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Abstract

The study of variability generated by phenotypic plasticity is crucial for predicting evolutionary patterns in insect-plant
systems. Given sufficient variation for plasticity, host race formation can be favored and maintained, even
simpatrically. The plasticity of size and performance (assessed by the lifetime fitness index rm) of six clones of Myzus
persicae was tested, with replicates allowed to develop on two hosts, kale (Brassica oleracea var. acephala) and
radish (Raphanus sativus). The clones showed significant variability in their plasticity. Reaction norms varied
through generations and negative genetic correlation, although not significant, tend to increase with the duration of
host use. The lack of plasticity in lifetime fitness among generalist clones occurred as an after-effect of the highly
plastic determinants. Significant morphological plasticity in host used was observed, but no variation in the plastic
responses (GxE interaction) was detected. Strong selection for a larger size occurred among individuals reared on
radish, the most unfavorable host. Morphological plasticity in general body size (in a multivariate sense) was not
linear related to fitness plasticity. These observations suggest that a high potential for the evolution of host
divergence favors host race formation.
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Introduction

Phenotypic variation in natural populations is influ-

enced by genetic variability but is also environmentally de-

pendent (Schlichting, 1986; Scheiner, 1993; Via et al.,

1995). Such environmentally-modulated plasticity may

have an important role in the evolution of insect/plant inter-

actions (Schlichting, 1986; Mopper, 1996). The plasticity

of an insect in relation to its host allows the production of a

superior phenotype without major genetic changes (Via,

1990; Thompson, 1991). Several phytophagous insects are

known for their ability to use hosts that are morphologically

and chemically distinctive (Gold, 1979; Fry, 1989). The

performance of plastic organisms can be explained ecologi-

cally by their capacity to make physiological, morphologi-

cal and behavioral adjustments in response to the

nutritional, toxicological and anatomical features of their

host plants.

Morphological plasticity, including the absence of a

response to the environment, does not necessarily mean the

lack of an ability to explore multiple host plants. Morpho-

logical effects may be mediated through marked plasticity

of physiological characters (Schlichting, 1986). In some

cases, morphological plasticity occurs as a byproduct of de-

velopmental systems with a maladapted archetype

(Schlichting and Pigliucci, 1995), and therefore does not

represent a mechanism by which relative fitness is main-

tained in response to environmental variation (Thompson,

1991).

Given sufficient variation in the plastic responses for

a particular trait (variation in reaction norms), plasticity can

evolve independently of the mean trait (Scheiner, 1993).

However, if the pressures on each host are increased or

maintained, the costs for plasticity can become very high

and lead to trade-offs (Via and Lande, 1985; Sterns, 1989).

Trade-offs constitute the fundamental basis for host race

formation (Joshi and Thompson, 1995; Mackenzie, 1996).

Therefore, knowledge of the developmental patterns under-

lying phenotypic variation is crucial for understanding evo-

lutionary mechanisms, particularly specialization.

This study describes the morphological and physio-

logical plastic responses of Myzus persicae clones under

distinct environmental regimes imposed by the host plant

characteristics. The effects of each environment on the ge-

netic structure of the population and the relevance of
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phenotypic plasticity to the evolution of host race forma-

tion are discussed.

Material and Methods

Collection and maintenance of clones

Adult female Myzus persicae were collected at sev-

eral locations in the city of Uberlândia (MG, Brazil), from

February to April, 1998, to establish laboratory partheno-

genetic clones. These clones were collected from distinct

hosts (broccoli, kale, radish, arugula and Chinese cabbage)

kept in order to ensure genetic variability. Stock cultures

were maintained on Chinese cabbage leaves and in plastic

containers in a refrigerator (15 °C). Chinese cabbage was

selected as the host for stock cultivation because of its easy

conservation and extended durability under refrigeration.

