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Abstract

Closely related species often differ in the signals involved in sexual commu-

nication and mate recognition. Determining the factors influencing signal

quality (i.e. signal’s content and conspicuousness) provides an important

insight into the potential pathways by which these interspecific differences

evolve. Host specificity could bias the direction of the evolution of sexual

communication and the mate recognition system, favouring sensory chan-

nels that work best in the different host conditions. In this study, we focus

on the cactophilic sibling species Drosophila buzzatii and D. koepferae that

have diverged not only in the sensory channel used for sexual communica-

tion and mate recognition but also in the cactus species that use as primary

hosts. We evaluate the role of the developmental environment in generating

courtship song variation using an isofemale line design. Our results show

that host environment during development induces changes in the court-

ship song of D. koepferae males, but not in D. buzzatii males. Moreover, we

report for the first time that host rearing environment affects the conspicu-

ousness of courtship song (i.e. song volume). Our results are mainly dis-

cussed in the context of the sensory drive hypothesis.

Introduction

Courtship communication involves the generation and

transmission of signals and their perception and pro-

cessing by the courted sex (Greenfield, 2002). As dis-

ruptions in this process lead to premating sexual

isolation and hence speciation (Coyne & Orr, 2004),

understanding how sexual communication systems

evolve is a central topic in evolutionary biology.

Signals can be characterized by their structure and

content (terminology sensu Endler, 1992, 1993; also see

Guilford & Dawkins, 1991; Greenfield, 2002). On the

one hand, signal structure affects the probability that

the signal reaches the receiver, determining communi-

cation efficiency (Guilford & Dawkins, 1991; Endler,

1992, 1993; Schaefer et al., 2004; Ryan & Cummings,

2013; White et al., 2015; Brock et al., 2017). On the

other hand, signal content affects the receiver response

by providing information about the signaller (Guilford

& Dawkins, 1991; Endler, 1992, 1993; Candolin, 2003;

Bro-Jørgensen, 2010). Both signal features define its

general quality (terminology sensu Endler, 1993). Thus,

a signal may be low in quality because it is difficult to

detect (structure), or because it gives false or misleading

information about the signaller (content; Endler, 1993).

Environmental conditions have the potential to affect

both the content and the structure of signals and, thus,

modify their quality (Boughman, 2002; Bro-Jørgensen,

2010; Gomes et al., 2017). In this regard, the sensory

drive hypothesis emphasizes signal structure (Endler &

Basolo, 1998) and focuses on how communication sys-

tems adapt to local environments (Boughman, 2002).

According to this hypothesis, signals used in sexual

communication and mate recognition diverge in differ-

ent environments if the easy-to-detect signals differ in

each environment (Endler, 1993; Boughman, 2002).

Alternatively, indirect benefits hypotheses (‘good genes’
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and ‘sexy sons’ hypotheses) emphasize signal content

and focus on how signals are honest indicators of male

genetic quality. According to the latter hypotheses, the

expression of sexual signals depends on the male’s phe-

notypic condition and females benefit indirectly from

mate choice through increased offspring fitness (Ander-

sson, 1986, 1994; Kokko et al., 2003; Kokko & Rankin,

2006). However, if signals are part of the mate recogni-

tion system, the adaptive canalization hypothesis

opposes to the condition-dependent expression of sex-

ual traits and predicts reduced phenotypic variation by

developmental mechanisms (Stearns et al., 1995).

Speciation in phytophagous insects is often associated

with changes in host plant use (Berlocher & Feder,

2002; Dr�es & Mallet, 2002; Bush & Butlin, 2004). Thus,

host specificity could bias the direction of the evolution

of sexual communication and the mate recognition sys-

tem, favouring signal parameters and sensory channels

which work best in the different host conditions (End-

ler, 1993).

Most species of the genus Drosophila are not strictly

phytophagous but saprophytic, as they use decaying

plant material. However, host plant chemistry has a

major impact on the life history of these species (Mar-

kow & O’Grady, 2005, 2008). The cactophilic flies Dro-

sophila buzzatii and D. koepferae provides an ideal

opportunity to test the relationship between host shifts

and divergence in sexual communication and mate

recognition. These species have overlapping distribution

ranges in the arid and semi-arid regions of north-wes-

tern Argentina and southern Bolivia where they use

fermenting cacti as feeding and breeding substrates

(Hasson et al., 1992, 2009; Manfrin & Sene, 2006).

Although both species can develop to adulthood in nat-

ural necroses of several cactus species, D. buzzatii uses

prickly pears (genus Opuntia) as primary hosts, whereas

D. koepferae prefers decaying columnar cacti (genera Cer-

eus and Trichocereus; Hasson et al., 1992; Fanara et al.,

2006; Soto et al., 2012). These hosts represent contrast-

ing nutritional and chemical environments; Opuntia

cacti are comparatively rich in free sugars and total fat

(Stintzing & Carle, 2005; Carreira et al., 2014), whereas

cacti of the genus Trichocereus contain toxic alkaloids as

mescaline and trichocerein (Reti & Castrill�on, 1951;

Corio et al., 2013; Padr�o & Soto, 2013; De Panis et al.,

2016). Larval development in these alternative environ-

ments differentially affects survival and developmental

time and also induces morphological changes, affecting

body size and both wing and aedeagus size and shape

(Fanara et al., 1999; Fanara & Hasson, 2001; Carreira

et al., 2006; Soto et al., 2007, 2012, 2014; Hasson et al.,

2009; Corio et al., 2013; Padr�o et al., 2014). Further-

more, males of both species exhibit greater mating suc-

cess when they develop in their respective primary

hosts (Hurtado et al., 2012).

A recent study showed that sensory channels used by

females for mate recognition and mate choice have

diverged in these species (Iglesias & Hasson, 2017).

Mate recognition relies heavily on acoustic signals

(courtship songs) in D. buzzatii, whereas D. koepferae

females use courtship songs for mate choice and nona-

coustic signals (e.g. olfactory) for mate recognition

(Iglesias & Hasson, 2017).

To date, most research on phytophagous insects has

focused on the effect of environment (e.g. host or diet)

on chemical communication (Nosil et al., 2007; Etges

et al., 2009; Geiselhardt et al., 2009, 2012; K€uhbandner
et al., 2012; Otte et al., 2015, 2016; Xue et al., 2016).

