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Environmental variation experienced by a single genotype can induce phenotypic
plasticity in various traits, such as behavioural, physiological and developmental
characteristics. It can occur within the lifetime of an individual through within-generation
phenotypic plasticity (WGP) or vertically across generations through transgenerational
phenotypic plasticity (TGP). However, knowledge about TGP and the co-occurrence of
WGP and TGP is still limited. In insect host-plant selection, the ability to alter phenotypic
traits through WGP is well documented while the importance of TGP and the possible
co-occurrence between the two is largely unknown. Host-plant selection of both larvae
and adults of the polyphagous moth Spodoptera littoralis can be modified by previous
experience through WGP. Thus, the aim of this study was to investigate if parental
host-plant experience can influence host-plant choice behaviour and performance
of S. littoralis offspring through TGP. For this, we tested effects of rearing parents
on different host plants on the offspring’s first instar larval migration and host plant
choice, larval development and adult oviposition. A transgenerational effect on larval
development was found, with increased pupal weight on a matching host-plant diet to
that of the parent, when larvae were reared on cotton (good larval host plant) while no
such effect was found on maize (poor larval host plant). These findings indicate that TGP
of S. littoralis progeny development traits may only occur under favourable conditions.
Parental diet did not affect larval host plant choice or migration. Furthermore, no effect
of parental diet was found on offspring oviposition behaviour, indicating that adult
female host-plant selection is governed by innate preference hierarchy and WGP, rather
than TGP. Thus, parental diet may influence offspring performance but not behaviour,
indicating that WGP is most important for host-plant selection behaviours in S. littoralis,
but TGP can affect progeny development. If so, the importance of different types of
plasticity may vary among traits of S. littoralis associated with host plant utilisation.

Keywords: within-generation phenotypic plasticity, transgenerational phenotypic plasticity, anticipatory
plasticity, larval performance, insect behaviour, Lepidoptera, Spodoptera littoralis
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INTRODUCTION

Phenotypic plasticity is the ability of individual genotypes
to modify traits, such as physiological, morphological and
behavioural characteristics, quickly in response to biotic and
abiotic environmental variation (West-Eberhard, 1989; Agrawal,
2001a; Whitman and Agrawal, 2009). It can increase the fitness of
individuals in their experienced environments (Lande, 2009), and
may include changes in both behaviour and development within
the lifetime of an organism. Such within-generation plasticity
(WGP) has been observed in diverse taxa, and theoretical
models of the phenomenon have been widely supported
with empirical data (West-Eberhard, 1989; Lande, 2009).
Furthermore, phenotypic traits can be transferred vertically
across generations through transgenerational plasticity (TGP),
a non-genetic process that has been described in various ways,
e.g., as parental effects, maternal effects, paternal effects, non-
genetic inheritance, epigenetic inheritance, and prenatal learning
(Mousseau and Fox, 1998; Uller, 2008; Bonduriansky et al,
2012; Peralta Quesada and Schausberger, 2012). TGP has been
documented in plants (Herman and Sultan, 2011), vertebrates
(Salinas and Munch, 2012), and invertebrates (Mousseau and
Fox, 1998). However, there is still much less evidence of TGP
than WGP, and theoretical models of TGP are not well supported
by empirical data. Thus, there are substantial gaps in knowledge
of TGP’s roles and importance (Bonduriansky et al., 2012). Some
empirical support for TGP in morphological and physiological
traits has been reported (Herman and Sultan, 2011; Donelson
etal., 2018; Yin et al., 2019). For example, herbivory of Raphanus
raphanistrum plants may increase their offspring’s leaf trichome
density (Agrawal et al.,, 1999; Agrawal, 2001b) and changes in
defensive features, earlier maturation and increased reproductive
output have been observed in progeny of Daphnia parents
exposed to predator cues (Agrawal et al., 1999; Walsh et al., 2015).
Effects of parental experience on offspring behaviour have also
been found, for example, fear conditioning in mice (Dias and
Ressler, 2014) and feeding preferences of predatory mites (Peralta
Quesada and Schausberger, 2012). However, although behaviour
is considered to show high phenotypic plasticity, and organisms’
behavioural traits are often the first to change in response to
environmental changes (West-Eberhard, 1989), effects of TGP on
behaviour have received less attention.

