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ingly common in many herbivorous pest insects (Bowers 
et al., 1992; Gutierrez & Thomas, 2000; Stastny et al., 
2006). Under this process of rapid host range expansions 
and shifts, herbivorous insects have come to represent a 
major component of all agricultural pest species in the 
tropical and sub-tropical world, and these are now spread-
ing globally to more temperate regions as well (Risch et al., 
1983; Bebber et al., 2013; Lancaster, 2016). To facilitate 
transitions to additional or alternative agricultural hosts, 
herbivorous insects must often undergo evolutionary ad-
aptation in two aspects of their biology. These are behav-
ioural changes in oviposition by females and physiological 
changes in larva’s ability to use the novel host as a food 
source (Jaenike, 1990). Both behavioural and physiologi-
cal shifts are often based on substantial genetic changes 
(Wasserman & Futuyma, 1981; Fox et al., 2004), and un-
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Abstract. Herbivorous insects are often highly specialised, likely due to trade-offs in fi tness on alternative host species. However, 
some pest insects are extremely adaptable and readily adopt novel hosts, sometimes causing rapid expansion of their host range 
as they spread from their original host and geographic origin. The genetic basis of this phenomenon is poorly understood, limit-
ing our ability to predict or mitigate global insect pest outbreaks. We investigated the trajectory of early adaptation to novel hosts 
in a regionally-specialised global crop pest species (the cowpea seed beetle Callosobruchus maculatus). After experimentally-
enforced dietary specialisation for nearly 300 generations, we measured changes in fi tness over the fi rst 5 generations of adapta-
tion to 6 novel hosts. Of these, C. maculatus reproduced successfully on all but one, with reduced fi tness observed on three hosts 
in the fi rst generation. Loss of fi tness was followed by very rapid, decelerating increases in fi tness over the fi rst 1–5 generations, 
resulting in comparable levels of population fi tness to that observed on the original host after 5 generations. Heritability of fi tness 
on novel hosts was high. Adaptation occurred primarily via changes in behavioural and phenological traits, and never via changes 
in offspring survival to adulthood, despite high heritability for this trait. These results suggest that C. maculatus possesses ample 
additive genetic variation for very rapid host shifts, despite a prolonged period of enforced specialization, and also suggest that 
some previously-inferred environmental maternal effects on host use may in part actually represent (rapidly) evolved changes. 
We highlight the need to examine in more detail the genetic architecture facilitating retention of high additive genetic variation for 
host shifts in extremely adaptable global crop pests. 
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INTRODUCTION

Herbivorous insect distributions are generally con-
strained by the geographic range of their host plants, and 
this relationship is often highly specialised (Koizumi et al., 
1999; Scriber, 2002). Extreme specialisation of host use 
among herbivorous insects is thought to refl ect strong fi t-
ness trade-offs associated with alternative host plant use 
(Joshi & Thompson, 1995). However, a minority of her-
bivorous insects are generalists capable of utilising multi-
ple hosts or of undergoing rapid host shifts as their condi-
tions change. These species are particularly detrimental to 
human food security when they adapt to feed on a range 
of economically important agricultural products. With the 
industrialisation of agriculture, and the rapid transport of 
both plant species and the insects themselves, rapid and 
widespread adaptation to novel hosts is becoming increas-
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lowing exposure to a novel host. This allows us to identify 
the slope and curvature of the adaptation trajectory during 
the fi rst few generations on a novel host. We also examined 
whether the initial stages of adaptation were more likely to 
involve behavioural changes (changes in host plant accept-
ance by females, assessed as fecundity) or physiological 
changes associated with the larva’s ability to metabolize 
the plant material (assessed as offspring survival to adult-
hood and development time) (Jaenike, 1990). Although 
fecundity has an underpinning physiological response due 
to assimilation of nutrients, it is often used as a measure of 
behavioural adaptation. Fox (1993) found a strong correla-
tion between lifetime fecundity and preference for the most 
abundant host. We also measured the narrow-sense herit-
ability of fecundity and offspring larval survival across all 
novel, and the ancestral, bean types. 

We hypothesized that if fi tness trade-offs generally limit 
the capacity to adapt to novel hosts in this species, then 
our population’s history of long term, enforced dietary 
specialization (see ‘source population’, below) would have 
eroded additive genetic variation for alternative host use, 
and the ability to use multiple hosts would have been lost. 
Alternatively, rapid adaptation to novel hosts following 
conditions of enforced specialisation would provide evi-
dence for a lack of trade-off between dietary specialisation 
on ancestral hosts and the ability to adopt new hosts. Fur-
thermore, we predict that an accelerating rate of adapta-
tion to novel hosts (initially slow but gaining momentum) 
would suggest that substantial genetic changes must occur 
to release additive genetic variation and expose it to selec-
tion. For example, disruption of linkage groups or epistatic 
networks that confer an advantage under enforced dietary 
specialization may need to occur before host shifts can 
effectively be completed. Alternatively, we hypothesized 
that a decelerating rate of adaptation (very rapid in initial 
generations but slowing towards an adaptive peak) would 
indicate that ample additive genetic variation is available, 
and is unshielded by the ancestral genetic architecture. The 
latter trend would more strongly indicate that physiologi-
cal trade-offs between dietary specialisation and adoption 
of novel hosts are absent in this species, while the former 
trend would suggest that trade-offs may be present, but ge-
netic variants affected by this trade-off are shielded from 
directional selection in the specialist condition by regula-
tory (epistatic) or architectural (linkage) aspects of the spe-
cies’ genetic architecture. Either of these scenarios – lack 
of trade-offs or shielding genetic architectures – would 
promote rapid host shifts, and one or both of these may be 
typical features of emerging pest species’ genomes.