However, only a few studies have explored the effect of

host plants on nonchemical communication (Etges

et al., 2007; Cocroft et al., 2009). In this study, we eval-

uate the role of the developmental environment in

generating courtship song variation. We test predictions

of (1) the sensory drive hypothesis, (2) the indirect

benefits hypotheses and (3) the adaptive canalization

hypothesis. If host-induced phenotypic plasticity influ-

ences the evolution of the mate recognition system

through sensory drive, the acoustic signal should be

easier to detect when flies are reared in prickly pear

hosts than in columnar cacti. As D. buzzatii uses prickly

pears as primary hosts and its mate recognition system

relies on the courtship song, we expect this signal to be

more conspicuous in prickly pear-reared males. Acous-

tic communication efficiency through host-induced

phenotypic plasticity can be reached because males sing

louder (Shirangi et al., 2013) or because females’ audi-

tory organs are tuned to different best frequencies; that

is, females can hear a song that is at their frequency or

frequencies of greatest sensitivity even at lower ampli-

tude (Boughman, 2002; Riabinina et al., 2011). Thus,

the volume at which males sing should be lower or

courtship songs should differ significantly in carrier fre-

quency when males are reared in columnar cacti com-

pared to males reared in prickly pears. In addition, if

host development environment influences acoustic

mate choice in line with the indirect benefits hypothe-

ses, the first assumption that must be addressed is

whether courtship songs differ significantly in content

when males are reared in columnar cacti or in prickly

pears (i.e. if courtship song is a condition-dependent

trait). As D. koepferae courtship song is involved in mate

choice, we expect this signal to be sensitive to the devel-

opmental environment. Adaptation to novel environ-

ments and speciation can be facilitated by condition-

dependent sexual traits (Lorch et al., 2003; Van Doorn

et al., 2009). In this context, condition may reflect envi-

ronmentally determined variance in the ability to

acquire or assimilate resources from contrasting nutri-

tional and chemical environments. In contrast with traits

involved in mate choice, which are expected to exhibit

greater plasticity, mate recognition traits are expected to

experience stabilizing selection favouring canalization

and thus reduced plasticity (Boughman, 2007; Fernan-

dez-Montraveta & Moya-Lara~no, 2007; Stillwell et al.,
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2010; Svensson et al., 2014). In this sense, we expect

D. buzzatii song to be protected (i.e. canalized) against

the influences of environmental fluctuations, in line

with the adaptive canalization hypothesis.

Materials and methods

Experimental design

Wild inseminated females were collected in San Agust�ın
del Valle F�ertil Natural Reserve (30°41026.5″S
67°29045.5″W, San Juan Province, Argentina) where

both species coexist. As females of these species are

morphologically indistinguishable, the intromittent

organ (aedeagus) of males in their progenies was

inspected to determine the species (Vilela, 1983). Seven

isofemale lines (lines hereafter) of each species were

established and used in the experiments outlined

below. Lines were kept separately in a rearing chamber

at 25 � 1 °C and a 12-h light: 12-h dark cycle for 24

generations before the experiments started.

In the sampled area, two cactus species, Opuntia sul-

phurea and Trichocereus terscheckii, are used as primary

hosts by D. buzzatii and D. koepferae, respectively. Fresh

material of both cactus species was also collected in the

sampling area and stored at �20 °C until their use in

the preparation of ‘semi-natural’ media. To this end,

cactus tissues were mixed in a blender and 1% of dehy-

drated commercial yeast (Saccharomyces cerevisiae) and

0.8% of agar were added. Dehydrated commercial yeast

was used as protein source and agar to control the con-

sistency of media. Once prepared, vials were auto-

claved.

To obtain the experimental male flies used for song

recording, batches of 40 first-instar larvae were seeded

in vials containing 6 mL of ‘semi-natural’ medium pre-

pared either with O. sulphurea or T. terscheckii. Eight

replicated vials were run for each combination of spe-

cies, cactus and line [with the exception of one

D. koepferae line with low fecundity (few eggs laid) for

which two replicates could not be set up]. Vials were

incubated under the same conditions as described

above until the emergence of adult flies.

The courtship song of one 5- to 6–day-old male per

replicate was recorded in an acoustically isolated room

at 25 � 0.3 °C using a SONY ICD-SX712 recorder.

Songs were recorded in an uncompressed linear PCM

wav file, and using a sampling rate of 44.1 kHz and 16-

bit precision. For song recording, each virgin male was

placed in a mating chamber together with a virgin

female whose wings had been removed to avoid inter-

ferences. Mating arenas consisted of polymethyl

methacrylate cylinders 0.5 mm height and 1.2 mm in

internal diameter. The floor of the chamber was the

microphone itself and had a foam cap in the opposite

extreme where flies were introduced. For more details,

see Iglesias & Hasson (2017).

Body size can influence the evolution of communica-

tion systems through its correlated effect on signal fre-

quency (Cocroft & De Luca, 2005). As previous studies

have shown that wing size (that it is also used as a

proxy of body size) differs between flies reared in

O. sulphurea and T. terscheckii (Carreira et al., 2006; Soto

et al., 2008), it is important to control for this variable

in song analysis. Therefore, after successful song record-

ing, males were conserved in alcohol 96° and right

wings were removed with a pair of microsurgical scis-

sors from the base of the wing and measured (see

below).

Song measurements

Courtship songs of D. buzzatii and D. koepferae consist of

two different components, a primary (sensu Oliveira

et al., 2013) or ‘A’ song (sensu Ewing & Miyan, 1986),

that is produced during most of the courtship sequence,

and a secondary or ‘B’ song that is produced later in

courtship and immediately before copulation (Ewing &

Miyan, 1986; Oliveira et al., 2013). Each component is

characterized by low-frequency pulses arranged into

pulse trains that have different temporal and spectral

features (Ewing & Miyan, 1986; Oliveira et al., 2013).

In this sense, only D. buzzatii courtship song has pri-

mary and secondary songs with significantly different

interpulse intervals (IPI; Oliveira et al., 2013) and pri-

mary song with a bimodal distribution of IPIs (‘doublet

pulses’), that is alternate pulses with long and short IPIs

in the primary song (Iglesias & Hasson, 2017; Fig. 1).

Also, both courtship song components can be distin-

guished by the carrier frequency (CF) of their pulses in

both species (Oliveira et al., 2013; Fig. 1).

A group of pulses which together make up a repeated

unit is called ‘burst’ (sensu Ewing & Miyan, 1986). Con-

sequently, there are bursts containing only the primary

or the secondary song component, here referred to as

‘simple bursts’ and bursts containing both components,

here referred to as ‘composite bursts’ (Fig. 1). Drosophila

koepferae males produced simple bursts of primary or

secondary song, and sporadically composite bursts.

