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Abstract Thermal adaptation is a key facet safe-
guarding organismal function among ectothermic
organisms. In this era of rapidly changing envi-
ronments, understanding the diverse mechanisms
mediating organismal climate stress resistance
have become a priority given contrasting effects
on organisms, vis declines in keystone species
and an increase in invasive pest species. Here, we
review mechanisms and patterns of thermal adap-
tation among shifting climates, specifically focus-
ing on Lepidoptera, an economically significant
insect order owing to its importance in agriculture
and conservation. Lepidoptera are highly distinct,
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comprising species of diverse and unique morphol-
ogy, ontogenetic development, habitat types and
diets. Similarly, the diversity of adaptive responses
ensuring survival under diverse thermal niches is
equally remarkable. We therefore outline the mech-
anisms underpinning the success of Lepidoptera,
mainly focusing on the important families and spe-
cies which have quite attracted research attention
in that order. We conclude by highlighting future
studies for better understanding of lepidopteran
species thermal adaptation under climate change.
Understanding such adaptation will assist in accu-
rate predictions and management of pest insect
species and help conservation efforts in keystone
species of the order Lepidoptera.

Keywords Behavioural thermoregulation -
Climate change - Insect conservation - Morphology -
phenotypic plasticity - Thermal stress

Introduction

The order Lepidoptera is the second largest, most
diverse and widespread in the class Insecta, including
more than150,000 species (Altermatt, 2009; Perveen
& Khan, 2017; Rabieh, 2018). It consists of ~126
families and 46 superfamilies comprising butterflies,
skippers, micro and macro moths (Perveen & Khan,
2017). This order is of high economic significance
since it includes pests of agricultural importance
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(Vreysen et al., 2016), keystone species for studies on
climate change responses (Hufnagel & Kocsis, 2011)
ecological services provider including pollinators,
trophic interactions (Ghazanfar et al., 2016) and pro-
viders of economic bioproducts e.g. silk (Fedic et al.,
2002). Due to their extensive polyphagy necessitated
by elaborate larval biting and chewing mouthparts,
the order is one of the most economically important
in both natural and agroecosystems (Rabieh, 2018).
Although lepidopterans ecological niches vary, with
each species occupying microhabitat which ade-
quately supports its survival, they are highly suscep-
tible to environmental changes (e.g. temperature and
relative humidity [RH]) (Maurer et al., 2018; Woest-
mann & Saastamoinen, 2016). It is thus not surpris-
ing that the order Lepidoptera has become a model
taxon in conducting research on insect responses to
global climate change (Perveen & Khan, 2017).
Anthropogenic activities have rapidly shifted habi-
tat environments by increasing average and magnitude
of variation of temperatures and frequency of extreme
weather events (e.g. heatwaves, cold snaps, floods and
drought) (IPCC, 2014; Harris et al., 2018). If mitiga-
tion measures against climate induced changes fail,
global concentrations of carbon dioxide are projected
to increase by 540-970 ppm, coupled with conse-
quent mean surface temperature increase of~1.4 to
5.8 °C by 2100 (Engelbrecht et al., 2015). Moreo-
ver, rainfall patterns will become more erratic, and
southern Africa is expected to be drier (Engelbrecht
et al., 2015). Such changes in habitat environments
may offset the integrity of the ecosystem which may
negatively impact on biodiversity, ecosystem function
and services (Bale et al., 2002; Bodlah et al., 2017,
Karuppaiah & Sujayanad, 2012). Due to habitat loss
and fragmentation, the challenge of tracking favour-
able environmental conditions in time and space in
most species is further compounded (Chevin et al.,
2010). As a result, thermal adaptation may be key to
survival. Without adaptive mechanisms to cope with
changing environments, many insect species may be
highly susceptible to extirpation. Thermal adaptation,
a result of natural selection, is the ability of the insect
to adjust to temperature variability (Sheikh et al.,
2017). The thermal adaptation hypothesis posits
that warm, aseasonal tropical environments produce
insect populations with higher and narrower critical
thermal limits (Kaspari et al., 2015). However, organ-
isms from more temperate environments are thought
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to have broader thermal breaths owing to the climate
variability hypothesis (Gutiérrez-Pesquera et al.,
2016). An insect with a genotype that enhances its
selective advantage in a certain environment is con-
sidered to have adapted to that particular environment
(Sheikh et al., 2017). Given the ectothermic nature of
most insects and diversity of microclimatic conditions
in any ecosystem (Kaspari et al., 2015; Pincebourde
& Woods, 2020), some may emerge ‘winners’ while
others emerge as ‘losers’ due to detrimental effects
(Mutamiswa et al., 2017a).

Temperature, one of the key abiotic factors plays
a significant role in influencing insect development,
reproduction, seasonal phenology, population dynam-
ics, distribution, survival, and abundance (Colinet
et al., 2015; Nguyen et al., 2014; Noh et al., 2017).
Insect performance is dependent on body tempera-
ture, and it varies with species and taxa (Foray et al.,
2014). Insects generally have a developmental ther-
mal window and optimum temperature at which all
activities are optimal. Hence any deviation from the
optimal may have negative consequences on fitness
and survival (Foray et al., 2014). In nature insects
often encounter heterogeneous overlapping environ-
mental stressors (e.g. heat, cold, desiccation, starva-
tion) which may negatively affect fitness and survival
(Bauerfeind & Fischer, 2013; reviewed in Zhang
et al., 2019). To adapt to these adverse conditions,
insects have evolved a suite of anti-stress mechanisms
such as behavioural, morphological and physiological
for survival (Bodlah et al., 2017; Chevin et al., 2010;
Chown & Nicolson, 2004; Mutamiswa et al., 2017b).