MATERIAL AND METHODS
Source population

The C. maculatus (Coleoptera: Bruchinae) beetles used were 
provided by Paul Eady from a population kept at the University of 
Lincoln, where they were kept on cowpeas (Vigna unguiculata), 
at a constant temperature of 27°C and 35% relative humidity with 
a 24 h light photoperiod in outbred stock populations for at least 
19 years or around 285 generations (Eady et al., 2000; P. Eady, 
pers. comm.). This population was originally obtained from Nia-

derstanding the genetic basis of these evolutionary transi-
tions may lead to a better predictability of pest outbreaks, 
and improved mitigation strategies.

A species with a noted propensity for adaptation to naïve 
hosts is the cowpea seed beetle (Callosobruchus macula-
tus; Fabricius, 1775) (Wasserman & Futuyma, 1981; Dick 
& Credland, 1984; Messina & Jones, 2009). These are a 
common pest species of stored legumes and are extreme-
ly detrimental to economic interests and food security 
throughout the tropical and subtropical world (Boeke et 
al., 2004). The species originates from West Africa where 
the cowpea (Vigna unguiculata) is their host legume, but 
populations of C. maculatus have also spread to temper-
ate regions, following human trade, and have adopted sev-
eral novel agriculturally-cultivated host species associated 
with these range shifts (Tuda, 2007; Tuda et al., 2014). The 
beetles exist in small numbers in the fi eld but undergo ex-
ponential population growth when the legumes are moved 
to storage (Messina, 1998). In Nigeria, they can infest an 
entire stored cowpea harvest within three to fi ve months, 
corresponding to four to six generations (Singh, 1977). 
Due to a short generation time and high fecundity, they are 
responsible for 90% of all insect damage to stored cow-
peas (Caswell, 1981), and they also represent a signifi cant 
threat to other stored legumes as alternative host races have 
spread throughout the world (Tuda et al., 2014). Although 
this makes C. maculatus a persistent problem pest species, 
it also makes them ideally suited for studies investigating 
the adaptation of species to new native hosts (Tuda, 2007). 

Callosobruchus maculatus females deposit their eggs 
individually on dried beans, with individual females able 
to lay more than 100 eggs (Messina & Karren, 2003). 
After oviposition, larvae emerge from the eggs and bur-
row into the beans, which they use as a food source as they 
develop through four larval instars (Messina & Durham, 
2013). They typically consume no food or water once they 
emerge from the beans as adult beetles. Thus it is the larvae 
which cause the damage to stored crops. From oviposition 
to adult emergence is usually 24 days but varies with envi-
ronmental conditions, population characteristics, and host 
legume species (Beck & Blumer, 2014). Adult lifespan is 
shorter than larval development time, so this species has 
non-overlapping generations in the laboratory, where in-
dividual generations are initiated at fi xed time points. The 
similarity between environmental conditions in crop stor-
age and in the laboratory means that experimental evolu-
tion with C. maculatus host shifts can be reliably compared 
to local adaptation in wild populations (Messina, 1998). 

C. maculatus has become a model system for using ex-
perimental evolution to identify the fi tness consequences 
and genetics associated with host plant shifts in herbivo-
rous insects (Fricke & Arnqvist, 2007, Gompert & Messi-
na, 2016). However, previous studies in this system have 
focused on relatively long-term changes in host use, of at 
least 10 generations (Messina & Karren, 2003; Messina, 
2004a). In the current study, under no-choice conditions, 
we evaluated the ability of C. maculatus populations to 
adapt to novel bean types over each of 5 generations fol-
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mey, Niger, where they also primarily targeted cowpeas in the 
wild. For the current study, the beetles were kept at a constant 
temperature of 27°C and uncontrolled humidity with a 24 h light 
photoperiod. 

Adaptation study
Establishment of beetle colonies for each line

To determine the speed of adaptation to a number of novel 
hosts, we employed experimental evolution via quasi-natural se-
lection. Unlike in artifi cial selection studies, laboratory natural 
selection involves exposing populations to controlled, novel en-
vironments and leaving them to evolve without any investigator 
interference into the selected phenotypes or group processes that 
may be involved in the process of adaptation (Garland & Rose, 
2009; Kawecki et al., 2012). Five new experimental lines were 
established on each of eight novel host treatments and a control 
(n = 45 experimental lines total). The novel and control host treat-
ments were: cowpeas (Vigna unguiculata) (control and ancestral 
host), mung beans (Vigna radiata), adzuki beans (Vigna angula-
ris), chick peas (Cicer arietinum), lentils (Lens culinaris), soy-
beans (Glycine max), and 3 cultivated varieties of Phaseolus vul-
garis: fl ageolet beans, haricot beans, and pinto beans. The beetles 
were passed through one generation on black-eyed beans in their 
new laboratory at the University of Aberdeen before being di-
vided into experimental lines and transferred to their novel hosts. 
Upon adult emergence, 100 beetles (50 males and 50 females) 
were randomly selected and established on 100 g of fresh beans in 
500 ml perspex boxes with mesh lids for ventilation. This design 
was kept constant across each of the generations.