However, D. buzzatii males produced simple bursts of

primary song and composite bursts.

Three parameters that characterize both components

of courtship songs were measured: the carrier fre-

quency (CF) of pulses, the interpulse interval (IPI) and

the duration (D) of each component in a burst. In the

case of D. buzzatii, we take into account the ‘doublet

pulses’ and we divided the IPIs of the primary song in

short (IPIaS) and long (IPIaL; Fig. 1c). We also measure

the volume at which males emitted each component

(V) following Shirangi et al. (2013). The CF was taken

as the highest peak frequency from a fast Fourier trans-

formation (FFT) analysis, IPI as the time interval

between one peak of a pulse and the next (Fig. 1c,f),

and V was estimated by calculating the square root of
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the mean of the squares (rms) of all pulses as in Shi-

rangi et al. (2013).

Each parameter was measured five times for each

song using the Raven sound analysis software (Raven

Pro-1.4 Build 48; Cornell Lab of Ornithology, Bioacous-

tics Research Program), and the means of these mea-

sures were taken. As these parameters have different

units of measurement, individual means were standard-

ized (converted to z-scores) before analysis when

appropriate (see Statistical Analysis below).

Wing size quantification

We used landmark-based geometric morphometrics to

quantify wing size. Ventral views of wing images were

captured using a digital camera attached to a binocular

microscope (109) connected to a computer. We scored

10 landmarks, following Soto et al. (2008), using tpsDig

(Rohlf, 2004). Centroid size (CS) was computed in

MorphoJ 1.06a (Klingenberg, 2011) and used as iso-

metric estimator of overall wing size. Centroid size is

calculated as the square root of the sum of squared dis-

tances between the centre of the configuration of land-

marks and each individual landmark (Rohlf & Slice,

1990; Bookstein, 1997).

Statistical analysis

To include wing size as a covariate in song analysis, we

used an ANOVA to test for wing size differences between

flies reared in different cactus media and among lines.

For song analysis, we subdivided song measurements

in three subsets of data: (1) the subset ‘volume’ was

composed of the amplitude of primary (Va) and sec-

ondary (Vb) songs; as the amplitude of both compo-

nents were highly correlated in D. buzzatii (Pearson’s

correlation: r = 0.82), we only used Vb in D. buzzatii

analysis. (2) The subset ‘primary song’ was composed

of the carrier frequency (CFa), the interpulse interval

(IPIa) and the duration (Da) of primary song compo-

nents; in the case of D. buzzatii songs, IPIa was subdi-

vided into IPIaS and IPIaL. (3) The subset ‘secondary

Fig. 1 Sonograms and spectrograms of male courtship song of D. buzzatii (a–c) and D. koepferae (d–f). (a,d) Six seconds of a courtship song

illustrating simple bursts (arrowheads) of primary (white) and secondary (black) songs, and composite bursts (asterisks).(b,e) Spectograms

showing frequency differences between primary and secondary songs. (c,f) Expanded view of bursts indicating the interpulse intervals (IPI)

measured.
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song’ was composed of CFb, IPIb and Db of secondary

song components.

The effect of cactus media on ‘volume’ was investi-

gated by means of an ANCOVA in D. buzzatii and a MANCO-

VA in D. koepferae, with cactus (two levels: O. sulphurea

and T. terscheckii) and line (seven levels) as main

sources of variation and CS as a covariate to control for

size. To investigate the effect of cactus media on both

‘primary’ and ‘secondary’ songs, we used the same MAN-

COVA model as above. When covariate CS was non-

significant, it was removed from the models and ANOVAs

or MANOVAs were run when appropriate. To determine

which song parameters were driving the patterns

revealed by multivariate analyses, we also ran post hoc

ANCOVAs/ANOVAs for each parameter. All analyses were

conducted in R (version 3.2.5) using the function Ado-

nis of the vegan package which performs an analysis of

variance based on distance matrices and permutations

(Oksanen et al., 2013).

Results

Wing size variation

The ANOVAs testing the effects of line and cactus on wing

size showed that both factors were significant in both

species (Table 1). However, the cactus-by-line interac-

tion was significant only in D. koepferae, suggesting that

lines respond differently to the rearing conditions. On

average, D. buzzatii and D. koepferae flies emerged from

O. sulphurea medium were larger than those emerged

from T. terscheckii medium (Fig. 2).

Song variation

Mean values and standard deviations for each of the

variables measured in both species are shown in

Table 2.

Male wing size (which is also used as a proxy of

body size) was not a significant predictor of song

parameters (P ˃ 0.05 in ANCOVA/MANCOVAs across the

three subsets of song data). This suggests that differ-

ences in the main effects are not driven by allometric

relationships with wing or body size. Thus, the size

term was removed from the models in subsequent

analyses.

Volume variation
The mean volume of courtship songs differed signifi-

cantly among lines in both species (Table 3a). The

MANOVA showed a significant effect of the rearing

cactus and a significant interaction between line and

cactus only in D. koepferae (Table 3a). Post hoc ANOVA’s

in D. koepferae revealed a significant line effect on Vb

(F6,94 = 3.44; P < 0.01) and a significant cactus effect

(Va: F1,94 = 3.71; P < 0.05— Vb: F1,94 = 14.42;

P < 0.001) and the interaction line by cactus (Va:

F6,94 = 1.99; P < 0.05— Vb: F6,94 = 2.96; P < 0.01) on

both components of the courtship song. These results

suggest that volume variation has a genetic basis in

both species, but only in D. koepferae, the rearing cac-

tus affects the quality of courtship song by changing

its structure (i.e. conspicuousness). On average,

D. koepferae males reared in O. sulphurea produced lou-

der songs than those reared in the primary host, T. ter-

scheckii (Fig. 3). Primary and secondary song

components were produced at different volumes by

D. buzzatii males, being louder the primary song

(Fig. 3). However, D. koepferae males produced both

components at the same volume. Song volume of

D. koepferae males reared in O. sulphurea approximately

equalled the volume at which D. buzzatii males pro-

duced the primary song (Fig. 3), whereas song volume

of D. koepferae males reared in T. terscheckii approxi-

mately equalled the volume at which D. buzzatii males

produced the secondary song (Fig. 3).

Primary song variation
The MANOVA showed significant variation in the primary

song among lines in both species (Table 3b). Post hoc

ANOVA’s revealed a significant line effect on all four song

Table 1 ANOVAs testing for differences in wing size (centroid size).

