
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

No adaptation of a herbivore to a novel host but loss of adaptation to its native
host

Grosman, A.H.; Molina-Rugama, A.J.; Mendes-Dias, R.; Sabelis, M.W.; Menken, S.B.J.;
Pallini, A.; Janssen, A.
DOI
10.1038/srep16211
Publication date
2015
Document Version
Final published version
Published in
Scientific Reports
License
CC BY

Link to publication

Citation for published version (APA):
Grosman, A. H., Molina-Rugama, A. J., Mendes-Dias, R., Sabelis, M. W., Menken, S. B. J.,
Pallini, A., & Janssen, A. (2015). No adaptation of a herbivore to a novel host but loss of
adaptation to its native host. Scientific Reports, 5, [16211]. https://doi.org/10.1038/srep16211

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://doi.org/10.1038/srep16211
https://dare.uva.nl/personal/pure/en/publications/no-adaptation-of-a-herbivore-to-a-novel-host-but-loss-of-adaptation-to-its-native-host(d0c33847-bfd4-45ad-bad5-adc5cc6250eb).html
https://doi.org/10.1038/srep16211


1Scientific RepoRts | 5:16211 | DOI: 10.1038/srep16211

www.nature.com/scientificreports

No adaptation of a herbivore to a 
novel host but loss of adaptation 
to its native host
Amir H. Grosman1,†, Adrián J. Molina-Rugama2,‡, Rondinelli Mendes-Dias2, 
Maurice W. Sabelis1,*, Steph B.J. Menken1, Angelo Pallini2, Johannes A.J. Breeuwer1 & 
Arne Janssen1

Most herbivorous arthropods are host specialists and the question is which mechanisms drive the 
evolution of such specialization. The theory of antagonistic pleiotropy suggests that there is a 
trade-off between adaptation of herbivores to a novel host and their native host. The mutation 
accumulation hypothesis proposes that herbivores on a novel host lose their adaptation to the 
native host through the accumulation of mutations with negligible effects on performance on the 
novel host. Experimental evidence for either of the two hypotheses is scarce. We compared the 
fitness of two sympatric moth strains from an introduced host and a native host. The strain from 
the novel host did not perform better on this host than the strain from the native host. The strain 
from the novel host performed less well on the native host than did the strain from the native host. 
Hence, selection on the novel host did not result in noticeable gain in performance, but adaptation 
to the native host was lost. These results are more readily explained by the mutation-accumulation 
hypothesis than by the trade-off hypothesis.

Two hypotheses predominate in the literature on the evolution of specialization in herbivorous arthro-
pods, the first is based on the occurrence of trade-offs in performance on different hosts (antagonistic 
pleiotropy, a negative correlation in fitness over environments)1–5, and the second on mutation accumu-
lation6,7. According to the trade-off hypothesis, different host plants impose different selection regimes 
on herbivores, which leads to different adaptations2,3,8–10, such that adaptations to one host results in 
a poorer performance on alternative hosts1,3,11 due to the antagonistic pleiotropy among genes4. These 
trade-offs are likely to involve many different life-history traits2, and are therefore not to be confused 
with trade-offs between life-history traits12,13. Trade-offs may explain the predominance of specialists 
among herbivorous insects3,4,9 and may play an important role in sympatric speciation due to disruptive 
selection14,15.

The hypothesis of mutation accumulation assumes that adaptation to a host and loss of adaptation 
to an alternative host are not causally related7. Instead, it hypothesizes that herbivores will become less 
adapted to alternative hosts when specializing on one host because of the stochastic accumulation of 
mutations that are neutral on the current host, but that result in reduced performance on the alternative 
hosts6,7. Because adaptation to the current host occurs simultaneously with the accumulation of muta-
tions, but not necessarily at the same rate, this may result in a negative correlation between performance 
on the native host and the novel host, but the reduced performance on the native host not being the 
result of adaptation to the novel host. Thus, such negative correlation could erroneously be interpreted 
as evidence of a trade-off.
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Both hypotheses ignore to some extent the (co-)evolutionary arms race between host plants and 
herbivores16, hence, the host plants themselves may also evolve in response to herbivory, resulting in 
reduced adaptation of the herbivores. When on a novel host plant, herbivores will participate in this 
arms race and will continue to adapt to this host. However, they will not adapt to the native host, which 
is evolving because of a coevolutionary arms race with other populations of herbivores. This process will 
also result in reduced adaptation of the herbivore to the native host, even without the accumulation of 
mutations in the herbivore and without a trade-off being involved. Hence, there are three processes that 
cause a herbivore becoming less adapted to alternative host plants: trade-offs in performance, mutation 
accumulation and evolutionary changes in the native host plant. The trade-off hypothesis predicts that 
(1) herbivores from the novel host plant will be better adapted to this host than the herbivores from the 
native host, whereas (2) the opposite is true for the herbivores from the native host plant. The latter two 
hypotheses always predict point (2), but not necessarily point (1). Hence, the latter two processes will be 
difficult to distinguish in practice.

