negatively and positively associ-

ated with latitude. In contrast, the availabilities of X. cav-

anillesii (R2 = 0.07, df = 1, 12, F = 0.96, P = 0.34) and

X. spinosum (R2 = 0.03, df = 1, 12, F = 0.45, P = 0.51)

were unrelated to latitude (Fig. 2).

Host plant utilization

A. versicolor host plant species use varied according to

geographic area. In zone 1, all 19 patches of P. sagittalis

were attacked, with an average of[50% of plants attacked

per patch, while the patches of the other five host plant

species (n = 31) exhibited no infestation by the ceramby-

cid (Table 2b).

In zone 2, all host plant species were present, and their

patches were attacked by the insect in proportion to their

availability (X2 = 5.20, df = 5, P = 0.54) (Table 2b).

However, P. sagittalis was the preferred host plant in terms

of number of plants used [proportion of plants available

(PPA) = 0.208; confidence interval of proportion of insect

use (CI) = 0.327–0.388]; while Xanthium cavanillesii

(PPA = 0.493, CI = 0.474–0.538) and A. scabra (PPA =

0.007, CI = 0.001–0.012) were used in proportion to plant

availability, and the remaining hosts, X. spinosum (PPA =

0.035, CI = 0.001–0.012), X. strumarium (PPA = 0.020,

CI = 0.000–0.008), A. tenuifolia (PPA = 0.089, CI =

0.026–0.050) and P. absinthioides (PPA = 0.141, CI =

0.053–0.085), were used less than predicted based on plant

availability.

Although four host plant species were present in zone 3

(P. absinthioides, X. cavanillesii, X. spinosum and A. ten-

uifolia), only P. absinthioides was attacked (86.7% of

sampled patches, n = 15) (Table 2b), with an average of

24.7% (SD = 25.9) of the plants attacked per patch.
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Laboratory studies

Oviposition preference and larval performance tests

Oviposition preference and/or larval performance varied

according to the host plant and the geographic origin of the

tested females (Table 3). Females collected in zone 1

oviposited and larvae reached adulthood only on P. sagit-

talis (100% of the offered plants); females from zone 2

produced adults on P. sagittalis, X. cavanillesii and A.

tenuifolia (90.2, 48.8, and 4.9%, of the offered plants,

respectively); and females from zone 3 produced adults on

P. sagittalis and to a lesser extent on P. absinthioides

(Table 3).

Genetic differentiation among zones

Total nucleotide diversity was 0.0113 when measured on

the basis of the number of segregating sites (hW), and 0.005

when expressed in terms of the mean number of pairwise

nucleotide differences per site (p) (Table 4). Thirty-five

polymorphic sites (five nonsynonymous and thirty synon-

ymous) were detected in the entire sample; 14 of these

were parsimony-informative (Table 4). The total number

of haplotypes was 28, with a total haplotype diversity (Hd)

of 0.891. Most haplotypes were specific to each zone, with

only three haplotypes being shared by zones 1 and 2 and

one shared by zones 1 and 3 (Table 4).

The level of nucleotide variation differed greatly among

zones. Zone 1 was the most diverse, followed by zones 2

and 3. The latter was much less variable than the other two

(Tables 4, 5). Although zones 1 and 2 displayed rather

similar nucleotide diversities, the former had higher values

of p and Hd. Indeed, the mean number of pairwise dif-

ferences among haplotypes was greater in zone 1 than in

zone 2, and their frequencies were more even.

Levels of genetic differentiation among populations of

the different zones were highly significant (ra
2 = 1.06,
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Fig. 2 Relationship between

the availabilities of P. sagittalis,

P. absinthioides, X. cavanillesii,
and X. spinosum and latitude,

assessed through linear

regressions. Host availability

was estimated as the number of

stands observed every 100 km

in 1� latitudinal bands. The

regressions of X. cavanillesii
and X. spinosum were not

significant

Table 3 Laboratory multiple choice tests of oviposition and/or larval performance of Apagomerella versicolor females from different host

