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Abstract
Drosophila buzzatii and Drosophila koepferae are sibling species with marked ecological differences related to their patterns 
of host exploitation. D. buzzatii is a polyphagous species with a sub-cosmopolitan distribution, while D. koepferae is endemic 
to the mountain plateaus of the Andes, where it exploits alkaloidiferous columnar cacti as primary hosts. We use experimental 
evolution to study the phenotypic response of these cactophilic Drosophila when confronting directional selection to cactus 
chemical defenses for 20 generations. Flies adapted to cactus diets also experienced higher viability on alkaloid-enriched 
media, suggesting the selection of adaptive genetic variation for chemical-stress tolerance. The more generalist species D. 
buzzatii showed a rapid adaptive response to moderate levels of secondary metabolites, whereas the columnar cacti specialist 
D. koepferae tended to maximize fitness under harder conditions. The evolutionary dynamic of fitness-related traits suggested 
the implication of metabolic efficiency as a key mediator in the adaptive response to chemical stress. Although we found no 
evidence of adaptation costs accompanying specialization, our results suggest the involvement of compensatory evolution. 
Overall, our study proposes that differential adaptation to secondary metabolites may contribute to varying degrees of host 
specialization, favoring niche partitioning among these closely related species.
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Introduction

Ecological specialization has been a focal interest for many 
generations of biologists who have noted that increasing bio-
diversity is accompanied by niche diversification, enabling 
the coexistence of multiple species. In this sense, differential 
habitat use has been associated with morphological, physi-
ological and behavioral diversity, providing the raw mate-
rials for interspecific divergence and speciation processes 
(Futuyma and Moreno 1988; Jablonski 2017). Within ter-
restrial ecosystems, the radiation of phytophagous insects 
is one of the best examples of this phenomenon. Among 
the factors shaping patterns of insect-plant interactions, 
chemical defenses deployed by plants are salient features. 
In effect, secondary metabolites have long been identified as 
one of the most remarkable factors driving the evolutionary 
dynamics of host-plant specialization (Ehrlich and Raven 
1964; Rosenthal and Berenbaum 2012; Agrawal and Weber 
2015). Because of their ecological role, these molecules 
are classified as “allelochemicals”, a term referring to non-
nutritional chemicals produced by individuals of a species 
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that affects the physiology of another (Whittaker and Feeny 
1971). As a consequence, evolution of chemical-stress buff-
ering mechanisms is expected to be a main target of natural 
selection affecting insects’ diet range (Brattsten et al. 1977; 
Gloss et al. 2014). In fact, most of the evidence supporting 
the role of adaptive plastic responses to host-plants refers to 
induced expression of detoxification genes and life-history 
traits (Nylin and Janz 2009).

Although there has been considerable interest in the 
study of mechanisms driving specialization to host-plants 
and the accompanying genetic changes, the processes lead-
ing to “generalism” has received little attention (Loxdale 
et al. 2011). The general postulate is that specialists should 
be more tolerant to secondary metabolites, although the 
incurred metabolic cost of carrying built-in detoxification 
mechanisms predicts a loss in the ability to use multiple 
host-plants, restricting the range of suitable niches. In con-
trast, generalists should retain more general and less costly 
buffering mechanisms, allowing wider ecological niches, 
with potentially larger distribution ranges (Loxdale et al. 
2011; Ali and Agrawal 2012). Hence, predictability of levels 
and types of allelochemicals should also be a key factor driv-
ing metabolic strategies of host-plant adaptation (Agrawal 
2001). In this context, the harsh lifestyle of desert Drosoph-
ila associated with cacti provides an excellent opportunity 
for studying adaptation to chemical stress and its implica-
tions in divergent evolution (e.g., Barker and Starmer 1982; 
Fogleman and Danielson 2001; McGirr et al. 2017).

The use of necrotic cacti as breeding sites in South Amer-
ican cactophilic Drosophila has linked their evolutionary 
history to the distributional fluctuations and diversification 
of Cactaceae during climate changes caused by the Quater-
nary glacial periods (Manfrin and Sene 2006; Franco and 
Manfrin 2013). Recent comparative studies of patterns of 
host-plant use in the D. buzzatii cluster showed that the use 
of Opuntia is common throughout the phylogeny and that 
shifts to alkaloidiferous columnar cacti occurred several 
times independently (Oliveira et al. 2012). Moreover, some 
specialists in rearing on columnar cacti have lost the use of 
Opuntia even as secondary hosts, highlighting the poten-
tial role of ecological specialization during phylogenetic 
radiation.