Despite extensive research, there is not much evidence for mutation accumulation17,18 or for 
trade-offs3,4,9 (but see Cooper and Lenski19 and Magalhães et al.20,21). As concerns trade-offs, this may 
partly be caused by the experimental methods used4. For example, Kawecki and Ebert22 point out that 
local adaptation should be verified by showing that each local population is superior in its own habitat 
to populations from other habitats. Thus, the performance of several populations need to be tested in 
their own habitats as well as in the foreign habitats (the so-called “local vs. foreign” criterion)22. In many 
cases, trade-offs were studied, however, by comparing the performance of herbivores from one host 
plant on several other host plant species10,23–29. Often, herbivores perform relatively well on non-hosts, 
which is considered as evidence for the lack of trade-offs. However, when herbivores are artificially 
placed on a novel host for one or a few generations, adaptation to the new host may not have occurred 
yet, and trade-offs with old adaptations are therefore still not expressed. Moreover, good performance 
on a novel host plant is not necessarily the result of adaptation; such a pattern may also result from 
similarity between the native and the novel host plant30,31. Performance may be even higher on a novel 
host plant due to its superior quality, for example because of higher nutrient availability22. Adaptation 
has only occurred when performance of the herbivore on the novel host plant has improved over gen-
erations: when herbivores that switched to a novel host perform better on that host than conspecifics 
that remained on the native host. Trade-offs, likewise, can only have occurred when a population that 
adapted to a novel host consequently performs less well on the native host—to which it was previously 
adapted—than the strain from the native host. This furthermore only holds if the strain on the native 
host did not adapt further to it since the moment that the other strain moved to the novel host. Even 
then, the loss of adaptation to the native host is not necessarily caused by the adaptation to the novel 
host, but could simply arise from accumulation of mutations with negative effects on the performance 
on the native host or with evolutionary changes in the native host.

Natural systems that are suitable for studying adaptation to host-plants are those where herbivores 
naturally occur on several hosts for a period that has been sufficient for adaptation to take place11,32–34. 
In systems in which the alternative host plants occur in sympatry11,32,34, gene flow between populations 
is a potential obstacle for novel adaptation14,15,22. Hence, such systems are especially valuable for testing 
the scenario of sympatric speciation14,15. Here, we investigate the adaptation of a herbivore to a novel 
host plant and the performance on its native host plant in order to detect signs of trade-offs, mutation 
accumulation in the herbivore or evolution of the native host plant.

We studied a large scale semi-natural experiment which is ideally suited to test if (loss of) adaptation 
and trade-offs can take place in the face of gene flow within a relatively short time period. About 10 
species of Eucalyptus were introduced from Australia into southern Brazil around 190535 and eucalyptus 
forests now cover about 7 million hectares. Eucalyptus foliage is renowned for its variety of secondary 
metabolites36–38, and it was therefore expected that eucalyptus would be well protected from herbivores. 
However, many insect herbivores (mainly Lepidoptera, but also Coleoptera and leaf-cutter ants) that used 
native Myrtaceae such as guava (Psidium guajava L.) and other native host plants, readily colonized euca-
lyptus39–42. Currently, Thyrinteina leucoceraea Ringe (Lepidoptera: Geometridae) is considered one of the 
primary pests in eucalyptus plantations40, including Eucalyptus grandis Hill ex. Maiden (Myrtaceae). Yet, 
it is not a pest on guava, its native host plant, which occurs in sympatry with eucalyptus.

We measured performance of the herbivore on E. grandis and on guava. To do so, we estimated the 
performance of T. leucoceraea from sympatric populations from each of the two host plants on material 
of both plant species from the same locations as the herbivores. Because studies considering both larval 
and adult performance parameters have a higher likelihood of detecting trade-offs4,43, we measured sev-
eral life history traits (developmental period and survival of larvae and pupae, pupal weight and fecun-
dity). We then combined most of these traits in two proxies for fitness, the net reproductive rate (R0) and 
the intrinsic rate of increase (rm)32,44,45. We found that both strains performed better on the native host 
than on the novel host, and the strain from the novel host did not perform better on the novel host than 
did the strain from the native host. Moreover, the strain from the novel host performed less well on the 
native host than did the strain from the native host.
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Results
Survival until adulthood was generally high (Fig. 1), and there was no significant difference in immature 
survival between the two strains (Table  1). Survival did not differ significantly on the two host plants 
and the effect of the interaction between strain and host plant on survival was also not significant (Fig. 1, 
Table 1). It should be noted that a trade-off between performance on the novel host and that on the native 
host results in an interaction between strain and host plant, but a significant interaction between these 
factors does not necessarily indicate the occurrence of a trade-off22.

Females reached adulthood significantly later than males (Fig. 2, Table 1). Females of the guava strain 
developed significantly faster than females from the eucalyptus strain (Table 1), the difference in devel-
opmental rate on the two host plants was marginally significant, as was the effect of the interaction 
between host plant and strain (Table 1). Females of the eucalyptus strain developed significantly slower 
on eucalyptus than on guava (Fig. 2a), females of the guava strain also developed slower on eucalyptus 
than on guava, but this trend was not significant. Females of both strains developed equally fast on guava 
(Fig. 2a).

