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Abstract

Phenotypic changes in plants during domestication may disrupt plant–herbivore interactions. Because wild and cultivated 
plants have different habitats and some anti-herbivore defences exhibit some plasticity, their defences may be also influenced 
by the environment. Our goal was to assess the effects of domestication and the environment on herbivory and some anti-
herbivore defences in chaya (Cnidoscolus aconitifolius) in its centre of domestication. Herbivores, herbivory, and direct and 
indirect anti-herbivore defences were assessed in wild and cultivated plants. The same variables were measured in the field 
and in a common garden to assess environmental effects. Our results show that domestication increased herbivory and 
herbivore abundance, but reduced direct and some indirect defences (ants). The environment also affected the herbivore guild 
(herbivore abundance and richness) and some direct and indirect defences (trichome number and ants). There was also an 
interaction effect of domestication and the environment on the number of trichomes. We conclude that domestication and 
the environment influence herbivory and anti-herbivore defences in an additive and interactive manner in chaya.

Keywords:  Chaya; Cnidoscolus aconitifolius; crop wild relatives; domestication; herbivory; phenotypic plasticity; plant 
defence.

  

Introduction
Domestication is the outcome of artificial selection that leads to 
the increased co-evolutionary adaptation of plants to cultivation 
and their utilization by humans (Gepts 2010). However, the 
independent selection of traits relevant to humans is unlikely 
and often, some undesirable correlated traits are unconsciously 
selected during the domestication process (Chen et  al. 2015; 
Whitehead et  al. 2017) or there may be trade-offs between 

different functions (e.g. growth vs. defence) (Milla et  al. 2015; 
Züst and Agrawal 2017). An illustrative example is the reduction 
of anti-herbivory defences exhibited by some domesticated 
plants relative to their wild progenitors (e.g. Gaillard et al. 2018; 
Hernández-Cumplido et al. 2018).

In a recent meta-analysis, Whitehead et al. (2017) found that, 
though significant, the effect of domestication on herbivore 
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resistance was highly variable among and within crops and, 
unexpectedly, they found that their analysis did not support 
the idea that domestication reduces herbivore resistance via a 
reduction of defences (i.e. plant domestication-reduced defence 
hypothesis; Chaudhary 2013; Hernández-Cumplido et al. 2018). 
The authors suggested that this was probably because several 
of the studies they revised were not specifically designed to 
test for the effect of domestication on herbivore resistance or 
defence and, in some cases, wild and cultivated plants were 
exposed to completely different environments (Whitehead 
et  al. 2017). The latter should be controlled to separate the 
effect of domestication per se from environmentally induced 
variation. Wild and cultivated plants usually grow in different 
habitats. Because some plant traits associated with herbivore 
resistance are plastic (Abdala-Roberts and Parra-Tabla 2005; Heil 
2010; Yamawo et al. 2012), some of the phenotypic differences 
exhibited between crops and their wild relatives may be 
of environmental origin. However, the extent to which the 
environment contributes to phenotypic divergence between 
crops and their wild progenitors is unknown (Gremillion 
and Piperno 2009). Typically, domesticated plants grow in 
environments that are richer in nutrients and water, and subject 
to less disturbance and less competition than their wild relatives 
are (Chen et al. 2015; Milla et al. 2015). The favourable conditions 
prevailing in the habitat of domesticated plants may favour the 
expression of phenotypes with a low level of defence (Folgarait 
and Davidson 1995; Yamawo et al. 2012). However, the effects of 
domestication per se and environmentally induced variation on 
herbivore resistance and anti-herbivore defence are frequently 
confounded in field studies (e.g. Mondolot et al. 2008; Turcotte 
et al. 2014; Chacón-Fuentes et al. 2015). Therefore, an approach 
that combines field data and common garden experiments is 
useful for separating domestication per se from environmental 
effects.

Most studies addressing the effect of domestication on 
herbivore resistance and defence have focused on direct 
defences (see supplementary material in Whitehead et al. 2017). 
However, indirect defences, which attract the natural enemies 
of the herbivores and reduce plant damage (Dicke et al. 2003), 
have received less attention (Chen et  al. 2015). Domestication 
modifies some physical, nutritional and chemical traits that 
play an important role in herbivore location and attack by 
their natural enemies (Price et  al. 1980; Cortesero et  al. 2000) 
and this may disturb the capacity of natural enemies to 
regulate herbivore attack (Chen and Walter 2005; Macfadyen 
and Bohan 2010). However, for some groups of natural enemies 
such as parasitoids, no generalizable effect has been identified 
because the plant traits selected during domestication affect 
this interaction in opposite directions; i.e. some traits favour 
(e.g. less toxic compound in plants and their herbivores; Ode 
2006) and others reduce (e.g. reduced volatile emissions; 
Chen et  al. 2015) the regulatory activity of parasitoids. Ants 
that visit extrafloral nectaries are another group of natural 
enemies that plays an important defensive role (Rico-Gray and 
Oliveira 2007); however, it is currently unknown how they are 
affected by plant domestication. Indirect defences can also be 
affected by environmental factors. For example, a suitable host 
for some parasitoids may be unavailable in agroecosystems 
(Rodríguez-Saona et al. 2011; Chen et al. 2013) and the nutrient-
rich conditions that prevail in agroecosystems may favour the 
production of extrafloral nectar and as a result, attract more 
ants (Yomawo et al. 2012).