Behavioural mechanisms such as behavioural
thermoregulation, microhabitat selection and migra-
tion are the first line of responses to increased ther-
mal stress, due to low energy costs. In nature, this is
evidenced by variations in timing of daily activities
and/or different microhabitats explorations (Kleckova
& Klecka, 2016). As a behavioural thermoregulation
technique, some insects are known to change their
body orientations, bask in the sun or move between
shade and sun and vice versa (Sanborn, 2008). Body
orientation changes involves resting in an exposed
position to acquire radiant heat from the sun when
body temperature is low or seek shelter in a shade
to increase heat loss to the environment when body
temperature is high (Sanborn, 2008). Due to the
high surface area to volume ratio, there is faster heat
exchange between the insect and the environment.
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In addition, insects such as beetles and grasshoppers
usually press their bodies against warm ground sur-
face for uptake of heat through conduction when their
body temperatures are low (Sanborn, 2008). How-
ever, when their body temperatures rise, they extend
their legs and elevate their bodies to avoid contact
with the warm ground surface, a process called stilt-
ing. Microhabitat selection common in desert insects
involves vertical migration in which insects move
away from the ground when it becomes warmer and
move back to the ground when it is cool and windy to
seek warmth (Sanborn, 2008). To evade freezing tem-
peratures, monarch butterflies have been reported to
undergo long distance migration from North America
to Mexico (reviewed in Reppert & de Roode, 2018).
Similarly, a total of ten British butterfly species have
reportedly extended northwards in the past decades
owing to high temperatures (Bryant et al., 1997; Pol-
lard & Yates, 1992).

Morphologically, pigmentation plays a pivotal role
in insect adaptation to thermal stress (Sanborn, 2008).
The thermal melanism hypothesis posits that under
low ambient temperature conditions, dark organisms
have a fitness and survival advantage relative to light
organisms due to faster body warming rate at any
given level of solar radiation (Clusella-Trullas et al.,
2007). On the other hand, adaptation to warmer cli-
mates may be dependent on higher colour lightness
to minimize the negative effects of overheating. For
example, an enhanced fitness due to melanism has
been reported in butterflies resulting in increased
activity, fecundity and egg maturation rates as well as
avoidance of predators (Clusella-Trullas et al., 2007,
Ellers & Boggs, 2004; Roland, 2006). In addition,
some insects have bodies covered with hairs (insula-
tion that allows heat retention in the body) to survive
cool temperatures (Davis et al., 2005; Sanborn, 2008).
Moreover, to the plasticity of melanisation (see e.g.
Stoehr & Goux, 2008), this shows that body morphol-
ogy plays a key role in insect fitness under stressful
environments.

Physiologically, insects survive extreme thermal
conditions through genetic adaptation (Karl et al.,
2014) and phenotypic plasticity (Sgro et al., 2016).
Phenotypic plasticity is the ability of an organism of
the same genotype to remodel its phenotype based on a
change in environment (Whitman & Ananthakrishnan,
2009). It involves a number of mechanisms such as
hardening (rapid cold and heat hardening) (in the

short-term) acclimation under controlled laboratory
conditions or acclimatization in the field (longer-term)
(Chidawanyika & Terblanche, 2011; Mutamiswa
et al., 2018a; Nyamukondiwa et al., 2013). For exam-
ple, rapid cold hardening (RCH) improved survival in
lepidopterans such as Thaumatotibia leucotreta (Mey-
rick, 1913) (Stotter & Terblanche, 2009) and Chilo
partellus (Swinhoe, 1885) (Mutamiswa et al., 2018a).
On the other hand, rapid heat hardening (RHH)
improved survival in Cydia pomonella Linnaeus, 1758
(Chidawanyika & Terblanche, 2011) and C. partel-
lus (Mutamiswa et al., 2018a). Similarly, acclimation
improved fitness in Bicyclus anynana (Butler, 1879),
Tuta absoluta (Meyrick, 1917) and C. partellus (Fis-
cher et al., 2010; Mutamiswa et al., 2018a; Tarusikirwa
et al., 2020a). For example, low temperature increased
egg size in B. anynana (Fischer et al., 2003a). In addi-
tion, developmental acclimation (acclimation from the
larval and pupal stages) improved cold and heat toler-
ance in C. partellus (Mutamiswa et al., 2019). Pheno-
typic plasticity also appears to be ‘heritable’, through
epigenetic gene expression, a phenomenon called
transgenerational plasticity (Cavieres et al., 2020). For
example, ambient temperature experienced by parents
improved heat resistance in Drosophila melanogaster
(Meigen, 1830) offspring (Crill et al., 1996). Similarly,
low temperature exposure of Drosophila serrata (Mal-
loch, 1927) mothers increased fecundity in offspring
(Magiafoglou & Hoffmann, 2003). For lepidopterans
with a migratory history (Reppert & de Roode, 2018),
the processes and environmental effects in one habitat
may explain the fitness characteristics of individuals
upon arrival at a different environment, in a phenom-
enon called carry-over effects (Zheng et al., 2017).
This mechanism has been observed to improve ovi-
position rate and longevity in different insect species
including Plutella xylostella (Linnaeus, 1758) (Zhang
et al., 2015a, b) and Grapholita molesta (Busck, 1916)
(Zheng et al., 2017).

This background illustrates that adaptation to tem-
perature variation in various insect taxa is essential
for survival and success of the class Insecta under
changing environments. However, there are few stud-
ies on thermal adaptation of agriculturally important
pests, which consequently mask the effectiveness
of pest management options under climate change
(Hoffmann, 2017; Qi et al., 2019).

In this review, we highlight thermal adaptation
in Lepidoptera, covering the mechanisms behind
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successful establishment under rapidly changing
environments. We summarise thermal adaptation
from key aspects such as behavioural, evolutional,
morphological and physiological and discuss how
insects in this order enhance their thermal tolerance.
We highlight future research directions based on the
knowledge obtained to date on thermal adaptation in
this key order. Understanding these adaptations will
help in accurate predictions and management of some
economically important insects among lepidopterans.