The developmental rate of males of the two strains did not differ significantly (Table 1), development 
on eucalyptus was slower than on guava (Fig.  2b), but this difference was only marginally significant 
(Table 1). The interaction between strain and host plant had no significant effect on male developmental 
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Figure 1. Kaplan Meier survivorship of herbivores of the guava line (dashed lines) and the eucalyptus 
line (drawn lines) on guava (white symbols) and on eucalyptus (black symbols). Data were pooled over 
sexes. Numbers between brackets are numbers of replicates. There were no significant differences in survival 
among treatments.

Parameter

Gender Strain x Host Strain Host

value P value P value P value P

Survivala n.a. 0.056 0.81 0.84 0.36 0.25 0.61

Developmenta 55.5 <0.001

 Female n.a. 3.64 0.057 4.17 0.041 3.00 0.083

 Male n.a. 1.13 0.29 0.88 0.35 3.82 0.051

Pupal weightb 282.2 <0.001

 Female 0.74 0.39 0.081 0.78 2.24 0.13

 Male 1.98 0.16 2.84 0.092 1.84 0.18

Fecundityb n.a. 0.39 0.53 0.74 0.39 2.63 0.11

Table 1.  Results of statistical tests of life-history parameters of the guava and eucalyptus strains of the 
geometrid moth Thyrinteina leucoceraea on eucalyptus and guava hosts. Whenever there was a significant 
effect of gender on the parameter, separate analyses were done for males and females. Values of P <  0.05 
are given in bold. Gender was not included in the analysis of survival until adulthood because it could not 
be assessed for individuals that died before turning adult. All degrees of freedom are 1. aCox proportional 
hazards mixed effects, value is Chi2. bLinear mixed effects model, value is log likelihood ratio. N.a.: not 
applicable.
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rate (Table  1). Males of the guava strain developed significantly slower on eucalyptus than on guava 
(Fig. 2b). The same trend, though not significant, was observed for males of the eucalyptus strain. Males 
from both strains developed equally fast on guava (Fig. 2b).

The pupal weight of females was significantly higher than that of males (Fig. 3, Table 1). The weight 
of females or males did not vary significantly with strain or with host plant, nor with the interaction 
between these two factors (Fig. 3, Table 1).
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Figure 2. Cumulative proportion of herbivores originating from guava (dashed line) and eucalyptus 
(drawn line) reaching adulthood when feeding on guava (black symbols) or on eucalyptus (white 
symbols). Development of females (a) and males (b) is presented separately. Per panel, lines with different 
letters are significantly different.
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Figure 3. Average pupal weight (±SE) of male and female T. leucoceraea from guava (black bars) and 
eucalyptus (grey bars) fed with guava or eucalyptus. Numbers inside bars are number of replicates. Bars 
marked with different letters differ significantly.
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There was no significant effect of host plant or strain on female fecundity, nor was there a significant 
interaction between these factors (Table 1). The average fecundity was higher for insects that consumed 
guava (guava =  1236 ±  142, n =  21, eucalyptus =  915 ±  127, n =  15), but this difference was not signifi-
cant (Table  1). The fecundity of females increased almost significantly with their pupal weight (Fig.  4, 
GLM, F1,32 =  3.90, P =  0.057), but weight explained only 8.8% of the variation in fecundity.

There was a significant effect of the interaction between herbivore strain and host plant on the net 
reproductive rate (Table 2, Fig.  5a), but this interaction was not caused by a trade-off in performance. 
Rather, both strains performed equally well on eucalyptus, the novel host (Fig. 5a), but the eucalyptus 
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Figure 4. Relationship between weight of female pupae and the total number of eggs produced by 
females when adults. The curve is fecundity =  exp(a +  b*weight); a =  5.95 (s.e. =  0.56), b =  2.37 (s.e. =  1.20) 
(GLM with a quasi-Poisson error distribution).

Parameter

Strain × Host Strain Host

F1,31 P F1,33 P F1,32 P

R0 6.16 0.019 26.7 <0.001 278.9 <0.001

rm 0.49 0.49 122.1 <0.001 746.7 <0.001

Table 2.  Results of statistical tests of performance of the guava and eucalyptus strains of the geometrid 
moth Thyrinteina leucoceraea on eucalyptus and guava hosts. Results are from a generalized linear model 
with a quasi-Poisson error distribution. Values of P <  0.05 are given in bold.
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Figure 5. Average (±95% confidence intervals after jackknifing) net reproductive rate (R0, a) and 
intrinsic growth rate (rm, b) of the eucalyptus and guava strain on a diet of eucalyptus and guava host 
plant foliage. Different letters next to the data indicate significant differences based on the lack of overlap of 
the confidence intervals, confirmed with a GLM on the jackknife values. Including egg fertility into the data 
yielded qualitatively similar results (data not shown).
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strain performed less well on a diet consisting of guava foliage than did the guava strain (Fig. 5a). Both 
strains performed better on guava than on eucalyptus (Table 2, Fig. 5a).

There was no significant effect of the interaction between strain and host plant on the intrinsic growth 
rates (Table 2, Fig. 5b). The guava strain performed significantly better on eucalyptus and on guava than 
did the eucalyptus strain (Fig. 5b, Table 2), and both strains performed better on guava than on euca-
lyptus (Fig. 5b, Table 2).

