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The domestication of beans has selected for larger seeds in cultivated plants compared

to their wild relatives. This has not only resulted in an enhanced resource for humans,

but also for the insects that feed on these seeds. Seed beetles that attack wild and

cultivated seeds often lay several eggs on a single seed. We hypothesized that the larger

seed size of domesticated beans will mitigate the competition among the larvae that

hatch from these eggs, with important implications for their growth and survival. To test

this we examined how seed size of wild and cultivated Phaseolus lunatus (lima bean)

affect the performance of the Mexican bean weevil Zabrotes subfasciatus, an important

pest of beans in Mexico. A negative correlation was found between the initial number

of eggs on a seed and the weight of female beetles that emerged, but only for the

much smaller wild seeds. Similarly, beetle survival was found to be negatively correlated

with competition intensity only on wild seeds. Our results imply that by selecting for

larger seeds, domestication of P. lunatus has reduced the intensity of intraspecific larval

competition of Z. subfasciatus.

Keywords: plant-insect interactions, bean weevil, seed pest, intraspecific competition, Phaseolus lunatus, seed

size, domestication syndrome

INTRODUCTION

Increasing evidence shows that plant domestication has altered the strength and nature of their
interactions with other organisms (Chen et al., 2015a; Rowen and Kaplan, 2016; Whitehead et al.,
2017). Cultivated plants differ from their wild ancestors in a suite of phenotypic traits, collectively
known as the domestication syndrome. These include traits related to the ease of cultivation and
harvest, as well as morphological and chemical traits that ensure higher yields and enhanced
nutritional value. Selection for these traits has commonly resulted in larger tissue mass or organ
size, higher nutrient content and decreases in physical defenses and toxic chemical compounds
(Meyer et al., 2012). These changes in cultivated plants have been shown to affect the food choices
and performance of insects that attack them (Chen et al., 2015a,b, and references therein). This is
particularly evident when crops occur in the native range of their wild relatives (Chen et al., this
issue), as insects adapted to wild plants are suddenly faced with a more abundant and often more
nutritious and less toxic resource.

Phaseolus lunatus (Lima bean), one of the five domesticated species of the genus Phaseolus is of
Andean andMesoamerican origin. Lima beans were domesticated at least twice, one domestication
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event occurred in the Andean mountains of Ecuador and
Northern Peru and a second event in central-western Mexico
(Motta-Aldana et al., 2010). Beans went through further
domestication events and adapted to a wide variety of climatic
regimes and ecological conditions (Martínez-Castillo et al., 2008;
Motta-Aldana et al., 2010; Serrano-Serrano et al., 2012; Chacón-
Sánchez and Martínez-Castillo, 2017).

Changes resulting from domestication of the genus Phaseolus
mainly involve an increase in pod and seed size, decreased
shattering, reduction in levels of toxins, such as lectins, lectin-like
proteins, and cyanogenic compounds (only in P. lunatus), and an
overall increase in proteins and minerals (Delgado-Salinas, 1988;
Smartt, 1988; Sotelo et al., 1995). Throughout their distribution
range in Mesoamerica, cultivated and wild bean plants coexist
in sympatry (Gepts, 1988; Piñero and Eguiarte, 1988; Martínez-
Castillo et al., 2014; Silva et al., 2017), allowing for a frequent
exchange of insects and pathogens between wild and cultivated
forms (Leroi et al., 1990; Lindig-Cisneros et al., 1997; Alvarez
et al., 2007; Zaugg et al., 2013). It is well documented that
herbivorous insects that achieve pest status usually continue
to exist in natural habitats alongside managed ones (Mitchell
et al., 2016). Once cultivated beans are harvested and seeds
are transported to storage places, they continue to be in close
proximity to wild plants and are exposed to the insects that
attack them (Alvarez et al., 2005, 2007). Furthermore, human-
mediated migration as a result of farmers exchanging or selling
seeds in local or regional markets may increase the spread of
insects that originate fromwild populations (Alvarez et al., 2007).
This constant exchange of insects between wild and cultivated
populations has important implications for pest pressures in
agriculture. This is particularly true for bruchinae beetles that
infest cultivated fields in Mexico, for which it has been shown
that geographic distance between cultivated and wild populations
greatly explains the patterns of infestation rates (Alvarez et al.,
2005, 2007). Moreover, if cultivated plants offer a more reliable
and nutritious resource than their wild counterparts this can
explain why seed beetles thrive in cultivated seeds.