Most domestication events originated within the native 
distribution range of wild ancestors (Meyer et  al. 2012). In 

these areas, native herbivores and their natural enemies have 
a coevolutionary history, first with wild progenitors and then, 
with domesticated landraces (Chen et al. 2015, 2017). Therefore, 
examining the effects of plant domestication on plant–
herbivore interactions in the centre of domestication offers an 
excellent model for assessing how novel phenotypes shaped by 
domestication affect herbivore resistance while controlling for 
the geographic and evolutionary history of endemic herbivores 
with crops and their wild progenitors (Chen et al. 2017). This is 
important because when crops are taken to new environments, 
they often encounter ecological conditions different from those 
experienced by their wild relatives, interact with new species of 
herbivores and cultivation practices (Chen et al. 2017).

Here, we looked at the effects of domestication per se and of 
the environment on herbivory, and direct and indirect defences 
in chaya (Cnidoscolus aconitifolius) in its domestication centre 
(Ross-Ibarra and Molina-Cruz 2002). In this area, cultivated 
plants are grown exclusively in home gardens (where wild 
plants are removed), while wild plants grow in disturbed 
secondary vegetation (Ross-Ibarra 2003; Munguía-Rosas 
et  al. 2019). Therefore, under field conditions, the effect of 
domestication per se is confounded with environmental effects. 
Thus, to separate these effects, in addition to field observations, 
we simultaneously recorded herbivory and defences in a 
common garden. We hypothesized that domestication per se 
interacts with the environment and affect both herbivory and 
direct and indirect defences in chaya. Our predictions were: (i) 
domestication increases herbivory and reduces defences, and 
(ii) if environmental effects are important, differences between 
cultivated and wild plants in terms of herbivory and defences 
will be lower in the common garden than in their original 
habitats in the field

Methods

Study species

Chaya (C. aconitifolius: Euphorbiaceae) is a perennial shrub, up to 
4.5 m tall (Standley and Steyermark 1949). In the study area, the 
flowering season extends from May to November with a flowering 
peak in summer (June–September). Fruit and pollen production 
is abundant in the wild but infrequent in cultivated plants (Ross-
Ibarra 2003). The area of the leaf lamina of wild plants (151.52 ± 
5.17  cm2; hereafter, mean values ± 1 SE) is significantly larger 
than that of cultivated plants (123.66 ± 5.17 cm2) (Solís-Montero 
2019). Chaya exhibits urticant trichomes on stems, leaves and 
fruits (Parra-Tabla et al. 2004); wild plants appear to have more 
trichomes than cultivated plants do (Ross-Ibarra 2003). Some 
leaf traits (e.g. trichome number) exhibit phenotypic plasticity 
in chaya (Parra-Tabla et al. 2004; Abdala-Roberts and Parra-Tabla 
2005). The main chewing herbivores are generalist caterpillars 
and grasshoppers for both wild (Parra-Tabla et  al. 2004) and 
cultivated plants (Solis-Montero 2019). There are two extrafloral 
nectaries at the leaf base (Standley and Steyermark 1949). 
These are active during the day and are actively visited by ants 
that defend the plants from herbivores (M. A. Munguía-Rosas, 
unpubl. data). Hydrocyanic glycosides are present in the leaves 
of wild and cultivated plants (Kuti and Kuti 1999). Also, the 
content of condensed tannins in leaves was very similar in wild 
(1.34 ± 0.21 %) and cultivated plants (1.58 ± 0.18 %) (F1, 16 = 0.56, 
P = 0.51) in a subsample of the study plants (n = 20) collected 
during the study (M. A. Munguía-Rosas, unpubl. data).

Cultivation in the study area is usually from stem cuttings in 
home gardens (Munguía-Rosas et al. 2019). Wild plants reproduce 
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sexually; however, asexual reproduction is also possible with human 
assistance. According to Ross-Ibarra (2003), chaya is a domesticated 
plant and its domestication centre is the Yucatan Peninsula. People 
in this area consume the boiled leaves in several dishes. Selection 
has focused on leaf palatability and size, i.e. bigger, softer leaves 
with fewer trichomes are preferred (Munguía-Rosas et  al. 2019). 
Only one variety of the cultivated plant has been formally identified 
on the Yucatan Peninsula (Munguía-Rosas et al. 2019).

Study area

Data were collected from two different environments: in the field 
and in a common garden, both located in the municipality of 
Merida on the Yucatan Peninsula (20°49′15″–21°01′18″N; 89°41′30″–
89°33′18″W; 10–30 m a.s.l.). The field location is the habitat of both 
wild (disturbed secondary forest) and cultivated plants (home 
gardens). The secondary forest is dominated by the trees: Leucaena 
leucocephala, Lysiloma latisiliquum, Piscidia piscipula (Fabaceae), 
Bursera simaruba (Burseraceae) and the shrubs: Gymnopodium 
floribundum (Polygonaceae) and Permentiera millspaughiana 
(Bignoniaceae). In contrast, cultivated species such as papaya 
(Carica papaya), orange (Citrus sinesis and C.  aurantium), lemon 
(Citrus limon) and cultivated chaya are the dominant species in 
home gardens. The common garden was a monoculture of chaya 
of ca. 2000 m2, established in the study area as part of a bigger 
project 2 years prior to this study. The garden had 67 plants, 33 
wild and 34 cultivated, randomly located, from 1 to 1.5 m apart. 
Both wild and cultivated plants in the common garden were 
reproduced from stems obtained from the surroundings of the 
field and common garden locations. Mother plants were selected 
to be as similar as possible. No pesticides or fertilizers were used 
in the field locations or in the common garden during the study. 
The study area offers ideal conditions for conducting this research 
for several reasons. The most relevant are that (i) chaya was 
domesticated in the study area (Ross-Ibarra 2003), (ii) to this day 
chaya is cultivated by the same ethnic group that domesticated it 
and (iii) both cultivated and wild plants grow in close proximity.