At each generation, we measured: host acceptance [which 
comprises both oviposition preferences and fecundity = total eggs 
laid/number of females (50)], offspring viability (ratio of num-
bers of emerged beetles to total eggs laid), generation time (here 
we use a non-standard defi nition of generation time which tracks 
changes in age of fi rst recruitment within that cohort; i.e., the time 
from the date of establishment of each generation to the date of 
the fi rst emergence of the next generation), population growth 
rate (λ), and per capita rate of increase (r). Population growth was 
calculated as λi = N(t+1)/N(t) where N(t+1) is fi nal population size at 
the end of each generation i, and N(t) is the starting population of 
100 individuals at the start of each generation. Per capita rate of 
increase (r) was calculated as ri = In[R0]/Ti where R0 is the num-
ber of offspring produced per female within generation i, and Ti is 
generation time (time in months between initiating the generation 
with 100 individuals and the emergence date) for each generation. 
Data were collected for each of fi ve generations for cowpeas, 
mung beans, adzuki beans, and chickpeas. Data for lentils were 
collected for two generations and soybeans for three generations 
then discontinued due to their longer generation time and time 
constraints on completing the project. No beetles emerged on any 
variety of Phaseolus vulgaris, so these lines were discontinued.

The common method of estimating C. maculatus beetle num-
bers is through volume (Messina & Johnson, 2014) but due to the 
smaller number of beetles used in this study, a precise number of 
males and females was preferred in order to prevent changes to 
effective population sizes (Ne) caused by uncontrolled variation 
in sex ratio. To reduce their activity and make counting easier, the 
beetles were chilled in a container submerged in an ice water bath 
to reduce movements, and randomly selected until 50 males and 
50 females had been gathered. It is possible that chilling affected 
the future fi tness of the beetles. To mitigate this effect, the time 
that beetles were chilled was kept constant between control and 
treatment lines. 

Estimation of fecundity and offspring viability
After each generation of beetles died they were removed from 

the container so that their eggs could be counted. This was done 
by counting the eggs on 100 beans from each replicate line, count-
ing the total beans per container and calculating the total eggs 
laid from the formula: Total Eggs = (eggs counted/bean) × (total 
beans/container). After emergence, 50 males and 50 females from 
each line were removed to be placed on a fresh 100 g of the same 
bean type to start the next generation. After the remaining beetles 
from the same generation emerged as adults and had died, their 
numbers were counted and added to the 100 removed beetles, to 
obtain a count of total emerged adults. Viability was then estimat-
ed from emergence rates = total emerged adults/total eggs laid.

A note on generation times relating to the establishment of 
new generations

The 100 individuals used to start the next generation of each 
line were gathered once approximately 100 individuals had 
emerged as adults from the previous generation (typically within 
48 h of the emergence of the fi rst adult). This meant that each 
successive generation was formed from the earliest to emerge, 
which may have imposed an unwanted artifi cial selection bias for 
earlier emergence dates. If the beetles were not collected at this 
stage but left alone or transferred to a holding container until all 
had emerged as adults, they would have begun to lay eggs and to 
age before being transferred to new beans, resulting in the fecun-
dity measurements being inaccurate. This is a source of unwanted 
artifi cial selection on generation times rarely mentioned in other 
studies. As control and treatment lines were treated similarly, 
differences between novel and control hosts in generation times 
would be expected to refl ect differences in their degree of adapta-
tion to the novel host type. 

Heritability study 
To estimate the narrow-sense heritability of maternal charac-

teristics promoting adaptation to novel hosts (fecundity and off-
spring viability), unrelated virgin females (f0) were mated in sets 
of three females to one male in a half-sib mating design (Lynch 
& Walsh, 1998). One f1 female offspring from each of these f0 
matings was again randomly mated to a male unrelated to any 
other individuals used in the heritability study, and data on her 
fecundity (total number of eggs laid) and her offspring viabil-
ity were obtained. Our F0 males and females were obtained from 
each of four bean types at the end of generation 1 in the adapta-
tion study (cowpeas, chickpeas, adzuki beans, and mung beans), 
mated within bean types, and provided the same bean type as ovi-
position substrate (5g beans provided to each female). Thus the 
60 half-sibs analysed were nested within 5 half-sib families per 
bean type (see analysis, below). This approach generates herit-
ability estimates that are characteristic of the base population, but 
ensures equal representation of genotypes which can survive on 
alternative bean types, and also accounts for variation in environ-
mental effects that may arise from different host types (i.e., we 
assessed heritability of fi tness components of the base population 
under conditions of a variable host environment).