Discussion
We evaluated juvenile survival, developmental rate, pupal weight and fecundity to find evidence for adap-
tation of a strain of the phytophagous moth T. leucoceraea to its novel host plant, eucalyptus. Adaptation 
would be manifest when this strain collected from the novel host would perform better on this host than 
a strain collected from the native host. Neither of the parameters separately provided evidence for better 
adaptation of the eucalyptus to the novel host plant than the guava strain.

When most of these parameters were combined to calculate the net reproductive rate and the intrinsic 
growth rate, two much-used fitness estimates44,45, we also did not find significant trends for the euca-
lyptus strain being more adapted to eucalyptus than the guava strain (Fig. 5). Rather, on eucalyptus, the 
intrinsic growth rate of the guava strain was higher than that of the eucalyptus strain (Fig. 5b). No such 
significant difference was found for the net reproductive rate (Fig. 5a). The fitness estimates of the guava 
strain on guava were significantly higher than those of the eucalyptus strain on guava (Fig. 5).

The two proxies for fitness concern the fitness of female offspring, not that of males. Perhaps males 
from the eucalyptus strain perform better than males from the guava strain, thus compensating for fit-
ness differences in the females. However, we found no significant differences in male life-history param-
eters between the two strains (Table 1).

A much-used other measure of herbivore performance is size or weight of the pupae or adults46–48. 
We found a positive relationship between female pupal weight and fecundity but the regression was 
not significant, and weight explained only a small proportion of the variation in fecundity (Fig. 4). We 
furthermore found weak correlations of pupal weight with individual net reproductive rates and intrin-
sic growth rates (see Supplementary Information for calculations and results). This is further evidence 
that size-fitness relationships are not sufficiently reliable to consider size as a measure for herbivore 
performance22,46–48.

The reason for the lack of adaptation of the herbivore to the novel host remains unclear. Possibly, 
the time since T. leucoceraea has colonized eucalyptus was insufficient to adapt to the novel host plant. 
The first report of T. leucoceraea in eucalyptus plantations is from 197749, 28 years before this study was 
carried out. According to our data, T. leucoceraea has a generation time of 41–51 days at 25 °C, i.e. c. 7–9 
generations per year. The mean annual temperature in our study area (Viçosa, Minas Gerais, Brazil) is 
20.7 °C50, thus generation time will be somewhat longer in the field than in our lab experiment. Taking 6 
generations of T. leucoceraea per year under field conditions as a reasonable estimate, this herbivore has 
been on eucalyptus for at least 168 generations. It is likely that T. leucoceraea had colonized eucalyptus 
long before 1977, when it was first reported from eucalyptus plantations. Hence, T. leucoceraea has most 
likely been on eucalyptus for several hundred generations. In the apple maggot fly Rhagoletis pomonella, 
such a number of generations was sufficient for adaptation to a novel host plant and host race formation, 
and partial reproductive isolation has occurred between populations from native and novel host plants 
in this species34. Thus in theory, adaptation of T. leucoceraea to eucalyptus could have occurred since the 
introduction of this host plant in Brazil.

Both fitness measures show that the eucalyptus strain performed significantly worse on the native 
host plant than did the guava strain. Hence, rather than having become less adapted to the native host 
as a consequence of adaptation to the novel host (trade-off or antagonistic pleiotropy), the loss of adap-
tation to the native host seems to have preceded the adaptation to the novel host (Fig. 5). This is more 
readily explained by mutation accumulation hypothesis6,7,17–19 or by evolutionary changes in the native 
host plant. Because of the difference in generation time of the native host tree and the herbivore, we 
suspect that mutation accumulation in the herbivore is the most likely explanation. In this case, there 
is no trade-off between performance on the novel and native host, but the eucalyptus strain has lost its 
adaptation to the native host through the accumulation of mutations in genes that are no longer under 
pressure of selection imposed by the native host plant7,19. Such loss of adaptation renders the herbivores 
from the novel host plant less competitive on the native host plant, and this mechanism alone may 
result in host plant specialization7. Alternatively, it is possible that the eucalyptus strain made the very 
transition to the novel host plant because it consisted of individuals that performed less well on the 
native host and moved to the novel host to avoid competition with better-performing conspecifics14. 
However, densities of caterpillars of both populations are extremely low in the study area: it often took 
several hours of searching on host plants to find any caterpillar at all (Grosman and Janssen, pers. obs.). 
It therefore seems unlikely that intraspecific competition will have played a role in host plant selection.

If mutation-accumulation is responsible for the lower performance of the eucalyptus strain on guava, 
the adaptation to the novel host plant is apparently a slower process than the loss of adaptation to the 
native host due to the absence of selection against mutations in traits that are vital on the native host. 
This may function as an ecological trap, restricting the possibilities of herbivores on novel hosts to return 
to the native host where they may have to compete with better adapted conspecifics.
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Another reason for the failure to detect trade-offs in performance are allocation constraints51: indi-
viduals of the guava strain may have more resources to allocate than individuals from the eucalyptus 
strain. However, we measured performance of both strains of the herbivores from egg to adult on the 
two different host plants, hence, such higher availability of resources could then only be realized through 
higher quality of the eggs with which the experiments were started. We did not find evidence for higher 
performance of the juveniles of the guava strain than those of the eucalyptus strain (Fig. 1), so we con-
sider this explanation unlikely.