Predictive models have indicated that both WGP and TGP are
favoured by spatial and temporal environmental heterogeneity,
environmental cues that are reliable predictors of upcoming
environmental conditions, and low costs of plasticity (Uller, 2008;
Bonduriansky et al., 2012; Dury and Wade, 2019). However,
there are differences in the theoretical frameworks regarding the
kinds of conditions that favour WGP, TGP and their possible
co-occurrence. Studies on Daphnia spp. have supported the
decoupling of WGP and TGP, indicating that selective pressures
tend to favour either one or the other (Walsh et al., 2015,
2016). It has also been argued that if either WGP or TGP can
optimise a trait there is no need for a combination of the two
(Donelson et al., 2018). Contrarily, other models have suggested
that WGP and TGP can co-exist and that information from
environmental cues can be integrated for a specific phenotypic

trait (Leimar and McNamara, 2015). Empirical support for this
theory has been provided, e.g., by indications of their co-
occurrence in Daphnia defence mechanisms and development
(Agrawal et al, 1999; Mikulski and Pijanowska, 2010) and
drought adaptations of Polygonium persicaria (Sultan et al.,
2009). Furthermore, it has been suggested that species with high
ability to express WGP should also have high ability to express
TGP (Woestmann and Saastamoinen, 2016), thus potentially
favouring their co-occurrence.

Behavioural changes in foraging and host-finding induced by
WGP have been well documented in various insects, including
parasitoids (Turlings et al., 1993), honeybees (Menzel and Miiller,
1996) and herbivores (Anderson and Anton, 2014). There is
also evidence of insects’ morphological and physiological traits
being altered by TGP (Woestmann and Saastamoinen, 2016;
Donelson et al., 2018). For example, parental exposure to UV
light has been shown to affect wing coloration of offspring of the
butterfly Papilio polytes (Katoh et al., 2018). Moreover, feeding
on host plants of similar quality to plants their parents fed on
has been found to promote development of offspring of both
Coenonympha pamphilus and Pieris rapae (Cahenzli and Erhardt,
2013; Cahenzli et al., 2015). In addition, a study on the moth
Bicyclus anynana showed that offspring preference for a synthetic
odour was increased if the parents were reared on plant material
coated with high doses of the same odour (Gowri et al., 2019).
However, studies on effects of TGP on behaviour, particularly
host-plant choice, using natural plant material are still lacking.

The Egyptian cotton leaf worm, Spodoptera littoralis Boisduval
(Lepidoptera: Noctuidae), is a generalist phytophagous insect
(Pogue, 2002), with an innate preference hierarchy for host plants
that can be modified by WGP in both larval and adult stages.
Larval host plant feeding experience has been found to induce
a preference for the experienced host plant in later larval stages
(Carlsson et al., 1999), and subsequent adult moth oviposition
and mating behaviour (Anderson et al,, 2013; Thoming et al.,
2013; Proffit et al., 2015). Moreover, mating experience affects
subsequent reproductive behaviour of both male and female
adults (Proffit et al, 2015). As the importance of WGP for
host plant choice in S. littoralis is well established it provides a
good model to investigate the occurrence of TGP and possible
interactions between, and co-occurrence of, WGP and TGP.
Thus, the objective of this study was to investigate whether
TGP, induced by parental experience to host plants, can affect
preferences and performance of the species’ offspring. First, we
investigated whether first instar larval host-plant choice and
migratory behaviour are influenced by parental diet. We then
followed the performance of larvae reared on the parental host
plant or a different plant in a cross-comparison experiment.
Finally, we tested whether the oviposition preference of the
offspring was influenced by the parental diet.

MATERIALS AND METHODS

Plants and Insects
Plants of three species — cotton (Gossypium hirsutum, cv. Delta
Pineland 90, Malvaceae), cowpea (Vigna unguiculata subsp.
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Unguiculata, Fabaceae) and maize (Zea mays, cv. Sweet Nugget,
Poaceae) — were used in this study. They were cultivated until
use (before flowering) in experiments in a commercial substrate
(Kronmull, Weibull Tradgard AB, Hammenhog, Sweden) in 1.5 L
pots for 5-6 weeks at 25 + 2°C, 70 &= 5% RH in a greenhouse with
artificial light provided by Osram Powerstar HQI-T, 400 W/D
lamps in 16:8 h L:D cycles.