Statistical analysis 
Novel hosts

We examined the slopes and shapes of adaptation trajectories 
using mixed models in the packages lme4 and lmerTest (Bates 
et al., 2014; Kuznetsova et al., 2016) for R (ver. 3.1.3) (R Core 
Team, 2013). Measurements for fecundity and egg/larval viabil-
ity and calculated values of λ and r for each replicate in each gen-
eration were analysed as response variables with fi xed factors for 
bean type (cowpea as the baseline), generation (1–5), generation2 
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and all interactions. A random effect was included to account for 
individual variation among replicates. For each model, we fi tted 
a Gaussian error structure and tested the residuals for conform-
ity to the assumptions of this error structure. For each response 
variable, we estimated the full model and all reduced models, 
and selected the best-fi t model using AICc, implemented in the 
AICcmodavg package for R (Anderson et al., 2000; Mazerolle, 
2016). To further address our hypothesis that changes in the rate 
of adaptation over time exhibit signifi cant curvature (accelerating 
or decelerating rates of change in adaptation to novel hosts with 
respect to controls), we also examined the direction and signifi -
cance of the effect of: bean type × generation2, using type III sums 
of squares in the car package for R (Fox & Weisberg, 2011).

Heritability
Phenotypic variance in fecundity and offspring viability from 

the f1 females in the heritability experiment were partitioned into 
paternal and host species sources of variance by fi tting random, 
nested effects in the lme4 package for R (Bates et al., 2014), with 
sires nested within bean type according to the following partition-
ing of phenotypic variance: σ2

z = σ2
s(b) + σ2

e, where σ2
z represents 

the total phenotypic variance, σ2
s(b) represents variance due to 

sires, nested within bean type, and σ2
e represents the residual vari-

ance due to females and environmental variance (Lynch & Walsh, 
1998). A separate model was used for each of the fecundity and 
viability response variables. Because we offered individual fe-
males relatively few beans, and under these circumstances fecun-
dity and viability can be correlated with each other (if increased 
fecundity reduces larval survival via competition effects), we re-
gressed emergence rates (viability) on fecundity prior to analysis. 
Thus we calculated the heritability of residual emergence rates, 
to generate an estimate of genetic variation for viability under 
(typical) conditions of larval crowding, but which is independent 
of heritability of fecundity. We then calculated heritability using 
the formula h2 = 4(σ2

s(b))/σ
2

z, where σ2
s(b) is the phenotypic vari-

ance attributable to sire, and σ
2

z is the total phenotypic variance 
in the trait (Lynch & Walsh, 1998). To estimate uncertainty in the 
heritability of each trait, 95% confi dence intervals of the variance 
components were estimated, and heritability recalculated using 
the confi dence limits instead of the mean.

RESULTS

Adaptation to novel bean types was initially rapid, but 
declined over time as fi tness values approached ancestral 
optima (Table 1, Fig. 1). Specifi cally, evidence of adap-
tation over time was observed on chickpeas and lentils, 
whereas evidence for mildly-accumulating maladaptation 
was observed for adzuki beans, mung beans, and soya 
beans (summarised in Table 1, and described in more detail 
in the following paragraphs). Overall, adaptive changes 
outweighed maladaptive changes in magnitude, resulting 

in signifi cant evidence of adaptation across bean types, 
which was initially rapid but declined over time at the ap-
proach of the ancestral fi tness values (fi nal row of Table 1, 
Fig. 1). Best fi t models for specifi c components and meas-
ures of fi tness are described below.

Beetle acceptance to novel host (fecundity)
The best fi t model for fecundity included the fi xed ef-

fects: bean type, generation, bean type × generation, and 
generation2 (Table 2). Fecundity was signifi cantly lower on 
chickpeas and soybeans compared to control lines, and fe-
cundity improved over time in chick peas, in comparison to 
control lines. In contrast, fecundity declined slightly over 
time in adzuki beans, suggesting ongoing maladaptation 
and loss of genetic variation for fi tness on the new host. 
For the full model, the effect of bean type × generation2 
was signifi cant using type III sums-of-squares (χ2 = 17.21, 
P = 0.002), indicating that the rate of adaptation to new 
hosts declined over time, at the approach of a phenotypic 
optimum (which differed among host types; Fig. 1A). We 
also ran a separate model limited to the fi rst generation, to 
better represent the bean types on which emergence of gen-
eration 1 eggs was unsuccessful. The results of this model 
confi rmed that there was no signifi cant difference between 
fecundity on haricot/pinto/fl ageolet beans (Phaseolus vul-
garis), compared to the fecundity of control beetles in gen-
eration 1 (P = 0.77, 0.24, and 0.72, respectively). Per-bean 
fecundity was highest overall on cowpeas (average of 6.1 
eggs laid per bean), followed by adzuki beans/chickpeas 
(5.4 eggs/bean), soybeans (1.35 eggs/bean), mung beans 
(2.2 eggs/bean), and lentils (0.7 eggs/bean).

Generation time
The best fi t model explaining generation time included 

the fi xed effects: bean type, generation, bean type × gen-
eration, and generation2 (Table 3). Generation times were 
signifi cantly longer on adzuki beans, chickpeas, lentils and 
soybeans, in comparison to generation times in control 
lines, and only mung beans resulted in unchanged genera-
tion times in comparison to controls. Adaptation to novel 
hosts in generation time was observed for chickpeas and 
lentils (signifi cant, negative bean type × generation effect, 

Table 1. Signatures of adaptation on each bean type, and evidence 
for non-linear rates of adaptation for each component of fi tness (+ 
indicates adaptation over time, – indicates declining fi tness over 
time, 0 indicates no evidence for change in fi tness over time).