Patterns of host-plant use in the cluster D. buzzatii 
has been thoroughly described in the sibling pair of spe-
cies D. buzzatii and D. koepferae (Hasson et al. 2009). 
Their varying degree of specialization to host cacti is a 
main manifestation of their genetic divergence (Fanara 
et  al. 1999; Fanara and Hasson 2001; Piccinali et  al. 
2004, 2007). D. buzzatii breeds primarily on the necrotic 
stems of prickly pears (genus Opuntia) but displays a 
more generalist habit since it can be recovered from rot-
ting pockets of many species of columnar cacti (genera 
Cereus, Trichocereus, Praecereus, Pilosocereus) and has 

even been observed to emerge from commercial fruits 
(Hasson et al. 1992; Camargo et al. 2016; Fanara et al. 
2016). Originally from southern South America, in the 
last 200 years D. buzzatii has reached a sub-cosmopoli-
tan distribution colonizing Europe, Australia and Africa 
(Barker 2013). In contrast, D. koepferae is restricted to 
the highland deserts of northwestern Argentina and south-
ern Bolivia, where its primary host is the columnar cactus 
Trichocereus terscheckii and secondarily may use Opuntia 
as a less preferred host (Hasson et al. 1992). The strict co-
occurrence of D. koepferae and T. terscheckii in Argentina 
suggests a certain degree of specialization that may limit 
the dispersal range.

Recent studies provided evidence that phenylethyl-
amine alkaloids of columnar cactus T. terscheckii are 
a stress factor for larval development (with D. buzzatii 
being markedly more sensitive than D. koepferae), yet 
it still remains unclear whether alkaloids are key deter-
minants in cactus specialization (Soto et al. 2014). Dif-
ferences among species in tolerance to allelochemicals 
may arise as a cause or consequence of habitat use. Vary-
ing degrees of specialization among species may lie in 
habitat/host-plant fidelity, as well as in the diet/tolerance 
range (Futuyma and Moreno 1988; Loxdale et al. 2011). 
Thus, it is also uncertain whether these species have the 
potential to adapt to variable levels of the defense chem-
istry imposed by columnar cacti.

We designed a protocol to investigate the genetic basis 
and phenotypic consequences of long-term chemical-
stress exposure in these closed related species with diver-
gent evolutionary strategies. First, we design a full-sib 
experiment to study the relative contribution of genetic 
variation, phenotypic plasticity and genotype by environ-
ment interaction (G × E) of fitness-related traits across 
a gradient of cactus allelochemicals. We predict higher 
levels of genetic variation and phenotypic plasticity in 
the more generalist species D. buzzatii, but lower levels 
of G × E interaction to varying level of allelochemicals, 
compared to the specialist D. koepferae. Secondly, we 
performed artificial selection to varying doses of cac-
tus allelochemicals to compare the adaptive potential 
and phenotypic response of both species. We anticipate 
a faster adaptation to higher levels of allelochemicals in 
D. koepferae than its sibling D. buzzatii, but with similar 
phenotypic responses due their shared evolutionary his-
tory. Third, we evaluated the role of alkaloids as major 
determinants of cactus adaptation and examined the costs 
of specialization to different levels of chemical-stress. We 
predict that selected lines would evolved greater toler-
ance to alkaloids than Control lines, and we also expect a 
higher adaptation cost in D.buzzatii as a more generalist 
species.
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Materials and Methods

Collection of Stocks

Flies were collected following the methodologies proposed 
by Markow and O’Grady (2005), using entomological nets 
and fermented banana traps. Wild populations were sam-
pled in ten locations of northwestern Argentina during 
the austral summer of 2013 (Online Resource 1). The area 
encompasses two major biogeographic units, the Monte 
desert rich in columnar cacti of the genus Trichocereus, 
and the dry Chaco where cacti are mostly represented by 
the genus Opuntia (Cabrera 1976). Flies of both species 
were collected in the Monte region, along with stems of 
Trichocereus terscheckii, (that were stored at − 20  °C 
until the onset of the experiments), whereas in the Chaco 
region, D. buzzatii was the only species found. The prog-
eny of wild-caught inseminated females were used to 
establish isofemale lines. Since these two species are mor-
phocryptic, the identification was performed by examining 
the male genitalia of F1s for each isofemale line (Soto 
et al. 2007). A total of 46 isofemale lines of D. koepferae 
and 43 of D. buzzatii were established and maintained 
under controlled conditions (12:12 h light/dark photoper-
iod at 25 ± 1 °C) in our standard rearing medium (150 g 
starch, 0.3 g  CaCl2, 0.3 g KCl, 0.2 g  MgSO4, hydrated 
with a protein solution: 40 g yeast extract, 25 mL etha-
nol, 0.25 mL propionic acid, and 1.8 g Nipagin per 1 L 
water). For the experimental treatments described below 
we extracted tissue rich in allelochemicals from stems of 
T. terscheckii: the layer of chlorenchyma was removed, 

homogenized in a blender, dehydrated (78hs oven-dry at 
50 °C), sieved to a fine powder and stored dry. Collection 
permits were issued by the Secretariat of Environment and 
Sustainable Development of San Juan province (File N° 
1300-0236-13).