The rearing strain of S. littoralis was founded from moths
collected in Alexandria, Egypt, in 2008 and has been regularly
refreshed with new wild-collected specimens from Egypt. Larvae
were fed a potato-based artificial diet (Hinks and Byers, 1976) and
kept at 25 + 2°C, RH 65 + 2% with 17:7 h L:D cycles. Adults
were kept at 25 & 2°C, RH 50 £ 2% with 16:8 h L:D cycles.
Adult males and females were separated at the pupal stage and
kept separate until mating.

Adult Oviposition Preference Rearing

Procedure

The hypothesis that parental experience of this moth may affect
oviposition preference of the offspring was tested in a four-
generation rearing experiment, as follows. First-generation (F0)
insects were reared on the artificial diet. Resulting pupae were
sexed and kept separate. Sugar solution was provided as an
energy source for the merging adults. Two to three days after
hatching, single couples were mated in the absence of plants (FO0).
Mating of all replicates was observed and directly after mating
the females were introduced to a cage with cotton plants to lay
eggs. The offspring was then fed on cotton and adult females
were introduced to a cage with cotton plants to mate and lay eggs.
This was repeated for three generations (F1-F3). Females of the
fourth generation were introduced to either cages with cotton
plants or in the absence of plants for mating and oviposition,
creating two separate rearing lines. One, consisting of larvae from
eggs laid on cotton, was kept on cotton for the fourth generation
(designated F4 cotton) while larvae of the other line, from eggs
laid in cages with no plants, were kept on artificial diet (F4
artificial diet).

Adult Oviposition Preference

In this experiment, the females were allowed to choose to
lay eggs on either cotton or cowpea plants. Larval experience
of feeding on cotton has been previously shown to induce
a preference for cotton over the innately preferred cowpea
(Théming et al, 2013). Females that had not been exposed
to plant odours as adults of FO, F1, F2, F3, F4 generations
fed on cotton and F4 fed on artificial diet were mated with
unexposed males from the same feeding background and put in
mating cages (length and width 28 c¢m; height 29 cm, N = 25
per treatment) containing detached cotton and cowpea leaves
in water-filled vials (diameter 2 cm, height 9 cm). Detached
leaves were used because they have previously given comparable
results to intact plants in preference experiments (Thoming et al.,
2013). Females were left in the cages and were able to oviposit
on the leaves for 3 days. Cages were checked for eggs on a
daily basis and eggs oviposited on the plants were removed
and weighed.

Rearing Procedure for Larval Behaviour

and Performance Assays

Eggs produced by the parental generation (F0) reared on artificial
diet were collected and placed in plastic boxes (width 24 cm,
height 7 cm, depth 18 cm) until hatching. Hatched larvae were
randomly divided into two groups, one of which was fed on
detached maize leaves and the other on detached cotton leaves.
The plants were chosen partly because third and fourth instar
larvae have different innate preferences for them, and partly
because they differ in suitability as hosts, with cotton being
considered a good host and maize a poor host (Anderson
et al. unpublished data). Larvae were reared in groups of 60
individuals. Males and females were separated at the pupal stage,
then after emergence males and females were transferred to a
mating cage where mating occurred in the presence of the larval
host plant. Eggs deposited on the plants were then removed and
left to hatch in plastic boxes with no plant material.

Larval Host-Plant Choice Assay

Naive first instar larvae (F1), from parents reared on either
cotton (N = 318) or maize (N = 326), were placed in Petri
dishes (diameter 8.5 cm, height 1.5 cm), each containing a maize
leaf disc and a cotton leaf disc (both 0.5 cm diameter). Leaf
discs were placed 5 cm apart in diametric opposition. To avoid
positional effects, alternate replicates were rotated at 180° with
respect to the others, so the leaf discs had different orientations.
Since S. littoralis is known to use olfactory cues for host-plant
identification (Salloum et al., 2011), the first choice was noted
when a larva had oriented towards one of the leaf discs and
touched it. Twenty-four batches of thirty randomly selected
larvae were used in the tests, to ensure that the behaviour could be
successfully observed. Larvae that did not make a choice within
4 h were excluded from further analysis.