Effect Fecundity Generation 
time

Egg/larval 
viability  r

Adzuki beans × generation – 0 0 – 0
Chickpeas × generation + + 0 + +
Lentils × generation 0 + 0 0 +
Mung beans × generation 0 – 0 0 –
Soybeans × generation 0 – 0 0 –
Bean type × generation2 + – 0 + +

Table 2. Fixed effects in the best-fi t model explaining fecundity.

Fixed effects Estimate SE  df t value Pr(>|t|) 
Intercept 26.70 5.19 124 5.147 <0.001***
Bean type: Adzuki 11.17 5.49 124 2.034   0.04*
Bean type: Chickpeas –25.99 5.49 124 –4.734 <0.001***
Bean type: Flageolet –2.03 4.78 124 –0.424   0.67 
Bean type: Haricot –1.75 4.78 124 –0.366   0.72 
Bean type: Lentil –8.51 9.47 124 –0.899   0.37 
Bean type: Mung 7.70 5.49 124 1.402   0.16 
Bean type: Pinto –5.46 4.78 124 –1.141   0.26 
Bean type: Soybean –49.70 7.09 124 –7.010 <0.001***
Generation 19.51 3.17 124 6.148 <0.001***
Generation 2 –2.63 0.49 124 –5.346 <0.001***
Adzuki × Generation –3.84 1.66 124 –2.320   0.02* 
Chickpea × Generation 3.17 1.66 124 1.916   0.06
Lentil × Generation 2.33 5.56 124 0.418   0.68 
Mung × Generation 0.35 1.66 124 0.214   0.83 
Soybean × Generation 4.74 3.03 124 1.565   0.12
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Fig. 1. Changes in fi tness-related traits and population fi tness over 5 generations of experimental evolution in the laboratory (cowpea 
lines represent the ancestral controls). Each line represents the mean and standard errors for 5 replicates per bean type. A) Fecundity, B) 
Generation time, C) Offspring viability, D) Population growth rate, and E) per capita rate of population increase. Rapid adaptation can be 
observed within the fi rst few generations of adaptation to novel hosts, despite a long evolutionary history of dietary specialisation in this 
laboratory population.
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Table 2), but performance on soybeans and mung beans re-
lating to generation time worsened over time with respect 
to control lines (signifi cant or marginally signifi cant, posi-
tive bean type × generation effect, Table 3). The signifi cant, 
non-linear decrease in generation time observed across all 
control and treatment lines likely refl ects inadvertent artifi -
cial selection on generation time applied to all lines, as de-
scribed in the methods section. In the full model, the effect 
of bean type × generation2 was also signifi cant (χ2 = 41.60, 
P < 0.0001), but this primarily refl ected ongoing maladap-
tation in soya beans, rather than non-linearity in rates of 
adaptation (Fig. 1B).

Offspring viability
The best fi t model for offspring viability (number of 

emerged, adult beetles/egg laid) included the fi xed effects: 
bean type, generation, and generation2 (Table 4). Offspring 
viability was signifi cantly lower on lentils, mung beans, 
and soybeans than controls (Fig. 1C), with no statistical 
evidence of adaptation of this trait to any of the novel 
hosts. The type III sums-of-squares ANOVA also indicated 
an overall insignifi cant effect of bean type × generation2 in 
the full model (χ2 = 1.96, P = 0.74).

Population growth rate (λ)
The best fi t model for population growth rate included 

the fi xed effects: bean type, generation, bean type × gen-
eration, and generation2 (Table 5). Lentils, soybeans, and 
chickpeas all had lower population growth rates than con-
trols, with evidence that adaptive changes in population 
growth rate occurred on chickpeas, while declining popula-
tion growth rates over time were observed on adzuki beans. 
In the full model, the effect of bean type × generation2 was 

signifi cant (χ2 = 11.15, P = 0.02), indicating a decreasing 
rate of adaptation at the approach of the ancestral fi tness 
optimum (particularly in chickpeas; Fig. 1D).

Per capita rate of population increase (r)
The best model explaining per capita rates of increase 

included terms for bean type, generation, bean type × gen-
eration and generation2 (Table 6). Chickpeas, lentils, and 
soybeans all showed signifi cantly lower per capita rate of 
population increase than the control, but per capita increas-
es improved over time in chickpeas and lentils. Soybeans 
and (marginally) mung beans showed a decline in per capi-
ta population rate over the generations (Table 6). In the full 
model, the effect of bean type × generation2 was signifi cant 
(χ2 = 12.20, P = 0.02), further indicating slowing rates of 
adaptation at the approach of a phenotypic optimum (Fig. 
1E).

Heritability study
The second objective of this study was to explore the 

heritability of two fi tness components, fecundity and off-
spring viability. For fecundity, estimated h2 = 1.03 ± 0.43 
(95% CI). For residual offspring viability under (typical) 
crowded conditions, estimated h2 = 0.38 ± 0.16 (95% CI).