Experimental Design

Preliminary Experiments (Genetic Basis)

Before the onset of the selection protocol, and in order to 
test the reaction norm of different genotypes to increasing 
concentration of cactus (Fig. 1), we employed an experi-
mental design including homokaryotypic strains (inbred for 
eight generations), derived from ten isofemale lines, carry-
ing the three most frequent second chromosome inversions 
found in D. buzzatii (standard, j and jz3) and D. koepferae 
(2l9, 2 m9 and 2n9; Fontdevila et al. 1988; Fernández Iri-
arte and Hasson 2000). Batches of 40 instar larvae of each 
isofemale line were seeded in vials (5 replicates per line) 
containing 1 gram of rearing media. Larvae were exposed to 
4 treatments that differed in the proportions of each rearing 
medium (treatments: 100/0, 75/25, 50/50 and 25/75% stand-
ard/chlorenchyma media, respectively) hydrated with 5 mL 
of the protein solution (described above). We measured lar-
val viability as a direct component of early fitness, thus a 
good estimator of adaptation to host cactus chemistry: cacti 
tissue constitutes the most immediate environment affecting 
early life-cycle. Additionally, we measured developmental 
time and wing size. These set of traits, apparently evolved 
as adaptations to exploit host plants, are related with adult 
fitness components such as reproductive success, dispersion, 

Fig. 1  Schematic representation 
of the experimental design

1- Preliminary experiments (genetic basis)

Isofemale line study testing genetic variation 
and phenotypic plasticity of fitness traits at 
increasing doses of chlorenchyma 

2- Experimental evolution

Selection from standing genetic variation in a 
gradient of cactus media is used to create 
divergent lines with different levels of 
genotypes

B) Assessment of costs:

Examination of the evolution  of 
reaction norms of divergent lines to 
alternative selective treatments

A) Evolution of tolerance:

Assesment of the putative selector 
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ecological specialization
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longevity, stress tolerance, and are accurate indicators of 
environmental quality in Drosophila (e.g., Santos et al. 
1988; Sgro and Hoffmann 2004; Soto et al. 2014). Prior to 
statistical analyses viability and developmental time scores 
were angularly and Log transformed, respectively, to comply 
with the assumptions of the statistical tests (Zar 1996).

For wing size measurements, the right wing of 460 and 
281 male adults of D. buzzatii and D. koepferae, respec-
tively, were mounted on slides and digitalized to place ten 
representative landmarks (details in Padró et al. 2014). Wing 
size was estimated through the centroid size (square root 
of the sum of the squared distance of each landmark to the 
geometric centroid of the landmarks), using TpsDIG2 (Rohlf 
2015).

We employed analysis of genotypic adaptation in multi-
environment trials (Cooper et al. 1996), using the following 
two-way ANOVA model for each trait: 

where μ is the overall mean effect, G the genotypic random 
effect (genetic differences among lines), E the environment 
fixed effect (generalized phenotypic plasticity), while G × E 
estimate Genotype by Environment effects. Since G × E 
may arise due to (Eq. 1) heterogeneity of genotypic vari-
ance across treatments (changes in scale) and/or (Eq. 2) lack 
of genetic correlation across environments (changes in rank 
order), we assessed the contribution of these two sources. 
The proportional relative contribution was estimated from 
the variance components of the two-way ANOVA model 
previously described and the genotypic variance components 
were estimated for each environment through separate one-
way ANOVAs (model: Y = μ + g + Error) according to the 
formulas (Annicchiarico 2002): 

where δ2
(G×E) corresponds to the variance components of 

G × E in the two-way ANOVA model and V(δg(j)) the vari-
ance of the square root values of genotypic variance com-
ponents estimated through one-way ANOVAs in each envi-
ronment j.

In addition, we calculated the pooled genetic correlation 
among environments as an estimator of the relative size of 
G × E that is not due to heterogeneity of genotypic variance: 

where δ2
(G) stands for the genotypic variance components 

in the two-way ANOVA model. Thus, rg values ranges from 
zero to unity, indicating the degree of predictability in the 
genotypic response to increasing cactus concentrations.