Behavioural adaptation

As the first line of defence, behavioural adaptation
involves the actions that an organism employs either
individually or in a group in response to stress (Karl
et al., 2008; Sheikh et al., 2017). The key behavioural
mechanisms employed by insects include behav-
ioural thermoregulation techniques such as micro-
habitat selection, basking, spatio-temporal activity
cycle modifications and endothermy as well as long-
distance migration (Bodlah et al., 2017; Kleckova &
Klecka, 2016). Lepidopteran species may use a single
or a combination of these strategies within or across
developmental stages to avoid stress (see Table 1). To
raise their body temperatures above that of the envi-
ronment, some lepidopteran species bask in the sun
to absorb solar radiation. This activity is common in
cool environments and has been reported in various
insect species (see Table 1). Adult butterfly species
often exhibit three basking mechanisms such as lat-
eral, dorsal and reflectance (Kemp & Krockenberger,
2004). Lateral and dorsal basking involves strategic
body orientation such that either ventral or dorsal
wings respectively lie perpendicular to solar radia-
tion plane resulting in body temperature being raised
in preparation for key activities such as flight, mating
and food searching (Kemp & Krockenberger, 2004;
Tsai et al., 2020). On the other hand, reflectance
basking common in Pierinae species involves reflec-
tion of solar radiation through the use of dorsal wings
surfaces (Kingsolver, 1985; Kemp & Krockenberger,
2004). Most migratory lepidopteran species are from
the Nymphalidae and Pieridae families (Sheikh et al.,
2017).

In Lepidoptera, migration involves two key strat-
egies which include movement in one direction
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without returning to the area of origin and move-
ment to hibernating or aestivating sites where insects
undergo overwintering in a diapause state before
returning to the area of origin (Scoble, 1995). For
example, to avoid extreme winter conditions associ-
ated with extended sub-zero temperatures in tem-
perate regions, Danaus plexippus (Linnaeus, 1758)
migrate annually in Autumn (late September and
October) from North eastern America to overwin-
tering sites in central Mexico where cool and humid
conditions are prevalent (Larsen & Lee, 1994). Most
of these butterflies will be in a reproductive diapause
state, associated with lipid content increase and unde-
veloped ovaries (Gill et al., 2017). However, during
migration, these butterflies encounter unfavourable
climatic conditions such as frost, heavy dews and sub-
zero temperatures (Larsen & Lee, 1994), hence adap-
tation remains a key strategy in surviving these con-
ditions until they reach their destination. As a result,
heat gaining and other thermoregulation behaviours
play a pivotal role in facilitating survival. For exam-
ple, heat production through shivering allows but-
terflies to increase their thoracic temperatures thus
permitting them to crawl up vegetation to bask as
well as maintaining flight temperatures during partly
cloudy conditions (Masters et al., 1988). In addition,
Cnaphalocrocis medinalis (Guenée, 1854) adults are
known to migrate from Southwest to North eastern
China during spring and summer seasons as a way
of evading long-term heat stress in the southern parts
of China (Bodlah et al., 2017; Zhang et al., 1981).
During migration, C. medinalis, Mythimna separata
(Walker, 1865) and Autographa gamma (Linnaeus,
1758) have been reported to use multi-stop migra-
tion strategy (Table 1). This involves flying at dusk
for~300 km, rest at dawn and then fly again at the
next dusk (Alerstam et al., 2011; Wang et al., 2017).
When resting, these species replenish their energies
for the next flight through nectar feeding (Wang et al.,
2017).

In addition to migration, microhabitat selection,
defined as selection in the short term of thermally
favourable microclimates, plays a significant role in
thermal adaptation in lepidopteran mobile develop-
mental stages (larvae and adults) (Kiihrt et al., 2005;
Pincebourde & Woods, 2020). However, this behav-
ioural technique is not possible in other immobile
life stages (Bodlah et al., 2017; Kiihrt et al., 2005).
Consequently, habitat selection by females and larvae
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Table 1 Some behavioural strategies employed by various developmental stages of lepidopteran species in response to thermal
stress. The list may not be exhaustive but was compiled using literature available at the time of writing

Species Develop-  Type of stress Behavioural strategy used Reference
mental
Stage
Cnaphalocrocis medinalis  Adult High and low temperatures Multi-stop migration Chang et al., 1980; Zhang
etal., 1981
Adult High temperature Microhabitat selection Bodlah et al., 2017
Larva High temperature Leaf folding Bodlah et al., 2017
Larva High temperature Microhabitat selection Bodlah et al., 2017
Cydia pomonella Larva High temperature Microhabitat selection Kiihrt et al., 2005
Gonimbrasia belina Larva High temperature Microhabitat selection Frears et al., 1997
Larva High temperature Hanging Frears et al., 1997
Hyles lineata Larva High temperature Microhabitat selection Casey, 1976
Manduca sexta Larva High temperature Microhabitat selection Casey, 1976
Plutella xylostella Adult High temperature Microhabitat selection Talekar and Shelton, 1993
Aglais urticae Larva High temperature Microhabitat selection Bryant et al., 1997
Agrotis infusca Adult High temperature Annual migration Hill, 2007; Sheikh et al., 2017
Danaus plexippus Adult Low temperature Annual migration Reppert and de Roode, 2018
Shivering wings
Danaus plexippus Larva High temperature Microhabitat selection Rawlins and Lederhouse, 1981
Malacosoma americanum Larva Low temperature Microhabitat selection Knapp and Casey, 1986
Mythimna separata Adult High and low temperatures Multi-stop migration Chapman et al., 2010
Autographa gamma Adult High and low temperatures Multi-stop migration Chapman et al., 2010
Bombyx mori Larva High temperature Increased cocoon spinning Ramachandra et al., 2001
Pararge aegeria Adult Low temperature Basking Berwaerts et al., 2001
Euphydryas aurinia Larva Low temperature Basking Porter, 1982
Pieris occidentalis Adult Low temperature Basking Kingsolver, 1985
Pieris rapae Adult Low temperature Basking Ohsaki, 1986
Parrhasius m-album Adult Low temperature Lateral basking Tsai et al., 2020
Satyrium caryaevorus Adult Low temperature Lateral basking Tsai et al., 2020
Satyrium Favonius Adult Low temperature Lateral basking Tsai et al., 2020
Pieris melete Adult Low temperature Microhabitat selection Ohsaki, 1986
Pieris napi Adult Low temperature Microhabitat selection Ohsaki, 1986
Colias butterflies Adult Low temperature Basking Sherman and Watt, 1973
Microhabitat selection
Orgyia antiqua Larva High temperature Microhabitat selection Sandre et al., 2014
Hypolomnas bolina Adult Low temperature Basking Kemp and Krockenberger,
Microhabitat selection 2004
Larva High and low temperatures Seeking refuge in ground Sherman and Watt, 1973
mass cover
Parnassius apollo Larva High and low temperatures Microhabitat selection Ashton et al., 2009
Battus philenor Larva High and low temperatures Microhabitat selection Nice and Fordyce, 2006
Deilephila nerii Adult Low temperature Endothermy Dorsett, 1962
Helicoverpa punctigera Adult Low temperature Endothermy Coombs, 1993
Helicoverpa armigera Adult Low temperature Endothermy Coombs, 1993
Hyles euphorbia Adult Low temperature Endothermy Heinrich and Casey, 1973
Deilephila elpeno Adult Low temperature Endothermy Heinrich and Casey, 1973
Erebia aethiops Adult High temperature Flying under shade Kleckova and Klecka, 2016
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for oviposition and pupation respectively determines
fitness and survival of offspring (Bodlah et al., 2017).
For instance, third instar larvae of C. medinalis seek
shade on the lower parts of rice leaves when they
encounter high temperatures (Bodlah et al., 2017).
Towards pupation, larvae also move to the cool and
moist underside of rice leaves under heat stress since
pupae do not have capacity to behaviourally ther-
moregulate due to immobility (Bodlah et al., 2017).
Some lepidopteran species use regional endothermy
associated with thorax heat generation as a mecha-
nism of gaining heat to facilitate behavioural activi-
ties such as flight. For example, endothermic warm up
as a result of wing shivering in Helicoverpa armigera
(Hiibner, 1808) and H. punctigera (Wallengren, 1860)
by simultaneous contracting of their main upstroke
and downstroke muscles raised thoracic temperature
to flight threshold (Coombs, 1993; Heinrich, 1987),
and excess heat is used to raise temperatures of the
head and abdomen through haemolymph convec-
tion. This endothermic mechanism was also reported
in other insect species such that vibration and beat-
ing of wing warmed up flight muscles to tempera-
tures enough to facilitate flight (see Table 1). Con-
sequently, these behavioural attributes may facilitate
fitness of insects and facilitate their success in natural
and managed ecosystems.