DISCUSSION

Our experimental lines of C. maculatus were able to 
quickly adapt to 2 out of the 5 novel host species (chick 
peas and lentils), and the rapid and dramatic adaptation ob-

Table 3. Fixed effects in the best-fi t model explaining generation time 
(in days).

Fixed effects Estimate SE df t value Pr(>|t|) 
(Intercept) 27.36 0.67 112 40.713 <0.001***
Bean type: Adzuki 2.20 0.71 112 3.178   0.002 ** 
Bean type: Chickpeas 5.06 0.71 112 7.116 <0.001***
Bean type: Lentil 29.92 1.23 112 24.401 <0.001***
Bean type: Mung –0.50 0.71 112 –0.703   0.48 
Bean type: Soybean 13.44 0.92 112 14.632 <0.001***
Generation –3.60 0.41 112 –8.757 <0.001***
Generation2 0.44 0.06 112 6.909 <0.001***
Adzuki × Generation –0.18 0.21 112 –0.840   0.40 
Chickpeas × Generation –0.90 0.21 112 –4.198 <0.001***
Lentil × Generation –9.92 0.72 112 –13.767 <0.001***
Mung × Generation 0.42 0.21 112 1.959   0.05
Soybean × Generation 4.34 0.39 112 11.054 <0.001***

Table 4. Fixed effects in the best-fi t model explaining offspring viability 
(adult offspring per egg).

Fixed effects Estimate SE df t value Pr(>|t|) 
Intercept   0.749984 0.029836 117 25.137 <2e-16***
Bean type: Adzuki –0.012800 0.018412 117 –0.695 0.49 
Bean type: Chickpeas –0.015600 0.018412 117 –0.847 0.40 
Bean type: Lentil –0.358180 0.025284 117 –14.166 <2e-16***
Bean type: Mung –0.088800 0.018412 117 –4.823 4.30e-06***
Bean type: Soybean –0.387184 0.021785 117 –17.773 <2e-16***
Generation –0.134210 0.021133 117 –6.351 4.24e-09***
Generation2   0.018204 0.003519 117 5.174 9.61e-07***

Table 5. Fixed effects in the best-fi t model explaining population 
growth rates.

Fixed effects Estimate  SE df t value Pr(>|t|)
Intercept 11.89413 0.94628 112 12.569 <0.001***
Bean type: Adzuki 1.57220 1.00134 112 1.570   0.12 
Bean type: Chickpeas –9.51280 1.00134 112 –9.500 <0.001***
Bean type: Lentil –12.04244 1.72662 112 –6.975 <0.001***
Bean type: Mung –0.60940 1.00134 112 –0.609   0.54 
Bean type: Soybean –12.86531 1.29341 112 –9.947 <0.001***
Generation 2.88192 0.57890 112 4.978 <0.001***
Generation2 –0.42715 0.08968 112 –4.763 <0.001***
Adzuki × Generation –0.61420 0.30191 112 –2.034   0.04 * 
Chickpeas × Generation 1.59480 0.30191 112 5.282 <0.001***
Lentil × Generation 1.44554 1.01464 112 1.425   0.16 
Mung × Generation 0.05420 0.30191 112 0.180   0.86 
Soybean × Generation –0.48931 0.55284 112 –0.885   0.38 

Table 6. Fixed effects in the best-fi t model explaining per capita rate of 
population increase.

Fixed effects Estimate  SE df t value Pr(>|t|) 
Intercept 3.22826 0.15860 112 20.355 <0.001***
Bean type: Adzuki –0.22353 0.16783 112 –1.332   0.19 
Bean type: Chickpeas –1.77229 0.16783 112 –10.560 <0.001***
Bean type: Lentil –3.20535 0.28939 112 –11.076 <0.001***
Bean type: Mung 0.08874 0.16783 112 0.529   0.60 
Bean type: Soybean –3.47082 0.21678 112 –16.011 <0.001***
Generation 1.02859 0.09702 112 10.601 <0.001***
Generation2 –0.13169 0.01503 112 –8.762 <0.001***
Adzuki × Generation –0.05323 0.05060 112 –1.052   0.30 
Chickpeas × Generation 0.28627 0.05060 112 5.657 <0.001***
Lentil × Generation 0.44578 0.17006 112 2.621 <0.001** 
Mung × Generation –0.09873 0.05060 112 –1.951   0.05
Soybean × Generation –0.20765 0.09266 112 –2.241   0.03 *
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served in these two host species resulted in an overall posi-
tive and signifi cant signature of adaptation across novel 
hosts (Table 1). Gains in fi tness were most dramatic in the 
fi rst several generations of selection, after which fi tness 
gains declined as the population approached its former 
adaptive optimum (Fig. 1D, E, Orr, 2005), refl ected in a 
signifi cant interaction of bean type with generation2 for the 
major indices of population fi tness (λ and r; Table 1 and re-
sults section). This result supported our hypothesis that the 
population possesses ample standing additive genetic vari-
ation for host plant shifts, despite nearly 300 generations of 
enforced specialization in the lab (and an even longer-term 
evolutionary history of predominantly targeting cowpeas 
in the ancestral Nigerian source population), and despite 
the fact that phenotypic plasticity and GxE effects may 
have in part contributed to rapid adaptation. This result in-
dicates that trade-offs do not strongly limit the ability of C. 
maculatus to adapt to a novel host, at least during a single 
episode of selection (see Gompert & Messina, 2016 for an 
instance where trade-offs emerged under fl uctuating selec-
tion), and thus genetic architecture (for example, to shield 
adaptive genetic variants in the new host from trade-offs 
with fi tness on the ancestral host) likely does not play a 
strong role in limiting the rate of adaptation to novel hosts.