Physiological plasticity

The experiments were done during March, 1998, in

experimental gardens at the Federal University of Uberlân-

dia. Brassica oleracea L. var. acephala (kale) and

Raphanus sativus L. (radish) were cultivated as the hosts to

be tested. Adult females from each clone of M. persicae,

were placed individually in clip cages attached to leaves of

the hosts in order to initiate parthenogenetic descendents.

From each generation produced, some individuals were

chosen at random to establish parthenogenetic lineages.

These individuals were monitored for their developmental

time (from birth to the first reproductive day) and daily fe-

cundity (number of nymphs produced each day). Alata fe-

males were discarded. Three generations were analyzed,

giving a total of 30 individuals per clone from each host.

A life time index of fitness was calculated using the

formula rm = (0.745/dt)*loge (ft), where dt is the develop-

mental time and ft is the number of nymphs produced by the

time that the parent aphid is exactly two dt days old (Wyatt

and White, 1977). The values for rm, daily fecundity and de-

velopmental time were examined using analysis of vari-

ance in order to obtain the species’ plastic potential and its

variability among clones (Via and Lande, 1985). The

causal components of variation were estimated from the

mean square values in a two-way mixed model ANOVA ta-

ble performed across environments (hosts). The use of

cloned individuals can facilitate the estimation of genetic

and environmental components of plasticity, although it

does not allow the partitioning of genetic variances into ad-

ditive and non-additive effects (Via, 1990). Norms of reac-

tion were constructed for each character analyzed and

genetic correlations were assessed to verify whether there

were trade-offs (Falconer, 1989).

Morphological plasticity

Aphids were preserved in 70% ethanol prior to being

mounted for morphometric analysis under a microscope

equipped with a micrometer. Five morphological features

were measured in 15 adult individuals from each clone

from both environments (hosts). These characters were: ul-

timate rostral segment length (UR), distance between the

siphunculi (SS) and lengths of the right antennal segment

III (A), hind tibia (HT), and siphunculus (S).

Principal Component Analysis was used to assess the

nature and magnitude of variation in the morphological

characters, and an index of general body size (in a

multivariate sense) was then estimated using a correlation

matrix of the original characters (Manly, 1994). The plas-

ticity and causal components of variation were analysed as

described above for the physiological characters. The ge-

netic correlation for general size across environments was

estimated using the scores of the first principal component.

The phenotypic and genetic correlations between physio-

logical and morphological characters were also assessed in

order to determine the extent to which two particular char-

acters were influenced by the same genes (Falconer, 1989).

These correlations were estimated using the Pearson corre-

lation coefficient. All statistical analyses were done using

the computer software package SYSTAT for Windows,

version 9.0 (Systat, Evaston, Ill, USA).

Results

Plasticity of fitness and its components

The average values and standard errors for the traits

studied on each host are given in Table 1. Analysis of vari-

ance showed a significant difference in the average perfor-

mance (genetic variability) among genotypes, as assessed

by the fitness lifetime measurements in both environments

(F = 5.581, p < 0.0001). Clones responded phenotypically

to the environmental conditions and this source of variation

explained most of the total variance (F = 59.854;

p < 0.0001). Significant variability in quantitative plasticity

among genotypes (genotypic x environment interaction)

was also present, indicating a different response for each

genotype (F = 7.474, p < 0.0001) (Table 2).

The reaction norms that indicated the direction of

variation (Figure 1) confirmed the variability and demon-

strated the occurrence of trade-offs at a population level.

Thus, the clones with the best performance on kale were,

respectively, those with the worse fitness indices on radish.

For other clones, the performances on both hosts were simi-

lar. The fitness values fluctuated through generations, and
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Table 1 - Traits (average ± standard errors) of Myzus persicae clones

reared on kale (Brassica oleracea var. acephala) and radish (Raphanus

sativus).

Radish Kale

Fitness (rm) 0.12 ± 0.01 0.31 ± 0.01

Fecundity 5.71 ± 0.18 4.85 ± 0.10

Size 0.26 ± 0.11 -0.34 ± 0.09

Developmental time 6.60 ± 0.11 7.60 ± 0.13



no consistent pattern of variation was detected among

clones on the two hosts. Such instability modified the reac-

tion norm diagrams over time, mainly because of the in-

creases in total variability (Figure 2).