Morphological adaptation

This form of adaptation involves change in physical
features that promote survival to stressful environ-
ments (Sheikh et al., 2017) such as changing body
colouration. Morphological changes are determined
by genetic and environmental cues and are key strat-
egies for thermal adaptation in lepidopteran spe-
cies (Solensky & Larkin, 2003). An analysis of 473
European butterfly and dragonfly species showed
that dark-coloured and light-coloured species favour
cooler and warmer climates respectively and biogeo-
graphical shifts from 1988 to 2006 resulted in species
assemblages becoming lighter in warming regions
(MacLean et al., 2016; Zeuss et al., 2014). Various
studies have reported how decreased melanism and
variable colour patterns morphologically influence
thermal adaptation in lepidopterans under variable
thermal conditions (Forsman et al., 2016; Hill et al.,
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2021; Scriber, 2020). For example, in cooler micro-
climates, darker and more melanic wings report-
edly enhanced heat absorption in butterflies while in
high elevation areas, longer thoracic setae helped in
retaining heat and increasing body temperatures (Hill
et al., 2021; Kingsolver & Moffat, 1982). In addition,
Colias meadii butterflies exhibited increased wing
melanism and longer setae at high elevation areas
following pupal developmental acclimation at cooler
temperatures indicating adaptive phenotypic plastic-
ity (MacLean et al., 2016). The butterflies of North
America and European temperate regions exhibit a
dark colouration compared to those from warmer
regions (Stelbrink et al., 2019). In addition, dark-col-
oured wings are known to absorb more solar radia-
tion in basking Colias butterflies enabling them to
raise their body temperature in preparation for flight
(Ellers & Boggs, 2002). Most moths are covered by a
coat of dense hairs (derived from scales) which plays
a significant role in retardation of heat loss (Hein-
rich, 1987). For example, Malacasoma americanum
(Fabricius, 1793) moths survive low temperature con-
ditions during summer nights with the aid of hairs
(Heinrich, 1987). Larvae of Aglais urticae Linnaeus,
1758 are black and yellow in colour, hence this col-
ouration has enabled them to raise body temperature
when basking (Bryant et al., 1997). In B. philenor
larvae, dark phenotype is mostly sustained in cooler
microclimates to adapt to extreme thermal conditions
(Nice & Fordyce, 2006). In addition, D. plexippus
larvae exhibit black, white and yellow colouration
bands which also enable thermoregulation and sur-
vival under suboptimal thermal conditions (Solensky
& Larkin, 2003). Furthermore, dark larvae of Papilio
polyxenes Fabricius, 1775 tend to take advantage of
shorter sunlight periods in autumn through optimising
solar radiation absorption resulting in increased body
temperature and larval growth (Hazel, 2002). Thus,
morphological adaptation, acting complimentary or
synergistically to other adaptation mechanisms may
help lepidopteran species to occupy variable thermal
environments. Moreover, morphological adaptations
are also critical for other ecologically significant traits
that determine survival. For example, lepidopteran
body colouration helps in aposematic mimicry, cam-
ouflage and warning (Ellers & Boggs, 2002; Solensky
& Larkin, 2003), key traits in natural selection.
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Physiological adaptation

This comprises all suites of internal body mecha-
nisms employed by insects to evade extreme stressful
conditions (Sheikh et al., 2017). Several physiologi-
cal mechanisms are used by lepidopteran species in
averting thermal stress among different developmen-
tal stages. Some of the key physiological mechanisms
include basal stress tolerance, phenotypic plastic
responses mediated by upregulation of heat shock
proteins, accumulation of cryoprotectants (e.g. poly-
ols, sugars), cross tolerance, cold hardiness and meta-
bolic responses (Fig. 1).