Species Effect df MS F P

D. buzzatii Cactus 1 0.00357 23.96 <0.001

Line 6 0.00227 15.24 <0.001

Cactus 9 Line 6 0.00015 1.01 0.4169

Error 98 0.00014

D. koepferae Cactus 1 0.01956 90.02 <0.001

Line 6 0.00163 7.51 <0.001

Cactus 9 Line 6 0.00053 2.45 <0.05

Error 94 0.00022

df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value.

Significant P values (P < 0.05) are in bold.

Fig. 2 Mean wing size (centroid size) and 95% confidence

intervals in D. buzzatii (circles) and D. koepferae (squares) reared in

O. sulphurea and T. terscheckii.
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parameters in D. buzzatii (CFa: F6,98 = 17.03, P < 0.001;

Da: F6,98 = 3.37, P < 0.01; IPIaS: F6,98 = 2.80, P < 0.05

and IPIaL: F6,98 = 7.77, P < 0.001) and on CFa

(F6,94 = 7.33, P < 0.001) and IPIa (F6,94 = 10.68,

P < 0.001) in D. koepferae. These results suggest that pri-

mary song variation also has a genetic basis in both

species. However, only the primary song of D. koepferae

was significantly influenced by the rearing cactus

(Table 3b). Post hoc ANOVA’s revealed no significant effect

of the cactus medium on any of the individual parame-

ters. This result indicates that the significant cactus

term in the MANOVA is a consequence of a correlated

response between parameters. In this respect, primary

song seems to be more sensitive to the developmental

environment in D. koepferae than in D. buzzatii.

Secondary song variation
Significant differences were found among lines of both

species in the secondary song component (Table 3c).

Post hoc ANOVAs showed a significant line effect on all

three song parameters in D. buzzatii (CFb: F6,98 = 10.60,

P < 0.001; PERb: F6,98 = 13.54, P < 0.001 and Db:

F6,98 = 4.13, P < 0.001), and only on CFb (F6,94 = 7.95,

P < 0.001) in D. koepferae. In addition, differences in the

secondary song component between flies reared in dif-

ferent cactus media were not significant in either species

(Table 3c). These results suggest that there is genetic

basis for secondary song variation and also that this

component is consistently produced in both species.

Discussion

Many closely related species differ in the signals

involved in sexual communication and mate recogni-

tion (Byrne, 1999; Isoherranen et al., 1999; Rafferty &

Boughman, 2006; Secondi et al., 2010; Gleason et al.,

2012; Giglio & Dyer, 2013; Weiss et al., 2015). Deter-

mining the factors affecting signal quality provides an

important insight into the potential pathways by which

these interspecific differences evolve. In this study, we

focused on a pair of cactophilic sibling species that has

diverged not only in the sensory channel used for sex-

ual communication and mate recognition but also in

the cactus species that use as primary hosts. On the

one hand, D. buzzatii uses prickly pears as primary hosts

and its mate recognition system relies heavily on the

courtship song. On the other hand, D. koepferae primar-

ily exploits columnar cacti and uses nonacoustic cues

for mate recognition and the courtship song for mate

choice (Hasson et al., 1992; Fanara et al., 1999; Iglesias

& Hasson, 2017). Our results show first that variation

in song parameters are not driven by allometric rela-

tionships with wing or body size; second that much of

the variation in courtship song would be genetically

determined; and third that host environment during

development alters the quality of courtship songs in

D. koepferae, but not in D. buzzatii.T
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Signal structure variation: evidence for sensory
drive hypothesis

The sensory drive hypothesis regards diversity in mat-

ing signals as a by-product of adaptation to different

environments (Endler, 2000; Boughman, 2002). Thus,

direct ecological selection on signal conspicuousness

(i.e. signal structure) can lead to changes in the sen-

sory channel used in mate recognition because differ-

ent forms of male traits are the most stimulating in

alternative environments (Endler, 2000). Easy-to-detect

signals may benefit both sexes by increasing male mat-

ing success and reducing the time that females require

to detect potential mates (Dawkins & Guilford, 1997;

Boughman, 2002). In this regard, we found that the

rearing cactus affects the quality of courtship songs by

changing its volume in D. koepferae but not in D. buzza-

tii (Table 3a). Moreover, we found that D. koepferae

males emerged from its primary host sing lower songs

than males reared in the secondary host (Fig. 3). The

fact that courtship song of D. koepferae males becomes

less conspicuous when they are reared in its primary

host could help to explain why D. koepferae females

rely on nonacoustic cues for mate recognition. A

recent study in D. melanogaster showed that females are

less willing to mate with males that produce the ‘sine’

component of its song with reduced volume and also

demonstrated that size variation in the thoracic wing

muscle hg1 is responsible for this volume variation

(Shirangi et al., 2013). However, it is important to

recall that D. koepferae females still use courtship songs

for mate choice (Iglesias & Hasson, 2017). In this

regard, we showed that the reduction in D. koepferae

song volume equals the volume at which secondary

songs of D. buzzatii males are produced (Fig. 3). We

hypothesize that a reduction in song volume may have

a greater impact at the beginning of courtship, when

the male follows the female and the distance to the

sound perception organ (i.e. the arista) is greater,

rather than at the end, when the female reduces her

locomotor activity and the male moves around the

female (Spieth, 1974; Markow & Hanson, 1981). In

this sense, Morley et al. (2012) demonstrated that the

mechanical sensitivity of the arista changes as a func-

tion of the angle of incidence of the acoustic stimulus.

Suggestively, males of D. buzzatii produce secondary

songs later in courtship and immediately before copu-

lation (Oliveira et al., 2013; Iglesias & Hasson, 2017).

Table 3 Results from ANOVA/MANOVAs

testing for volume and both primary

and secondary song component

differences between D. buzzatii and

D. koepferae males reared in two cactus

media.

Effect

ANOVA
1/MANOVA

2 D. buzzatii MANOVA D. koepferae

df MS F P df MS F P

(a) Volume1

Cactus 1 0.03803 0.59 0.5009 1 0.02059 13.47 <0.001

Line 6 0.24164 3.74 <0.001 6 0.00392 2.56 <0.05

Cactus 9 Line 6 0.09839 1.52 0.1456 6 0.00444 2.90 <0.001

Error 98 0.06456 94 0.00153

(b) Primary or A song component2

Cactus 1 0.00334 2.20 0.1003 1 0.00533 4.08 <0.05

Line 6 0.00953 6.29 <0.001 6 0.00875 6.71 <0.001

Cactus 9 Line 6 0.00142 0.94 0.5109 6 0.00183 1.4 0.1528

Error 98 0.00152 94 0.00130

(c) Secondary or B song component2

Cactus 1 0.00197 1.54 0.2056 1 0.00334 2.14 0.1035

Line 6 0.01043 8.15 <0.001 6 0.00525 3.36 <0.001

Cactus 9 Line 6 0.00108 0.84 0.6456 6 0.00168 1.07 0.3818

Error 98 0.00128 94 0.00156

df, degrees of freedom; MS, mean squares; F, F statistic; P, P-value. Significant P values

(P < 0.05) are in bold.
1,2type of statistical analysis carried out for each song subset in D. buzzatti (see Material and

methods for details).