Y = � + G + E + G × E + Error,

(1)V
(

�g(j)
)

∕�2(G×E)

(2)
(

�2(G×E) − V
(

�g(j)
))

∕�2(G×E)

rg = �2(G)∕
(

�2(G) + �2(G×E) − V
(

�g(j)
))

Experimental Evolution

Base populations of each species were generated by mix-
ing equal numbers of flies from the established isofemale 
lines (total of ~ 2000 adults per species) to maximize the 
amount of genetic variation. Given that isofemale lines of 
D. buzzatii were originally collected from different biogeo-
graphic units which differ in the presence of its secondary 
host T. terscheckii, before merging into the mass population, 
we first confirmed that there were no differences in larvae 
performance when exposed to the experimental treatments 
detailed below (Online Resource 2). These stocks were 
maintained by mass breeding for three generations before 
the onset of the experiment. Batches of ~ 200 mated females 
of these populations were randomly distributed in 9 cages 
that were exposed to Control (C), Soft (S) or Hard (H) selec-
tion regimes (3 replicate populations per regime). C popula-
tions were reared in 100% standard medium, S populations 
in 50/50% standard/chlorenchyma powder medium and H 
populations in 25/75%, respectively. Experimental popula-
tions were maintained under controlled uncrowded larval 
conditions in discrete generations. In each generation, 200 
virgins of each population (replicates) were transferred to 
a common oviposition chamber for no longer than 72hs to 
start the next generation. Every 5 generations for D. buzzatii 
and in generations #0, #6, #13 and #20 for D. koepferae, 
we assessed changes in viability, developmental time and 
wing size of each population in their respective experimental 
regime. The experimental design (Fig. 1) was carried out in 
the same way as described in preliminary experiments (total 
analyzed wings: 1151 for D. buzzatii and 761 for D. koep-
ferae). To estimate the evolutionary dynamics of the popu-
lations exposed to different regimes, we employed partial 
quadratic regression analyses on phenotypic values, assess-
ing linear and non-linear selection gradients (Lande and 
Arnold 1983). Differences in evolutionary profiles among 
regimes were analyzed via repeated-measures analyses (mul-
tivariate approach) with factors “Regime”, “Generation” and 
the interaction “Regime by Generation” (populations as 
replicates). Statistical analyses were performed using GLM 
repeated-measures ANOVA procedure as implemented in 
STATISTICA (StatSoft, Tulsa, OK, USA).

Experiments Following Selection

Evolution of Tolerance After 20 generations of experimen-
tal evolution, we assessed changes in the tolerance to chemi-
cal stress by measuring larval viability in each experimental 
population exposed to increasing doses of purified alkaloids 
isolated from T. terscheckii (Fig.  1; extraction protocol is 
described in De Panis et  al. 2016). The obtained alkaloid 
fraction, composed mostly of mescaline and trichocereine, 
was added to the rearing media in three different concen-
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trations: 10  mg/g (natural concentration),  20  mg/g and 
30  mg/g. Larvae of each experimental population were 
seeded in vials containing 1  g of standard medium with 
the addition of the different doses of alkaloids. To exclude 
acclimation effects on the responses, three generations of 
relaxed selection in standard medium were applied to all 
experimental populations prior to trials. Statistical analyses 
of stress tolerance of the experimental lines were performed 
by means of linear regressions of viability (dependent vari-
able) on the increasing doses of pure alkaloids (independ-
ent factor). Additionally, we tested homogeneity of slopes 
between selected and Control lines to evaluate the evolution 
of sensitivity to alkaloids in each species.

Assessment of Costs In order to assess whether selection 
regimes elicited changes in the reaction norm of experi-
mental populations, we performed a “reciprocal trans-
plant” experiment by assessing samples of all regimes 
in each of the treatments (Fig. 1; Kassen 2002; Conner 
2003; Murren et  al. 2014). Adults were allowed to lay 
eggs in Petri dishes and batches of first-instar larvae were 
seeded in vials containing C, S or H media. We measured 
viability and developmental time in all populations, as 
these traits showed to be highly sensitive to semi-natural 
media. Reaction norm analyses were performed applying 
the following two-way ANOVA model: Y = μ + R + E + R 
× E + Error, where R stands for the fixed effect of each 
regime, which estimates the overall difference among 
lines across all environments (mean elevation of the 
reaction norm), E is the fixed environmental effect of 
the chlorenchyma media across all lines, while R x E is 
the interaction effect, reflecting differential responses of 
experimental lines across environments. In addition, we 
assessed changes in other attributes of the reaction norm 
such as the slope (S) and curvature (C), using phenotypic 
values (Z) of each trait according to equations (Murren 
et al. 2014): 

where n indicates the number of chlorenchyma doses and i 
the focal dose (treatment). Analyses on the computed scores 
S and C (dependent variables) were performed by means of 
one-way ANOVAs for each trait (model: Y = μ + R + Error) 
to test differences across selection regimes.