Migration Assay

Naive first instar larvae (F1) from parents reared on either cotton
or maize were put in boxes (length 24 cm, width 18 cm, height
7 cm) containing cotton and maize leaves placed in water-filled
vials (diameter 2 cm, height 9 cm). The larvae were put on
either the plant that their parent was reared on or the other one.
This resulted in four possible combinations, designated cotton
X cotton, maize X maize, maize x cotton and cotton x maize,
where the first and second plants are those that the parents and
offspring were reared on, respectively. There were 20 replicates
of each combination except cotton-maize (19) and 20 larvae in
each replicate. To avoid positional effects, alternate replicates
were rotated at 180° with respect to the others, so the leaves had
different orientations. After 72 h, the number of larvae present
on each plant was counted. Larvae that were not present on any
of the plants were excluded from the experiment.

Performance Assay

Individual first instar larvae (F1), from parents fed on cotton
or maize, were transferred to individual plastic cups (30 ml)
containing either cotton or maize, creating four possible parent-
offspring combinations (maize x maize, maize x cotton,
cotton X maize, cotton X cotton: N = 80 in each case). Food
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was provided ad libitum during their entire development, and
their mortality, larval development time (period from hatching
to pupation) and pupal weight were recorded. The larvae were
checked daily during the later larval instars to see if pupation had
occurred, and pupae were weighed 24 h after pupation.

Statistics

A preference index, based on the total egg weight oviposited on
the two plants by each female in the adult oviposition preference
assay, was defined as follows:

Adult oviposition preference index

_ (egg weight on cotton — egg weight on cowpea)

(total egg weight)

The index ranges from 1 (absolute preference for cotton) to —1
(absolute preference for cowpea), with 0 indicating no preference.
Larval migration was calculated as the percentage of larvae that
migrated from one plant to the other:

(migrated larvae)

Larval migration =
& (total number of larvae)

This variable ranges
(migration of all larvae).

The Wilcoxon signed rank test was used to test the significance
of between-treatment differences in non-parametric datasets,
such as the female oviposition preference, larval migration and
development time values (which did not satisfy the normal
distribution null hypothesis of the Shapiro-Wilk test, at P = 0.009,
P < 0.001 and P = 0.003, respectively). Post hoc pairwise
comparisons were conducted using Dunn’s test as implemented
in the R package dunn.test (Dinno, 2017), with Bonferroni
correction for the larval migration and development time. In the
female oviposition bioassay, the response of the first generation
(FO) was compared to the response of every other generation
(F1-F4). To compensate for mass-significance, the P-values
were multiplied by the number of relevant comparisons. A chi-
square test was performed to assess the significance of preference
differences in the larval host plant choice bioassay.

As pupal weight data obtained in the performance bioassay
were not normally distributed (according to the Shapiro-
Wilk test; P < 0.001) they were subjected to square-root
transformation, then fitted using a linear model. Differences in
pupal weight were analysed using ANOVA, with post hoc (Tukey’s
HSD) pairwise comparisons implemented using the glht function
in the multicomp R package (Hothorn et al., 2008).

A chi-square test was applied to assess the significance
of between-treatment differences in mortality rates in the
performance bioassay. In all tests, P < 0.05 were considered
statistically significant. All statistical analyses were performed
using R statistical software version 3.6.1 (R Core Team,
2019), and figures were created with the software packages
ggplot2 version 3.2.1 (Wickham, 2016) and ggpubr version 0.3.0
(Kassambara, 2020).

from 0 (no migration) to 1

»

—
[=]
L

e
W

Adult oviposition preference
(=]
(=)

L
—

&

FIGURE 1 | Effects of larval diet experience on oviposition preference

(mean + SE of the preference index) of the five generations (FO—F4) reared on
either the artificial diet (beige bars) or cotton (dark green bars) when given a
choice of cotton (> 0) or cowpea (< 0) plants. Asterisks indicate significant
difference between treatments (Dunn’s test, P < 0.05).

