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Abstract Secondary metabolites are one the most per-

vasive defensive mechanisms in plants. Many specialist

herbivores have evolved adaptations to overcome these

defensive compounds. Some herbivores can even take

advantage of these compounds by sequestering them for

protection and/or mate attraction. One of the most studied

specialist insects that sequesters secondary metabolites is

the arctiid moth Utetheisa ornatrix. This species sequesters

pyrrolizidine alkaloids (PAs) from its host plant, the

legume Crotalaria spp. The sequestered PAs are used as a

predator repellent and as a mating pheromone. We used

this species to test larval preference for different concen-

trations of PAs. We purified PAs from plant material and

added them at different concentrations to an artificial diet.

Larvae of U. ornatrix previously feeding on low and high

PA concentration artificial diets were allowed to choose

between two new artificial diets with different PA con-

centrations. The amount of PAs sequestered and larval

preference were dependent on their previous exposure to

low or high PA content in the diet. Larvae that were pre-

treated with a low PA diet significantly consumed more

diet with the high PA concentration, while larvae that were

pretreated with a high PA diet showed no discrimination

between future feeding of different PA concentration diets.

We discuss our results using mechanistic and evolutionary

approaches. Finally, we discuss how these results have

important implications on the evolution of plant herbivore

interactions and how specialist herbivores may decrease

the levels of chemical defenses on plant populations.

Keywords Coevolution � Crotalaria � Chemical defense �
Diet choice � Mating choice � Taste receptors

Introduction

Secondary metabolites are one the most pervasive defense

mechanisms in plants (Rosenthal and Berenbaum 1992).

Due to the long-term evolutionary association between

insects and plants, herbivores are considered an important

driving force for the production and great diversity of these

substances (Ehrlich and Raven 1964). In order to coun-

teract the chemical defense of plants, herbivores have

evolved different behavioral and physiologic mechanisms

to better exploit their host plants (e.g., feeding specializa-

tion, detoxification, sequestration, gall forming) (Rausher

2001; Karban and Agrawal 2002). The effectiveness of

these plant defenses and the subsequent herbivore counter

responses is dependent on the level of specialization of the

interaction. In most cases, specialist insect herbivores are

less affected by plant chemical defenses from the hosts

they are adapted to than non-specialist herbivores (van Dam

et al. 1995; van der Meijden 1996, but see Agrawal and

Kurashige 2003 and references therein).

Among the variety of chemical defenses in plants,

pyrrolizidine alkaloids (PAs) encompass a group of about
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360 chemical structures with restricted occurrence in

higher-plant taxa (Hartmann 1999). Pyrrolizidine alkaloids

have deterrent and toxic effects on a variety of non-specialist

insect herbivores (see reviews in Macel 2011; Trigo 2011).

On the other hand, several specialist herbivores are adapted

to feed on PA-containing host plants as well as to sequester

PAs (e.g., ithomiine and danaine butterflies, arctiid moths,

some leaf beetles) (see reviews in Nishida 2002; Trigo 2000,

2008, 2011; Macel 2011). PA sequestration provides

advantages in terms of survival and reproductive success for

adults and their offspring (Eisner and Meinwald 1995;

Brown 1984; Pasteels et al. 2001). What often distinguishes

PA-specialist and non-specialist herbivores that specialists

are able to sequester these toxic compounds. Plants usually

store the PAs in their N-oxide non-toxic form (Hartmann and

Ober 2008).

One of the most studied PA-specialist insects is the

arctiid moth Utetheisa ornatrix, the larvae of which feed on

leaves and unripened seeds of several species of

PA-containing plants of the genus Crotalaria (Fabaceae:

Papilionoideae: Crotalarieae) (Eisner and Meinwald 1995;

Ferro et al. 2006; Guimarães et al. 2006; Cogni and Fu-

tuyma 2009; Cogni 2010a, b; Cogni et al. 2011). This

insect species sequesters PAs from their host plants and

uses them as a predator deterrent through their entire

development as well as against egg parasitoids (see for

reviews Eisner and Meinwald 1995; Trigo 2011). Eisner

and Meinwald (1995) reviewed the role of PAs and their

hydroxydanaidal-derived pheromone in the mating behav-

ior of U. ornatrix. They showed that males with high

concentration of these compounds are selected by females

since the content of hydroxydanaidal in male coremata

allows the females to assess the amount of PAs in the male

body that will be transferred to them by mating, thus

providing the best defense for themselves and their off-

spring (Kelly et al. 2012).