S =

∑n−1

1
Si

n − 1
; where Si = Zi+1 − Zi

C =

∑n−2

1
Ci

n − 2
; whereCi = Si+1 − Si

Results

Quantitative Genetic Analysis

Increased amounts of cactus chlorenchyma elicited a 
reduced viability and wing size, while extending devel-
opmental time in both species, although D. buzzatii was 
markedly more sensitive than its sibling (Online Resources 
3 and 4). The general ANOVAs showed further differences 
for the specific traits in each species. G × E interaction 
was significant for all traits in both species, except for 
viability in D. buzzatii which exhibited a generalized plas-
tic response (Table 1). While in D. koepferae the interac-
tion was mostly explained by changes in the rank order of 
genotypes, in D. buzzatii both components of G × E had 
a fairly balanced contribution. Moreover, genotypic cor-
relation analyses revealed a consistent response of geno-
types across environments for wing size in D. koepferae 
and developmental time in D. buzzatii. Overall, our results 
denoted that phenotypic variation has both genetic and 
environmental bases, though species showed distinctive 
contributions in their components of genotypic variation.

Table 1  Variance components and quantitative genetic statistics for 
fitness traits in D. buzzatii and D. koepferae exposed to increasing 
cactus concentrations

Vg denotes among-line effects indicating genetic variation.  Ve are 
fixed effects of environments denoting phenotypic plasticity.  V(G×E) 
accounts for line by environment interaction. r(G×E) is the pooled 
genetic correlation among environments.  V(G×E) partitioned are the 
proportions of genotype by environment interaction attributable to 
heterogeneity of genotypic variance (first term) and changes in the 
rank order among environments (second term)
N/A not applicable, NS non-significant
*P < 0.05, **P < 0.01, ***P < 0.001

Vg Ve V(G×E) r(G×E) V(G×E) partitioned

D. koepferae
 Viability 3.143** NS 1.579** 0.703 16.1–83.9
 Developmental 

time
0.041* *** 0.040*** 0.549 15.7–84.3

 Wingsize 0.170*** NS 0.005* 0.971 4.3–95.7
D. buzzatii
 Viability 8.829*** *** NS N/A N/A
 Developmental 

time
0.015** *** 0.005*** 0.851 44.1–55.9

 Wingsize NS ** 0.063*** 0.448 33.3–66.7
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Evolution of Fitness Components

Viability

Repeated measures analysis revealed significant differ-
ences among the viability profiles of the experimental 
regimes (Table 2). The analysis across generations showed 
that larval viability remained fairly stable along the exper-
iment in D. koepferae S populations, whereas C and H 
populations showed opposite trends: after the sixth gen-
eration Control populations exhibited a steady and linear 
reduction, whereas H lines increased viability at a rate of 
almost 5% per generation (Table 3; Fig. 2a). In contrast, 
D. buzzatii H populations exhibited a linear and steady 
drop of viability at a rate of 3.4% per generation. A similar 
initial trend was observed in D. buzzatii S populations, 
however these lines were able to evolved higher viabilities, 
even 13% more than in the initial generation (Fig. 2b).

Developmental Time

The evolutionary dynamic of developmental time was sig-
nificantly different among regimes (Table 2). D. koepferae 
S and H populations evolved extended developmental time, 
but at different rates: S lines escalated linearly at a rate of 
0.4% per generation (Table 3) whereas H lines reached a 
plateau after six generations of constant increase (Fig. 2c). 
D. buzzatii S populations also increased developmental time, 
at a mean rate of 0.8% per generation, reaching values simi-
lar to H lines. During the initial generation of exposure to 
the H regime, the base population extended developmental 
time, although it remained steady along generational time 
(H lines, Fig. 2d). Despite Control lines of D. koepferae 
displayed a significant regression, the magnitude of the vari-
ation was very low, while in D. buzzatii  C lines remained 
steady (see Fig. 2c, d).

Wing Size

Wing development was differentially affected by rear-
ing conditions in each species (Table 2). Wing size of D. 
koepferae lines remained fairly steady across time (Table 3; 
Fig. 2e). In contrast, S and H populations of D. buzzatii fol-
lowed a non-linear selection gradient (after an initial size 
reduction), reaching values similar to in Control populations 
(Fig. 2f).