Numerous studies have shown that seed size greatly influences
the oviposition decisions of adult seed beetles, and that size
can often be used as a good indicator of seed quality for the
developing larvae (Janzen, 1977; Fox and Czesak, 2000; Guedes
et al., 2010; Chen et al., 2015b; Oliveira et al., 2015). Indeed,
for seeds in the genus Phaseolus, seed size has been found to be
the best predictor of oviposition choices (Moreira et al., 2015;
Hernandez-Cumplido et al., 2016). Thus, we would predict that,
faced with a choice, adult females would preferentially oviposit
on cultivated seeds rather than on much smaller wild seeds. We
further predict that inside the cultivated seeds the larvae will be
exposed to lower levels of conspecific competition, which may be
an important reason for the oviposition preference.

We tested this hypothesis with the Mexican bean weevil
Zabrotes subfasciatus, and wild and cultivated seeds of Lima bean,
P. lunatus. Our specific goal was to test the effects of increased
seed size in cultivated varieties on the interaction with the seed
beetle. In controlled laboratory experiments using seeds from
three cultivated varieties and three wild populations of Lima
bean, we investigated the oviposition patterns of adult females

and the subsequent performance of their progeny resulting from
of seed-size mediated competition among beetle larvae.

MATERIALS AND METHODS

Seeds
For the experiments we used seeds from three cultivated varieties
and three wild populations of P. lunatus (Figure 1). Wild seeds
were collected in locations along the Pacific coast of Mexico
were Lima bean grows naturally. They are located at: Hidalgo
near San Jose Manialtepec (“HGO”; 15.575564, −97.151350),
Experimental Campus of the Universidad del Mar (“UMAR”;
15.923366,−97.151892), and near Largartero (“INK”; 15.725127,
−96.656343) (as described in Shlichta et al., 2014). We collected
seeds from 10 plants per site (only six for HGO).

The following domesticated seed varieties were obtained from
W. Atlee Burpee & Co (Warminster, PA, USA): Jackson Wonder,
Fordhook 242 Bush Bean and Burpee’s Best Pole Bean (we named
them “JACK”, “FORD,” and “BURP,” respectively). The choice of
these varieties was made based on previous studies with several
commercially available cultivated varieties, in which we found
that beetles develop well and do not appear to discriminate with
respect to their different genetic pool (Shlichta et al. unpublished
data). Thus, because we wanted to have extreme variation in seed
size in order to test our hypothesis, the choice was made based
on this variation and not on their domestication history. These
seeds represent a mixture of two and perhaps three genetic pools;
“JACK” is of Mesoamerican origin and “FORD” of Andean origin
(Nienhuis et al., 1995; Ernest and Kee, 2008), we do not have
information regarding the genetic pool “BURP.” Although there
is variation in seed size and color among these three cultivated
varieties, variation in size is greater between wild and cultivated
seeds (Supplementary Figure 1).

Insects
The Mexican bean weevil Z. subfasciatus, native to Mesoamerica,
attacks seeds of several wild and cultivated species in the
genus Phaseolus throughout Mexico, Central and South America
(Credland and Dendy, 1992; Benrey et al., 1998; Romero and
Johnson, 2000), It is considered one of the most important pests
in bean cultivation and storage (Birch et al., 1985; Leroi et al.,
1990), not only in the Americas but also in tropical regions of
Asia and Africa (Davies, 1972). Females glue their eggs on the
seed coat and upon emergence, first instar larvae bore into the
seed, where they feed, develop, pupate and then emerge as adults
(Benrey et al., 1998).