The field and common garden locations did not differ 
significantly in relative humidity (F2, 48 = 2.78, P = 0.07). However, 
there were statistically significant differences for temperature 
(F2,  48  =  6.88, P  <  0.01) and photosynthetically active radiation 
(F2, 48 = 4.45, P = 0.02). Home gardens had the lowest values (29.87 ± 
0.11 °C; 257.21 ± 10.31 PPFD), the common garden had the greatest 
values (33.27  ± 0.11  °C; 665.21  ± 13.31 photosynthetic photon 
flux density [PPFD]) and in the secondary forest values were 
intermediate (31.72 ± 0.16 °C; 298 ± 67 PPFD). There were important 
differences among environments in terms of plant community 
composition (see above) and management. Plants in the home 
gardens were watered and undesirable wild plants removed, 
while no management was carried out in the secondary forest. In 
contrast to field locations, the common garden was a monoculture 
and as a result, environmental heterogeneity was limited relative 
to that of the field locations. While wild and cultivated plants 
inhabit different environments in the field, in the common 
garden, wild and cultivated plants shared the same environmental 
conditions. Therefore, with this experimental design, the effect of 
the environment (in a broad sense) can be inferred from the field 
versus common garden comparison, i.e. if herbivory and defences 
are very similar between plants in the field and the common 
garden, the environmental effect is negligible.

Herbivores and herbivory

During the summer and fall of 2018, all herbivores observed 
from 0800 to 1200 h on wild and cultivated plants (n  = 66) in 

both environments (in the field and in the common garden) 
were recorded. In the field, 20 wild and 20 cultivated plants were 
surveyed, while 13 wild and 13 cultivated plants were surveyed 
in the common garden. Fewer plants were surveyed in search of 
herbivores in the common garden than in the field because the 
former lost their leaves earlier in the season. Wild and cultivated 
plants were easily distinguished in the field because the former 
are evidently thornier and cultivated plants do not occur 
outside of the home gardens. To control for size and age (life 
stage), we selected 1.5–2 m tall, reproductive plants (i.e. plants 
producing flowers) in both environments. Each day, only one 
randomly selected wild plant and the cultivated plant nearest 
to it were sampled to minimize temporal and spatial variability 
(mean distance between each pair of plants  =  600  ± 500 m). 
Herbivore sampling was conducted in different environments 
on alternate days. Only one cultivated plant per home garden 
was selected in the field, and contiguous home gardens were 
avoided to gain independence (the shortest distance between 
plants was 300 m). For each plant, the herbivory survey takes 
1–2 h; therefore, only two plants could be surveyed during the 
predefined period (0800–1200 h). After 1200 h, herbivore activity 
decreases, and the owners of the gardens are less available (i.e. 
lunch and nap time).

Also, a random sample of three fully expanded leaves from 
40 plants (20 wild and 20 cultivated) in the field and 67 plants in 
the common garden (33 wild and 34 cultivated) were collected 
(n = 321) in a single day. These were taken to the laboratory to 
measure herbivory (the area of the leaf eaten by herbivores) for 
each leaf with a leaf area meter (CID Biosciences Inc. CI-202, 
Camas, WA, USA).

Direct physical defences

Using the same sample of leaves described above (n  =  321), 
leaf toughness was measured as the force (N mm−2) needed to 
penetrate the leaf lamina with a handcrafted penetrometer. Leaf 
toughness was measured in the central part, avoiding the main 
ribs. All of the trichomes on the main rib and on the leaf border 
were counted. These areas of the leaf were selected because 
it has been reported that herbivores preferentially start their 
attack there. Since structural defences may jointly reduce leaf 
palatability, a cafeteria experiment was conducted. For this, 
leaf portions of similar size (8–16 cm2) from cultivated and wild 
plants were offered to the snail Helix aspersa. This snail is an 
effective instrument for measuring palatability because as a 
generalist herbivore it is not adapted to the specific defences of 
chaya. This was a choice experiment in which two leaf portions 
(one from wild and one from cultivated plants) were offered to 
a single snail which was placed, with the two leaf portions, in 
a 1-L plastic container. Snails were fasted for 48 h and weighed 
immediately before the experiment began. The containers were 
kept in a controlled environment chamber (Binder KBW 240, 
Tuttlingen, Germany) with a 16 h dark and 8 h light photoperiod 
at 26 °C. The area eaten and the weight of snails were recorded 
every 12  h for 2  days. Sample size was 60 experimental units 
(containers): 30 leaf portions from wild plants and 30 portions 
from cultivated plants, 50  % of which came from the field 
and 50  % of which were from the common garden, to see if 
the environment where the plant was grown affected leaf 
palatability.

Indirect defences

During the survey of herbivores and in the same sample (see 
the Herbivores and herbivory subsection), we searched the entire 
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plant for lepidopteran larvae. All caterpillars found were kept in 
a controlled environment chamber at 26 °C with a photoperiod 
of 12 h dark and 12 h light until either the adult or a parasitoid 
emerged. During captivity, the larvae were fed leaves from the 
same variety of chaya from which the caterpillar had been 
originally collected. Additionally, ants seen on the nectaries and 
petioles of five randomly selected leaves per plant for a random 
subsample of 23 cultivated (16 in the field and 7 in the common 
garden) and 20 wild plants (13 in the field and 7 in the common 
garden) were counted (n = 43).