Analysis of Chemical‑Stress Tolerance

Regression analysis revealed a notable decline in larval 
viability as alkaloid concentration increased in D. buzzatii 
Control populations, with a maximum reduction of 65% 
at the highest dose (F1,13 = 4.30, P = 0.05, β = − 0.08, 
r2 = 0.25). Control lines of D. koepferae exhibited a 16% 
reduction, though the regression was not significant (F1,13 
= 0.11, P = 0.74), indicating an intrinsic developmental 

Table 2  Repeated measures analyses (F-values) testing for differ-
ences among regimes, generational time and its interaction for fitness 
traits

*P < 0.05; **P < 0.01; ***P < 0.001

Factor/trait Dfn
d Viability Dev. time Wing size

D. buzzatii
 Time × regime 8

24 7.05*** 2.49* 3.42**
 Time 4

24 7.50*** 3.15* 7.77***
 Regime 2

6 6.29* 185.67*** 19.61**
D. koepferae
 Time × regime 6

18 4.30** 3.36* 1.08
 Time 3

18 0.69 18.04*** 1.47
 Regime 2

6 6.62* 92.45*** 17.36**

Table 3  Summary of polynomial regressions testing for linear (β), and non-linear (γ) selection gradients on fitness components for each regime

N/A not applicable, NS non-significant, L/F lack of fit
† P = 0.05; *P < 0.05; P < 0.01**; P < 0.001***

Viability Development time Wing size

Control Soft Hard Control Soft Hard Control Soft Hard

D. koepferae
 F-value (df = 2,9) 4.23† NS 7.81* 6.65* 7.42* 7.90* NS NS NS
 Lineal term β1 – 0.02* N/A – 0.02* NS 0.01** L/F N/A N/A N/A
 Quadratic term γ < 0.01† N/A < 0.01† < − 0.01** NS L/F N/A N/A N/A

D. buzzatii
 F-value (df = 2,12) NS 4.28* 15.45*** NS 8.05** NS NS 9.73** 4.13*
 Lineal term β1 N/A NS − 0.01*** N/A 0.01** N/A N/A − 0.01* L/F
 Quadratic term γ N/A < 0.01* NS N/A NS N/A N/A < 0.01** L/F
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robustness in the presence of alkaloids. Analyses per-
formed in selected populations of both species revealed 
no significant regressions (P > 0.05, in all cases). Over-
all, the evolution of alkaloid tolerance in selected lines 
was mostly related to higher mean viability levels in both 
species (Fig. 3a, b). However, the homogeneity of slope 
comparisons performed between selected and Control 
lines was marginally significant in D. buzzatii H lines, 
indicating a decreased sensitivity to alkaloids effects (F1,26 
= 4.0; P = 0.05).

Evaluation of Reaction Norms

Results of significant changes in the components of the 
reaction norms among experimental lines are shown in 
Table 4. D. buzzatii S and H populations diverged mainly 
in the elevation of the reaction norm for both viability 
and developmental time. In the case of D. koepferae the 
response of these traits in selected populations differed not 
only due to changes in mean elevation, but also because of 
significant curvature variation (Table 4). In general, selected 
populations of both species tended to achieve higher mean 

Fig. 2  Experimental evolution of viability (a, b), developmental time (c, d) and wing size (e, f) in D. koepferae and D. buzzatii Control, Soft and 
Hard selection regimes. Bars denote 95% confidence interval
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viabilities and longer developmental times than Controls, 
although differences were only consistently apparent in D. 
buzzatii development times (Fig. 4a–d). In addition, phe-
notypic values of selected lines raised in standard medium 
(0% chlorenchyma) were significantly different from Con-
trol values, indicating that the response to selection was not 
due to an acclimation effect, except in D. koepferae S lines 
which reverted to the Control phenotype (i.e., not differ from 
Control values; Fig. 4a, c).

