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The study of geographical variation is a key approach to understand
evolution of ecological interactions. We investigated geographical vari-
ation in the interaction among Crotalaria pallida (Leguminosae: Papil-
ionideae), its specialized herbivore, Utetheisa ornatrix L. (Lepidoptera:
Arctiidae), and ants attracted to extrafloral nectaries (EFNs). First, we
used common-garden experiments with plants collected in different
sites at different geographical scales to test for differences among
populations in C. pallida attractiveness to ants. When we compared
three populations from Southeast Brazil (150 km apart), the number of
visiting ants per plant, and the percent of termite baits attacked by ants,
were significantly different among plant populations. In a comparison of
populations from SE Brazil and Florida (USA), there was no significant
difference between the populations in the number of ants per plant or
the frequency of baits attacked. Second, we tested in a common garden
if U. ornatrix larvae present any behavior to avoid ant predation, and if
there were genetic differences among populations. We observed that
most larvae moved away from the vicinity of the EFNs (flowers and
fruits) to the plant leaves. Of the larvae that moved to leaves, only 10%
were attacked by ants while 89% of larvae that stayed near the fruit/
flower were attacked. There was a significant difference among popu-
lations in the frequency of larvae that moved to the leaves and the
frequency of larvae attacked by ants. We discuss the possible causes of
the geographical differences observed and propose future research
directions in this system.

Introduction

In several systems, the interaction among plants and her-
bivores is influenced by extrafloral nectaries (EFNs). EFNs
are anatomically variable sugar-producing plant structures
not directly related to pollination (Koptur 1992, Heil &
McKey 2003). Ants attracted to EFNs usually decrease
herbivory and increase plant fitness (Del-Claro et al 1996,

Oliveira et al 1999, Rudgers & Gardener 2004, Del-Claro &
Torezan-Silingard 2009, Rosumek et al 2009; for an excep-
tion, see Nogueira et al 2012). This type of facultative
interaction with EFN plants can also directly increase ant
colony fitness (Byk & Del-Claro 2011). EFNs occur in more
than 90 families of angiosperms and have evolved inde-
pendently many times (Koptur 1992). In many groups, the
presence of EFNs varies even among closely related species
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(for example, species in the genera Ipomea and Crotalaria)
(Keeler & Kaul 1984, Flores 2004). A key approach to
understand this variation and to untangle the selective
pressures responsible for the evolution of EFNs is to look
at geographical variation (Rudgers & Strauss 2004, Rios
et al 2008, Agrawal 2011). Geographical variation in the
outcome of ant–plant systems mediated by EFNs may
result from differences in the species composition of the
associated ant community, variable herbivore pressure,
variable ant density on foliage, or variable abiotic factors
(Bentley 1976, Horvitz & Schemske 1984, Barton 1986,
Smiley 1986, De la Fuente & Marquis 1999, Cogni et al
2003, Rudgers & Strauss 2004, Kersch & Fonseca 2005).
However, few studies have tested if these differences are
genetically based or just plastic responses to differences in
the environment (for example, Rios et al 2008). These
genetic based geographical differences are also important
because they are a key prediction of coevolutionary
theories (Thompson 2005).

Another key component to understand the evolution of
EFNs is the investigation of the ability of herbivores to
overcome ant predation. Many herbivores feeding on
ant-visited plants possess morphological and behavioral
adaptations to deal with frequent encounters with ants
on foliage (Heads & Lawton 1985, Freitas & Oliveira 1996,
Salazar & Whitman 2001, Sendoya et al 2009). In addition,
the behavior of the larvae in response to ant attack may
determine the outcome of the interaction. For example,
larvae jumping from plants to avoid ants may result in less
plant herbivory even if the ants are not directly preying
them (Rudgers et al 2003).