Adaptation to novel hosts was behavioural as well as 
physiological – where fi tness gains occurred, these refl ect-
ed both changes in oviposition behavior as well as changes 
in generation time (Table 1). For adaptation to lentils, fi t-
ness gains were entirely refl ected in changes in generation 
time, whereas adaptation to chickpeas refl ected adaptive 
changes in both oviposition behavior and generation time. 
In no case did fi tness gains refl ect changes in offspring sur-
vival, indicating that traits contributing directly to offspring 
viability may be much less evolvable than behavioural or 
phenological traits (despite high heritability of offspring 
viability, see below). This result concurs with past studies, 
which have generally found that host acceptance evolves 
faster than related physiological changes needed to in-
crease offspring viability (Futuyma et al., 1984; Messina, 
2004b).

For increased larval survival or increased development 
times, a physiological change is required (Jaenike, 1990). 
Previous studies have produced confl icting results regard-
ing whether physiological changes will arise in less than 40 
generations. For example, Wasserman & Futuyma (1981) 
found no physiological adaptations, such as increasing 
digestive effi ciency over time, when C. maculatus were 
switched to a new host for 11 generations. They observed 
only behavioural changes associated with adaptation over 
this time period. Conversely, Fricke & Arnqvist (2007) did 
fi nd physiological evolutionary changes within 35 genera-
tions of selection, associated with an accelerated growth 
rate on novel hosts. Although the current study was car-
ried out for only fi ve generations, faster development times 
were observed on the novel hosts over time with respect 
to controls (cowpeas), indicating very rapidly evolving 
changes in physiological traits associated with develop-
mental time, despite no evidence for evolutionary change 

in offspring viability over this short time period. However, 
given that only 2 generations were run on the poorest hosts 
(lentils, soybeans), it is possible that changes in viability 
may have been observed in these hosts if run for additional 
generations. It is noteworthy that, although viability on 
novel hosts did not change with respect to controls, vi-
ability decreased with generation time across all host types 
(Fig. 1C). This may represent a trade-off between devel-
opment time and viability (see further discussion of our 
unwanted artifi cial selection on development time, below).

Similarly, where maladaptive changes accumulated over 
time – in adzuki beans, mung beans, and soybeans, these 
also refl ected disadvantageous changes in fecundity or gen-
eration time, and never refl ected declines in offspring adult 
emergence rates. Where such fi tness declines occurred, 
they were typically modest in comparison to fi tness gains 
on beans where adaptation occurred (Fig. 1). Declines in 
fi tness may refl ect inbreeding and drift where selection 
was strong and had potentially strong effects on effective 
population sizes (e.g., on soybeans), or may simply refl ect 
reduced fi tness on a marginally sub-optimal resource (e.g., 
for mung and adzuki beans, where weak selection against 
most genotypes could result in consistently sub-optimal 
performance and a failure to adapt overall). The fact that 
both adaptation and maladaptation to novel resources in-
volved phenological and behavioural traits, rather than 
physiological competence, suggests that these traits should 
by examined more closely during efforts to understand and 
mitigate the spread of crop pests to new hosts in the wild.

This study cannot determine why C. maculatus was able 
to adapt to some bean types but not others. The completely 
unsuccessful hosts (all P. vulgaris varieties) resulted in 
comparable fecundity to the control lines in the fi rst gen-
eration of the study, suggesting that fecundity was not lim-
iting the rate of adaptation to this inhospitable host species. 
With these completely unsuccessful hosts, egg hatching 
did occur (pers. observ.) but larvae died during develop-
ment, likely due to toxins within the seed which kill the lar-
vae when consumed (Janzen, 1977). If these toxins can be 
overcome, then adaptation to these hosts is a possibility. A 
recent experiment indicated that this was achievable, with 
small number emerging from haricot beans in a choice ex-
periment (Leonard & Lancaster, unpubl. data). However, 
gains in viability in response to highly indigestible or toxic 
hosts is likely overall a slower evolutionary process than 
behavioural or phenological changes required to adapt to 
suboptimal, but not completely inhospitable, hosts. More 
work is needed to understand the underpinning genetic ar-
chitecture of viability adaptations.