This beetle is particularly suited to test our hypothesis because
females do not avoid seeds with previously laid eggs and may
lay many eggs on a single seed, even when seed availability is
not limited. Indeed, a single seed has been observed to present
up to 63 eggs lay by multiple females (Teixeira and Zucoloto,
2012), even though larval survival under these conditions is
highly unlikely (Cuny, personal observation). Once larvae enter
the seed, they are confined to it for their entire development
until adulthood. If several larvae are inside the seed, they can
experience high levels of competition for both space and food
resource.
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FIGURE 1 | Seeds of Phaseolus lunatus from domesticated varieties: on the

top from left to right with the corresponding mean sizes in mm (± SE);

Fordhook 242 (10.87 ± 0.47), Burpee’s Best (11.18 ± 0.92) and Jackson

Wonder (9.18 ± 0.46). On the bottom line seeds from wild populations, from

left to right; HGO (4.59 ± 0.2), Umar (4.43 ± 0.1), and Ink (4.32 ± 0.14).

Zabrotes subfasciatus has been reared in our lab for several
years on cultivated seeds of Phaseolus vulgaris (Vivien Paille
red Kidney, obtained from MultiFood, 3238 Gals, Switzerland;
see Campan and Benrey, 2006 for details on the rearing).
To control for inbreeding effects, every year new field-
collected individuals from Mexico are added to the colony
and allow to mix for several generations before being used in
experiments. All the insects described in this experiment were<4
days old.

Experimental Protocol
Five seeds of one of the varieties or populations were placed in
a plastic Petri dish (28 × 23 × 5mm, Semadeni AG, A4686).
Ten Petri dishes were set up for each variety or population (60
in total). One male and one female beetle were introduced into
each dish for 5 days, after which the number of eggs laid on
each seed was counted and the seeds were individually stored
in falcon tubes at 28◦C. Beetles complete their development on
average in 25 days. Dishes were checked daily and we recorded:
larval survival (number of adults that emerged divided by the
initial number of eggs laid on the seed), adult sex (determined
from elytra patterns and size; Oliveira et al., 2015) and weight
(to the nearest 0.01mg with an analytical balance Mettler AE163,
Switzerland). In parallel, in order to confirm the size difference
between wild and cultivated lima bean seeds, 20 uninfested seeds
(20 seeds per cultivated variety and per wild population) were
weighed and measured using a binocular magnifier with an
ocular scale.

Finally, we conducted an experiment to evaluate the effect
of seed size on female oviposition independent of other factors
linked to bean domestication. Seeds from each cultivated variety
and wild population were selected and divided in two groups;
small and large (chosen from the available natural variation
within each seed type). Two seeds of different size from the same
variety or population were placed in a Petri dish (as described
in the previous experiment), and one male and one female beetle
were introduced. Three days later, we counted the number of eggs

laid on each seed. Based on previous studies, we know that a 3-
day period is sufficient for beetles to make an oviposition choice
and at the same time assures that not to many eggs are laid on a
single seed (Campan and Benrey, 2006).

Statistical Analysis
Data were analyzed using SAS (SAS Institute, 2002)1. SAS
Institute Inc., statistical package. Assumptions of normality and
homoscedasticity were tested before each test. Linear mixed
models (PROC MIXED) or generalized linear mixed models
(PROCGLIMMIX), followed by a post-hoc analysis (Tukey) were
used to compare data on seed size, weight, the number of eggs
laid on the seeds, adult sex ratio and survival. Correlations have
been tested using Pearson or Spearman correlations tests (PROC
CORR). Seeds and Petri dishes were included as random factors
in the models and seed domestication status, as well as seed
varieties and population nested in domestication status were
included as fixed factors (to account for natural variation among
the three cultivated varieties and the three wild populations).
Seeds with only one egg were not included in the analysis of beetle
survival. Females being generally heavier thanmales, their weight
was analyzed separately. For the experiment performed to test the
relationship between seed size and number of eggs within each
cultivated variety or wild population, seeds with no eggs were
excluded from the analysis.