The remaining question is why the eucalyptus strain of T. leucoceraea did not remain on guava, which 
is the better host. There may also be other advantages associated with eucalyptus, for example, lower risks 
of predation or parasitism (i.e. enemy free space)52, or improved immune functions against pathogens or 
parasitoids53. These alternatives will be the focus of future work.

Materials & Methods
Cultures. Plant material for the T. leucoceraea cultures was obtained by growing seedlings, obtained 
from commercial growers, outside the laboratory until they were 3–6 months old. Thyrinteina leuco-
ceraea densities in the field were low (Grosman and Janssen, pers. obs.) and collections did not yield 
sufficient individuals to perform experiments with field-collected individuals. Therefore, cultures were 
established by collecting caterpillars from two areas with guava and two with eucalyptus (E. grandis) on 
the campus of the Federal University of Viçosa, Minas Gerais, Brazil (20°45′  S, 42°51′  W). The distance 
among the areas was 0.5–2 km. The laboratory cultures were regularly supplemented with individuals 
from the field. Caterpillars from the two plant species were treated as separate strains (coined the guava 
and eucalyptus strain). Hence, each strain consisted of caterpillars from two areas with the same plant 
species, and was reared on the original host plant species. Caterpillars were reared either in groups 
within cages or individually in plastic cups. The rearing cages (70 ×  70 ×  100 cm) were placed outside the 
laboratory, and contained intact host plant seedlings. The rearing cups (plastic 500-ml cups closed with 
fine gauze) were kept in the laboratory at ambient temperature (c. 25 °C) and were exposed to natural 
light conditions (13L:11D). The cups contained small twigs of the host plant, of which the stems were 
inserted into moist vermiculite on the bottom of the cups to maintain leaf turgor. New twigs were added 
twice per week. Pupae were transferred to cages containing host plants and a small piece of moist filter 
paper dipped in a solution of honey in water (10% w/v). In these cages, adults emerged, mated and the 
females oviposited. Eggs were collected from the cages once a week, and were left to hatch in a rearing 
cage (see above).

Survival, development and pupal weight. Per herbivore strain, six pairs of male and female pupae 
were randomly selected from the cultures. Owing to rearing limitations, three of the six pairs from the 
eucalyptus strain were selected two weeks after the other pairs. However, almost none of the larvae of 
these later pairs survived to adulthood, contrary to the offspring of the first three pairs. Therefore, we 
omitted the data of the larvae of this later cohort from the analysis of survival, development, fecundity 
and pupal weight.

Each pair was allowed to emerge, mate and oviposit in a cylindrical cardboard cage (50 cm height/20 cm 
diameter). The cages were positioned inside the laboratory at ambient temperature (25 °C) and were 
exposed to natural light conditions (13L:11D). Inside the cage, we placed a fresh leaf of the same plant 
species as consumed by the herbivores during the larval period. A piece of cotton wool, moistened with 
a solution of honey in water (10% w/v), was placed on the bottom of the cage. Eggs were collected from 
the cage and incubated (25 °C 13L:11D) until emergence in a plastic cup (500 ml) closed with fine gauze. 
Twelve first-instar caterpillars were collected 1–12 hours after emergence from the batch produced by 
each adult pair. The caterpillars were placed individually in Petri dishes (14 cm diameter) containing a 
eucalyptus or guava leaf (six caterpillars per diet). We used leaves from six eucalyptus and six guava trees 
from the areas mentioned above (see ‘cultures’). From the third instar on, caterpillars were reared indi-
vidually in plastic cups containing a leaf, as used in the cultures (see above). We scored survival of the 
caterpillars daily and replaced leaves that had visibly lost turgor. Each caterpillar consumed leaves of the 
same tree during the entire experiment. Pupae were weighed (Precisa 262SMA-FR, Precisa Instruments 
Ltd, Switzerland) and their sex was determined one day after pupation.

The cumulative proportion of herbivores surviving until adulthood was analysed with a time-to-event 
analysis (Cox proportional hazards model of the “coxme” package of R 2.1254) with host species and 
strain as fixed factors and parent pair and tree individual from which the leaves were collected as random 
factors. Developmental rates from 1st instar larva to adulthood were analysed with a similar model with 
the same factors, except that gender was included as extra fixed factor, because developmental rates of 
males and females often differ in arthropods. We used a linear mixed effects model (lme of the package 
nlme55) for the analysis of pupal weight (log-transformed), with gender, host plant and strain as fixed 
factors and parent pair and tree individual as random factors. In all analyses, we started with a full model 
including interactions of all fixed factors, and subsequently removed non-significant interactions and 
factors until a minimal adequate model was reached.

Fecundity. The pupae obtained in the above experiment were incubated in a climate box until emer-
gence (± 25 °C; 12L: 12D). Approximately twelve hours after emergence, male and female adults were 
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paired within each treatment. The pairs were allowed to mate and the females oviposited under the same 
conditions as in the survival and development experiment (see above). After the females had died, the 
eggs were collected from the cage and counted.

Differences in adult fecundity were tested with a linear mixed effects model with host plant and strain 
as fixed factors and parent pair and tree individual as random factors. The relation between pupal weight 
and fecundity was initially tested with a similar model with pupal weigh, host plant and strain as fixed 
factors and parent pair and tree individual as random factors. Host plant, strain, parent pair and tree 
proved to be not significant, and we therefore used a GLM with a quasi-Poisson error distribution with 
pupal weight as factor.