Similarly, although we have evidence for rapid adapta-
tion and high heritability for behavioural and phenological 
traits, we still lack resolution on underpinning causes of 
these changes. Past studies have shown that rough surfaced 
seeds of chickpeas provide weaker surfaces for egg laying, 
leading to reduced fecundity on this bean type (Nwanze 
et al., 1975; Nwanze & Horber, 1976). It apparently takes 
several generations for females to recognize and utilize this 
novel resource. Similarly, the small size of lentils may ini-
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tially render them unrecognizable or unpreferred (females 
typically prefer to space eggs evenly across the laying sur-
face, however African populations of C. maculatus from 
which the beetles in this study were derived do not attempt 
to evenly spread their eggs to the same extent as Asian 
populations which are also frequently studied; Messina & 
Mitchell, 1989). Lentils, chickpeas, and soybeans were the 
bean types on which fi tness was most severely impacted 
in the fi rst several generations, and these host species 
are only distantly related to cowpeas (Fig. 1). Mung and 
adzuki beans are in the same genus as the ancestral host 
(Vigna), and it is likely this close relationship that mediated 
the very modest changes in fi tness when C. maculatus was 
introduced to these novel hosts (Futuyma, 2000; Messina 
& Jones, 2009). This implies switching to hosts within the 
Vigna require less adaptation than to another genus alto-
gether. 

When choosing the point at which beetles would be col-
lected to begin the next generation, we identifi ed a trade-
off between losing fecundity data and adding artifi cial 
selection for early emergence times. It was decided to ac-
cept the impact of artifi cial selection, as it was assumed 
this would affect all populations equally, whereas later col-
lection might make fecundity data erroneous. This source 
of error was further minimised by using the control as a 
baseline comparator to the novel hosts; this ensured that 
inadvertent artifi cial selection on development time would 
be included in this baseline and not confound the main re-
sults. However, there are other possible implications of this 
decision. Moller et al. (1990) found a negative correlation 
between development time and fecundity, which may be 
responsible for the decrease in the number of eggs laid in 
later generations, seen most especially on the adzuki beans, 
as the effects of the artifi cial selection for the development 
rate became stronger with each generation. 

The variation among host species in egg density per bean 
(see results) was largely correlated with bean size: chick 
peas are the largest, and they generally received high num-
bers of eggs per bean (5.4 eggs/bean), lentils the small-
est with the lowest numbers of eggs per bean (0.7 eggs/
bean). Nonetheless variation in larval competition within 
beans (number of larvae per unit of bean mass) could act 
to reduce among-host variation in offspring viability and 
fecundity in later generations, via effects on female body 
size (e.g., if fecundity becomes too high on a favourable 
host, larval viability may decrease, and smaller body sizes 
may slightly reduce fecundities in the next generation. 
Such density dependent effects may limit adaptation be-
yond levels observed in the control lines in our experimen-
tal populations. Fluctuations in fecundity and viability in 
the baseline (control) lineages likely in part result in this 
competition-based trade-off.

We estimated narrow-sense heritability for fecundity and 
larval viability. If low heritability is found, which is often 
the case with fi tness-related traits because selection has al-
ready eroded much of the additive genetic variation for the 
trait, this implies that the trait would not respond quickly to 
environmental changes (Freeman & Heron, 2014). In this 

heritability study, both fecundity and offspring viability 
were found to have high heritability. In both cases, these 
results appeared relatively high in comparison to typical 
heritability calculations, but they are not without precedent 
within herbivorous insects (Mousseau & Roff, 1987). Pre-
viously, using a half-sib design, heritability of egg length 
in C. maculatus was calculated as 0.74 ± 0.17 (Fox, 1994) 
and oviposition preference had a heritability of 0.73 (Fox, 
1993). In the current study, we estimated heritability as 
1.03 ± 0.43 for fecundity and 0.75 ± 0.32 for offspring via-
bility, suggesting that genetic factors predominate over en-
vironmental ones, and to date, this applies to all four traits 
investigated both in this study and in earlier studies by Fox 
(1993, 1994). More work is needed to determine why C. 
maculatus, and potentially other pest species, retain such 
high genetic capacity to rapidly adapt to novel hosts, even 
after long-term dietary specialisation. Further studies are 
also required to understand why high heritability of fecun-
dity translated into rapid evolutionary change, but that off-
spring viability consistently failed to evolve, despite such 
high heritability for this trait.

The results of this study provide novel evidence that host 
shifts in pest species can proceed via extremely rapid adap-
tation, indeed with most fi tness gains occurring within the 
fi rst 5 generations of exposure to a novel host species. Such 
rapid adaptation following even the fi rst and second gen-
erations of selection suggests that extreme caution must be 
used when inferring environmental parental effects on host 
use traits, because parents’ rearing environment is also in 
fact often a strongly selective environment. Thus parents, 
originally from a shared gene pool but reared in alternative 
environments, likely refl ect differing derived gene pools, 
after even a single generation of selection. (See also Fox 
et al., 1995: “The symmetry between the maternal and pa-
ternal host effects on survivorship suggests that they repre-
sent a response to intense selection during the experiment, 
and suggests the potential for rapid adaptation to this host” 
based on their work on parental effects in the seed beetle 
Stator limbatus.) Further understanding the basis of very 
high levels of standing additive genetic variation for fi tness 
on novel hosts in pest species, even after prolonged periods 
of enforced specialization, is the subject of our ongoing 
work. Similarly, understanding why this genetic variation 
does not always correspond to evolutionary change (here, 
in the case of a failure of larval viability to evolve), also 
requires further investigation. It was previously appreci-
ated that C. maculatus adapts rapidly to novel hosts within 
10–20 generations (Messina, 1993; Messina & Durham, 
2015), but until this study, it was little appreciated how in-
credibly rapid these evolutionary changes can be.
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