plants (plant origins) and zones

Female origin Repl. Percentage of host plant species used for oviposition

Area Plant P. sagittalis X. cavanillesii A. tenuifolia P. absinthioides

Zone 1 P. sagittalis 12 100.0 0.0 0.0 0.0

Zone 2 P. sagittalis 13 100.0 53.8 0.0 0.0

X. cavanillesii 15 86.7 46.7 0.0 0.0

A. tenuifolia 8 75.0 50.0 25.0 0.0

P absinthioides 5 100.0 40.0 0.0 0.0

Zone 3 P. absinthioides 8 92.3 0.0 0.0 12.5

In each replicate, a female was caged with four hosts for 24 h: P. sagittalis, X. cavanillesii, A. tenuifolia, and P. absinthioides. The percentage of

individuals of the host plant species used for oviposition and larval development by each kind of female was calculated as the percentage of

attacked/offered plants
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ACT = 0.52, df = 2, P = 0.009), accounting for 51% of

the total sequence variation, whereas differentiation

between populations within zones was low and nonsignif-

icant (rb
2 = 0.04, ASC = 0.04, df = 5, P = 0.127). Pair-

wise comparisons revealed that zones 1 and 2 were slightly

but significantly differentiated (KST
* = 0.063, P \ 0.0001),

but that zones 1 and 2 were not significantly differentiated

from zone 3 (zone 1–zone 3: KST
* = 0.349, P \ 0.0001;

zone 2–zone 3: KST
* = 0.332, P \ 0.0001).

Neutrality tests revealed significant departures from

neutral expectations in populations of A. versicolor

(Table 5). DT was significant and negative for the total

sample and zone 2, while Fs and R2 were significant for the

total sample, zone 1 and zone 2.

The parsimony analysis found 20 most parsimonious

trees of 138 steps. The strict consensus tree is shown in

Fig. 3. Interestingly, haplotype m, recorded in zone 1, was

the first that branched off in all trees, suggesting that it

represents an old variant that is still segregating in ancestral

populations. The remaining variants clustered into two

clades, one including variants from zones 1 and 3 and the

other comprising haplotypes from zones 1 and 2. However,

only the first group had bootstrap support of [50% and

high Bremer support (Fig. 3).

The haplotype network (Fig. 4) showed only one

ambiguous connection, indicative of either homoplasy or

(less probably) recombination. The most frequent haplo-

type (a), which occupied a central position in the network,

was found in 23 individuals spanning all localities sampled

in zone 2, and the surrounding haplotypes differing in one

or two mutational steps from a, were detected in either

zone 2, zone 1, or both. Remarkably, two groups of

divergent haplotypes separated from haplotype a by four or

five mutational steps can be observed in the network

(Fig. 4). One of these groups contained haplotypes z and x,

which were only found in northern localities of zone 2,

while the other group involved haplotypes n (shared

between zones 1 and 3) and u (exclusive to zone 3)

(Fig. 4). In agreement with the maximum parsimony

analysis, haplotype m was separated by six or seven

mutational steps from the rest. The NCA indicated signif-

icant associations between haplotypes and geographical

locations (Table 6, Fig. 4). In particular, clades 1–8 and

2–5 as well as the total cladogram showed patterns

Table 4 Summary of the

mitochondrial COI haplotypes

identified in the current study

r non-synonymous changes,

Dot same nucleotide as the first

sequence, N number of

individuals carrying a certain

haplotype

 N setis elbairaVHaplotype 
  r     r     r            r      r 
       1111112222333334445555666666 
24677991156880149667795590788000112 
48228361738361561362860927635036283 

Zone 1 Zone 2  Zone 3 

a CAAAGTCCTGTAAATCTTCCATTAGTTATTCTTCC - 23 - 
b .................................T. - 2 - 
c ..G................................ - 1 - 
d .........A......................... - 3 - 
e ....................G.............. - 2 - 
f ...............T.........C.......T. - 3 - 
g .........................C.......T. 5 2 - 
h .......T........................... 1 3 - 
i .....................C............. - 1 - 
j ........................A.......... - 1 - 
k ...............T................... 3 1 - 
l ......................C............ - 1 - 

m .G..T.T....TG..........G..C........ 1 - - 
n ....A.T............T......C........ 1 - 3 
o ...T...........T................... 1 - - 
p ...............T..................T 1 - - 
q T........................C.......T. 1 - - 
r ..........C....T................... 1 - - 
s ...............T..T................ 1 - - 
t .......T.....................C..... 1 - - 
u ....A.T.A..........T......C........ - - 8 
v .....C.........................C... - 1 - 
w .....C...A....................T.... - 1 - 
x .........A...T..C..........T....... - 1 - 
y .....C...........................T. - 1 - 
z .........A...TC..CT................ - 1 - 
aa ................................C.. - 1 - 
ab ............................C...... - 1 - 
 Total  17 50 11 
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compatible with long-distance colonization and/or past

fragmentation, while clade 3–2 suggest restricted gene flow

with isolation by distance.