An ideal system to address geographical variation in
EFNs and behavioral responses of the herbivore is the
interaction between Crotalaria pallida and Utetheisa orna-
trix L. Previous studies in this system have addressed
chemical and behavioral aspects of the sequestration of
plant defensive pyrrolizidine alkaloids by this specialist
herbivore (reviewed by Eisner & Meinwald 1995). More
recently, studies have addressed the role of C. pallida
EFNs in attracting defensive ants (Ferro et al 2006,
Guimarães et al 2006), and geographical variation and local
adaptation in the interaction between the plant and the
herbivore (Cogni & Futuyma 2009, Cogni et al 2011). Here,
we introduce a novel approach in the system that com-
bines aspects of geographical variation and differences
mediated by EFNs and the attracted ants. We looked at
the interaction among C. pallida, U. ornatrix, and EFN-
visiting ants in a geographical context. Specifically, using a
common-garden approach, we asked the following ques-
tions: (1) Are there genetic differences among populations
in C. pallida attractiveness to ants and the frequency of ant
attack to simulated herbivores? (2) Does the difference
depend on the geographical scale? (3) Do U. ornatrix larvae

present any behavior to avoid ant predation? (4) Are there
genetic differences among U. ornatrix populations in the
behavior to avoid ant predation?

Materials and Methods

Study system and populations studied

Crotalaria pallida is an annual plant that might have been
introduced in the New World from Africa (possibly around
500 years ago) (Cogni & Futuyma 2009) but the current
pantropical distribution is obscured by widespread cultiva-
tion (Polhill 1982). In the Neotropics, it occurs at high
densities from southern Brazil to the southeastern USA
(Flores 2004, Cogni & Futuyma 2009). The generalist
pod-borer Etiella zinckenella (Treitschke; Lepidoptera:
Pyralidae), and the specialist U. ornatrix are the two main
natural enemies of Crotalaria plants in the Neotropics
(Cogni 2010, Cogni et al 2011). Utetheisa ornatrix uses C.
pallida as its main host in many locations (Ferro et al 2006,
Eisner & Meinwald 1995, Cogni et al 2011). Because the
larvae prey on the seeds, and up to 20% of C. pallida fruits
may be damaged in the field, U. ornatrix can have a
significant impact on the fitness of Crotalaria plants
(Ferro 2001, Ferro et al 2006, Cogni et al 2011). Crotalaria
pallida has EFNs located at the base of the pedicel (Díaz-
Castelazo et al 2005, Melo et al 2010a, 2010b). The EFNs
remain active from the early development of flowers to
formation of mature fruits and the ants constantly patrol
the flowers and fruit pods and expel U. ornatrix larvae that
are outside the fruit (Ferro et al 2006, Guimarães et al
2006). The EFNs can also attract predaceous wasps that
prey upon U. ornatrix larvae (J. R. Trigo, personal observa-
tion). Another major defense trait in Crotalaria plants is the
constitutive presence of pyrrolizidine alkaloids (PAs), which
have deterrent and toxic effects on generalist herbivores
(Macel 2010, Trigo 2010). The specialist U. ornatrix is able
to sequester PAs from Crotalaria plants; sequestered PAs
protect all developmental stages against predators and are
modified by males into a courtship pheromone (Eisner &
Meinwald 1995, Conner 2009, Cogni et al 2012, Hoina et al
2012). Previous studies in the system have shown that local
adaptation of U. ornatrix to C. pallida depends on the
geographical scale (Cogni & Futuyma 2009), and that C.
pallida resistance traits vary spatially (Cogni et al 2011).

We collected C. pallida seeds and U. ornatrix adults in
three sites in the state of São Paulo, Southeastern Brazil,
and in one site in Central Florida, USA, as previously de-
scribed (Cogni & Futuyma 2009, Cogni et al 2011). These
sites will be referred as CAM for Campinas-SP (22°45′12″S,
47°03′20″W), BOT for Botucatu-SP (22°46′45″S, 48°24′14″
W), JUQ for Juquiá-SP (24°19′55″S, 47°38′15″W), and FL for
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Archbold Biological Station in Central Florida (27°11′13″N,
81°20′19″W).

Ant visitation experiments

Plants from each site were grown in a greenhouse as in
Cogni & Futuyma (2009) and used in two common-garden
experiments. The localities of both common-garden experi-
ments, the Mata de Santa Genebra and the Zoológico de
Mogi Mirim, did not have naturally grown Crotalaria
plants, and were relatively near the site where the CAM
population was collected.