Fig. 3 Mean volume (in rms) and 95% confidence intervals of

primary (squares and solid lines) and secondary (circles and

dashed lines) song components of D. buzzatii (filled) and

D. koepferae (open) males reared in O. sulphurea and T. terscheckii.
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Female perception can also change as a by-product of

adaptation to a new host. For instance, females can

become more sensitive to some sound frequencies

allowing its detection even at low volume (Boughman,

2002). In this sense, it has been shown that the recei-

ver tuning is correlated with high-frequency pulses of

conspecific courtship songs in the D. melanogaster spe-

cies group (Riabinina et al., 2011). Given that post hoc

contrasts revealed no significant effect of cactus media

considering only CFa, rearing environment would affect

the quality of primary songs of D. koepferae males by

changing its content rather than its structure.

The ability to switch from one sensory channel to

another in sexual communication has been shown to

be a beneficial strategy when animals face environmen-

tal changes that impair signal transmission in particular

channels (Grafe et al., 2012; Partan, 2017). Moreover, a

rapid evolutionary response to the loss of the acoustic

male signal was shown in the field cricket Teleogryllus

oceanicus (Bailey et al., 2007; Tinghitella & Zuk, 2009).

A wing mutation eliminates the singing ability of more

than 90% of T. oceanicus males in a Hawaiian popula-

tion in less than 20 generations (Zuk et al., 2006). How-

ever, pre-existing variation in the propensity of females

to accept silent males accommodated this rapid mor-

phological change (Bailey et al., 2007; Tinghitella &

Zuk, 2009). Thus, selection for females with relaxed

acoustic requirements was proposed to account for the

widespread loss of the acoustic signal (Tinghitella &

Zuk, 2009).

Signal content variation: indirect benefits and
adaptive canalization

Signals that convey different kinds of information differ

in terms of the nature of selection acting on signallers,

patterns of phenotypic variation, developmental mecha-

nisms and evolutionary consequences (Tibbetts et al.,

2017). Thus, traits involved in mate choice are expected

to experience strong directional selection and to exhibit

greater sensitivity to environmental conditions, that is

to be more plastic (condition-dependent traits of indi-

rect benefits hypotheses; Boughman, 2007; Fernandez-

Montraveta & Moya-Lara~no, 2007; Stillwell et al., 2010;

Svensson et al., 2014). On the other hand, traits

involved in mate recognition are expected to experi-

ence strong stabilizing selection and to be more canal-

ized, that is to be less plastic (adaptive canalization

hypothesis; Fernandez-Montraveta & Moya-Lara~no,
2007; Stillwell et al., 2010; Svensson et al., 2014). Con-

sistent with such predictions, we found that courtship

song seems to be more sensitive to the developmental

environment when functions as mate choice signal (in

D. koepferae) rather than when functions as mate recog-

nition signal (in D. buzzatii). However, given the subtle

correlated effect of the rearing environment on the pri-

mary song of D. koepferae males, future work should

focus on female preferences for the host-induced pri-

mary song variation found in this species. In this

respect, variation is only biologically meaningful if

females are able to detect such variation and if female

preferences are not affected by the rearing environ-

ment.

The model system studied in this work relies on three

major interactors: (a) the cactus, whose cladodes and

stems are used as substrata, (b) the saprotrophic yeast-

like community that participate in the decomposing

process of cactus tissues and (c) the cactophilic Droso-

phila. Given that the focus of our study relied solely on

the effect of the host cacti, there is a possibility that dis-

similar evaluations would have arisen if the focus had

been on the complete system, including the yeast com-

munity. Thus, further experimental work is required to

determine whether, and in what sense, the yeast com-

munity modifies the results herein reported. At the

moment, the effect of our ‘semi-natural’ media on wing

size was consistent with those of previous studies that

do use natural yeast-inoculated cactus media (Soto

et al., 2008).

Conclusions

A new environment can rapidly lead, through plastic-

ity, to the simultaneous expression of new phenotypes

in many individuals that increase the likelihood of sur-

vival in the new environment (Pfennig et al., 2010).

However, when the quality of sexual signals is also

affected, the relationship between signal variation and

mating success can be altered promoting diversification

and the evolution of both sexual communication and

the mate recognition system (Candolin & Heuschele,

2008; Cocroft et al., 2009). Despite we only examined

the effect of the cactus hosts, our findings demonstrate

that the rearing environment may has important impli-

cations in the evolution of courtship song. We report

host-induced changes in the acoustic signals in

D. koepferae, but not in its sibling D. buzzatii. Interest-

ingly, we found that host environment during develop-

ment can change the conspicuousness of courtship

song, highlighting the host rearing environment as a

potential factor affecting the effectiveness of acoustic

communication. Thus, our findings provide a fruitful

starting point to understand the evolution of sexual

communication and the mate recognition system in

cactophilic species.

Acknowledgments

This research was supported by Agencia Nacional de

Promoción Cientı́fica y Tecnológica PICT Grants 2010-

2795, 2013-1121 (to EH), 2013-1506 (to IMS); Consejo

Nacional de Investigaciones Cient�ıficas y T�ecnicas
Grants PIP 11220150100029CO (to EH) and Universi-

dad de Buenos Aires Grants UBACyT 200201301

ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 3 27 7

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

8 P. P. IGLESIAS ET AL.



00058BA (to EH), 20020150200042 (to IMS). PPI and

BC are recipients of postgraduate scholarships awarded

by CONICET. EH, EMS and IMS are members of Car-

rera del Investigador Cient�ıfico of CONICET (Argen-

tina). We are indebted to two anonymous reviewers for

thoughtful comments and suggestions.

References

Andersson, M. 1986. Evolution of condition-dependent sex

ornaments and mating preferences: sexual selection based

on viability differences. Evolution 40: 804–816.
Andersson, M.B. 1994. Sexual Selection. Princeton University

Press, New Jersey.