RESULTS

Measurements of seed size and weight confirmed that cultivated
seeds are significantly (∼60%) larger and heavier than wild seeds
[Figure 2, N = 40, F(1.74) = 172.8, p < 0.001, and N = 40, F(1.74)
= 281, p < 0.001 for size and weight, respectively]. The fixed
factor of population and variety nested within seed domestication
status was significant for seed size and weight [F(1.74) = 6.63, p=
0.002, and F(1.74) = 59.9, p < 0.001, respectively].

Female beetles laid significantly more eggs (2-fold) on seeds
from cultivated varieties than on wild seeds [Figure 3, Nwild =

41, Ncultivated = 51, F(1.233) = 13.32; p < 0.001]. We also found
a significant effect of population and variety nested within seed
domestication status on the number of eggs laid per seed [F(4.236)
= 28.86, p < 0.001]. Finally, within each variety and population,
the relationship between seed size and number of eggs laid was
not significant (Supplementary Figure 2). This suggests that the
variation in seed size within wild or cultivated seeds is not large
enough to influence ovipositing females.

Larval survival (expressed as the percentage of adults that
emerged per seed) was negatively correlated with the number of
eggs laid on wild seeds (Figure 4, N = 51, r =−0.32, p= 0.023),
but no significant correlation was found for survival on cultivated
seeds (N = 43, r=−0.21, p= 0.17). Similarly, female weight was
negatively correlated with the competition intensity (expressed
as the number of eggs per the seed) when they developed in
wild seeds (Figure 5B, N = 39, r = −0.48, p = 0.002), but not
in cultivated seeds (Figure 5A, N = 27, r = −0.19, p = 0.34).
However, male weight was only marginally significant correlated

1Statistical Analysis System (2002).
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FIGURE 2 | (A) Mean size of domesticated and wild bean seeds. [N = 40,

F (1.74) = 172.8, p < 0.001]. (B) Mean weight of domesticated and wild bean

seeds. [N = 40, F (1.74) = 281, p < 0.001]. Different letters indicate a

significant difference. Bars are means ± SE.

FIGURE 3 | Mean number of eggs laid per domesticated and wild seed in a

no-choice experiment. [N = 121, F (1.233) = 13.32; p < 0.001]. Different letters

indicate a significant difference. Bars are means ± SE.

with number of eggs on in wild seeds (Figure 5B, N = 37, r =
−0.32, p = 0.056) and this correlation was also not significant
in cultivated seeds (Figure 5A, N = 34, r = −0.018, p = 0.9).
Finally, we did not find a difference in the sex ratio of beetles
that emerged from domesticated or wild seeds [F(1.79) = 0.03,
p = 0.868; Supplementary Figure 3], nor a significant effect
among cultivated varieties or wild populations [F(4.79) = 0.74,
p= 0.57].

DISCUSSION

For pulse crops, larger seed size is one of the major agronomic
traits that were selected for during domestication (Evans, 1993;
Fuller, 2007). Larger seeds not only result in larger yields (Kluyver
et al., 2017), but have also been associated with increases in
germination success and seedling competitive ability and survival
(Westoby et al., 2002). However, increases in seed size also have
been repeatedly shown to be correlated with an increase in the
likelihood of herbivore attack (reviewed in Chen et al., 2015b).
Here, we found again support for this hypothesis; female beetles
laidmore eggs on the larger cultivated seeds of Lima bean than on
the smaller wild seeds. Further, our results support the hypothesis
that larger seeds offer a better resource for the Mexican bean
weevil and as a consequence mitigate the intensity and negative
effects of larval competition. In addition to and despite the higher
number of eggs laid on cultivated seeds, more and larger adults
emerged from these seeds.