Data analysis

Herbivores and herbivory. To assess the effect of domestication 
(a two-level factor: wild vs. cultivated plants) and the 
environment (a two-level factor: field vs. common garden), as 
well as their interaction on cumulative morphospecies richness 
and herbivore abundance for all sampling days, two generalized 
linear models (GLMs) with a Poisson (morphospecies richness) 
and quasi-Poisson (herbivore abundance) error distribution 
were fitted. Morphospecies were used instead of species 
because it was not possible to identify a large number of 
the insects to the species level. However, morphospecies 
are considered a reliable surrogate for species richness in 
invertebrates (Oliver and Beattie 1996). Leaf herbivory was 
expressed as a proportion of the whole leaf area and fitted to 
a linear mixed-effects model (LME) with domestication, the 
environment and their interaction as fixed factors and the 
plant as a random factor. Leaf herbivory was arcsine square-
root transformed to improve normality.

Direct physical defences. The effects of domestication, the 
environment and their interaction on per-plant direct defences 
(i.e. measurement from different leaves of the same plant was 
averaged) were assessed with GLMs (three models) with a 
Gaussian error distribution, except for the number of trichomes 
on the main rib, for which a Poisson error distribution was 
used. Because leaf perimeter (F1,  18  =  0.084, P  =  0.77) and the 
length of the main rib (F1, 18 = 0.44, P = 0.51) were not statistically 
different between varieties in a random subsample (n  =  20), 
it was not necessary to correct the number of trichomes per 
longitudinal unit. The leaf area eaten by snails was fitted to an 
LME with domestication, the environment and their interaction 
as fixed effects. Also, to account for any correlation between 
domestication treatments, the container was included as a 
random factor. A GLM with a Gaussian error distribution was 
used to assess the effect of the environment, the initial weight 
of the snail, total leaf area eaten, the proportion of leaf area of 
wild relative to cultivated plant eaten, as well as second-order 
interactions on the change in the weight of the snails.

Indirect defences. The frequency of all parasitized larvae 
detected during all sampling days was compared between 
wild and cultivated plants with a chi-squared test, which 
was also used to assess differences in the frequency of 
larvae in wild and cultivated plants between environments. 
The effects of domestication, the environment and the 
domestication × environment interaction on per-plant ant 
morphospecies richness and ant abundance were assessed 
with GLMs with quasi-Poisson and Poisson error distribution, 
respectively.

An examination of residuals suggests that model fit was 
generally satisfactory. A posteriori power analyses showed that 
statistical power was on average within in or near the optimum 
suggested for behavioural sciences (80  %) by Cohen (1988) for 

direct defences (domestication = 99 %, environment = 71 %). For 
indirect defences (domestication = 60 %, environment = 62 %), 
herbivores and herbivory (domestication  =  50  %, 
environment  =  60  %) power was lower, but greater than that 
reported in some areas of ecology (47; Jennions and Møller 2003). 
All analyses were run in R software version 3.5.1. All data are 
available in Supporting Information—Appendix S1.

Results

Herbivores and herbivory

The richness of herbivore morphospecies per plant was 2.85 
times greater in the field (5.02  ± 0.51) than in the common 
garden (1.76  ± 0.19; χ2

1  =  53.55, P  <  0.01). However, the effect 
of domestication (χ2

1  = 0.19, P  = 0.66) and the domestication × 
environment interaction (χ2

1 = 2.47, P = 0.18) were not statistically 
significant. Herbivore abundance per plant was 3.17 times 
greater on cultivated (58.47 ± 20.96) than on wild plants (18.42 ± 
4.96) (χ2

1 = 784, P < 0.01), and 6.48 times more herbivores were 
found in the field (61  ± 18.21) than in the common garden 
(9.41  ± 2.37; χ2

1  =  457, P  <  0.01). However, the domestication × 
environment interaction was not significant (χ2

1 = 316, P < 0.08).
Mean herbivory per leaf was 1.90 times greater for cultivated 

(5.53 ± 0.71 %) than for wild (2.91 ± 0.44 %) plants (F1, 105 = 7.81, 
P = 0.006). No significant effects of the environment (F1, 105 = 1.998, 
P  =  0.160) or the domestication × environment interaction 
(F1, 105 = 0.091, P = 0.763) on herbivory were found (Fig. 1).

Direct physical defences

The leaves of wild plants (0.06  ± 0.01  N mm2) were 1.5 times 
tougher than the leaves of cultivated plants (0.04 ± 0.03 N mm−2) 
(F1, 103 = 27.94, P < 0.01). In contrast, the effects of the environment 
(F1, 103 = 3.54, P = 0.06) and of the domestication × environment 
interaction (F1,  103  =  0.14, P  =  0.71) on leaf toughness were not 
significant (Fig. 2A). Wild plants had 2.55 % more trichomes on 
their leaf borders (1422.51 ± 108.54) than cultivated plants did 
(557.32 ± 89.54; F1, 103 = 38.503, P < 0.001). While environment did 
not affect the number of trichomes on the leaf border (F1, 103 = 0.04, 
P  =  0.84), the domestication × environment interaction had 
a significant effect on this variable (F1, 103 = 4.19, P < 0.04). That 
is, wild plants had more trichomes on the leaf border in the 
field than in the common garden, while the opposite was 
observed in cultivated plants (field: wild  =  1625.61  ± 178.48, 

Figure 1. Leaf herbivory (% of the leaf eaten) in wild and cultivated Cnidoscolus 

aconitifolius in two different environments: in the field (field) and in a common 

garden (garden). Values are means ± 1 SE. Different letters indicate statistically 

significant differences.
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cultivated  =  390.65  ± 37.39; common garden: wild  =  1303.03  ± 
134.34, cultivated  =  658.33  ± 139.92) (Fig.  2B). The number of 
trichomes on the main rib of the leaves was 30.22 times greater 
in wild (20.55  ± 2.59) than in cultivated plants (0.68  ± 0.32) 
(χ2