Basal stress tolerance

Basal stress tolerance is an inherent ability of an
organism and its cell structures to withstand stressful
environmental conditions without prior acclimation
(Munoz-Valencia et al., 2013; Park & Yun, 2013).
Insect species with superior basal stress tolerance
have a higher likelihood of surviving projected cli-
mate warming thereby accelerating their spread and

establishment (Parmesan, 2006; Zerebecki & Sorte,
2011; Ju et al., 2013). Given that heat stress often
occurs together with desiccation or starvation stress,
insects with a higher capacity to withstand these
conditions may emerge ‘winners’ in the environ-
ment. Critical thermal limits (CT,;, and CT,,,,), heat
knockdown time (HKDT), chill coma recovery time
(CCRT), lethal temperatures (lower and upper lethal
temperatures), starvation and desiccation tolerance
are key physiological traits commonly used to assess
insect basal thermal tolerance under projected cli-
mate change (Kifer et al., 2020; Sinclair et al., 2015).
For example, many lepidopteran species exhibited
enhanced cold and high temperature tolerance and
these responses indicate inherent thermal adaptation
as well as fitness advantage when they encounter
cold and high temperature conditions in nature (see
Table 2). Other abiotic stress resistance traits play
a pivotal role in lepidopteran thermal adaptation.
For example, in arid environment, Sitotroga cere-
alella adults exhibited a reduced water loss rate which
enhances its survival and pest status under changing
environment (Machekano et al.,, 2018a). Similarly,
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Fig.1 Summary of the key physiological adaptation mechanisms likely used by Lepidoptera in response to stressful environments
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Table 2 Basal stress tolerance in different lepidopteran spe-
cies. CCRT =chill coma recovery time, HKDT =heat knock-

down time, CT,;,=critical thermal minimum, CT,,, =criti-

ULT =upper lethal temperature. The list may not be exhaustive
but was compiled using literature available at the time of writ-
ing

cal thermal maximum, LLT=Ilower lethal temperature,
Species Life stage Tolerance Trait Trait Record Reference
Cydia pomonella adult CT i 1.1°C Chidawanyika and Terblanche, 2011
LLT —20°C—=5°C Chidawanyika and Terblanche, 2011
ULT 32°C—-47°C Chidawanyika and Terblanche, 2011
Chilo partellus larva CT ax 48.5 °C Mutamiswa et al., 2017a, 2018b
adult CT,ax 47.8 °C Mutamiswa et al., 2017a, 2018b
Bicyclus dorothea adult CT ax 46 °C Dongmo et al., 2021
Busseola fusca larva CTin 2.7°C Mutamiswa et al., 2018b
adult CTin 1.5°C Mutamiswa et al., 2017a
Sesamia calamistis larva CT ax 48.2°C Mutamiswa et al., 2018b
adult CTin 1.8°C Mutamiswa et al., 2018b
Sitotroga cerealella adult CT e 46.1 °C Machekano et al., 2018a
HKDT 7.97 min Machekano et al., 2018a
Heliconius spp HKDT 15.9 min Montejo-Kovacevich et al., 2020
Plutella xylostella larva CT, 45.6 °C Machekano et al., 2018b
CT in -24°C Machekano et al., 2018b
adult CT ok 46.6 °C Machekano et al., 2018b
larva ULT 31 °C—47 °C Machekano et al., 2018b
LLT -20°C-2°C Machekano et al., 2018b
Tuta absoluta larva LLT —17°C-0°C Tarusikirwa et al., 2020b
adult CTin -52°C Machekano et al., 2018c
Spodoptera frugiperda adult CT ins 1.9 °C Keosentse et al., 2021
CCRT 3.5 min Keosentse et al., 2021
Carminda paeon adult CT Lk 534 °C Silva et al., 2020
Eunica cuvierii adult CTax 60.5 °C Silva et al., 2020
Junonia evarete adult CT ax 69 °C Silva et al., 2020
Memphis appias adult CT ax 64 °C Silva et al., 2020
Moneuptychia walhbergi adult CT ax 54 °C Silva et al., 2020
Yphthimoides angularis adult CT ax 58.5°C Silva et al., 2020
Zaretis isidora adult CTax 57°C Silva et al., 2020
Colobura dirce adult CT ax 52°C Silva et al., 2020
Doxocopa laurentia adult CT ax 59 °C Silva et al., 2020
Eryphanis reevesii adult CT Lk 53.6 °C Silva et al., 2020

S. frugiperda larvae exhibited water loss rate reduc-
tion under desiccating conditions (Keosentse et al.,
2022). On the other hand, starvation improved basal
heat tolerance in C. partellus larvae (Mutamiswa
et al., 2018b; Nyamukondiwa et al., 2022). Recent
trends have shown C. partellus expanding from low
to mid and high altitude and humid transitional areas
(Khadioli et al., 2014; Mutamiswa et al., 2017a). This
has been necessitated by its inherent high potential to
withstand environmental stresses (e.g., starvation and
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desiccation stress) (Mutamiswa et al., 2018b; Nyamu-
kondiwa et al., 2022).

Rapid physiological thermoregulation

Pre-flight warm up is a significant component of
physiological thermoregulation in Lepidoptera. It
is generally initiated by dorso-longitudinal and dor-
soventral muscles which are responsible for flip-
ping down and up wings respectively during flight
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(Heinrich, 1987; Neve & Hall, 2016). The thoracic
temperature is highly dependent on environmen-
tal temperature and heat generation through mus-
cle movements (Neve & Hall, 2016). For example,
Papilo, Colias and Pieris species require thoracic
temperatures ranging from 28 °C to 42 °C for flight
whereas 33-38 °C thoracic temperatures restrict rig-
orous flight (Kingsolver, 1985; Neve & Hall, 2016).
The lowest thoracic temperatures ranging from 17 °C
to 20 °C for flight have been recorded in large but-
terfly species such as Parnassius phoebus Fabricius,
1793 (Guppy, 1986). Through this endothermic tho-
racic heat generation, excess heat can be used to
maintain other body regions through haemolymph
counter current exchange (Tsai et al., 2020; Tsuji
et al., 1986). Coupled with behavioural thermoregula-
tion, endothermy may act synergistically with behav-
iour to optimise insect body temperature for flight and
other life defining activities. Maintenance of flight at
low ambient temperatures also optimises key life his-
tory activities such as mating, oviposition, dispersal
and food searching (Kingsolver, 1983).