Regional scale. In the first experiment, we studied the three
Brazilian populations. Forty-two plants from each of the
three sites were transferred from the greenhouse to the
borders of the forest fragment of Mata de Santa Genebra
in Campinas-SP (22°49′38.91″S, 47°06′08.21″W), in a
common-garden design. We placed 42 blocks of three
plants each at 10-m intervals; each block had one plant
from each of the three sites. Plants were 30 cm from each
other within blocks. Plants were transferred on 15 October
2005, and the experiments were carried out on 25–27
October. Plants in the same block were similar in size,
phenological stage (flowers or young fruits), and number
of unripe pods. For each plant, the total number of ants
per plant was counted during a 30-s interval. All observa-
tions were performed in the morning (between 09:00 and
12:00); therefore, only diurnal ant species were sampled.
To estimate ant aggressiveness, a termite worker
(Nasutitermes sp.) was glued on a reproductive stem of
each plant and observed if it was attacked by ants during
10 min (as in Cogni et al 2003). The time until the attack
was also recorded. The variables were compared among
localities using the nonparametric randomized block
Friedman test for the number of ants visiting plants, a χ2

test for the frequency of termites attacked by ants, and the
nonparametic Kruskal–Wallis test for the time an ant took
to attack a termite bait. The relative frequency of ant
species was compared among plant origin sites by a χ2 test,
after excluding Crematogaster sp. that was only observed
twice.

Continental scale. In a second experiment (February and
March 2009), we studied plants from one site from Brazil
(CAM) and the Florida site. Twenty-five plants from each
site were transferred from a common garden to a grass
field at the Zoológico Municipal de Mogi Mirim “Luiz
Gonzaga Amoêdo Campos” in Mogi Mirim-SP (22°26′
45.91″S, 46°57′17.7″W). The same procedures described
above were used, except that the ant counts were
repeated five times on alternate days, and the results
are presented as averages. The mean number of visiting

ants for each original site was compared by a paired t
test. The frequency of termites attacked by ants was
compared by a χ2 test. The relative frequency of ant
species was compared between plant origin sites by a χ2

test, after excluding species with an average frequency
of less than one.

Larval behavior experiments

Another set of experiments, also using a common-garden
design, was carried out to test inter population differences
in U. ornatrix larvae behavior to avoid ant predation. These
experiments used only larvae from the three Brazilian
populations (regional scale). We did not studied differences
in larvae behavior between the sites from Brazil and Florida
(continental scale) because we did not have permits to
carry out experiments with imported larvae in the field.
Moth colonies from each of the three Brazilian sites were
established from more than 40 adults collected in the field,
and kept in the laboratory with more than 25 adults at any
single time. We fed larvae from all sites on fresh green C.
pallida seeds. Fresh seeds, from plants grown in a green-
house from seeds collected in a field site in Itatiba-SP, were
provided every other day. Third instars from each site were
randomly placed on the same block of plants transferred to
the field in 2005, and observed for 10 min. Each larva was
placed on a reproductive stem near the flowers or fruits
(the plant part where active EFNs occur). We recorded the
number of larvae that moved to a different location on the
plant, the number that were attacked by ants, and the
larva response to ant attack. Forty-two larvae from each
site were used. We carried out control experiments placing
the larvae on the leaves instead of flowers/fruits, and more
than 95% of larvae stayed on the leaves and were not
attacked by ants (data not shown). The frequencies of
each behavioral category were compared among sites by
a χ2 test.

Results

Ant visitation experiments

Regional scale. In the experiment comparing plants originally
from the three Brazilian sites, the number of ants per plant
was significantly different among plant populations
(Table 1; Friedman test, c2r =12.636; df=2; P=0.002).
Attacks to termite baits by ants were significant different
among populations (Table 1; χ2=8.320; df=2; P=0.016). The
time an ant took to attack a termite bait did not differ
among plants from the three sites (Table 1; Kruskal–Wallis
test, H=1.019; P=0.601). Four ant species were observed
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visiting the EFNs of C. pallida; the relative frequency of
species was similar among plants from each of the three
sites (Table 1; χ2=2.16; df=4; P=0.706). All four species
attacked termite baits and U. ornatrix larvae.

Continental scale. In the experiment comparing plants
originally from Florida and Brazil, the number of ants per
plant did not differ between populations (Table 2; t=0.099;
df=24; P=0.922). The percent of termites attacked by ants
did not differ between populations either (Table 2; χ2=
0.00; df=2; P>0.999). Eight ant species were observed
visiting the EFNs of C. pallida; the relative frequency of
species was similar among plants from the two sites
(Table 2; χ2=0.21; df=4; P=0.995).