1 = 1248, P < 0.01). Also, plants had 2.79 times more trichomes 
on the main rib under field conditions (17.92 ± 3.69) than plants 
in the common garden did (6.41 ± 1.11) (χ2

1 = 305, P < 0.01). For 
this variable, the domestication × environment interaction was 
also statistically significant (χ2

1  =  26, P  <  0.001). That is, while 
the number of trichomes on the main rib of the leaves was 
not significantly different between the two environments for 
cultivated plants (field = 0.59 ± 0.04, common garden = 2.93 ± 
0.51), for wild plants the number of trichomes on the main rib of 
the leaves was 2.22 times greater in the field (21.74 ± 4.85) than 
in the common garden (9.81 ± 1.68) (Fig. 2C).

Snails consumed 3.13 times more leaf area from cultivated 
(9.77  ± 0.75  cm2) than from wild plants (3.12  ± 0.57  cm2) 

(F1, 58 = 60.25, P < 0.01). The environment (F1, 58 = 0.91, P = 0.344) 
and the domestication × environment interaction did not 
significantly affect consumption by snails (F1, 58 = 3.19, P = 0.08) 
(Fig. 3A). The relationship between the weight gain by snails and 
total leaf area consumed was significant (F1, 47 = 6.16, P = 0.02) 
and positive (coefficient = 0.02 ± 0.01) (Fig. 3B). In contrast, the 
proportion of wild leaf area they consumed was also significant 
(F1,  47  =  5.94, P  =  0.02) but negative (coefficient  =  −0.04  ± 0.02) 
(Fig. 3C). Explained variance was 11 % and 10 % for total area 
and the proportion of wild leaf area consumed, respectively. 
Neither the environment (F1,  47  =  1.24, P  =  0.27) nor the initial 

Figure 2. Leaf toughness (A), number of trichomes on leaf borders (B) and on 

the main rib (C) in wild and cultivated Cnidoscolus aconitifolius in two different 

environments: in the field (field) and in a common garden (garden). Values are 

means ± 1 SE. Different letters indicate statistically significant differences.

Figure 3. (A) Leaf area of Cnidoscolus aconitifolius consumed by the snail Helix 

aspersa in a cafeteria experiment. Leaf tissue from two plant varieties (wild and 

cultivated) grown in two different environments (field and garden) were offered 

to snails. Data in (A) are mean values ± 1 SE, different letters indicate statistically 

significant differences. Relationships of snail weight gain to total leaf area 

consumed (B) and the proportion of leaf area consumed of wild plants relative to 

the total area consumed (C). Grey and white circles in (B) and (C) represent plants 

grown in the field and in a common garden, respectively. The regression lines in 

(B) and (C) were calculated using the full data set (the slopes were statistically 

different from zero). Different letters in (A) indicate statistically significant 

differences.
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weight of the snails (F1, 47 = 0.02, P = 0.89) had a significant effect. 
Finally, none of the second-order interactions were statistically 
significant (F1, 47 = 0.13–2.66, P > 0.12 in all cases).

Indirect defences

In total, 25 lepidopteran larvae were seen and collected in the 
field: 13 on cultivated and 12 on wild plants. Parasitic wasps 
emerged from only two of the larvae collected from two 
cultivated plants. However, the frequency of parasitized larvae 
was not statistically different between cultivated and wild 
plants (χ2

1  =  0.46, P  =  0.49). In the common garden, 11 larvae 
were seen and collected from cultivated and seven from wild 
plants, but none were parasitized. The number of larvae was not 
statistically different between environments (χ2

1 = 0.08, P = 0.77).
Morphospecies richness of ants on wild and cultivated plants 

was not statistically different (χ2
1 = 9.33, P = 0.92), and there was no 

difference between field and common garden plants (χ2
1 = 8.71, 

P = 0.43). Similarly, the domestication × environment interaction 
was not significant (χ2

1  =  8.64, P  =  0.81). Ant abundance was 
50 % greater (F1, 39 = 10.51, P < 0.01) on wild (7.31 ± 1.49) than on 
cultivated plants (4.87 ± 1.07) (Fig. 4A). Ant abundance was 69 % 
greater on plants in the common garden (8.28  ± 2.13) than in 
the field (4.89 ± 0.86) (F1, 39 = 10.51, P < 0.01) (Fig. 4B); however, the 
domestication × environmental interaction was not statistically 
significant (F1, 39 = 1.08, P = 0.29).

Discussion
In this study we assessed the interplay of domestication per 
se and environmental effects on the herbivory, and direct and 

indirect anti-herbivory defences of a crop species (C. aconitifolius) 
in its domestication centre. Our results suggest that, as predicted, 
domestication increases herbivory while reducing direct and 
some indirect defences (ants). Environmental effects were also 
detected on some direct (trichomes) and indirect (ants) defences, 
suggesting that some anti-herbivore defences, in addition to be 
affected by domestication, are influenced by the environment. 
In fact, we also detected an interaction effect of domestication 
and the environment for trichome number. In general, our study 
suggests that not only does domestication per se affect anti-
herbivore defences, but also that the environment may have 
some influence and sometimes interact with domestication. 
This generates a complex scenario in terms of anti-herbivory 
defences in plants under domestication.