The specialist U. ornatrix can consume PAs in large

quantities and for a prolonged period in laboratory exper-

iments without significant reduction of larval or adult fit-

ness (Cogni 2010a; Cogni et al. 2012). Similarly, in the

related species Estigmene acrea, consumption of PAs does

not negatively affect larval performance (Hartmann et al.

2005). Larvae of U. ornatrix and related species have taste

receptors specific to PAs that enable the detection of a wide

range of concentrations of these compounds (Bernays et al.

2003a, 2004). In E. acrea, the gustatory response by these

receptors is lost after prolonged feeding in PA-containing

plants or injection of PA into the hemolymph (Bernays

et al. 2003b). In the wild, females of U. ornatrix oviposit

on leaves, and the larvae can walk about the plant. The

larvae feed generally on unripe seeds and less often on

leaves. In one of the main host plants, Crotalaria pallida,

unripe seeds have an average of 0.24 lg/mg of PAs and

leaves have only 0.054 lg/mg (Ferro et al. 2006). Larvae

reared exclusively on seeds in the laboratory sequester

around 15 times more PAs than larvae reared exclusively

on leaves (Ferro et al. 2006). There is also great variation in

PA content among other Crotalaria species used as hosts

(J.R. Trigo, personal communication). Therefore, it is of

considerable relevance to understand how this specialist

moth behaviorally responds to different concentrations of

PAs in the diet and if such response is influenced by the

previous level of PAs in its body.

Since all developmental stages of U. ornatrix are PA

dependent to some extent, and these compounds are

sequestered as larvae, we hypothesized that previous

feeding on a low PA-content diet will lead larvae to choose

a high PA-content diet to supply their PA-deficient tissues.

However, larvae feeding previously on a high PA-content

diet may not need to make such a choice since PAs in their

tissues may be enough for defense and courtship.

In order to test our predictions, we purified PAs from

plant material and added them at different concentrations to

an artificial diet. Two groups of larvae, one previously

feeding on high and the other on low PA concentration

artificial diets, were later allowed to choose between two

artificial diets with different PA concentrations.

Methods

PA extraction

PAs were extracted from the leaves and flowers of Senecio

brasiliensis (Asteraceae) as free bases following Trigo

et al. (1993). GS-MS and GC-FID analysis confirmed that

these PAs consisted of a mixture of senecionine-type PAs:

69 % of integerrimine (relative abundance of *69 %),

retrorsine (27 %), and senecionine (4 %). These are the

same type of PAs (senecionine-type) found in the unripe

seeds of C. pallida (usaramine ca. 85 % and integerrimine

ca. 15 %), the most common host of U. ornatrix (Ferro et al.

2006; Cogni and Futuyma 2009; Flores et al. 2009; Cogni

2010a, b). Other Crotalaria species, such as C. incana and

C. micans, with integerrimine as the main PA (Flores et al.

2009), are also used as the host plant by U. ornatrix in the

Neotropics (Cogni 2010b, J. R. Trigo personal communi-

cation). We used S. brasiliensis as the PA source (Trigo et al.

2003) since the yield of these alkaloids is higher than in

C. pallida seeds (J.R.Trigo personal communication). In

addition, S. brasiliensis is not a host of U. ornatrix,

decreasing the chance of carryover of non-PA feeding

stimulants. To test how pure the PA extract was, we used a

colorimetric method (Trigo et al. 1993) to quantify the

amount of PAs in replicated weighted amounts of the extract

compared to weighted amounts of the reference pure
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crystallized monocrotaline. There were no significant dif-

ference in colorimetric readings of the extract and the ref-

erence substance, indicating that the extract was 100 % pure.

Diet preparation and rearing system

The diet was made using Phaseolus beans (Signoretti et al.