0 Fl 2 F3 F4 F4
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Generation

RESULTS

Adult Oviposition Preference

We detected significant between-treatment differences in adults’
host plant oviposition preferences (Wilcoxon signed rank test,
Z = —14.456, P < 0.001; Figure 1). These included differences
between the generation (F0) reared on the artificial diet and
subsequent generations (F1-F4) reared on cotton (N = 25 in
each case, Dunn’s test: Z = —2.884, P = 0.019; Z = —3.749,
P < 0.001; Z = —2.950, P = 0.016; and Z = —3.470, P = 0.003).
In contrast, no difference in oviposition preference was found
between the FO and F4 generations reared on artificial diet
(N =25; Z = 1.240, P = 1).

Larval Host Plant Choice

Parental host plant experience had no significant effect on
offspring host plant choice [x?(1) = 0.585, P = 0.444; Figure 2].
Offspring from parents reared on cotton (N = 318) choose
maize 41% and cotton 59% of the time while offspring from
parents reared on maize (N = 326) choose maize 44% and cotton
56% of the time.

Larval Migration

We detected between-treatment differences in migratory
behaviour of first instar larvae (Wilcoxon rank sum test,
Z = —6.782, P < 0.001; Figure 3). Larvae placed on maize
migrated more frequently [on average 73% migration in the
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FIGURE 2 | Feeding preferences of first instar larvae: number of offspring that
chose maize (light green bar) and cotton (dark green bar) of parents reared on
cotton or maize. No significant effect of parental host plant experience was
detected (x2 > 0.05).
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FIGURE 3 | Indices of migration from maize (light green boxes) and cotton
(dark green boxes), ranging from 0 (no migration) to 1 (migration of all the
larvae) of first instar larvae with matching and mismatching parental diets.
Boxplots show means (black lines) and 25-75% percentiles. Whiskers show
data ranges, excluding outliers (black circles, defined as values more than one
box length from the upper and lower edges of the corresponding boxes).
Different letters indicate significant between-treatment differences (Dunn’s
test, P < 0.05).

maize X maize treatment (N = 20) and 59% migration in the
cotton X maize treatment (N = 20)] than those placed on cotton
[on average 4.5% migration in the maize X cotton treatment
(N = 20) and 5% migration in the cotton X cotton treatment

26 1

24

Offspring diet

* Cotton

1
- Maize

22 1
a

a
@ I — —
20 1 ‘
18 1

Cotlton
Parental diet

Development time (d)

T
Maize

FIGURE 4 | Development time from first instar to pupation of larvae on maize
(light green boxes) and cotton (dark green boxes), of parents reared on either
a matching or mismatching diet. Boxplots show means (black lines) and
25-75% percentiles. Whiskers show data ranges, excluding outliers (black
circles, defined as values more than one box length from the upper and lower
edges of the corresponding boxes). Different letters indicate significant
between-treatment differences (Dunn'’s test, P < 0.05).

(N = 20)]. This applied to offspring of parents reared on both
maize (maize X cotton versus maize X maize, Dunn’s test,
Z = —5.783, P < 0.001) and cotton (cotton x cotton versus
cotton X maize, Dunn’s test, Z = —4.896, P < 0.001). However,
the parental diet had no effect on the migratory behaviour of
offspring larvae (cotton x cotton versus maize x cotton, Dunn’s
test, Z = 0.069, P = 1; maize x maize versus cotton X maize,
Dunn’s test, Z = —0.744, P = 1).

Development Time

Development time from first larval instar to pupation differed
between the treatments (Wilcoxon rank sum test, Z = —21.6,
P < 0.001; Figure 4). Offspring on cotton developed faster than
offspring on maize independently of parental diet [maize X
cotton (N = 79) versus maize x maize (N = 78), Dunn’s test,
7 = —7.154, P < 0.001; cotton x cotton (N = 77) versus cotton
x maize (N = 76), Dunn’s test, Z = —9.678, P < 0.001]. The
parental diet did not affect the development time when offspring
were reared on cotton (cotton x cotton versus maize X cotton,
Dunn’s test, Z = —1.884, P = 0.179) or maize (maize X maize,
cotton x maize, Dunn’s test, Z = 0.752, P = 1).