As reported in a previous meta-analysis of the effect of 
domestication on resistance to herbivores (Whitehead et  al. 
2017), we found greater herbivore abundance and leaf herbivory 
in cultivated than in wild chaya. This was probably because 
cultivated plants had fewer trichomes and were not as tough as 
wild plants, characteristics that probably reduce the palatability 
and digestibility of plant tissues and thereby, reduce herbivore 
damage (War et  al. 2012). This notion is also reinforced by the 
results of the cafeteria experiment in which, as expected, snails 
that ate more tissue gained more weight. In contrast, however, 
snails that ate more tissue from wild than from cultivated plants 
lost some weight (Fig.  3C). Despite the differences observed 
between wild and cultivated plants, both plant varieties exhibited 
relatively low levels of leaf herbivory (2–5  %), perhaps because 
wild and cultivated plants have a similar content of chemical 
defences such as hydrocyanic glycosides (Kuti and Kuti 1999) and 
condensed tannins (M. A. Munguía-Rosas, unpubl. data).

In contrast to the meta-analysis of Whitehead et al. (2017), 
where no consistent differences in anti-herbivore defences 
were found, our results match the domestication-reduced 
defence hypothesis completely. Differences between our study 
and that of Whitehead et  al. probably result from our careful 
selection of wild and cultivated species as well as the control of 
environmental variables, which likely reduced random variation 
and contributed to the detection of a significant effect. In fact, 
Whitehead et al. (2017) recognized that their analysis included 
studies with geographic and environmental biases, including the 
comparison of pairs of species (crop vs. wild relatives) exposed 
to a completely different herbivore community. Unfortunately, 
we do not know if the greater herbivory seen in the cultivated 
plants resulted from changes in herbivore identity, abundance 
or consumption rate because we did not measure herbivory on 
a per-group/species basis.

Environmental conditions also affected the community of 
herbivores. Herbivore richness and abundance were greater in 
the field than in the common garden. This was probably because 
of the higher diversity of feeding resources and refugia found 
in the field locations (home gardens and secondary forest) 
relative to the common garden where chaya was planted as a 
monoculture. This finding agrees with those of previous studies 
that reported a bigger and more diverse herbivore community 
in polycultures and secondary forest than in monocultures 
(e.g. Chen and Welter 2002; Campos-Navarrete et al. 2015). It is 
important to highlight that, even though the environment has 
some effect on herbivore abundance, this did not cancel out 
the strong effect of domestication. That is, more herbivores 
were found on cultivated than wild plants regardless of the 
environment.

The number of trichomes was also influenced by the 
environment: plants growing in the common garden had 

Figure 4. Ant abundance visiting extrafloral nectaries in wild and cultivated 

Cnidoscolus aconitifolius (A) in two different environments: in the field (field) and 

in a common garden (garden) (B). Data are mean values ± 1 SE. Different letters 

indicate statistically significant differences.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/12/3/plaa023/5854311 by guest on 26 June 2020



Copyedited by: AS

Solís-Montero et al. – Domestication and environmental effects on plant–herbivore interactions | 7

fewer trichomes than plants in the field did. Previous studies 
have shown that in more stressful environments with greater 
resource availability, trichome density is greater in wild chaya 
(Abdala-Roberts and Parra-Tabla 2005), and this may explain 
why plants in the common garden had fewer trichomes than 
those in the field. In contrast to field locations, in the common 
garden there was no interspecific competition or light limitation 
(chaya is shade-intolerant) and therefore, resources availability 
is greater in this environment. Interestingly, we found an 
interaction effect of the environment with domestication in 
terms of the number of trichomes; that is, while there was a 
dramatic increase in the number of trichomes of wild plants 
in the common garden relative to their habitat in the field, 
there was little or no between-environment variation in the 
cultivated plants. We suggest that domestication per se has 
constrained the plastic response of trichome production in 
cultivated chaya. It is known that some crops exhibit highly 
canalized phenotypes and this is likely the result of artificial 
selection (e.g. Gage et al. 2017).

We found exciting results regarding indirect defences: more 
ants were seen visiting the nectaries of wild than cultivated 
plants. Because the defensive behaviour of these ants has been 
observed in the study species, this greater abundance of ants 
may have contributed, to some extent, to the reduced herbivory 
observed in wild plants. To our knowledge, no previous study 
had addressed the effect of domestication on ants involved in 
crop defence; therefore, more studies are needed to assess the 
generalizability of this result. Ant abundance per plant was also 
affected by environmental conditions: ants were significantly 
more abundant in the common garden than in the field, but 
in both environments more ants visited the nectaries of wild 
plants. This is probably because more homogeneous resources 
were available in the common garden than in the field (Price 
et  al. 1980). We did not find any effect of domestication or 
environmental conditions on the incidence of parasitism of 
the leaf herbivores of chaya; however, this was probably due 
to the overall low rate of parasitism observed during the study; 
therefore, further research is needed with a larger sample.

To conclude, domestication increases herbivore abundance 
and leaf herbivory while reducing direct (leaf toughness and 
trichomes) and indirect defences (ants). This pattern perfectly 
matches the plant domestication-reduced defence hypothesis. 
Our results also suggest that the environmental variables 
associated with the habitat of cultivated and wild plants explain 
some of the variability observed in the community of herbivores 
(richness and abundance) and the plants’ defences (trichomes 
and ants). More interestingly, domestication and environmental 
factors may interact and generate more complex scenarios in 
terms of anti-herbivory defences.

In this study we assessed environmental and domestication 
effects on herbivores and anti-herbivory defences in chaya over 
a relatively short period of time. Because some herbivores and 
plant defences are influenced by the environment and this varies 
over time, a longitudinal study is needed to assess whether the 
patterns depicted in this study are temporally variable. Our 
results cannot be extrapolated beyond the domestication centre 
of chaya because the species has an extensive distribution and 
occurs in a wide variety of environments. Because the statistical 
power associated with the analysis of herbivores and indirect 
defences was somewhat less than ideal, other significant effects 
might be detected by increasing sample size. Finally, studies on 
other crop species are needed to assess the degree to which the 
patterns detected in this study can be generalized.