2008), which were cooked and blended with PAs dissolved

in soy oil. Diet PA concentrations included 1X (0.024 %

dry weight = the same concentration found in seeds of

C. pallida; Ferro et al. 2006), 5X (0.12 %), and 100X (2.4 %).

The diet was cooked and poured into their respective test

tubes. The tubes were covered and allowed to sit for 1 day

at room temperature to assure the diet was of proper (dense

enough) consistency. For the pretreatment, 3 ml of the diet

was put in 10-ml test tubes; for the choice tests, 0.6 ml of

the diet was put in 2-ml microcentrifuge tubes (these

amounts were similar to all tubes and treatments). We used

a colorimetric method (Trigo et al. 1993) to quantify the

PAs in the diet at time zero (just after diet preparation) and

after 1 week (n = 10 per concentration per time); there was

no significant difference between the expected concentra-

tion and the observed concentration in the diet. Also, there

was no difference between the concentration of PAs

between time zero and after 1 week, indicating that no

degradation has taken place in quantitative terms. We also

used GC/MS to show that no qualitative degradation has

taken place in the diet.

Larvae were bred in the laboratory from U. ornatrix

adults collected in Campinas, SP, Southeastern Brazil

(22�470S, 47�040W). One male and one female were con-

fined to paper cages, fed a 5 % honey solution, kept in an

incubator at 29 �C, and allowed to mate. Females laid

clustered eggs on the paper walls, which were cut out from

the cages. The egg clusters were placed in separate con-

tainers and allowed to hatch. Newly hatched larvae were

randomly assigned to either of two pretreatments: those

reared on 100X (high PA concentration) or those on 1X

(same PA concentration as the host plant) diet until the

experiment commenced.

PA quantification in larvae, feces, and coremata

To test the effects of the 1X diet versus the 100X diet

pretreatments, we quantified the amount of PAs seques-

tered in the larvae, the amount of PAs in larval feces, and

the amount of PAs in coremata of the males that have

previously fed on each of the two diets. The total PAs in

larvae and feces were quantified by a colorimetric method

as in Trigo et al. (1993). The amount of hydroxydanaidal in

coremata was quantified by GC–MS with the selective ion

monitoring (SIM) method, using a Hewlett Packard 6890

gas chromatograph coupled with an HP-5973 mass selec-

tive detector equipped with a HP-5 column

(30 m 9 0.32 mm 9 0.25 lm). The GC–MS conditions

were as follows: injection temperature 250 �C; temperature

program: 70–150 �C, 4 �C/min, 150–300 �C, 30 �C/min;

splitless, carrier gas He 1.2 mL/min; monitored ion (m/z):

151. The comparison of PA and hydroxydanaidal amounts

between the two diets was carried out using an independent

t test. The amount of hydroxydanaidal was given by peak

abundance of m/z 151 ion. Sample size per treatment was

10 larvae, 10 larval feces (collected daily from first larval

instar until pupation), and four coremata.

Choice experiment

Larvae in their fourth instar (average dry weight = 33 mg)

were subjected to choice tests. The larvae were individu-

ally placed in 2-ml microcentrifuge pre-weighted tubes

containing two different alkaloid concentration diets. The

concentrations tested were 5X versus 1X, 100X versus 1X,

and 100X versus. 5X. Each choice test was performed with

larvae previously fed on the 1X and 100X diets. Sample

sizes varied from 52 to 55 individuals per choice test per

pretreatment group. The larvae were placed within the

tubes and the open ends of the tubes were bound together

by tape so that the larvae were able to choose between the

two diets. It was indeed noted that larvae sampled both

diets during the experiment. After 2 days, the larvae were

removed from the microcentrifuge tubes and the tubes were

reweighed to access the amount of diet consumed of each

concentration. The initial amount of the diet was large

enough to avoid that the larvae finish the diet during the

2-day period. Under the test conditions, water evaporation

during the 2-day period caused variation in diet weight of

\1 %; the evaporation was similar for the different PA

concentrations. For each choice test, the average amount of

diet consumed (in mg) for each concentration was com-

pared with a paired t test. Data were ln x ? 1 transformed

to achieve a normal distribution.