Discussion

Genetic Basis of Fitness Traits

Even in a small heterogenic subsample of genotypes we 
found substantial genetic variation in fitness related-traits of 
both species (Table 1), which at least are partially heritable 
(Cortese et al. 2002). These results suggest that the stock of 
isofemale lines of both species possessed sufficient selecta-
ble variation (G × E) for populations to evolve under different 
doses of chlorenchyma. In addition, phenotypic responses of 
fitness-related traits revealed that increasing doses of chlor-
enchyma compromised viability, extended developmental 
time and reduced wing size (Online Resources 3 and 4), 
suggesting an adaptive plastic response through an increased 
detoxification metabolism at the expenses of growth (Hoff-
mann and Parsons 1989; Padró et al. 2014). These results 
are in agreement with previous studies that investigated the 
detrimental effects produced by T. terscheckii (Soto et al. 
2008; Corio et al. 2013), validating the use of the cactus 
chlorenchyma powder in selection experiments. The pre-
sent results also provide some relevant points to interpret 
the outcome of selection experiments in the light of these 
species’ ecology. First, the effect of rearing media on fitness 
traits was species-specific. As may be expected by patterns 
of host plant use in nature, D. buzzatii was more sensitive 
to T. terscheckii chlorenchyma, (Fanara and Hasson 2001; 
Soto et al. 2008, 2014). Moreover, the differential contribu-
tion of the genetic components of larval viability among 
species suggests different adaptive strategies to cope with 
cactus chemical defenses. D. buzzatii showed plastic gener-
alization (i.e., parallel norms of reaction) while significant 
G × E interaction in D. koepferae indicated the presence of 
varying degrees of specialized genotypes. The second aspect 
arising from the study is that the relative contribution of the 
components of G × E interactions of developmental time and 
wing size differed among species (Table 1). This implies not 
only that components of genetic variation diverged between 
species, but also suggests that different genes/traits might 
be involved depending on the concentration of cactus, ena-
bling the evolution of different phenotypes (Clark and Fucito 
1998).

Fig. 3  Larval viability along increasing doses of alkaloids in experi-
mental populations of D. koepferae (a) and D. buzzatii (b). Standard 
deviation bars and linear trends are shown

Table 4  Summary of analysis of reaction norms (F-values), testing 
for differences among experimental regimes (mean elevation), envi-
ronmental effect, parallel responses among environments (interaction 
term), slopes and curvatures for life history traits

*P < 0.05; P < 0.01**; P < 0.001***

Factor/trait dfn
d Viability Dev. time

D. koepferae
 Regime (elevation) 2

12 23.90*** 16.96***
 Environment 2

12 7.03** 111.32***
 Regime × environment 4

12 7.18** 6.58**
 Slope 2

6 1.95 4.15
 Curvature 2

6 7.64* 5.0*
D. buzzatii
 Regime (elevation) 2

12 8.74** 196.27***
 Environment 2

12 25.19*** 70.60***
 Regime × environment 4

12 0.73 3.00
 Slope 2

6 1.97 1.5
 Curvature 2

6 0.18 4.03
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Evolution of Fitness

Our experiment showed that despite components of genetic 
variation have diverged since the last common ancestor, 
both species were able to respond to selection by increas-
ing larval viability in cactus media. However, the evolu-
tionary dynamics depended on the species-specific degrees 
of specialization to cactus hosts in nature. While the cac-
tophilic generalist D. buzzatii increased mean viability in 
the moderate regime, the columnar specialist D. koepferae 
optimized performance in the most extreme environment 
(Table 3; Fig. 2a, b). The observed pattern of maximum 
fitness at different levels of allelochemicals is consistent 
with an evolutionary process of stress-derived hormesis 
(Forbes 2000). Hormesis refers to a generalizable phe-
nomenon in organisms dealing with dose–response rela-
tionships: the invigorating effects of low doses of toxins 
that are harmful at higher levels (Calabrese and Baldwin 
2003). Processes associated with hormesis have been 
related with the colonizing ability in many species of 
Drosophila, including the role of ethanol in the habitat use 

of D. melanogaster (Parsons 2001; Costantini et al. 2010). 
Given that D. koepferae and D. buzzatii are species with 
a differential use of stressful habitats, the displacement 
of the hormetic zone (chemical range where phytotoxins 
produce beneficial effects) is an evolutionary expecta-
tion with ecological implications in niche partitioning. In 
this context, the response of non-linear size increase with 
extended developmental time in selected lines (Fig. 2c–f) 
could be reflecting the phenotypic byproducts of meta-
bolic efficiency selection to varying levels of secondary 
metabolites (Parsons 2001; Padró et al. 2014). In con-
trast, Control populations of both species showed a faster 
developmental time and larger wing sizes (except in D. 
koepferae) than selected lines (Table 3; Fig. 2c–f), sug-
gesting a relaxed regime, favorable for larval development 
(Soto et al. 2014). Thus, the noticeable evolution of larval 
viability and developmental time found in Control lines of 
D. koepferae could be explained as the consequence of an 
environmental range outside the hormetic zone in a spe-
cies adapted to extreme levels of secondary metabolites.