Larval behavior experiments

When an U. ornatrix larva was placed on the reproductive
stems of a C. pallida plant, the larva stayed near the flower
or fruit, or it rapidly moved down the plant until it found a
leaf where the larva stayed. There was a significant differ-
ence among the sites on the frequency of larvae that
moved to the leaves or stayed on the reproductive stem
(Fig 1a; χ2=13.62; df=2; P=0.001). The behavior of the
larvae greatly influenced the chance of being attacked by
ants: while just 10% of larvae that moved to leaves were
attacked, 89% of those that stayed near fruit/flower were
attacked (Fig 1b; χ2=81.93; df=1; P<0.001). These patterns
resulted in differences in the frequency of larvae attacked
by ants among sites (Fig 1c; χ2=14.0; df=2; P<0.001).
During an ant attack, most of the larvae jumped from the
plant as soon as they were detected and first touched by
ants. This behavior was effective in most of the attacks.
The percentage of larvae that survived an attack also varied
among sites (Fig 1d; χ2=10.35; df=2; P=0.006).

Discussion

At the regional scale (populations from the state of São
Paulo), our results clearly show differences in the number
of ants visiting plants from the different sites, and that
these differences resulted in differences in the frequency
of ant attack to simulated herbivores. These differences
may be the result of variation among populations in the
number of EFNs per plant, the volume of nectar produced,
and/or the nutritional value of the nectar. Since the exper-
iment was performed in a common garden with plants
grown from seeds, we can infer that these differences
are genetic based and not plastic response to differences
in the environment. Other C. pallida defense traits, such as

Table 1 Ant visitation and predation behavior in Crotalaria pallida plants originally from three sites from the state of São Paulo, SE Brazil, in a
common garden.

BOT (n=42) CAM (n=42) JUQ (n=42)

Median number of ants (1st–3rd quartiles) 0 (0–1) 1 (0–1) 1 (0–2)

Frequency of ants

Brachymyrmex sp. 2 4 2

Camponotus sp. 6 10 13

Crematogaster sp. 1 0 1

Pheidole sp. 8 8 8

Proportion of termites attacked 0.26 0.40 0.57

Median time to attack termites (s; 1st–3rd quartiles) 57 (35–122) 43 (10–173) 47 (21–80)

The frequency of each ant species is represented by the number of plants from each population visited by each ant species. For statistics, see
“Results”.

BOT Botucatu-SP, CAM Campinas-SP, JUQ Juquiá-SP.

Table 2 Ant visitation and predation behavior in Crotalaria pallida
plants originally from Central Florida (FL) and Campinas-SP, SE Brazil
(CAM), in a common garden.

CAM (n=25) FL (n=25)

Mean number of ants±SD 1.42±2.92 1.55±2.26

Frequency of ants

Brachymyrmex sp. 5.4 6.8

Camponotus sp.1 8.8 9.8

Camponotus sp.2 10 10

Camponotus sp.3 0.4 0.4

Crematogaster sp. 0.8 0

Pheidole sp.1 0 0.6

Pheidole sp.2 0 0.2

Pseudomyrmex sp. 0 0.2

Proportion of termites attacked 0.64 0.64

Median time to attack termites
(s; 1st–3rd quartiles)

180 (80–304) 120 (60–172)

The frequency of each ant species is represented by the number of
plants from each population visited by each ant species, averaged
over 5 days of sampling. For statistics, see “Results”.
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the concentration of PAs, also showed genetic variation
among the same sites (Cogni et al 2011). In the future, a
more complete test of the influence of genetics and plas-
ticity of plants on the attractiveness of the available ant
community can be performed by experiments replicated in
all the origin sites by reciprocal transplant. We did not find
any difference at the continental scale comparison (popu-
lations from São Paulo and Florida), which might indicate
that the variation depends on the geographical scale (see
also, Cogni & Futuyma 2009, Cogni et al 2011). However,
our results at the continental scale should be interpreted
with caution because they depend on the sites sampled.
We sampled just two sites to repeat the design of a
previous study (Cogni & Futuyma 2009), but our results
could have been different if we had sampled a different
site from São Paulo (since there were differences among
these populations). In both experiments, the ant assemb-
lages visiting the EFNs were similar for plants from the
different origins, and they represent typical assemblages of

EFN-visiting ants in the Neotropical region (Cogni et al 2000,
Cogni & Freitas 2002).