Discussion

Is geographical variation in host use an ecological

response to host plant availability,

or is it an evolutionarily derived condition?

The cerambycid Apagomerella versicolor exhibits wide

geographical variation in host species utilization in nature

(Logarzo and Gandolfo 2005), ranging from monophagy

on P. sagittalis or P. absinthioides in zones 1 and 3,

respectively, to oligophagy in zone 2 (Table 2b). Such

intraspecific variation in host use was not related to host

availability in the field (Table 2a, Fig. 2). If that was the

case, the cerambycid should attack Xanthium cavanillessi

in zones 1 and 3, where this host plant species is as

abundant as the attacked Pluchea hosts, and should use

X. cavanillessi more than P. sagittalis at zone 2, given that

the former is more abundant in that area. Thus, our study

suggests that host range variation in A. versicolor is not due

to an ecological response to host availability, as has been

observed in other studies (Bernays and Graham 1988).

An alternative explanation for the differences in host

plant use vis a vis host availability is that there is some

kind of genetic determination of host use (i.e., females of

different geographic areas differ in oviposition host pref-

erence). The consistency found between field host plant use

and insect host adaptation, measured as laboratory host use

(Table 7), suggests that geographic differences in host

use are not due to a genotype–environment interaction or

phenotypic plasticity (Via 1984; Via and Lande 1985), but

rather a genetically determined trait. In fact, the net results

for oviposition preferences and larval performance in the

laboratory choice test closely resembled patterns of host

plant use in the field, with the apparent exception of

females of zone 3 (Tables 2b, 3). Females from zone 3

preferred P. sagittalis over P. absinthioides in laboratory

assays (Table 3), while in the field the cerambycid was

only recovered from the latter. Interestingly, females of

zone 3 showed a greater preference for P. sagittalis, a host

which they never encounter in the field, since this host

plant is absent in zone 3 (Table 2a). This preference for

P. sagittalis exhibited by zone 3 females may represent the

ancestral state in A. versicolor. Moreover, it has been

argued that phytophagous insects that acquire novel hosts

can maintain their fitness on ancestral hosts during phases

of host range expansion or shifts (Futuyma et al. 1995; Janz

et al. 2001).

Table 5 Estimates of nucleotide and haplotype variations in Apag-
omerella versicolor

Total Zone 1 Zone 2 Zone 3

N 78 17 50 11

hw 0.0113

(0.0034)

0.0085

(0.0035)

0.0075

(0.0016)

0.0005

(0.0005)

p 0.0050

(0.0005)

0.0058

(0.0011)

0.0028

(0.0005)

0.0007

(0.0002)

h 28 11 19 2

Hd 0.821 (0.027) 0.904 (0.057) 0.784 (0.060) 0.436 (0.133)

DT -1.827** -1.368 22.024** 0.672

Fs -17.430*** -3.841* -14.953*** 0.779

R2 0.0418* 0.0899* 0.0404** 0.218

N, number of sequences; hw, Watterson’s estimator; p, mean number

of pairwise differences per site; h, number of haplotypes; Hd, hap-

lotype diversity; DT, Tajima’s test; Fs, Fu’s test; R2, Ramos-Onsins

and Rozas’ test; standard deviations are shown in parentheses

*** P \ 0.001, ** P \ 0.01, * P \ 0.05

Fig. 3 Strict consensus of the 20 most parsimonious trees of A.
versicolor COI haplotypes. Numbers above and below the branches

are the C50% bootstrap and Bremer support values, respectively. The

phylogenetic tree was drawn with MrEnt 2.1 (Zuccon and Zuccon

2010)
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The differences observed in laboratory experiments for

oviposition preference and larval performance could also

be attributed to a larval-host plant learning effect that

affects female oviposition behavior, as previously observed

in lepidopterans (Papaj 1986; Cunningham et al. 1998).

However, the host plant origin of the female had only a

minor (i.e., on females from A. tenuifolia) or no effect in

our assay (Table 3). The results of the laboratory choice

test were similar for females recovered from four different

host plants (X. cavanillesii, A. tenuifolia, P. sagittalis, and

P. absinthioides) in zone 2, suggesting that the niche

experienced during larval development does not influence

oviposition behavior.