Fig. 4  Reaction norms of life history traits of experimental lines reared in media with different concentrations of chlorenchyma. Significant dif-
ferences of selected lines relative to the Control in each environment are shown. Dunnet test: *P < 0.05; **P < 0.01; ***P < 0.001
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Evolution of Alkaloids Tolerance

Experimental populations selected in cactus media also 
exhibited the greatest mean viability when exposed to puri-
fied alkaloids (Fig. 3), supporting the hypothesis of genetic 
adaptation to alkaloid stress as a direct result of natural 
selection. This is in line with many studies performed 
in other desert Drosophila, where a rapid evolution of 
increased tolerance to alkaloids was found to be mediated 
by detoxification enzymes (Fogleman and Danielson 2001; 
Bono et al. 2008; Matzkin 2012). Moreover, the implica-
tion of induced expression of the exogenous metabolism 
has been related with energy efficiency, affecting organism 
performance, development control and ecological dynam-
ics (Marden 2013). In addition, the regression analysis of 
viability on alkaloid concentrations in Control populations 
reinforced the idea that D. koepferae is endowed with more 
robust detoxification mechanisms than D. buzzatii, allow-
ing a more effective exploitation of the alkaloidiferous T. 
terscheckii (Soto et al. 2014). Recent analysis of differen-
tial gene expression revealed a genome wide transcriptional 
plasticity involving a vast functional diversity when D. buz-
zatii is reared in T. terscheckii with increased levels of alka-
loids. For instance, P-450 genes involved in detoxification, 
hormones metabolism and development regulation (directly 
related to developmental time) are implicated in hormetic 
mechanisms and appeared to be pivotal in the complex 
response of D. buzzatii to alkaloid exposure (Timbrel 2009; 
De Panis et al. 2016). Thus, differences in the evolutionary 
dynamics among species might be reflecting the divergent 
evolution of highly pleiotropic genes (i.e., affecting multiple 
traits) responsible for alkaloid stress tolerance. Nonetheless, 
further comparative studies of the transcriptomic responses 
between D. buzzatii and D. koepferae will allow us to further 
dissect the genomics of host adaptation.

Adaptation Costs

Theoretical models of phenotypic evolution predicts adap-
tation costs as a consequence of specialization (Futuyma 
and Moreno 1988; Lande 2009), however we did not find 
evidence indicative of associated costs. Selected popula-
tions shifted the elevation of the reaction norm of viability 
and developmental time, revealing remarkable changes in 
larval metabolism, with no directional effects in environ-
mental sensitivity across cactus concentrations (i.e., slope; 
Table 4). These results indicate no evidence of trade-offs 
or a significant reduction in environmental sensitivity as 
result of adaptation costs. In fact, contrary to the idea of 
a fitness cost imposed by carrying resistant alleles in the 
absence of xenobiotics, selected populations tended to 

increase larval viability when raised in standard medium 
(Fig. 4a, b), suggesting that adaptation to chemical stress-
ors might not be necessarily costly (Wan et al. 2017). A 
possible explanation could rely on the fact that adaptation 
to alkaloids may arise due to many causes: efficiency of 
detoxification mechanisms, sequestration of metabolites, 
energy expenditure, resource allocation, interaction with 
nutrient absorption and interferences with general bio-
logical processes (Wink et al. 1998; Mithöfer and Boland 
2012). In effect, experiments of resource acquisition (a 
core feature of specialization) performed in Drosophila 
frequently results in a lack of evidence supporting antag-
onist pleiotropy due to specialization and even yielded 
positive correlations (Kolss et al. 2009; Vijendravarma 
et al. 2012; Goenaga et al. 2013). Thus, complex interac-
tions among genetic/physiological pathways underlying 
resource exploitation might mask trade-offs when they 
actually occur. In our case, the evolution of increased wing 
size (significant in D. buzzatii; Table 3), a trait associated 
with mating success in Drosophila, suggests the implica-
tion of compensatory evolution of fitness-enhancing genes 
(Santos et al. 1988; McKenzie and Clarke 1988; Pischedda 
and Chippindale 2005).

Concluding Remarks

Overall, our study points to the idea that host shifts can 
contribute to diversification in closely related species 
through metabolic adaptation to the chemical environment. 
In the face of an ecological challenge, as overcoming 
chemical defenses of novel host-plants, the maintenance 
of fitness could depend on the evolution of stress-derived 
hormesis. Our results suggested a displaced hormetic 
zone among species as a putative consequence of different 
degrees of host specialization. This scenario could help to 
explain why generalist insects usually succeed in various 
groups of plants with mild defenses, while specialists fre-
quently thrive in chemically challenging hosts. Although 
the study of the genetic architecture underlying hormetic 
mechanisms still lacks empirical investigation, the level of 
integration between exogenous and endogenous metabo-
lism seems a promising approach to disentangle the com-
plex evolution of adaptive plasticity.
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