What are the possible reasons for the geographical
differences reported here? These differences may have
evolved by drift or selection. Generally, spatial differences
in selection in this type of interaction are likely to occur. The
outcome of the interaction (positive, negative, or neutral)
depends on the identity and abundance of at least three
species assemblages: the visiting ants, the EFNs bearing
plants, and the herbivore community (Rudgers & Strauss
2004). In addition, there may be spatial differences in possi-
ble fitness costs associated with the production of EFN
(Keeler 1985, Rios et al 2008). For our system in particular,
we have reported that field herbivore incidence on C. pallida
varies among the sites studied; the average proportion of
pods attacked varies from 1.5% to 13% for U. ornatrix and
from 2% to 9% for E. zinckenella (Cogni et al 2011).We plan to
investigate spatial variation in ant assemblages and other
EFN-bearing plants in the community in the future.

a

b

c

d

Fig 1 Interpopulation differences in Utetheisa ornatrix behavioral response to ant predation. a Proportion of larvae that stayed near the EFNs, b
proportion of larvae that were attacked by ants dependent on plant position, c proportion of larvae attacked by ants, and d proportion of larvae
that survived an ant attack. Values inside each bar represent sample size. For statistics, see “Results”.
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Our larval experiments showed that the behavior of
moving away from the EFNs is a very effective way to avoid
ant predation. This effect of the ants may benefit the plant
by reducing damage to fruits and seeds (see Rudgers et al
2003). Previous studies in the system have shown that ants
cause high predation rates on larvae outside the fruits
(Ferro et al 2006, Guimarães et al 2006), and that the
behavior of eating inside the fruit is likely an adaptation to
avoid ant predation (Ferro et al 2006). It may be interest-
ing to investigate how larval behavior and predation risk by
ants vary with ant species (Sendoya et al 2009), and with
larval size since prey size is a key component to understand
predation (Freitas & Oliveira 1996, Cogni et al 2002, Cogni
& Oliveira 2004a, b). Interestingly, we also found evidence
of genetic differences in the behavior of the larvae among
populations, with larvae from CAM being less likely to
move away from the EFNs. However, these differences
may not be stable over time. The study of population
structure of U. ornatrix with neutral markers resulted in
the differentiation among populations from the state of
São Paulo in 2005 (the same year we did the EFN experi-
ments), but no differentiation was found in samples of the
same populations in 2008 (Cogni et al 2011). The difference
in population structure between the years suggests a pat-
tern of local population extinction and recolonization, and
therefore the differences in behavior we observed may be
ephemeral. The differences observed among populations
may have evolved by drift or selection. The selection pres-
sure is likely to differ among the populations because C.
pallida attractiveness to ants varies among populations (as
reported here), and the ant assemblages may also vary in
the different sites. The selection may also be related to
differences among the plant populations in the concentra-
tion of PAs (as reported in Cogni et al 2011). Since leaves
have much lower PA concentration than seeds (Ferro et al
2006), moving to the leaves may decrease the amount of
PAs sequestered by the larvae. However, ant predation per
semay not be affected by plant PA concentration. Ferro
et al (2006) did not find significant differences while
comparing predation rates on larvae previously fed on
unripe seeds and leaves.

Our results open several questions for future studies. An
ideal research program can study a larger number of pop-
ulations, and sample over different seasons and in multiple
years. It can include a common-garden component mea-
suring genetic differences in ant attractiveness to EFNs, as
well as PA concentration and other defense traits. It can
also include field studies investigating differences in ant
attractiveness and other defense traits, differences in her-
bivore pressure, and differences in ant assemblages. In
addition, ant exclusion experiments can test if the trajec-
tory of selection varies among populations. To understand
the evolution of the larval behavior to avoid ant predation,

future studies can investigate predation rates in the field,
larval behavior in the field. On the other hand, common-
garden experiments could address how the amount of
sequestered PAs may affect behavior and how the popula-
tion structure of U. ornatrix may affect the evolution of
interpopulational differences. Therefore, the geographical
differences reported here place the Crotalaria–Utetheisa
interaction as an excellent model system to investigate
evolution mediated by EFNs at the population level.
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