Net reproductive rate and intrinsic growth rate. The net reproductive rate is the product of the 
age-specific survival rate and oviposition rate corrected for the offspring sex ratio (proportion females). 
The intrinsic growth rate uses this same product but also incorporates the developmental rate and the 
timing of the oviposition events56,57. We estimated the net reproductive rate (R0) and the intrinsic growth 
rate (rm) using the survival rate of the entire cohort of each treatment (Fig. 1), and the developmental rate 
(Fig. 2), fecundity data and offspring sex ratio of the individual females (above), further assuming that 
the pre-oviposition period was 3 days and the oviposition period was 6 days (based on A.H. Grosman, 
pers. obs.) for all treatments. We used the Lotka-Euler equation to estimate the intrinsic growth rate56,57. 
A jackknife method was used to obtain means and confidence intervals of the two rates for each treat-
ment. This method involves the calculation of both rates for the entire population minus one individual, 
and this process is repeated with each individual being left out in turn. Averages were considered sig-
nificantly different when the 95% confidence intervals did not overlap. We further verified this with a 
GLM on the jackknife values with host plant and strain as factors, a Gaussian error distribution for the 
intrinsic growth rate and a quasi-Gaussian distribution for the reproductive rate.

References
1. Gould, F. Rapid host range evolution in a population of the phytophagous mite Tetranychus urticae. Evolution 33, 791–802 (1979).
2. Futuyma, D. J. & Moreno, G. The evolution of ecological specialization. Annu. Rev. Ecol. Syst. 19, 207–233 (1988).
3. Jaenike, J. Host specialization in phytophagous insects. Annu. Rev. Ecol. Syst. 21, 243–273 (1990).
4. Scheirs, J., Jordaens, K. & De Bruyn, L. Have genetic trade-offs in host use been overlooked in arthropods? Evol. Ecol. 19, 

551–561 (2005).
5. Ehrlich, P. R. & Raven, P. H. Butterflies and plants: A study in coevolution. Evolution 18, 586–608 (1964).
6. Levins, R. Evolution in changing environments: Some theoretical explorations. (Princeton University Press, 1968).
7. Kawecki, T. J. Accumulation of deleterious mutations and the evolutionary cost of being a generalist. Am. Nat. 144, 833–838 

(1994).
8. Dethier, V. G. Evolution of feeding preferences in phytophagous insects. Evolution 8, 33–54 (1954).
9. Fry, J. D. The evolution of host specialization: Are trade-offs overrated? Am. Nat. 148, S84–S107 (1996).

10. Thompson, J. N. Trade-offs in larval performance on normal and novel hosts. Entomol. Exp. Appl. 80, 133–139 (1996).
11. Rausher, M. D. The evolution of habitat preference in subdivided populations. Evolution 38, 596–608 (1984).
12. Reznick, D. Costs of reproduction: an evaluation of the empirical evidence. Oikos 44, 257–267 (1985).
13. Roff, D. A. Trade-offs between growth and reproduction: an analysis of the quantitative genetic evidence. J. Evol. Biol. 13, 

434–445 (2000).
14. Dieckmann, U. & Doebeli, M. On the origin of species by spympatric speciation. Nature 400, 354–357 (1999).
15. Kondrashov, A. S. & Kondrashov, F. A. Interactions among quantitative traits in the course of sympatric speciation. Nature 400, 

351–354 (1999).
16. Bergelson, J., Dwyer, G. & Emerson, J. J. Models and data on plant-enemy coevolution. Annu. Rev. Genet. 35, 469–499 (2001).
17. Reboud, X. & Bell, G. Experimental evolution in Chlamydomonas. III. Evolution of specialist and generalist types in environments 

that vary in space and time. Heredity 78, 507–514 (1997).
18. MacLean, R. G. & Bell, G. Experimental adaptive radiation in Pseudomonas. Am. Nat. 160, 569–581 (2002).
19. Cooper, V. S. & Lenski, R. E. The population genetics of ecological specialization in evolving Escherichia coli populations. Nature 

407, 736–739 (2000).
20. Magalhães, S., Fayard, J., Janssen, A., Carbonell, D. & Olivieri, I. Adaptation in a spider mite population after long-term evolution 

on a single host plant. J. Evol. Biol. 20, 2016–2027 (2007).
21. Magalhães, S., Blanchet, E., Egas, M. & Olivieri, I. Are adaptation costs necessary to build up a local adaptation pattern? BMC 

Evol. Biol. 9, 182 (2009).
22. Kawecki, T. J. & Ebert, D. Conceptual issues in local adaptation. Ecol. Lett. 7, 1225–1241 (2004).
23. Karowe, D. N. Predicting host range evolution - colonization of Coronilla varia by Colias philodice (Lepidoptera: Pieridae). 

Evolution 44, 1637–1647 (1990).
24. Carriere, Y. & Roff, D. A. The evolution of offspring size and number - a test of the Smith-Fretwell model in 3 species of crickets. 