Bailey, N.W., McNabb, J.R. & Zuk, M. 2007. Preexisting

behavior facilitated the loss of a sexual signal in the field

cricket Teleogryllus oceanicus. Behav. Ecol. 19: 202–207.
Berlocher, S.H. & Feder, J.L. 2002. Sympatric speciation in

phytophagous insects: moving beyond controversy? Annu.

Rev. Entomol. 47: 773–815.
Bookstein, F.L. 1997. Morphometric Tools For Landmark Data:

Geometry And Biology. Cambridge University Press, Cam-

bridge, New York, Melbourne.

Boughman, J.W. 2002. How sensory drive can promote specia-

tion. Trends Ecol. Evol. 17: 571–577.
Boughman, J.W. 2007. Condition-dependent expression of red

colour differs between stickleback species. J. Evol. Biol. 20:

1577–1590.
Brock, C.D., Cummings, M.E. & Bolnick, D.I. 2017. Phenotypic

plasticity drives a depth gradient in male conspicuousness in

threespine stickleback, Gasterosteus aculeatus. Evolution 71:

2022–2036.
Bro-Jørgensen, J. 2010. Dynamics of multiple signalling sys-

tems: animal communication in a world in flux. Trends Ecol.

Evol. 25: 292–300.
Bush, G.L. & Butlin, R.K. 2004. Sympatric speciation in

insects. In: Adaptive Speciation (U. Dieckman, M. Doebeli,

J.A.J. Metz & D. Tautz, eds), pp. 229–248. Cambridge

University Press, Cambridge.

Byrne, B.C. 1999. Behaviour-genetic analysis of lovesongs in

desert species of Drosophila. PhD Thesis, University of Leices-

ter (United Kingdom).

Candolin, U. 2003. The use of multiple cues in mate choice.

Biol. Rev. 78: 575–595.
Candolin, U. & Heuschele, J. 2008. Is sexual selection benefi-

cial during adaptation to environmental change?. Trends Ecol.

Evol. 23: 446–452.
Carreira, V., Soto, I., Hasson, E. & Fanara, J. 2006. Patterns of

variation in wing morphology in the cactophilic Drosophila

buzzatii and its sibling D. koepferae. J. Evol. Biol. 19: 1275–
1282.

Carreira, V., Padr�o, J., Mongiardino Koch, N., Fontanarrosa,

P., Alonso, I. & Soto, I. 2014. Nutritional composition of

Opuntia sulphurea G. Don cladodes. Haseltonia 19: 38–45.
Cocroft, R.B. & De Luca, P. 2005. Size-frequency relationships

in insect vibratory signals. In: Insect Sounds and Communica-

tion: Physiology, Behaviour, Ecology and Evolution (S. Drosopou-

los & M.F. Claridge, eds), pp. 99–110. CRC Press, Boca

Raton.

Cocroft, R.B., Rodriguez, R.L. & Hunt, R.E. 2009. Host shifts

and signal divergence: mating signals covary with host use

in a complex of specialized plant-feeding insects. Biol. J.

Linn. Soc. 99: 60–72.
Corio, C., Soto, I.M., Carreira, V., Padr�o, J., Betti, M.I.L. &

Hasson, E. 2013. An alkaloid fraction extracted from the cac-

tus Trichocereus terscheckii affects fitness in the cactophilic fly

Drosophila buzzatii (Diptera: Drosophilidae). Biol. J. Linn. Soc.

109: 342–353.
Coyne, J.A. & Orr, H.A. 2004. Speciation. Sinauer Associates,

Sunderland, MA.

Dawkins, M.S. & Guilford, T. 1997. Conspicuousness and

diversity in animal signals. In: Communication. Perspectives in

Ethology, vol 12. (D.H. Owings, M.D. Beecher & N.S. Thomp-

son, eds), pp. 55–75. Springer, Boston, MA.

De Panis, D.N., Padr�o, J., Furi�o-Tar�ı, P., Tarazona, S., Milla

Carmona, P.S., Soto, I.M. et al. 2016. Transcriptome modula-

tion during host shift is driven by secondary metabolites in

desert Drosophila. Mol. Ecol. 25: 4534–4550.
Dr�es, M. & Mallet, J. 2002. Host races in plant-feeding insects

and their importance in sympatric speciation. Philos. Trans. R

Soc. B Biol. Sci. 357: 471–492.
Endler, J.A. 1992. Signals, signal conditions, and the direction

of evolution. Am. Nat. 139: S125–S153.
Endler, J.A. 1993. Some general comments on the evolution

and design of animal communication systems. Philos. Trans.

R Soc. B Biol. Sci. 340: 215–225.
Endler, J.A. 2000. Evolutionary implications of the interaction

between animal signals and the environment. In: Animal Sig-

nals: Signalling And Signal Design In Animal Communication (Y.

Espmark, T. Amundsen & G. Rosenqvist, eds), pp. 11–46.
Tapir Academic Press, Norway.

Endler, J.A. & Basolo, A.L. 1998. Sensory ecology, receiver

biases and sexual selection. Trends Ecol. Evol. 13: 415–420.
Etges, W.J., De Oliveira, C.C., Gragg, E., Ort�ız-Barrientos, D.,

Noor, M.A.F. & Ritchie, M.G. 2007. Genetics of incipient

speciation in Drosophila mojavensis. I. Male courtship song,

mating success, and genotype x environment interactions.

Evolution 61: 1106–1119.
Etges, W.J., De Oliveira, C.C., Ritchie, M.G. & Noor, M.A.F. 2009.

Genetics of incipient speciation in Drosophila mojavensis: II. Host

plants and mating status influence cuticular hydrocarbon QTL

expression and GxE interactions. Evolution 63: 1712–1730.
Ewing, A.W. & Miyan, J.A. 1986. Sexual selection, sexual iso-

lation and the evolution of song in the Drosophila repleta

group of species. Anim. Behav. 34: 421–429.
Fanara, J.J. & Hasson, E. 2001. Oviposition acceptance and

fecundity schedule in the cactophilic sibling species Droso-

phila buzzatii and D. koepferae on their natural hosts. Evolution

55: 2615–2619.
Fanara, J.J., Fontdevila, A. & Hasson, E. 1999. Oviposition

preference and life history traits in cactophilic Drosophila

koepferae and D. buzzatii in association with their natural

hosts. Evol. Ecol. 13: 173–190.
Fanara, J.J., Folguera, G., Iriarte, P.F., Mensch, J. & Hasson, E.

2006. Genotype by environment interactions in viability and

developmental time in populations of cactophilic Drosophila.