Pupal Weight

Results of the larval performance bioassay showed that pupal
weight differed between the treatments (LM, F = 389, df = 3/306,
P < 0.001; Figure 5). Larvae reared on cotton had a higher
pupal weight than larvae reared on maize, independently of
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FIGURE 5 | Pupal weight of larvae reared on maize (light green boxes) and
cotton (dark green boxes) of parents reared on either a matching or
mismatching diet. Boxplots show means (black lines) and 25-75%
percentiles. Whiskers show data ranges, excluding outliers (black circles,
defined as values more than one box length from the upper and lower edges
of the corresponding boxes). Different letters indicate significant
between-treatment differences (LM, Tukey’s HSD test, P < 0.05).

parental diet (maize X cotton versus maize X maize, t = —20.925,
P < 0.001; cotton x cotton versus cotton X maize, t = —26.889,
P < 0.001). Offspring reared on cotton with a matching parental
diet had a higher pupal weight than offspring reared on cotton
with mismatching parental diet (cotton x cotton versus maize x
cotton, t = —4.919, P < 0.001). In contrast, no effect of parental
diet on pupal weight was detected in offspring reared on maize
(cotton x maize versus maize X maize, t = 1.365, P = 0.523).

Mortality

No difference in mortality rate was detected between the
treatments: x2(3) = 2.06, P = 0.560. Offspring reared on cotton
with matching (cotton x cotton) and mismatching (maize X
cotton) parental diets had mortality rates of 3.75 and 1.25%,
respectively. Offspring reared on maize with matching (maize x
maize) and mismatching (cotton X maize) parental diets had
mortality rates of 2.5 and 5%, respectively.

DISCUSSION

In this study we found transgenerational effects of parental
diet on larval development, but not the behaviour of progeny
larvae or adults of S. littoralis. Larvae reared on cotton from
parents reared on the same diet reached a higher pupal
weight than larvae from parents reared on maize, but there
was no difference in their development time. The difference
observed between offspring reared on cotton with matching and

mismatching parental diets could be explained by anticipatory
transgenerational effects affecting offspring weight, e.g., through
epigenetic modulations (Glastad et al, 2019) or vertically
transferred symbionts (Paniagua Voirol et al., 2018). Increases in
the fitness of offspring relative to parental fitness under matching
conditions has been predicted in theoretical studies (Uller
et al., 2013; Engqvist and Reinhold, 2016) and detected in both
plants (Herman and Sultan, 2011) and vertebrates (Salinas and
Munch, 2012). Anticipatory transgenerational effects have also
been observed in invertebrates, including findings that offspring
of the lepidopterans Pieris rapae and Coenonympha pamphilus
developed best on food with the same nitrogen content as food
that the parental generation had received (Rotem et al., 2003;
Cahenzli and Erhardt, 2013). However, in our study a positive
effect on offspring development was only found when offspring
and parent diet was matched on the good host plant cotton, as
no increase on offspring larval weight was found for offspring
reared on maize with parents on a matching diet compared to
the mismatching diet. When reared on a suboptimal host plant,
the stressful environment limits the resources available for the
parental generation and could reduce means of cue transfer
through TGP to subsequent generations, thereby limiting the
adaptive adjustment of the offspring (Uller et al., 2013). Effects
of host plant quality have been observed in maritime pine, as
Vivas et al. (2013) found that offspring of parents reared in benign
conditions had higher pathogen resistance and growth rates than
individuals grown in less favourable conditions. Furthermore,
we have in S. littoralis found that on high quality food, larval
olfactory experience is transferred to the adult through WGP
and affect host plant choice while this does not occur on low
quality food (Lhomme et al., 2018). Another possible explanation
to the results could be silver spoon effects that allow parents
from benign environments to give their offspring a heads start
in life through transmission of abundant resources that would
increase fitness independent of the environment of the offspring
(Bonduriansky et al, 2012; Uller et al, 2013; Engqvist and
Reinhold, 2016). In our study, we would expect that a silver spoon
effect should increase the weight of offspring from parents reared
on cotton irrespective of the larval diet, but we only found this
effect on progeny that were fed cotton and not on those fed maize.
Negative carry-over effects could potentially also be involved,
we would then expect detrimental effects on the development
of larvae with parents fed on maize. However, we detected no
difference in pupal weight of offspring reared on maize related
to the parental diet. Thus, we found no clear evidence for either
silver spoon or carry-over effects.