However, fitness and survival can be reduced
if thoracic temperature exceeds ambient tempera-
ture due to high risk of overheating. For instance, in
Colias butterflies thoracic temperature higher than
40 °C may be detrimental (Kingsolver & Watt, 1983).
Insects however have several mechanisms for mainte-
nance of optimal temperature following endothermic
heat generation. For example, they can use behav-
iour (Kingsolver & Watt, 1983), convective cool-
ing through cooler ambient air exchange (Tsai et al.,
2020) and evaporative cooling (Prange, 1996; San-
born, 2008). Therefore, an understanding of physi-
cal constraints to thermal tolerance in lepidopteran
species is of paramount importance in determining
its impact on fitness, survival and ability to disperse
(Neve & Hall, 2016). Moreover, understanding the
regulation of endothermy is also significant given
the increasing temperatures associated with climate
change.

Phenotypic plasticity

Organisms can remodel phenotypes generated from
the same genotypes based on environment, in a
near ubiquitous mechanism in insects. Different
forms of plasticity, including RCH, RHH and accli-
mation have been reported as key mechanisms of

thermal adaptation in Lepidoptera (Fig. 1). Rapid
cold hardening/rapid heat hardening is defined as a
rapid improvement in survival at a low/high lethal
temperatures respectively after brief pre-treatment
to sub-lethal temperature shock (Chidawanyika &
Terblanche, 2011; Mutamiswa et al., 2018a). For
example, RCH reportedly enhanced cold tolerance
in Busseola fusca (Fuller, 1901), C. partellus and T.
absoluta (Mutamiswa et al., 2018b; Tarusikirwa et al.,
2020a) (Table 3). Similarly, RHH improved cold
tolerance in B. fusca and C. partellus (Mutamiswa
et al., 2018b) (Table 3). Acclimation is defined as an
improvement in survival following pre-conditioning
at sub-lethal conditions (Andrew et al., 2013; Chi-
dawanyika & Terblanche, 2011; Nyamukondiwa
& Terblanche, 2010). It is a facultative phenotypic
response of organisms to environmental changes
that occur over a period of days, months, seasons or
years (Miinzbergova & Hadincova, 2017). For exam-
ple, acclimation improved cold and heat tolerance
in B. anynana and C. partellus (Fischer et al., 2010;
Mutamiswa et al., 2017a, 2018a; 2019) (Table 3).
Intragenerational plasticity refers to non-genetic
effects of one life stage phenotype on the phenotypes
of other developmental stages in that particular life
cycle (Sgro et al., 2016). For example, environmen-
tal conditions experienced in early developmental
stage may influence performance and plasticity in
later stages of life (Gray, 2013; Sgro et al., 2016). On
the other hand, transgenerational/cross-generational
plasticity refers to the epigenetic effects of parental
phenotype or environment on offspring phenotypes
(Qi et al., 2019). It is generally beneficial if envi-
ronmental conditions experienced by the parents are
similar to those faced by the offspring (Sgro et al.,
2016). For instance, high temperature parental expo-
sure resulted in improved hatching success in Pararge
aegeria (Linnaeus, 1758) (Gibbs et al., 2010). Simi-
larly, low temperature parental exposure improved
egg size, hatching success, larval hatching mass and
larval developmental time in B. anynana (Fischer
et al., 2003b; Geister et al., 2009; Steigenga & Fis-
cher, 2007) whereas in P. aegeria it improved egg
mass and embryonic developmental time (Gibbs
et al., 2010). Nevertheless, there are limited studies
on intragenerational and transgenerational plasticity
in Lepidoptera. Given their importance (intragenera-
tional and transgenerational plasticity), there is need
for researchers to evaluate plastic response variations
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Table 3 Forms of plasticity in different lepidopteran spe-
cies in response to stress. RCH=rapid cold hardening,
RHH=rapid heat hardening, CCRT=chill coma recovery

minima, CT,,, =critical thermal maxima, SCP =supercooling
point, H/ARR =Hardening/Acclimation Response Ratio. The
list may not be exhaustive but was compiled using literature

time, HKDT =heat knockdown time, CT,;,=critical thermal

available at the time of writing

Form of Plasticity Species Life Stage Improved Trait H/ARR Reference
Acclimation Chilo partellus Adult CTin 0.25 Mutamiswa et al., 2017a
Adult CT,ax 0.056  Mutamiswa et al., 2017a
Adult CCRT 0.14 Mutamiswa et al., 2018a
Larva CTin 0.35 Mutamiswa et al., 2018a
Larva CCRT 0.3 Mutamiswa et al., 2018a
Larva SCP 0.41 Mutamiswa et al., 2018a
Larva CT ax 0.13 Mutamiswa et al., 2018a
Larva HKDT 0.68 Mutamiswa et al., 2018a
Adult HKDT 0.22 Mutamiswa et al., 2018a
Pupa CCRT 0.08 Mutamiswa et al., 2019
Pupa HKDT 0.43 Mutamiswa et al., 2019
Busseola fusca Larva CT,in 0.1 Mutamiswa et al., 2018b
Sesamia calamistis Larva CT,in 0.17 Mutamiswa et al., 2018b
Danaus plexippus Adult Low temperature survival — — Larsen and Lee, 1994
Bicyclus anynana Adult CCRT - Fischer et al., 2010
Adult HKDT - Fischer et al., 2010
Pringleophaga marioni  Larva Low temperature survival — — Sinclair and Chown, 2003
Phthorimaea operculella Larva Low temperature survival — — Hemmati et al., 2014
Pupa Low temperature survival — — Hemmati et al., 2014
Tuta absoluta Larva CTin 0.15 Tarusikirwa et al., 2020a
HKDT - Tarusikirwa et al., 2020a
Adult HKDT 0.33 Tarusikirwa et al., 2020a
RCH Chilo partellus Larva CTin 0.1 Mutamiswa et al., 2018b
Busseola fusca Larva CTin 0.025  Mutamiswa et al., 2018b
Tuta absoluta Larva CTin 0.05 Tarusikirwa et al., 2020a
HKDT 0.3 Tarusikirwa et al., 2020a
Spodoptera exigua Egg Low temperature survival — — Kim and Kim, 1997
Larva Low temperature survival — — Kim and Kim, 1997
Pupa Low temperature survival — — Kim and Kim, 1997
Danaus plexippus Adult Low temperature survival — — Larsen and Lee, 1994
Cydia pomonella Adult Low temperature survival — — Chidawanyika and Ter-
blanche, 2011
RHH Chilo partellus Larva CTi, 0.21 Mutamiswa et al., 2018b
Busseola fusca Larva CTin 0.13 Mutamiswa et al., 2018b
Cydia pomonella Adult High temperature survival —— Chidawanyika and Ter-
blanche, 2011
Pringleophaga marioni  Larva Low temperature survival — — Sinclair and Chown, 2003
Phthorimaea operculella Larva Survival - Hemmati et al., 2014
Pupa Survival - Hemmati et al., 2014
Transgenerational Pararge aegeria Adult Hatching success - Gibbs et al., 2010
Adult Egg mass - Gibbs et al., 2010
Embryonic developmental — Gibbs et al., 2010
time
Bicyclus anynana Adult Egg size - Steigenga and Fischer, 2007
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Table 3 (continued)