J. Evol. Biol. 19: 900–908.
Fernandez-Montraveta, C. & Moya-Lara~no, J. 2007. Sex-speci-

fic plasticity of growth and maturation size in a spider:

implications for sexual size dimorphism. J. Evol. Biol. 20:

1689–1699.
Geiselhardt, S., Otte, T. & Hilker, M. 2009. The role of cuticu-

lar hydrocarbons in male mating behavior of the mustard

ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . do i : 1 0 . 1 1 11 / j e b . 1 3 27 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 8 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Host-driven evolution of courtship song 9



leaf beetle, Phaedon cochleariae (F.). J. Chem. Ecol. 35: 1162–
1171.

Geiselhardt, S., Otte, T. & Hilker, M. 2012. Looking for a similar

partner: host plants shape mating preferences of herbivorous

insects by altering their contact pheromones. Ecol. Lett. 15:

971–977.
Giglio, E.M. & Dyer, K.A. 2013. Divergence of premating

behaviors in the closely related species Drosophila subquinaria

and D. recens. Ecol. Evol. 3: 365–374.
Gleason, J.M., Pierce, A.A., Vezeau, A.L. & Goodman, S.F.

2012. Different sensory modalities are required for successful

courtship in two species of the Drosophila willistoni group.

Anim. Behav. 83: 217–227.
Gomes, A.C.R., Funghi, C., Soma, M., Sorenson, M.D. & Car-

doso, G.C. 2017. Multi-modal signalling in estrildid finches:

song, dance and colour are associated with different ecologi-

cal and life history traits. J. Evol. Biol. 30: 1336–1346.
Grafe, T.U., Preininger, D., Sztatecsny, M., Kasah, R., Dehling,

J.M., Proksch, S. et al. 2012. Multimodal communication in

a noisy environment: a case study of the Bornean rock frog

Staurois parvus. PLoS ONE 7: e37965.

Greenfield, M.D. 2002. Signalers and Receivers: Mechanisms and

Evolution of Arthropod Communication. Oxford University

Press, New York.

Guilford, T. & Dawkins, M.S. 1991. Receiver psychology and

the evolution of animal signals. Anim. Behav. 42: 1–14.
Hasson, E., Naveira, H. & Fontdevila, A. 1992. The breeding

sites of Argentinian cactophilic species of the Drosophila mul-

leri complex (subgenus Drosophila-repleta group). Rev. Chil.

Hist. Nat. 65: 319–326.
Hasson, E., Soto, I.M., Carreira, V.P., Corio, C., Soto, E.M. &

Betti, M. 2009. Host plants, fitness and developmental insta-

bility in a guild of cactophilic species of the genus Drosophila.

In: Ecotoxicology Research Developments (E.B. Santos, ed), pp.

89–109. Nova Science Publishers Inc, Hauppauge, New York.

Hurtado, J., Soto, E.M., Orellana, L. & Hasson, E. 2012. Mating

success depends on rearing substrate in cactophilic Droso-

phila. Evol. Ecol. 26: 733–743.
Iglesias, P.P. & Hasson, E. 2017. The role of courtship song in

female mate choice in South American cactophilic Droso-

phila. PLoS ONE 12: e0176119.

Isoherranen, E., Aspi, J. & Hoikkala, A. 1999. Inheritance of species

differences in female receptivity and song requirement between

Drosophila virilis and D. montana. Hereditas 131: 203–209.
Klingenberg, C.P. 2011. MorphoJ: an integrated software package

for geometric morphometrics. Mol. Ecol. Resour. 11: 353–357.
Kokko, H. & Rankin, D.J. 2006. Lonely hearts or sex in the

city? Density-dependent effects in mating systems. Philos.

Trans. R. Soc. Lond. B Biol. Sci. 361: 319–334.
Kokko, H., Brooks, R., Jennions, M.D. & Morley, J. 2003. The

evolution of mate choice and mating biases. Proc. R. Soc.

Lond. B Biol. Sci. 270: 653–664.
K€uhbandner, S., Hacker, K., Niedermayer, S., Steidle, J.L.M. &

Ruther, J. 2012. Composition of cuticular lipids in the ptero-

malid wasp Lariophagus distinguendus is host dependent. Bull.

Entomol. Res. 102: 610–617.
Lorch, P.D., Proulx, S., Rowe, L. & Day, T. 2003. Condition-

dependent sexual selection can accelerate adaptation. Evol.

Ecol. Res. 5: 867–881.
Manfrin, M.H. & Sene, F.M. 2006. Cactophilic Drosophila in

South America: a model for evolutionary studies. Genetica

126: 57–75.

Markow, T.A. & Hanson, S.J. 1981. Multivariate analy-

sis of Drosophila courtship. Proc. Natl Acad. Sci. USA 78:

430–434.
Markow, T.A. & O’Grady, P. 2005. Drosophila: A Guide to Species

Identification and Use. Academic Press, London.

Markow, T.A. & O’Grady, P. 2008. Reproductive ecology of

Drosophila. Funct. Ecol. 22: 747–759.
Morley, E.L., Steinmann, T., Casas, J. & Robert, D. 2012.

Directional cues in Drosophila melanogaster audition: structure

of acoustic flow and inter-antennal velocity differences. J.

Exp. Biol. 215: 2405–2413.
Nosil, P., Crespi, B.J., Gries, R. & Gries, G. 2007. Natural selec-

tion and divergence in mate preference during speciation.

Genetica 129: 309–327.
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin,

P.R., O’hara, R. et al. 2013. Package ‘vegan’. Community

ecology package, version 2(9).

Oliveira, C.C., Manfrin, M.H., Sene, F.D.M. & Etges, W.J.

2013. Evolution of male courtship songs in the Drosophila

buzzatii species cluster. In: Speciation: Natural Processes, Genetics

and Biodiversity (P. Michalak, ed), pp. 137–164. Nova

Science, New York.

Otte, T., Hilker, M. & Geiselhardt, S. 2015. The effect of dietary

fatty acids on the cuticular hydrocarbon phenotype of an

herbivorous insect and consequences for mate recognition. J.

Chem. Ecol. 41: 32–43.
Otte, T., Hilker, M. & Geiselhardt, S. 2016. Phenotypic plastic-

ity of mate recognition systems prevents sexual interference

between two sympatric leaf beetle species. Evolution 70:

1819–1828.
Padr�o, J. & Soto, I. 2013. Exploration of the nutritional profile

of Trichocereus terscheckii (Parmentier) Britton and Rose stems.