Taken together (Table 7), our results strongly support

the hypothesis that geographical variation in host use has a

genetic basis. Differences in oviposition preferences

causing host use changes are generally followed by host

race formation or geographical differentiation, leading

eventually to reproductive isolation (Itami et al. 1998;

Wood and Keese 1990; Janz et al. 2006). The mtDNA

genetic data clearly support genetic differentiation among

the three studied zones, and provide strong support to the
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Fig. 4 Nested cladistic analysis of the A. versicolor COI haplotype

network. Circles with letters are recorded haplotypes. Patterns
represent the geographic areas in which the haplotypes were found.

Z1, zone 1; Z2, zone 2; Z3, zone 3. Small open circles are inferred

intermediate haplotypes that were not sampled in the study. Each line

is a single mutational change. Boxes enclose haplotypes at each

nested level. Numbers identify each nested clade. An asterisk means a

significant association between the geographic and genetic distances

in that clade

Table 6 Demographic

inference from NCA
Clade Chain of inference Population inference

Clade 1–8 1-2-11-12-13-14 NO Long-distance colonization and/or past fragmentation

(not necessarily mutually exclusive)

Clade 2–5 1-2-11-12-13 YES Long-distance colonization possibly coupled with

subsequent fragmentation or past fragmentation followed

by range expansion

Clade 3–2 1-2-3-4 NO Restricted gene flow with isolation by distance

(restricted dispersal by distance in nonsexual species)

Total cladogram 1-2-11-12-13-14 NO Long-distance colonization and/or past fragmentation

(not necessarily mutually exclusive)
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idea of a recent population expansion in this species, par-

ticularly within zones 1 and 2. This hypothesis was tested

using several specific tests, such as Tajima’s D, Fu’s Fs,

and Ramos-Onsins and Rozas’ R2 tests, which are very

powerful methods of detecting departures from neutral

expectations due to changes in historical population size

(Fu 1997; Ramos-Onsins and Rozas 2002). However, when

applied to zone 3, these tests yielded nonsignificant results,

which could be due to either the low number of segregating

sites detected in this sampling area or a strong founder

effect following a recent colonization.

The phylogeographic analysis agrees with genetic

differentiation caused by restrictions to gene flow in pop-

ulations of A. versicolor coupled with long-distance colo-

nization events and/or past habitat fragmentation. The fact

that zones 2 and 3 shared haplotypes with zone 1 but not

with each other (despite being geographically close) means

that insects from zone 3 are more closely related to insects

from zone 1 than those from zone 2, and suggests two

independent routes of colonization.

Three features of the mtDNA data suggest that zone 1 may

be ancestral to the others. First, it has the highest nucleotide

and haplotype diversity; second, it shares haplotypes with the

other two zones; and third, it had a highly divergent haplo-

type in the maximum parsimony tree, which separates early

from the remaining variants. However, it should be noted that

haplotypes found in zone 1 are scattered across the haplotype

network, whereas those from zone 2 are central and thus

could also represent the ancestral type (Fig. 4).

Ecological factors involved in the evolution

of geographically related variation in host plant use

by A. versicolor

Our mtDNA data analyses showed that the three zones are

genetically structured. Thus, we may ask whether the

observed geographic structure is related to patterns of host

use. Phytophagous, endophytic insects with restricted dis-

persal ability (Karban 1989; Mopper 1996; Stiling and Rossi

1998; Van Zandt and Mopper 1998) like A. versicolor have a

tendency to adapt to host plant species, thus resulting in the

development of locally adapted populations (Williams

1966; Kawecki and Ebert 2004). When gene flow among

populations does not counteract the forces of selection

(Alleaume-Benharira et al. 2006), adaptive divergence takes

place. However, other evolutionary processes may also

cause differentiation, such as sexual selection (Lande 1981)

or conflict (Chapman et al. 2003), chance events due to a

small local population or bottlenecks (Choe and Crespi

1997; Arnqvist 1998; Matsubayashi et al. 2010), or the

fixation of divergent incompatible alleles (Schluster 2009).

Therefore, more studies using unlinked molecular markers

would help to disentangle the possible mechanisms involved

in the geographic differentiation of A. versicolor.