Form of Plasticity Species Life Stage Improved Trait H/ARR Reference
Adult Hatching success - Fischer et al., 2003b
Adult Larval hatching mass - Geister et al., 2009
Adult Larval developmental - Fischer et al., 2003b
time
Seasonal polyphenism Bicyclus anynana Adult High temperature - Woestmann and Saasta-
moinen, 2016
Polygonia c-album Adult Low temperature - Woestmann and Saasta-
moinen, 2016
Pararge aegeria Adult Low temperature - Van Dyck and Wiklund,
2002
Araschnia levana Adult Low temperature - Friberg and Karlsson, 2010
Carry-over effects Grapholita molesta Adult Longevity - Zheng et al., 2017
Adult Survival - Zheng et al., 2017
Plutella xylostella Egg Oviposition rate - Zhang et al., 2015a, b

3" instar larva Oviposition rate -

Zhang et al., 2015a, b

within ontogenetic stage in the order Lepidoptera.
Although plasticity of thermal tolerance plays a piv-
otal role in buffering thermal stress in Lepidoptera,
its costs to fitness should not be ignored. Therefore,
costs of thermal plasticity on performance of lepidop-
teran species deserve further investigation. Develop-
mental life stages are interdependent such that ther-
mal stress experienced by one life stage in insect’s life
cycle may influence subsequent life stages within or
across generations (Zheng et al., 2017) (Table 3). For
example, heat stress (40 °C) on P. xylostella eggs and
3" instar larvae resulted in faster oviposition rate in
adults (Zhang et al., 2015a, b). Similarly, adult heat
resistance and longevity significantly increased fol-
lowing heat stress exposure of 35 °C on G. molesta
pupae (Zheng et al., 2017).

Seasonal polyphenism, a form of phenotypic plas-
ticity arising from a single genotype, is a change in
colour or pattern of butterfly larvae, pupae and adults
in response to variations in environmental conditions
such as temperature, humidity and photoperiod (Koi
& Daniels, 2017; Villagra & Frias-Lasserre, 2020;
Woestmann & Saastamoinen, 2016). Seasonal poly-
phenism which is also induced by diapause improve
survival in lepidopterans through thermoregula-
tion (see Gill et al., 2017; Koi & Daniels, 2017).
For example, in B. anynana, it has been reported as
an adaptive response to wet-dry seasonal environ-
ments. In temperate regions, seasonal polyphen-
ism improved cold hardiness in Polygonia c-album

(Linnaeus, 1758), P. aegeria and Araschnia levana
(Linnaeus, 1758) through overwintering (diapausing)
(Van Dyck & Wiklund, 2002; Woestmann & Saasta-
moinen, 2016). In addition, a key thermoregulatory
mechanism in Pieris occidentalis (Reakirt, 1866)
involved enhancement of a higher magnitude of mela-
nisation in spring than summer as strategy of survival
in temperate regions (Kingsolver, 1995; Kingsolver &
Wiernasz, 1991).

Moreover, looking at hardening/acclimation
response ratio (H/ARR), lepidopteran species such as
C. partellus, B. fusca, Sesamia calamistis Hampson
and T. absoluta seem to have higher H/ARR indicat-
ing stronger hardening and acclimation responses (see
Table 3). This suggests that acclimation and harden-
ing may allow these lepidopteran species to thermally
adapt consequently being cushioned under changing
environments.