Earlier studies with Phaseolus beans and various species
of Bruchinae beetles, support our findings that seed size
largely explains the observed patterns of oviposition and larval
performance (Paukku and Kotiaho, 2008; Moreira et al., 2015;
Oliveira et al., 2015; Hernandez-Cumplido et al., 2016). In a study
aimed at examining the role of cyanogenic glycosides of Lima
bean seeds on beetle performance, Shlichta et al. (unpublished
data) conducted an experiment similar to the one described here
but allowing only one larva of Z. subfasciatus to develop in each
seed. They found that in the absence of larval competition within
the seed, whether seeds were wild or cultivated did not affect the
survival and average weight of the emerging adults. In another
study with wild Lima bean seeds, Hernandez-Cumplido et al.
(2016) found that under field and laboratory conditions, beetles
laid more eggs on larger seeds. Also, using seeds from different
wild bean populations, Moreira et al. (2015) found that two
Bruchinae species, Acanthoscelides obtectus and Z. subfasciatus,
laid more eggs and had higher survival on the larger seeds of P.
coccineus than on the smaller seeds of P. vulgaris.

For seed beetles, seed size can be a reliable indicator of seed
quality (Fox andCzesak, 2000; Cope and Fox, 2003). For example,
Cope and Fox (2003) found that when females of the seed beetle,
Callosobruchus maculatus were presented with seeds of varying
sizes, they distributed their eggs in a manner that maximized
resource availability for all offspring. C. maculatus rejects seeds
that already carry eggs (Messina and Renwick, 1985). For these
insects, the presence of previously laid eggs can therefore also
serve as a good indicator of the quality of the seed, as it reflects
the level of competition that their offspring will face inside the
seed. For Z. subfasciatus this appears not to be always the case
(Campan and Benrey, 2006). Although females prefer to oviposit
on uninfested seeds, if they do not have a choice, they will oviposit
on seeds that already have eggs (Teixeira and Zucoloto, 2012,
M. Cuny, personal observation). Even if the probability of larvae
surviving under high egg densities is very low. For females of
this species, it seems advantageous to rely on cues such as seed
size that will help minimize larval competition and maximize
lifetime fitness. Limited amounts of resource inside the seed
for the developing larvae will not only affect the intensity of
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FIGURE 4 | Percentage of adults that emerged from each seed calculated as, number of adults that emerged from the seed/number of eggs laid on the seed * 100.

Dashed line indicates linear regression for beetles that developed in cultivated seeds (N = 43, Spearman r = −0.21, P = 0.17) and solid line shows linear regression

for beetles that developed in wild seeds (N = 51, Spearman r = −0.32, P = 0.023).

FIGURE 5 | Correlation between the weight of adult females (circles) and males (squares) that emerged from (A) domesticated and (B) wild seeds carrying different

egg densities (as a proxy of the intensity of larval competition inside the seed). Solid lines indicate linear regression for female beetles and dashed lines show linear

regression for males. A significant correlation was found for females emerging from wild seeds (N = 39, Spearman r = −0.48, P = 0.002; non on cultivated seeds

P = 0.34) whereas, for the males no significant correlation was found (P = 0.056 wild seeds; P = 0.9 cultivated seeds). *Indicates significant difference p < 0.05.

competition and subsequent survival, but also the size of the
emerging adults, with important consequences for their fitness.
Female fitness is dependent on their fecundity, which is directly
dependent on body size (Dendy and Credland, 1991; Colegrave,
1993; Callejas, 1996), while male size although not so directly
linked to reproductive success, can affect mating success (Savalli
and Fox, 1998). Earlier studies with C. maculatus found that
seed size and the initial number of eggs on the seed influenced
the weight of emerging adults (Credland et al., 1986; Giga and
Smith, 1991; Colegrave, 1995). For Z. subfasciatus, we found that

seed size mostly affects female but not male size and only on the
smaller wild seeds. This result can be explained by the overall
smaller size of males (on average 30% smaller and lighter than
females), implying that they may be less limited by the availability
of resources for development and thus not as affected by larval
competition inside the seeds.