The relative contributions of the components of varia-

tion to each generation indicated by ANOVA showed a de-

crease in the variability caused by environmental

conditions, followed by an increase in variability due to

genetic and genetic x environment influence (Table 3). Fe-

cundity was significantly higher among individuals reared

on radish than those reared on kale (F = 12.013, p = 0.001).

On the other hand, the developmental period was longer on

kale than on radish (F = 35.393; p < 0.0001). Some clones

did not show plasticity for these components (Table 1).

Plasticity of morphological traits

All morphological traits were highly correlated so

that a multivariate approach using PCA was satisfactory for

reducing the dimensionality of the data (Manly, 1994).

Since the signs and magnitudes of the first principal com-

ponent were very similar, this component was interpreted

as an index of general size, explaining 54.6% of the total

variation (Table 4). Two-way ANOVA was done but the

scores of the first principal components revealed no genetic

variability among the clones and no significant interaction

between clones and hosts (Table 5). However, environment

(host) had a significant effect and explained most of the to-

tal variation for general size. All of the clones, except for

one, tended to be larger when reared on radish than on kale.
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Table 2 - Two-way ANOVA for the fitness (rm) of Myzus persicae clones

reared on kale (Brassica oleracea var. acephala) and radish (Raphanus

sativus).

Source SS DF MS F p

Clone 0.787 5 0.157 5.581 <0.0001

Host 1.687 1 1.687 59.854 <0.0001

Clone x Host 1.054 5 0.211 7.474 <0.0001

Figure 1 - Reaction norm for the fitness (rm) of Myzus persicae clones

reared on kale (Brassica oleracea var. acephala) and radish (Raphanus

sativus).

Figure 2 - Reaction norm for the fitness (rm) among three generations (G1,

G2, G3) of Myzus persicae clones reared on kale (Brassica oleracea var.

acephala) and radish (Raphanus sativus).

Table 3 - Two-way ANOVA for fitness (rm) among three generations (G1,

G2, G3) of Myzus persicae clones reared on kale (Brassica oleracea var.

acephala) and radish (Raphanus sativus).

Genera-

tion

Source SS DF MS F p

Clone 0.332 5 0.066 2.266 0.0540

G1 Host 0.918 1 0.918 31.326 <0.0001

Clone x Host 0.188 5 0.038 1.283 0.2780

Clone 0.460 5 0.092 2.532 0.0300

G2 Host 0.443 1 0.443 12.209 0.0010

Clone x Host 0.286 5 0.057 1.575 0.1690

Clone 0.510 5 0.102 5.712 <0.0001

G3 Host 0.123 1 0.123 6.874 0.0090

Clone x Host 0.556 5 0.111 6.231 <0.0001



Genetic and phenotypic correlations

The genetic correlation between general size and en-

vironments was not significant (r = 0.126, p = 0.813), nor

was size correlated with fecundity (rradish lineages = 0.975,

p = 0.273 rkale lineages = 0.596, p = 0.212). Size was also not

correlated with fitness in a specific environment

(rradish lineages = 0.659, p = 0.155 and rkale lineages = -0.344,

p = 0.505). Phenotypic correlations between size and fe-

cundity and between size and fitness were significant for

individuals raised on kale but not for those raised on radish.

Discussion

Plasticity of host utilization

Individual genotypes from the populations studied

varied in their physiological responses according to the en-

vironmental conditions. The insects showed significant

phenotypic plasticity for fitness when B. oleracea var

acephala and R. sativus were used as hosts. There was also

considerable variation in plasticity associated with the

amount and direction of responses among genotypes. For

more host-specialized genotypes, the cost of plasticity, i.e.

the cost of maintaining the genetic and cellular machinery

necessary to be plastic (Scheiner, 1993) is very high, and

results in a gradual tendency toward specialization

(Rausher, 1988). Thus, an increase in the efficiency with

which one host is used leads to a decrease in the efficient

use of an alternative host. The gradual loss in the ability to

use several hosts associated with the increased adaptation

to a particular host indirectly expresses the selection for

host races or biotype formation (Rausher, 1988).