Supporting Information
The following additional information is available in the online 
version of this article—

Appendix S1. Data.

Sources of Funding
Secretaría de Educación Pública-Programa para el Desarrollo 
Profesional Docente (Project: CA27) and Secretaría de Educación 
Pública-Cinvestav (Project: FIDSC2018/22).

Conflict of Interest
None declared.

Contributions by the Authors
V.S.-M. and M.A.M.-R., D.A.M.-N., V.P.-T. and C.I.-C. designed the 
sampling and experiments, V.S.-M. collected data, V.S.-M. and 
M.A.M.-R. analysed data. All authors contributed to manuscript 
writing and approved final version.

Acknowledgements
E. Ochoa-Estrada and M.  E. Jácome-Flores helped with field 
and laboratory work. We thank all the owners of home gardens 
for allowing us to work on their proprieties. Two anonymous 
reviewers help to improve a previous version of this manuscript. 
B. Delfosse revised the English.

Literature Cited
Abdala-Roberts  L, Parra-Tabla  V. 2005. Artificial defoliation induces 

trichome production in the tropical shrub Cnidoscolus aconitifolius 
(Euphorbiaceae). Biotropica 37:251–257.

Campos-Navarrete  MJ, Munguía-Rosas  MA, Abdala-Roberts  L, Quinto  J, 
Parra-Tabla  V. 2015. Effects of tree genotypic diversity and species 
diversity on the arthropod community associated with big-leaf 
mahogany. Biotropica 47:579–587.

Chacón-Fuentes  M, Parra  L, Rodriguez-Saona  C, Seguel  I, Ceballos  R, 
Quiroz  A. 2015. Domestication in murtilla (Ugni molinae) reduced 
defensive flavonol levels but increased resistance against a native 
herbivorous insect. Environmental Entomology 44:627–637.

Chaudhary  B. 2013. Plant domestication and resistance to herbivory. 
International Journal of Plant Genomics 2013:572784.

Chen YH, Gols R, Benrey B. 2015. Crop domestication and its impact on naturally 
selected trophic interactions. Annual Review of Entomology 60:35–58.

Chen  YH, Langellotto  GA, Barrion  AT, Cuong  NL. 2013. Cultivation of 
domesticated rice alters arthropod biodiversity and community 
composition. Annals of the Entomological Society of America 106:100–110.

Chen  YH, Shapiro  LR, Benrey  B, Cibrián-Jaramillo  A. 2017. Back to the 
origin: in situ studies are needed to understand selection during crop 
diversification. Frontiers in Ecology and Evolution 4:125.

Chen  YH, Welter  SC. 2002. Abundance of a native moth Homoeosoma 
electellum (Lepidoptera: Pyralidae) and activity of indigenous 
parasitoids in native and agricultural sunflower habitats. Environmental 
Entomology 31:626–36.

Chen YH, Welter SC. 2005. Crop domestication disrupts a native tritrophic 
interaction associated with the sunflower, Helianthus annuus (Asterales: 
Asteraceae). Ecological Entomology 30:673–683.

Cohen J. 1988. Statistical power analysis for the behavioural sciences. Hillsdale, 
NJ: Lawrence Erlbaum Associates.

Cortesero AM, Stapel JO, Lewis WJ. 2000. Understanding and manipulating 
plant attributes to enhance biological control. Biological Control 
17:35–49.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/12/3/plaa023/5854311 by guest on 26 June 2020

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaa023#supplementary-data


Copyedited by: AS

8 | AoB PLANTS, 2020, Vol. 12, No. 3

Dicke M, van Poecke RMP, de Boer JG. 2003. Inducible indirect defence of 
plants: from mechanisms to ecological functions. Basic and Applied 
Ecology 4:27–42.

Folgarait  PJ, Davidson  DW. 1995. Myrmecophytic Cecropia: antiherbivore 
defenses under different nutrient treatments. Oecologia 104:189–206.

Gage JL, Jarquin D, Romay C, Lorenz A, Buckler ES, Kaeppler S, Alkhalifah N, 
Bohn  M, Campbell  DA, Edwards  J, Ertl  D, Flint-Garcia  S, Gardiner  J, 
Good B, Hirsch CN, Holland J, Hooker DC, Knoll J, Kolkman J, Kruger G, 
Lauter  N, Lawrence-Dill  CJ, Lee  E, Lynch  J, Murray  SC, Nelson  R, 
Petzoldt  J, Rocheford  T, Schnable  J, Schnable  PS, Scully  B, Smith  M, 
Springer NM, Srinivasan S, Walton R, Weldekidan T, Wisser RJ, Xu W, 
Yu J, de Leon N. 2017. The effect of artificial selection on phenotypic 
plasticity in maize. Nature Communications 8:1348.

Gaillard  MDP, Glauser  G, Robert  CAM, Turlings  TCJ. 2018. Fine-tuning 
the ‘plant domestication-reduced defense’ hypothesis: specialist vs 
generalist herbivores. The New Phytologist 217:355–366.

Gepts  P. 2010. Crop domestication as a long-term selection experiment. 
Plant Breeding Reviews 24:1–44.

Gremillion  KJ, Piperno  DR. 2009. Human behavioral ecology, phenotypic 
(developmental) plasticity, and agricultural origins: insights from the 
emerging evolutionary synthesis. Current Anthropology 50:615–619.

Heil  M. 2010. Plastic defence expression in plants. Evolutionary Ecology 
24:555–569.