It is important to note that the cultivated and wild seeds used
in this study do not only differ in their size, but also in other traits
that are part of the domestication syndrome of Phaseolus beans
resulting from adaptations to cultivation, harvesting practices
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and human preferences. These other changes in bean traits can
all have an influence on beetle oviposition decisions and larval
performance. Wild seeds are harder, have a thicker testa and
an inconspicuous dark brown color, whereas cultivated seeds
have been selected for faster germination, hence are softer and
have a thinner seed coat permeable to water and there is a vast
color variation among varieties. Physical features of the seeds
are known to affect beetle oviposition behavior and the ability of
larvae to burrow into the seed (Chavan et al., 1997; Plaza, 2001;
Boeke et al., 2004). Similarly, nutritional and defense chemical
compounds present in the testa and inside the seed are known
to interfere with the development and affect the survival of seed
beetles (Goossens et al., 2000; Moraes et al., 2000; Silva et al.,
2004), and their concentrations can differ between wild and
cultivated accessions (Sotelo et al., 1995; Zaugg et al., 2013).
Particularly, for Z. subfasciatus, earlier studies have documented
differences in its performance when reared on cultivated or wild
beans (Schoonhoven et al., 1983; Benrey et al., 1998; Campan
and Benrey, 2006), as well as differential performance of beetles
on wild seed populations that vary in their protein or phenolic
content (Moreira et al., 2015; Hernandez-Cumplido et al., 2016).
These differences in physical and chemical traits between wild
and cultivated seeds will undoubtedly influence the oviposition
decisions and performance of the Mexican bean weevil. Yet,
our results unequivocally demonstrate that the difference in seed
size between cultivated and wild seeds plays a major role in the
oviposition and performance differences. Although we cannot
completely disentangle seed size from other factors associated
with the domestication status of the seeds, one key finding of this
study is that the larger seed size of cultivated beans, independent
of their genetic pool of origin, mitigates the potential negative
effects of larval intraspecific competition, a process that in
nature controls the size of populations (Begon et al., 2009).
This additional consequence of bean domestication implies that
the presence of bean fields in areas where wild beans occur
naturally provides new ecological opportunities for associated
insects. The expansion to a new and more profitable resource
favors individuals that exploit these novel resources that provide
conditions of relaxed competition (Van Valen, 1965). Yet caution
should be taken to extrapolate our results to natural situations.
The transferability of these results to the field would require
additional measurements on variation in seed size and insect
oviposition in natural conditions.

Nonetheless, these findings have important evolutionary and
applied implications. Divergent selective factors that act on the
plants and insects associated with wild and cultivated bean

populations can lead to specialization and in extreme cases
genetic differentiation and host race formation (Alvarez et al.,
2007; Laurin-Lemay et al., 2013; Kenyon et al., 2015). There is
further evidence for our bruchid-bean system that shows that
bean domestication has selected for different behaviors in host
use, not only in seed beetles, but also in the natural enemies
of these beetles (Benrey et al., 1998; Campan and Benrey, 2004;
Aebi et al., 2008). Yet, strong human-mediated dispersion of
cultivated beans and these associated organisms will most likely
result in continuous genetic mixing and will prevent selection
for divergent behaviors that could lead to genetic differentiation
of insects specializing on wild or cultivated seeds (Alvarez et al.,
2007; Laurin-Lemay et al., 2013).

Finally, it is important to emphasize that studies in regions
where cultivated plants coexist with their wild relatives allow
us to understand the interplay between natural and human-
mediated selection and how they interact to shape the present-
day associations between plants and insects in agricultural and
natural systems (Chen et al. this issue). For our study system
this is also important from an applied perspective, as beans
are a major staple food in many countries of Mesoamerica
as well as in other regions of the world (FAO, 2013). The
development of strategies that will allow us control pests in this
important crop might be facilitated by unraveling the changes in
interactions among insects and plants that resulted from plant
domestication.
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