Results

The amount of PA sequestered by larvae differed signifi-

cantly between larvae that were previously exposed to low

and high PA-content diets (Fig. 1a; t = 12.764, df = 18,

P \ 0.001); larvae previously reared on the 100X PA diet

sequestered 13 times more PAs than larvae reared on the

1X PA diet. There was also a difference in the PA content

of the coremata of males from the two pretreatments

(Fig. 1b; t = 16.082, df = 2, P \ 0.001); males from the

100X diet have on average 260 times more PAs in the
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coremata than males from the 1X diet. Not all PAs con-

sumed in the diet were sequestered by larvae. Feces from

larvae eating the 1X PA diet have an average PA con-

centration of 0.096 lg/g, while feces from larvae eating the

100X diet have an average of 2.918 lg/g (Fig. 1c;

t = 13.55, df = 18, P \ 0.001). Larvae that were previ-

ously exposed to low and high PA-content diets have

similar appetites; the average total amount of diet con-

sumed per larva did not differ between the 1X and

100X PA pretreatments (Fig. 1d; t = 0.166, df = 318,

P = 0.869).

Larval dietary preference was dependent on their previ-

ous exposure to low or high PA-content in the diet. Larvae

pretreated with a low PA diet (1X) consumed more diet with

the high PA concentration compared to the low

concentration. Larvae significantly preferred the 5X diet

over the 1X (Fig. 2a; t = 2.193, df = 52, P = 0.033), and

the 100X over the 1X (Fig. 2b; t = 3.200, df = 54,

P = 0.002). The preference for the 100X over the 5X

was marginally significant (Fig. 2c; t = 1.989, df = 52,

P = 0.052). On the other hand, larvae that were pretreated

with 100x PA concentration showed no discrimination

between the different PA concentrations. The larvae con-

sumed similar amounts of the 5X and 1X diet (Fig. 2d;

t = 0.866, df = 52, P = 0.390), the 100X and 1X diet

(Fig. 2e; t = 0.872, df = 51, P = 0.387), and the 100X and

5X diet (Fig. 2f; t = 1.334, df = 53, P = 0.189). During

the choice tests, we observed the larvae walking between

the two tubes and sampling both diets; in almost all cases,

the larvae consumed measurable amounts of both diets.

Fig. 1 Differences between

larvae fed on a diet with 1X or

100X PA concentrations.

a Concentration of sequestered

PAs in larvae. b Amount of PAs

in male coremata given by peak

area of ion (m/z) 151. The

Y axis is plotted in log scale.

c Concentration of PAs in larval

feces. d Total amount of diet

consumed per larva in choice

experiments. Bars show the

average ± SE
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Discussion

Larvae that previously fed on a diet with low PA concen-

tration presented low amounts of sequestered PAs in the

tissue and showed a strong preference for the diet with the

highest PA content in the choice experiments, while larvae

that previously fed on a diet with high PA concentration

presented high amounts of sequestered PAs in the tissue

and showed no dietary preference. These findings agree

with our predictions stated above. We will discuss such

results using both mechanistic and evolutionary approa-

ches, which are not mutually exclusive.

In terms of physiology, the preference results can be

explained by the presence of a taste receptor neuron in each

of the lateral and medial galeal styloconic sensilla in

U. ornatrix larvae (Bernays et al. 2003a). These receptors

exhibit a dose-dependent response to pyrollizidine alka-

loids that enable the detection of PAs over a wide range of

concentrations (Bernays et al. 2003a). The preference for

higher PA concentrations seems to be adaptive because

higher levels of sequestration provide higher protection

against predators and higher mating success in males

(Eisner and Meinwald 1995; Ferro et al. 2006; Kelly et al.