Hernández-Cumplido  J, Giusti  MM, Zhou  Y, KyryczenkoRoth  V, Chen  Y, 
Rodríguez-Saona  C. 2018. Testing the “plant domestication-reduced 
defense” hypothesis in blueberries: the role of herbivore identity. 
Arthropod-Plant Interactions 12:483–493.

Jennions MD, Møller AP. 2003. A survey of the statistical power of research in 
behavioral ecology and animal behaviour. Behavioral Ecology 14:438–445.

Kuti  JO, Kuti  HO. 1999. Proximate composition and mineral content of 
two edible species of Cnidoscolus (tree spinach). Plant Foods for Human 
Nutrition (Dordrecht, Netherlands) 53:275–283.

Macfadyen F, Bohan DA. 2010. Crop domestication and the disruption of 
species interaction. Basic and Applied Ecology 11:116–125.

Meyer  RS, DuVal  AE, Jensen  HR. 2012. Patterns and processes in crop 
domestication: an historical review and quantitative analysis of 203 
global food crops. The New Phytologist 196:29–48.

Milla  R, Osborne  CP, Turcotte  MM, Violle  C. 2015. Plant domestication 
through an ecological lens. Trends in Ecology & Evolution 30:463–469.

Mondolot L, Marlas A, Barbeaua D, Gargadennec A, Pujol B, McKey D. 2008. 
Domestication and defence: foliar tannins and C/N ratios in cassava 
and a close wild relative. Acta Oecologica 34:147–154.

Munguía-Rosas  MA, Jácome-Flores  ME, Bello-Bedoy  R. Solís-Montero  V, 
Ochoa-Estrada,  E. 2019. Morphological divergence between wild and 
cultivated chaya (Cnidoscolus aconitifolius) (Mill.) I.M. Johnst. Genetic 
Resources and Crop Evolution 66:1389–1398.

Ode PJ. 2006. Plant chemistry and natural enemy fitness: effects on herbivore 
and natural enemy interactions. Annual Review of Entomology 51:163–185.

Oliver  I, Beattie  A. 1996. Invertebrate morphospecies as surrogates for 
species: a case study. Conservation Biology 10:99–109.

Parra-Tabla V, Rico-Gray V, Carbajal M. 2004. Effect of defoliation on leaf 
growth, sexual expression and reproductive success of Cnidoscolus 
aconitifolius (Euphorbiaceae). Plant Ecology 173:153–160.

Price  PW, Bouton  CE, Gross  P, McPheron  BA, Thompson  JN, Weis  AE. 
1980. Interactions among three trophic levels: influence of plants on 
interactions between insect herbivores and natural enemies. Annual 
Review of Ecology and Systematics 11:41–64.

Rico-Gray V, Oliveira O. 2007. The ecology and evolution of ant-plant interactions. 
Chicago, IL: University of Chicago Press.

Rodríguez-Saona  C, Vorsa  N, Singh  AP, Johnson-Cicalese  J, Szendrei  Z, 
Mescher MC, Frost CJ. 2011. Tracing the history of plant traits under 
domestication in cranberries: potential consequences on anti-
herbivore defences. Journal of Experimental Botany 62:2633–2644.

Ross-Ibarra,  J. 2003. Origen y domesticación de la chaya (Cnidoscolus 
aconitifolius Mill I.M., M.  Johnst): La espinaca Maya. Mexican Studies 
19:287–302.

Ross-Ibarra J, Molina-Cruz A. 2002. The ethnobotany of chaya (Cnidoscolus 
aconitifolius SSP. Aconitifolius Breckon): a nutritious Maya vegetable. 
Economic Botany 56:350–365.

Solís-Montero  V. 2019. Efecto de la domesticación sobre la herbivoría y 
las defensas contra herbívoro en la chaya (Cnidoscolus aconitifolius: 
Euphorbiaceae). M.Sc. Thesis, Cinvestav, México. https://www.mda.
cinvestav.mx/FTP/EcologiaHumana/maestria/tesis/17SolisV19.pdf (6 
June 2020).

Standley  PC, Steyermark  JA. 1949. Flora of Guatemala, Vol. 24, Part VI. 
Chicago, IL: Chicago Natural History Museum.

Turcotte MM, Turley NE, Johnson MT. 2014. The impact of domestication 
on resistance to two generalist herbivores across 29 independent 
domestication events. The New Phytologist 204:671–681.

War  AR, Paulraj  MG, Ahmad  T, Buhroo  AA, Hussain  B, Ignacimuthu  S, 
Sharma  HC. 2012. Mechanisms of plant defense against insect 
herbivores. Plant Signaling & Behavior 7:1306–1320.

Whitehead  SR, Turcotte  MM, Poveda  K. 2017. Domestication impacts on 
plant-herbivore interactions: a meta-analysis. Philosophical Transactions 
of the Royal Society of London B 372:20160034.

Yamawo  A, Katayama  N, Suzuki  N, Hada  Y. 2012. Plasticity in the 
expression of direct and indirect defence traits of young plants of 
Mallotus japonicus in relation to soil nutritional conditions. Plant Ecology 
213:127–132.

Züst T, Agrawal AA. 2017. Trade-offs between plant growth and defense 
against insect herbivory: an emerging mechanistic synthesis. Annual 
Review of Plant Biology 68:513–534.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/12/3/plaa023/5854311 by guest on 26 June 2020

https://www.mda.cinvestav.mx/FTP/EcologiaHumana/maestria/tesis/17SolisV19.pdf
https://www.mda.cinvestav.mx/FTP/EcologiaHumana/maestria/tesis/17SolisV19.pdf