The specialization of phytophagous insects generally

depends on the ability to colonize a new host and on

changes in the life history parameters of the population in a

new environment. These factors may make gene flow be-

tween the original population and the newly founded popu-

lation difficult (Futuyma and Moreno, 1988). Barriers to

gene flow could not be investigated in M. persicae since

this species reproduces only asexually at the latitude where

the study was conducted. On the other hand, the condition-

ing of host choice, a process in which aphids tend to choose

the host on which they were raised (Guldemond, 1990),

could magnify the divergences between biotypes originat-

ing from disruptive selection (Pereira and Lomônaco,

2001).

Trade-offs in performance have been examined in the

current paradigm to explain host specialization (Rausher,

1984). The lack of a significant negative genetic correlation

for performance for the population studied does not mean

that trade-offs were absent. Even small negative genetic

correlations among traits simultaneously selected in dis-

tinct environments can promote evolutionary change

(Rausher, 1988). Environmental modification can also pro-

duce positive genetic correlations that may counterbalance

negative correlations (Service and Rose, 1985), and antago-

nistic pleiotropy may also be present without any detect-

able effect (Fry, 1993). The absence of negative genetic

correlations may also mean that evolution of reaction

norms is still in progress (Via and Lande, 1985).

The genetic correlation between the same traits in the

two environments measures the degree of genetic inde-

pendence (additivity) between these characters (Falconer,

1989) and allows the evaluation norms of reaction modifi-

cation over time (Via, 1993). Nevertheless, this procedure

does not assess the absence or presence of shared genetic

control (independence of loci) since it includes the com-

bined effects of allelic sensitivity (Schlichting and Pigliuci,

1993, 1995). Both of these models of gene-environmental

interaction (e.g. pleiotropic and epistatic interactions) can

contribute to the expression of plastic responses (Scheiner,

1993). Regardless of the mechanism responsible for gener-

ating fitness plasticity in M. persicae, the population is as-

sumed to have sufficient variability in the character itself

and in its ability to show plastic responses.

The presence of more generalist genotypes which

possess much more flexible functional properties indicates

that the costs of plasticity are not always high enough to

curtail host use. To some extent, generalist genotypes were

able to maintain a coherent metabolic integration on both

hosts, without substantially compromising their fitness out-
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Table 4 - Two first principal components for morphometric measure-

ments of adult female Myzus persicae reared on kale (Brassica oleracea

var. acephala) and radish (Raphanus sativus).

Morphometric

measurements

Components

1 2

S 0.787 0.398

SS 0.656 -0.534

A 0.826 0.374

HT 0.859 0.115

UR 0.509 -0.728

Variance explained

by components

2.730 1.728

Percent of total variance

explained (%)

54.6 22.6

(A: right antennal segment III; HT: hind tibia; S: right siphunculi; SS: dis-

tance between the siphunculi; UR: ultimate rostral segment length).

Table 5 - Two-way ANOVA for the size (scores of the first component) of

Myzus persicae clones reared on kale (Brassica oleracea var. acephala)

and radish (Raphanus sativus).

Source SS DF MS F p

Clone 8.984 5 1.797 2.082 0.0700

Host 20.519 1 20.519 23.781 <0.0001

Clone x Host 4.633 5 0.927 1.074 0.3770



put or survival. Since the overall fitness of a genotype re-

sults from the integration of several characters, a less

variable fitness index across environments can be a conse-

quence of the genotype’s highly plastic determinants. In-

deed, the fitness components were very plastic across

environments. The developmental period and fecundity

varied between environments and across generations. For

most of the M. persicae clones analyzed, a greater fecun-

dity on radish was not accompanied by greater fitness on

this host when compared with the fitness values on kale.