The oviposition experiments revealed no transgenerational
effects, as cotton versus cowpea preferences did not differ
between females reared on the artificial diet after three
generations on cotton and females of the first generation with no
experience of plants during the larval stage. If transgenerational
effects had influenced the oviposition preference, the females
transferred to the artificial diet after three generations on cotton
should have had a stronger preference for cotton than the first
generation reared on the artificial diet. The oviposition results
corroborate findings from our earlier studies that host plant
selection of S. littoralis relies on an innate preference hierarchy
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between host plants that is modified through WGP, where larval
feeding experience induces a preference for the experienced plant
(Théming et al., 2013).

The migration assay clearly showed that there was a difference
in the behaviour of the larvae on the two host plants. First instar
larvae that were placed on maize migrated towards cotton at a
much higher extent compared to the number of larvae migrating
from cotton to maize. This is most likely due to that cotton is
a more suitable host plant for larval development than maize
(Anderson et al. unpublished data). The lower food quality of
maize could induce larval movement and increase their search
for an alternative host plant. A difference in migration behaviour
has also been shown for larger larvae of S. littoralis, where
more larvae were found to leave damaged cotton plants with
induced defence than undamaged plants (Anderson et al., 2011).
However, although S. littoralis larvae may actively migrate from
less suitable plants, and WGP can strongly influence the species’
feeding preference (Carlsson et al., 1999; Salloum et al., 2011), we
detected no effect of parental diet on migration behaviour of first
instar larvae, or larval host-plant choice.

Recent genetic and mathematical models of WGP, TGP and
their possible coexistence predict that the two types of plasticity
can operate either separately or additively, depending on the
environmental conditions (Lande, 2009; Ezard et al.,, 2014;
Leimar and McNamara, 2015; Dury and Wade, 2019). Empirical
support for this has been found in both plants and animals
(Agrawal etal., 1999; Sultan et al., 2009; Mikulski and Pijanowska,
2010; Walsh et al, 2015, 2016; Katoh et al, 2018). The
experiments reported here provided no evidence of TGP affecting
the behaviour of S. littoralis, supporting the hypothesis that the
two types of plasticity operate separately for a specific trait, as
postulated by Walsh et al. (2015, 2016). Theoretical models of
WGP, TGP and their possible co-occurrence indicate that WGP
is the dominating type of plasticity (Kuijper and Hoyle, 2015;
Leimar and McNamara, 2015). However, the developmental data
obtained in this study show that transgenerational effects may
be present in S. littoralis when environmental conditions are
favourable, and there may be interactions between WGP and TGP
under these conditions. Thus, WGP and TGP could potentially
influence specific traits connected to host plant utilisation either
separately or additively.

WGP may influence behavioural choices of S. littoralis more
strongly than TGP because the associated cues are temporally
closer to them than parental cues, and more accurate predictors
of current availabilities and qualities of host plants (Kuijper
and Hoyle, 2015). We have previously identified a sensitive
period in the late larval instar of S. littoralis in which larval
host plant experience modifies subsequent adult behavioural
decisions, while early larval experience is not retained (Lhomme
et al,, in press). Thus, the information is gathered close to the
adult stage, and the decision mechanism takes into account
factors that affect larval development. Such WGP increases the
salience of the previously experienced plant, reduces risks of
mismatching conditions in the ovipositing female’s environment,
and could make the transfer of parental experience through TGP
redundant (Donelson et al., 2018). Furthermore, the host plant
choice is under maternal control and she will likely lay her eggs

on the same plant (through WGP), thereby reducing selective
pressures favouring the evolution of TGP-mediated effects on the
behaviour of offspring larvae. However, under such conditions, a
transgenerational transfer of cues that increases the ability of the
progeny to develop on that specific plant species could be very
valuable and promote TGP of such traits.

In conclusion, this study suggests that TGP may modify
the physiological state of S. littoralis offspring in a manner
that enhances their performance on the parental host plant.
However, such enhancement may only occur when conditions
are favourable. The results also indicate that host plant-mediated
behaviours of both adult females and first instar larvae are
strongly influenced by innate preferences and WGP, but not
by the parental diet. However, mechanisms underlying the
higher pupal weight of offspring reared on cotton with a
matching parental diet are still unknown, and further studies
on anticipatory TGP, WGP and their possible co-occurrence in
S. littoralis focused on these mechanisms in both favourable and
unfavourable conditions are warranted.
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