When divergent selection is caused by ecological sources

(Schluter 2000, 2009), the process of host race formation is

defined as ‘‘ecological speciation’’ (reviewed in Matsubay-

ashi et al. 2010). Different host plant species can be con-

sidered different ‘‘environments’’ because they may vary in

Table 7 Summary of findings

Zone 1 Zone 2 Zone 3

Host plant relative abundance

P. sagittalis High Medium Absent

X. cavanillesii High High High

P. absinthioides Low Low High

A. tenuifolia Low Low Low

Attacked patch (see Table 2) 100% P. sagittalis 96% P. sagittalis 87% P. absinthioides

0% X. cavanillesii 74% X. cavanillesii 0% A. tenuifolia

0% X. spinosum 29% X. spinosum 0% X. cavanillesii

0% P. absinthioides 50% P. absinthioides 0% X. spinosum

0% A. tenuifolia 65% A. tenuifolia2

Oviposition preference (see Table 3) 100% P. sagittalis 90% P. sagittalis 89% P. sagittalis

0% X. cavanillesii 49% X. cavanillesii 13% P. absinthioides

0% P. absinthioides 5% A. tenuifolia 0% X. cavanillesii

0% A. tenuifolia 0% P. absinthioides 0% A. tenuifolia

Voltinism At least bivoltine Univoltine Univoltine

Diapause Absent Present Present

Haplotype diversity High Intermediate Low

Position in the network Scattered Central Peripheral (derived from zone 1)
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their morphology, chemistry or abundance, exposing the

insects to divergent selective pressures (Matsubayashi et al.

2010). In the case of A. versicolor, our behavioral data

suggests that P. sagittalis is its putative ancestral host, since

it was the most commonly used host plant in the field

regardless of its availability, and it was the preferred host in

the oviposition experiments irrespective of the geographic

origin of the females, even though this plant does not occur

in zone 3 (Table 2a, b). Apparently, host range evolution in

A. versicolor preserved the order of preference (Carriere and

Roitberg 1996) (i.e., preference for P. sagittalis is main-

tained). Species that lay endophytic eggs like A. versicolor

are assumed to be more limited in their searches for hosts

(Carrière 1998), due to correlations between the size of the

insect’s body, the size of the eggs, and the size of the host

plant specimen. In fact, it was observed that small host plant

specimens, regardless of the plant species, were not attacked

by A. versicolor because their narrow stems cannot hold the

cerambycid larvae (Logarzo 2007).

Considering that P. sagittalis is the ancestral host, which

ecological factors were involved in the host expansion in

zone 2 and the host shift in zone 3, as well as the sub-

sequent insect race formation? Host expansion may be

explained by an increase in herbivorous fitness due to an

improvement in nutrient balance or food abundance

(Westoby 1977; Berner et al. 2005) or due to the dilution of

poisonous compounds (Freeland and Janzen 1974; Bernays

and Mikenberg 1997) caused by feeding on several species

or on different parts within the same plant (Johns et al.

2009)—also known as ‘‘dietary mixing.’’ However, the

larva of A. versicolor is a stem borer that is confined to a

single stem of a host plant specimen until it pupates inside

the plant (Logarzo et al. 2002), so it cannot experience the

benefits of intra- or interspecific host plant dietary mixing.

Some host plant species traits can exhibit geographical

variation in ecological traits like nutritional quality and/or

defense traits (Dethier 1954; Scriber and Slansky 1981;

Lucas et al. 2000; Singer 2001), or in host plant mor-

phology or chemical traits that provide refuge or natural

enemy escape (Jeffries and Lawton 1984; Chew and

Courtney 1991). We did not measure the geographical

variation of P. sagittalis in relation to nutritional quality or

chemical defenses. However, almost all P. sagittalis pat-

ches sampled were attacked by A. versicolor (56 out of 58)

along a wide geographical distribution, meaning that if

there is spatial variation in host traits, it does not affect

insect use. In addition, due to its obligate endophagous

feeding, A. versicolor larvae are rarely exposed to preda-

tors and entomopathogens. In fact, natural enemy mortality

in this cerambicyd is mainly due to two species of para-

sitoids (Nealiolus sp. and Monitoriella sp, Hymenoptera:

Braconidae), with a low percentage of attack (7.2% of

2,826 larvae sampled) (GAL, unpublished data).