This appears to be a consequence of the high mortality rates

of the aphids when raised on radish. High mortality is there-

fore compensated for by high fecundity among generalists

that may be adopting a strategy to maximize descendant

survivorship (Dixon and Wellings, 1982). When plasticity

contributes positively to fitness, it can be considered adap-

tive, and constitutes an important advantage in exploiting

heterogeneous environments (Leclaire and Brandl, 1994).

Plasticity of size

The clones responded phenotypically to host quality.

Although significant differences in size were observed,

variation in the plastic responses (genetic x environment in-

teraction) was not detected since all clones tended to be

larger when reared on radish.

The variation in size among individuals reared on rad-

ish was smaller than among those raised on kale. This re-

duced variability indicated strong selection for size. Yet,

why should survival on radish be conditioned to a specific

size? If the costs of survivorship on radish are high, only

larger individuals would be able to survive and reproduce.

According to Dixon (1985), under stable conditions, fecun-

dity and the size of aphid nymphs are positively correlated

with their mother’s size, although adverse conditions may

sometimes alter this correlation (Grüber and Dixon, 1988).

An alternative hypothesis to explain the larger size of

individuals reared on radish is that larger individuals also

have larger feeding segments. In the particular case of

aphids, several aspects of their hosts, such as the structure

and abundance of trichomes on the leaf surface, (radish

leaves have more trichomes than kale) are related with their

modes of locomotion and the dimensions of the feeding ap-

paratus (Moran, 1986). Constraints, such as the impact that

the depth of phloem places on birth size have also been pos-

tulated as determinants in the selection for body size in

aphids (Dixon et al., 1995). Therefore, if a larger ultimate

rostral segment (URS) is necessary to increase fitness on

radish, the smallest aphids would not be expected to sur-

vive. Characteristics that help an organism maintain its fit-

ness are likely targets for selection (Via and Shaw, 1996).

However, selection may not be operating on one character

(URS) alone but on the whole phenotypic morphological

expression of the organism (e.g. body size in the allometric

sense).

As pointed out by Trussel (1996), caution must be ex-

ercised in evoking morphological plasticity as being re-

sponsible for microevolutionary change. Nevertheless,

morphological divergence may have an important role in

the mechanisms of sympatric speciation (Futuyma and

Moreno, 1988).

Genetic and phenotipic correlations

Genetic correlations estimate the degree of independ-

ence of the expression of traits in two environments (Via

and Lande, 1985). Thus, if characters are being influenced

by an environmental stimulus, the phenotypic/genetic cor-

relations among these characters would also be expected to

change across environments (Schlichting, 1986). Host

quality thus clearly influences the expression of fitness and

size in M. persicae. Changes in the magnitude and direction

of the genetic correlations appear to indicate different ge-

netic mechanisms of character determination. This new ge-

netic architecture may be caused by the expression of a new

set of genes or the differential expression of the same genes,

with pleiotropic effects on the characters measured (Hollo-

way et al., 1990). Changes in the genetic correlations be-

tween traits in distinct environments have been reported in

several studies (Rausher, 1984; Via, 1884a,b; Leclaire and

Brandl, 1994).

The positive, significant phenotypic correlations be-

tween the characteristics analyzed among aphids raised on

kale contrasted with the insignificant correlations among

aphids raised on radish. This finding indicates that size and

fitness did not covary uniformly across environments and

reinforces the possibility that the genetic mechanisms con-

trolling these traits are distinct, or at least not linearly re-

lated.

The environmental contribution to plasticity is thus

not systematic for all characteristics, and genotypic effects

may contribute to this diversification. Since the influence

of allele sensitivity and loci independence cannot be sepa-

rated, differences in at least one of these mechanisms

among the genotypes would be sufficient to produce non-

linear correlated responses. These results indicate that host

divergence provides a wide scope for evolution and favors

the formation of host-specific races of M. persicae for kale

and radish.
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