Oecologia 102, 389–396 (1995).
25. Mackenzie, A. A trade-off for host plant utilization in the black bean aphid, Aphis fabae. Evolution 50, 155–162 (1996).
26. Caballero, P. P., Ramirez, C. C. & Niemeyer, H. M. Specialization pattern of the aphid Rhopalosiphum maidis is not modified by 

experience on a novel host. Entomol. Exp. Appl. 100, 42–52 (2001).
27. Gu, H., Cao, A. & Walter, G. H. Host selection and utilisation of Sonchus oleraceus (Asteraceae) by Helicoverpa armigera 

(Lepidoptera: Noctuidae): a genetic analysis. Ann. Appl. Biol. 138, 293–299 (2001).
28. Yano, S., Takabayashi, J. & Takafuji, A. Trade-offs in performance on different plants may not restrict the host plant range of the 

phytophagous mite, Tetranychus urticae. Exp. Appl. Acarol. 25, 371–381 (2001).
29. Thiery, D. & Moreau, J. Relative performance of European grapevine moth (Lobesia botrana) on grapes and other hosts. Oecologia 

143, 548–557 (2005).
30. Janzen, D. H. On ecological fitting. Oikos 45, 308–310 (1985).
31. Agosta, S. J. On ecological fitting, plant-insect associations, herbivore host shifts, and host plant selection. Oikos 114, 556–565 

(2006).
32. Via, S. The genetic structure of host plant adaptation in a spatial patchwork: demographic variability among reciprocally 

transplanted pea aphid colonies. Evolution 45, 827–852 (1991).



www.nature.com/scientificreports/

9Scientific RepoRts | 5:16211 | DOI: 10.1038/srep16211

33. Fox, C. W. & Caldwell, R. L. Host-associated fitness trade-offs do not limit the evolution of diet breadth in the small milkweed 
bug Lygaeus kalmii (Hemiptera, Lygaeidae). Oecologia 97, 382–389 (1996).

34. Feder, J. L. & Filchak, K. E. It’s about time: the evidence for host plant-mediated selection in the apple maggot fly, Rhagoletis 
pomonella, and its implications for fitness trade-offs in phytophagous insects. Entomol. Exp. Appl. 91, 211–225 (1999).

35. Reis, M. & Reis, G. G. A contribuição de pesquisa florestal para a redução de impactos ambientais do reflorestamento. An. 
Simpósio Bras. Pesqui. Florest. Belo Horiz. Minas Gerais Bras. (1993).

36. Marsh, K. J., Foley, W. J., Cowling, A. & Wallis, I. R. Differential susceptibility to Eucalyptus secondary compounds explains 
feeding by the common ringtail (Pseudocheirus peregrinus) and common brushtail possum (Thichosurus vulpecula). J. Comp. 
Physiol. B - Biochem. Syst. Environ. Physiol. 173, 69–78 (2003).

37. Burchfield, E., Agar, N. S. & Hume, I. D. Effect of terpenes and tannins on some physiological and biochemical parameters in 
two species of phalangerid possums (Marsupialia: Phalangeridae). Aust. J. Zool. 53, 395–402 (2005).

38. Wiggins, N. L., Marsh, K. J., Wallis, I. R., Foley, W. J. & McArthur, C. Sideroxylonal in Eucalyptus foliage influences foraging 
behaviour of an arboreal folivore. Oecologia 147, 272–279 (2006).

39. Pereira, J. M. M., Zanuncio, J. C., Schroereder, J. H. & Gasperazzo, W. L. Indices faunisticos e flutuação populacional de 
lepidopteros daninhos aos eucalyptos da região de Montes Claros, MG. An. Soc. Entomol. Bras. 23, 327–334 (1994).

40. Zanuncio, J. C., do Nascimento, E. C., Carcia, J. F. & Zanuncio, T. V. Major lepidopterous defoliators of eucalypt in southeast 
Brazil. For. Ecol. Manag. 65, 53–63 (1994).

41. Braganca, M., De Souza, O. & Zanuncio, J. C. Environmental heterogeneity as a strategy for pest management in Eucalyptus 
plantations. For. Ecol. Manag. 102, 9–12 (1998).

42. Ribeiro, G. T., Mendonça, M. D., de Mesquita, J. B., Zanuncio, J. C. & Carvalho, G. S. Spittlebug Cephisus siccifolius damaging 
eucalypt plants in the state of Bahia, Brazil. Pesqui. Agropecuária Bras. 40, 723–726 (2005).

43. Forister, M. L., Dyer, L. A., Singer, M. S., Stireman, J. O. & Lill, J. T. Revisiting the evolution of ecological specialization, with 
emphasis on insect-plant interactions. Ecology 93, 981–991 (2012).

44. Roff, D. A. Life history evolution. (Sinauer Associates, 2002).
45. Diamond, S. E. & Kingsolver, J. G. Fitness consequences of host plant choice: a field experiment. Oikos 119, 542–550 (2010).
46. Leather, S. R. Size, reproductive potential and fecundity in insects - things aren’t as simple as they seem. Oikos51, 386–389 

(1988).
47. Awmack, C. S. & Leather, S. R. Host plant quality and fecundity in herbivorous insects. Annu. Rev. Entomol. 47, 817–844 (2002).
48. Moreau, J., Benrey, B. & Thiery, D. Assessing larval food quality for phytophagous insects: are the facts as simple as they appear? 