J. Prof. Assoc. Cactus Dev. 15: 1–12.
Padr�o, J., Carreira, V., Corio, C., Hasson, E. & Soto, I. 2014.

Host alkaloids differentially affect developmental stability

and wing vein canalization in cactophilic Drosophila buzzatii.

J. Evol. Biol. 27: 2781–2797.
Partan, S.R. 2017. Multimodal shifts in noise: switching chan-

nels to communicate through rapid environmental change.

Anim. Behav. 124: 325–337.
Pfennig, D.W., Wund, M.A., Snell-Rood, E.C., Cruickshank, T.,

Schlichting, C.D. & Moczek, A.P. 2010. Phenotypic plastic-

ity’s impacts on diversification and speciation. Trends Ecol.

Evol. 25: 459–467.
Rafferty, N.E. & Boughman, J.W. 2006. Olfactory mate recog-

nition in a sympatric species pair of three-spined stickle-

backs. Behav. Ecol. 17: 965–970.
Reti, L. & Castrill�on, J. 1951. Cactus alkaloids. I. Trichocereus

terscheckii (Parmentier) Britton and Rose. J. Am. Chem. Soc.

73: 1767–1769.
Riabinina, O., Dai, M., Duke, T. & Albert, J.T. 2011. Active

process mediates species-specific tuning of Drosophila ears.

Curr. Biol. 21: 658–664.
Rohlf, F. 2004. TPSDIG, Version 1.40. A Program for Digitizing

‘Landmarks’ and Outlines for Geometric Morphometric Analyses.

Department of Ecology and Evolution, State University of

New York, Stony Brook, NY.

Rohlf, F.J. & Slice, D. 1990. Extensions of the Procrustes

method for the optimal superimposition of landmarks. Syst.

Biol. 39: 40–59.
Ryan, M.J. & Cummings, M.E. 2013. Perceptual biases and

mate choice. Annu. Rev. Ecol. Evol. Syst. 44: 437–459.

ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 3 27 7

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

10 P. P. IGLESIAS ET AL.



Schaefer, H.M., Schaefer, V. & Levey, D.J. 2004. How plant–
animal interactions signal new insights in communication.

Trends Ecol. Evol. 19: 577–584.
Secondi, J., Johanet, A., Pays, O., Cazimajou, F., Djalout, Z. &

Lemaire, C. 2010. Olfactory and visual species recognition in

newts and their role in hybridization. Behaviour 147: 1693–
1712.

Shirangi, T.R., Stern, D.L. & Truman, J.W. 2013. Motor control

of Drosophila courtship song. Cell Rep. 5: 678–686.
Soto, I., Carreira, V., Fanara, J. & Hasson, E. 2007. Evolution

of male genitalia: environmental and genetic factors affect

genital morphology in two Drosophila sibling species and

their hybrids. BMC Evol. Biol. 7: 77.

Soto, I., Carreira, V., Soto, E. & Hasson, E. 2008. Wing mor-

phology and fluctuating asymmetry depend on the host

plant in cactophilic Drosophila. J. Evol. Biol. 21: 598–609.
Soto, E.M., Goenaga, J., Hurtado, J.P. & Hasson, E. 2012.

Oviposition and performance in natural hosts in cactophilic

Drosophila. Evol. Ecol. 26: 975–990.
Soto, I., Carreira, V., Corio, C., Padr�o, J., Soto, E. & Hasson, E.

2014. Differences in tolerance to host cactus alkaloids in Dro-

sophila koepferae and D. buzzatii. PLoS ONE 9: e88370.

Spieth, H.T. 1974. Courtship behavior in Drosophila. Annu. Rev.

Entomol. 19: 385–405.
Stearns, S.C., Kaiser, M. & Kawecki, T.J. 1995. The differential

genetic and environmental canalization of fitness compo-

nents in Drosophila melanogaster. J. Evol. Biol. 8: 539–557.
Stillwell, R.C., Blanckenhorn, W.U., Teder, T., Davidowitz, G.

& Fox, C.W. 2010. Sex differences in phenotypic plasticity

affect variation in sexual size dimorphism in insects: from

physiology to evolution. Annu. Rev. Entomol. 55: 227–245.
Stintzing, F.C. & Carle, R. 2005. Cactus stems (Opuntia spp.): A

review on their chemistry, technology & uses. Mol. Nutr.

Food Res. 49: 175–194.
Svensson, E.I., Runemark, A., Verzijden, M.N. & Wellen-

reuther, M. 2014. Sex differences in developmental plasticity

and canalization shape population divergence in mate pref-

erences. Proc. R. Soc. B 281: 20141636.

Tibbetts, E.A., Mullen, S.P. & Dale, J. 2017. Signal function

drives phenotypic and genetic diversity: the effects of sig-

nalling individual identity, quality or behavioural strategy.

Phil. Trans. R Soc. B 372: 20160347.

Tinghitella, R.M. & Zuk, M. 2009. Asymmetric mating prefer-

ences accommodated the rapid evolutionary loss of a sexual

signal. Evolution 63: 2087–2098.
Van Doorn, G.S., Edelaar, P. & Weissing, F.J. 2009. On the ori-

gin of species by natural and sexual selection. Science 326:

1704–1707.
Vilela, C.R. 1983. Revision of the Drosophila repleta species

group (Diptera, Drosophilidae). Rev. Bras. Entomol. 27: 1–
118.

Weiss, I., Hofferberth, J., Ruther, J. & St€okl, J. 2015. Varying
importance of cuticular hydrocarbons and iridoids in the

species-specific mate recognition pheromones of three clo-

sely related Leptopilina species. Front. Ecol. Evol. 3: 19.

White, T.E., Zeil, J. & Kemp, D.J. 2015. Signal design and

courtship presentation coincide for highly biased delivery

of an iridescent butterfly mating signal. Evolution 69: 14–
25.

Xue, H.J., Wei, J.N., Magalh~aes, S., Zhang, B., Song, K.Q., Liu,

J. et al. 2016. Contact pheromones of 2 sympatric beetles are

modified by the host plant and affect mate choice. Behav.

Ecol. 27: 895–902.
Zuk, M., Rotenberry, J.T. & Tinghitella, R.M. 2006. Silent

night: adaptive disappearance of a sexual signal in a para-

sitized population of field crickets. Biol. Lett. 2: 521–524.

Data deposited at Dryad: doi: 10.5061/dryad.nq7c845

Received 27 December 2017; revised 28 February 2018; accepted 4

April 2018

ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . do i : 1 0 . 1 1 11 / j e b . 1 3 27 7

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 8 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Host-driven evolution of courtship song 11