If A. versicolor expanded or shifted to other host plant

species than P. sagittalis to look for enemy-free space,

P. sagittalis should be attacked by A. versicolor to a lesser

extent in the areas where the expansion or shift was pro-

duced, i.e., in Zone 2. However, our data showed that,

when present, P. sagittalis is attacked by A. versicolor.

Ecological traits can interact, leading to tritrophic inter-

actions (Price et al. 1980; Dicke 2000) and opposite

selective pressures, resulting in trade-offs; i.e., larger

lepidopteran larvae can eat tougher leaves (Fox and Czesak

2000) but they are more predated (Heimpel et al. 1996;

Harvey et al. 2000). Apparently, the ecological advantages

provided by the host P. sagittalis seem to counteract other

probable selective pressures.

Taking the results together, our study shows that, when

present, the host plant species P. sagittalis is always

attacked at high rates by A. versicolor, despite some pos-

sible geographical variation in its ecological traits or in the

enemy-free space provided. An alternative explanation to

dietary mixing, host geographical variation or host enemy-

free space is that geographic variation in host availability

(Nitao et al. 1991) is the ecological factor that promoted

local adaptation and divergent selection. Ecological avail-

ability of the preferred host P. sagittalis may have caused

rapid evolutionary divergence (Schluter 2000) in A. versi-

color populations. In northern Argentina (zone 1, north of

27� 200 S), the perennial herb P. sagittalis is abundant and

available throughout the year in frost-free habitats like

stream and river shores (Cabrera 1994) (Argentina has no

frost-free areas, with the exception of some ecological

habitats; Burgos 1963). In central-southern cooler areas

(south of 27� 200 S, zones 2 and 3), P. sagittalis is less

abundant or absent and, like the other three perennial hosts

(P. absinthioides, A. tenuifolia, and A. scabra) loses aerial

biomass during the cold season due to the harsher frosts.

Plants in the genus Xanthium are always absent in winter

because they are annual (Logarzo and Gandolfo 2005).

The cerambycid seems to have adapted its life cycle, by

either losing or acquiring a diapause, to synchronize with

the seasonality of the host plants. In our study, differences

in host availability and insect life cycle traits, i.e., voltin-

ism versus diapause (Table 7), result in a certain degree of

gene flow restriction (Wood and Keese 1990; Glover et al.

1992). For instance, migrants from zones 2 and 3 are at a

disadvantage in zone 1 since they are obligate diapausers

that have only one generation per year (versus two gener-

ations of zone 1 individuals). Also, individuals from zone 3

(restricted to Pluchea spp.) that migrate to zone 2 may

suffer fitness reductions due to the scarcity of suitable

Pluchea hosts (Table 2, Fig. 2). In addition, preliminary

results from mating choice tests showed a much higher

mating success of males from P. absinthioides in zone 3

than males in zone 2 (87.5 vs. 12.5% mating success), and
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of males from Pluchea spp. than males of Xanthium cav-

anillesii (72.5 vs. 27.5%) (GAL, unpublished data), prob-

ably due to particular chemical traits of the genera Pluchea

(Tooker et al. 2002; Moayeri et al. 2007) which affect

reproductive performance. However, these results should

be considered with caution, because captivity conditions

may bias mating preferences (Hoffman and Turelli 1985).

Our study provides behavioral data suggesting that

intraspecific geographic variation in host use has a genetic

basis, and mtDNA data pointing to a recent geographic

expansion coupled with subsequent genetic differentiation

among geographic zones. Apparently, the ecological

availability of the preferred host P. sagittalis triggered

genetic differentiation involving host range and life cycle

changes, determining gene flow restriction and resulting in

geographic races, probably within an ecological speciation

process.

No single genotype or host range can be uniformly

successful in all environments (Falconer 1952). For

instance, monophagy might be advantageous for A. versi-

color in zone 1, where the preferred and putative ancestral

host P. sagittalis is an abundant and predictable resource,

while generalism or host shifts might be advantageous in

zones 2 and 3, where P. sagittalis exhibits temporal and

spatial unavailability or is absent. Our results echo those of

other studies which show that host species range increases

when the host species are less predictable, and narrows to

monophagy when they are abundant and seasonally stable

(Shapiro 1975, 1976; Chew 1977, Jaenicke 1978, Wiklund

1982). Host specialization may represent an adaptive

advantage in environments with predictable host avail-

ability, whereas generalism or host shifts may provide an

adaptive advantage due to the possibility of using alterna-

tive hosts in host-restricted environments.
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