2012). In addition, sequestration in this species does not

incur a fitness cost. In an experiment in which larvae fed

during the entire development on diets with different PAs

concentrations (including a diet with 100 times higher

concentration), the larvae sequestered amounts of PAs

proportional to the diet concentration previously consumed

without any important negative effect on larval or adult

fitness (Cogni 2010a, Cogni et al. 2012). It is interesting,

however, the extent to which larvae prefer diets with PA

concentrations well above that found in its main host plant,

C. pallida (Ferro et al. 2006). PAs in unripe seeds of

C. pallida can vary up to 10 times among individuals and

populations (Cogni 2010b, J.R. Trigo personal communi-

cation), a range of variation comparable to our 1X to 5X

treatments. However, in some localities, U. ornatrix can

use alternate hosts with a higher PA concentration; for

example, unripe seeds of C. spectabilis have an average of

4.6 % (SE = 0.4; N = 9) (J.R. Trigo & R. Cogni unpub-

lished results).

When larvae were pretreated with the 100X diet there

was no preference for either the high or low alkaloid diet,

presumably because they were not able to distinguish

between concentrations. How can this lack of larval pref-

erence in the high PA pretreatment be explained physio-

logically? Experiments on the highly polyphagous larvae

of E. acrea have shown that extensive feeding on PAs or

injection of PAs into the hemolymph can cause a loss in

response of the PA-sensitive cells. This leads to a behav-

ioral response causing reduced feeding on PA-containing

foods for a few hours, possibly to allow physiologic han-

dling mechanisms time to deal with the PAs (Bernays et al.

2003b). Our behavioral results suggest that a similar

mechanism may occur in U. ornatrix, and we propose that

future studies may address this hypothesis by electro-

physiologic recordings of the receptors signal as in Bernays

et al. (2003b). The suggested decrease in the neural

responsiveness to high concentrations of PAs is unlikely to

be under negative or positive selection in the specialist

U. ornatrix. As posed above ingestion of high amounts of

PAs are not costly, and larvae that were previously fed high

PA concentrations may have enough PAs in their tissues

for defense and mating. This response may be more likely

Fig. 2 Larval consumption of diets with different pyrrolizidine

alkaloid concentrations in choice tests. Bars show the average

amount of each diet consumed per larva ± SE. a–c Larvae were

previously fed on a diet with 1X PA concentration. d–f Larvae were

previously fed on a diet with 100X PA concentration
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explained as an ancestral trait selected in species that may

be negatively affected by prolonged ingestions of PAs.

Even though we showed that previous ingestion of

extremely high PA concentrations can result in a lack of

preference, under the average PA concentrations found on

the most common host plant (C. pallida), the larvae

showed a strong preference for the highest PA concentra-

tion. This finding has important implications for the evo-

lution of interactions among herbivores and their host

plants. A strong preference for higher concentrations of

secondary metabolites has important ramifications on how

specialist herbivores act as agents of natural selection on

the level of defenses in their host plants. Since there is an

advantage to acquiring higher amounts of plant chemicals

without costs (Cogni 2010a; Cogni et al. 2012), it is

favorable for the herbivore to eat plants with the highest

PA concentrations. Indeed, the present study shows that

larvae of U. ornatrix present a strong preference for higher

concentrations of PAs. From the host plant perspective,

specialist herbivores act as agents of natural selection that

lowers the levels of defensive chemicals in host plant

populations (see van der Meijden 1996 for PAs, and

Lankau 2007 for glucosinolates). This concept is seen in

introduced populations of the weed Senecio jacobaea

which lacked a specialist herbivore; these populations

evolved increased levels of PAs and as a consequence

increased their resistance to non-specialist herbivores

(Joshi and Vrieling 2005). In another example, Lankau

(2007) reported that non-specialist damage was negatively

correlated to glucosinolate sinigrin concentrations in leaves

of Brassica nigra (Brassicaceae), but specialist damage

was positively correlated. The increase of sinigrin con-

centration was favored when specialists were removed,

disfavored when non-specialists were removed, and selec-

tively neutral when plants faced both generalists and spe-

cialists (Lankau 2007). These results strongly support the

idea that specialist and non-specialist herbivores can exert

opposing selection pressures on chemical defenses (van der

Meijden 1996; Lankau 2007). Therefore, the balance of

selective pressures from specialist and non-specialist her-

bivores must be considered an important factor in main-

taining genetic variation of chemical defenses in natural

plant populations.
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