Funct. Ecol. 20, 592–600 (2006).
49. Anonymus, N. N. Boletim Infotmativo. Inst. Pesqui. E Estud. Florestais Universidade São Paulo Braz. (1977).
50. Divan, A. M. J., Oliva, M. A., Martinez, C. A. & Cambraia, J. Effects of fluoride emissions on two tropical grasses: Chloris gayana 

and Panicum maximum cv. Colonião. Ecotoxicol. Environ. Saf. 67, 247–253 (2003).
51. Van Noordwijk, A. J. & de Jong, G. Acquisition and allocation of resources: their influence on variation in life history tactics. 

Am. Nat. 128, 137–142 (1986).
52. Menken, S. B. J., Herrebout, W. M. & Wiebes, J. T. Small ermine moths (Yponomeuta): Their host relations and evolution. Annu. 

Rev. Entomol. 37, 41–66 (1992).
53. Vogelweith, F., Moreau, J., Thiéry, D. & Moret, Y. Food-mediated modulation of immunity in a phytophagous insect: An effect 

of nutrition rather than parasitic contamination. J. Insect Physiol. 77, 55–61 (2015).
54. Therneau, T. M. coxme: Mixed Effects Cox Models. (2015). at < http://CRAN.R-project.org/package= coxme> .
55. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. nlme: Linear and Nonlinear Mixed Effects Models. (2014). at < http://

CRAN.R-project.org/package= nlme> .
56. Birch, L. C. The intrinsic rate of natural increase of an insect population. J. Anim. Ecol. 17, 15–26 (1948).
57. Carey, J. R. Applied demography for biologists, with special emphasis on insects. (Oxford University Press, 1993).

Acknowledgements
The reviewers are thanked for constructive comments on an earlier version of this ms. A.H.G. and A.J. 
thank the Federal University of Viçosa and especially Prof. Eraldo Lima for providing the necessarily 
facilities. Martijn Egas and Tessa van der Hammen are thanked for useful discussions. Special thanks to 
Seu Geraldo for allowing us to collect leaves and insects from his guava. A.H.G. was supported by The 
Netherlands Organization for Scientific Research (NWO-WOTRO) grant nr. W 84-520. A.J. received a 
scholarship from FAPEMIG, Brazil (PVE), A.P. from CNPq, Brazil. Maurice Sabelis, our dear friend, 
colleague and tutor, sadly passed away in January 2015. We miss him dearly.

Author Contributions
A.H.G., A.J.M.‐G., R.M.‐D. and A.J. carried out the field work, A.H.G., A.J. and M.W.S. designed the 
experiments, J.A.J.B carried out the genetic analysis, A.H.G., S.B.J.M., M.W.S., J.A.J.B. and A.J. wrote the 
manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Grosman, A. H. et al. No adaptation of a herbivore to a novel host but loss of 
adaptation to its native host. Sci. Rep. 5, 16211; doi: 10.1038/srep16211 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

<http://CRAN.R-project.org/package=coxme>.
<http://CRAN.R-project.org/package=nlme>.
<http://CRAN.R-project.org/package=nlme>.
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	No adaptation of a herbivore to a novel host but loss of adaptation to its native host
	Results
	Discussion
	Materials & Methods
	Cultures. 
	Survival, development and pupal weight. 
	Fecundity. 
	Net reproductive rate and intrinsic growth rate. 

	Acknowledgements
	Author Contributions
	Figure 1.  Kaplan Meier survivorship of herbivores of the guava line (dashed lines) and the eucalyptus line (drawn lines) on guava (white symbols) and on eucalyptus (black symbols).
	Figure 2.  Cumulative proportion of herbivores originating from guava (dashed line) and eucalyptus (drawn line) reaching adulthood when feeding on guava (black symbols) or on eucalyptus (white symbols).
	Figure 3.  Average pupal weight (±SE) of male and female T.
	Figure 4.  Relationship between weight of female pupae and the total number of eggs produced by females when adults.
	Figure 5.  Average (±95% confidence intervals after jackknifing) net reproductive rate (R0, a) and intrinsic growth rate (rm, b) of the eucalyptus and guava strain on a diet of eucalyptus and guava host plant foliage.
	Table 1.   Results of statistical tests of life-history parameters of the guava and eucalyptus strains of the geometrid moth Thyrinteina leucoceraea on eucalyptus and guava hosts.
	Table 2.   Results of statistical tests of performance of the guava and eucalyptus strains of the geometrid moth Thyrinteina leucoceraea on eucalyptus and guava hosts.



 
    
       
          application/pdf
          
             
                No adaptation of a herbivore to a novel host but loss of adaptation to its native host
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16211
            
         
          
             
                Amir H. Grosman
                Adrián J. Molina-Rugama
                Rondinelli Mendes-Dias
                Maurice W. Sabelis
                Steph B.J. Menken
                Angelo Pallini
                Johannes A.J. Breeuwer
                Arne Janssen
            
         
          doi:10.1038/srep16211
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16211
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16211
            
         
      
       
          
          
          
             
                doi:10.1038/srep16211
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16211
            
         
          
          
      
       
       
          True
      
   