Mechanisms mediating phenotypic plasticity

Production of heat shock proteins Heat shock
proteins (Hsps) production is a key physiological
response to environmental stress in insects such as
heat, cold, overcrowding, starvation, desiccation and
anoxia (Gu et al., 2019). They are categorised into
several key families such as sHsp (small heat shock
proteins), Hsp 40, Hsp 60, Hsp 70, Hsp 90 and Hsp
110 basing on molecular mass and protein homol-
ogy (Garczynski et al., 2011; King & MacRae,
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2015; Parsell & Lindquist, 1993) (see Fig. 1). The
sHsps which are independent of adenosine triphos-
phate (ATP) are the first line of defence responsi-
ble for prevention of substrate proteins denaturation
when cells face thermal stress (Basha et al., 2012).
On the other hand, the ATP-dependent Hsps (Hsp
60, Hsp 70, Hsp 90 and Hsp 110) act as molecular
chaperones and are responsible for folding, degrad-
ing, disaggregation, and localisation of denatured
proteins (Cai et al., 2017; Gu et al., 2019). Produc-
tion of Hsps in Lepidoptera is triggered by heat or
cold shock and their induction result in improved
thermal tolerance (Gu et al., 2019). For example, in
Spodoptera litura (Fabricius, 1775) Hsp 60 and Hsp
90 were highly expressed in adult females (Shu et al.,
2011) whereas in Spodoptera exigua (Hiibner, 1808)
and Chilo suppressalis (Walker, 1863) the highest
expression of Hsp 70 was recorded in first and sec-
ond instar larvae (Lu et al., 2014; Xu et al., 2011).
Similarly, Hsp 90, Hsp 70 and Hsp 60 protected C.
suppressalis larvae from extreme cold conditions
through maintaining structural proteins and/or main
metabolic enzymes under winter low temperatures
(Lu et al., 2013). In addition, Hsp 70 was also highly
expressed in Helivoverpa zea (Boddie, 1850) pupae
(Zhang & Denlinger, 2010). In Melitaea cinxia (Lin-
naeus, 1758) heat shock at 40 °C triggered production
of higher levels of Hsp 70 mRNA (Luo et al., 2015).
Similarly, in 7. leucotreta changes in Hsp 70 fol-
lowing pre-chilling treatments resulted in improved
low temperature tolerance (Boardman et al., 2015).
Exposure of C. medinalis larvae to heat shock at 37
and 41 °C induced increased levels of Hsp 70 and
Hsp 90 mRNA resulting in enhanced heat tolerance
(Gu et al., 2019). In C. pomonella sHsps (Hsp 19.8,
Hsp 19.9 and Hsp 22.2) were upregulated in various
developmental stages following heat shock at 42 °C
indicating their significance in high temperature toler-
ance (see Garczynski et al., 2011). In addition, upreg-
ulation of sHsp genes improved cold tolerance in S.
litura larvae (Shen et al., 2011).

The upregulation of Hsps during diapause also
plays a pivotal role in improving cold hardiness
in Lepidoptera (Rinehart et al., 2007). For exam-
ple, sHsps genes upregulation has been reported in
G. molesta during diapause (Zhang et al., 2015a, b)
whereas Hsp 20.8 is closely linked to overwinter-
ing (diapause) in Sesamia nonagrioides (Lefebvre,
1827) larvae resulting in improved cold hardiness
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(Gkouvitsas et al., 2008). Diapause entry has been
reported to upregulate Hsp 70 in embryonic diapause
of Lymantria dispar (Linnaeus, 1758.) (Yocum et al.,
1991), larval diapause in Ostrinia nubilalis (Hiib-
ner, 1796) and pupal diapause in Manduca sexta
(Linnaeus, 1763) (Rinehart et al., 2007). Grapholita
molesta is known to experience sub-lethal tempera-
tures across seasons with low temperatures being
encountered at night during early spring and autumn
(Zhang et al., 2015a, b). As a result, adult moths
may regulate expression of genes like GmHspl9.6
and GmHsp21.7 for survival (Zhang et al., 2015a,
b). Response to high temperatures in summer may
involve expression of genes such as GmHsp19.9 and
GmHsp24.8 (Zhang et al., 2015a, b). Expression of
Hsp 70 was observed in Xestia c-nigrum (Linnaeus,
1758) larvae and pupae following heat and cold shock
thereby corroborating with high larval temperature
tolerance and cold resistance in larvae and pupae
(Wang et al., 2015). Several exoskeleton proteins have
also been reported to aid thermal stress resistance in
insects. For example, Nguyen et al. (2009) reported
proteins 944 1109, 1367 and 1448 to improve heat
resistance in winged and wingless aphids Macro-
siphum euphorbiae Thomas, 1878 respectively. Simi-
larly, these cuticle proteins have also been observed
in Lepidoptera, likely facilitating thermal stress
resistance (Quan et al., 2020). These mechanisms
show that heat shock and cuticle proteins are the key
drivers of thermal adaptation in Lepidoptera.

Freeze strategies The capacity of an insect to sur-
vive suboptimal low temperatures is termed cold har-
diness. The phenomenon varies with species, devel-
opmental stage, diapause development, seasonality as
well as severity and duration of cold exposure (Izadi
et al., 2019; Sinclair et al., 2015). At sub-zero tem-
peratures, there is high risk of ice formation, hence
insects employ freeze tolerance and freeze avoidance
as key strategies in surviving these extreme condi-
tions (Feng et al., 2018) (Fig. 2). For example, in the
northern hemisphere, most insects are predominantly
freeze avoidance while in the southern hemisphere
freeze tolerant insects are more predominant (Sin-
clair et al., 2003). Supercooling point (SCP), defined
as the temperature at which ice begins to form within
the body fluids after exposure to sub-zero tempera-
ture (also called the temperature of crystallization) is
a significant indicator of the type of freeze strategy
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Fig. 2 Freeze strategy in 30\
Lepidoptera, redrawn from
(Denlinger & Lee, 2010).
Supercooling point repre-
sents the lowest temperature
reached before release of
the latent heat of crystal-
lization. Freeze intolerant
organisms (green) cannot
tolerate freezing while
freeze tolerant insects (red)
can withstand internal ice
formation
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insects use (Feng et al., 2018; Hance et al., 2007)
(Fig. 2).

Freeze avoidance or intolerant insects survive sub-
zero temperatures in the absence of internal ice for-
mation, but may be killed by any internal ice within
their tissues (Sinclair et al., 2003). In that respect, to
avoid lethal effects of freezing, these insects select
favourable overwintering sites, increase body fat con-
tent and maintain their bodily fluids in a supercooled
or liquid state below their melting point through accu-
mulation of cryoprotectants and ice nucleation preven-
tion (Andreadis & Athanassiou, 2017; Sinclair et al.,
2015). Several lepidopteran species use this technique
in enhancing their cold hardiness (see Table 4). In
contrast, freeze tolerant insects survive ice formation
within their tissues hence avoiding desiccation (Sin-
clair et al., 2003). Physiologically this may be accom-
plished through inoculative freezing, production of ice
nucleating proteins, crystalloid proteins, crystalloid
compounds and microbes (Lee & Costanzo, 1998).
Nevertheless, chill susceptible insects which are killed
by cold in the absence of internal ice formation are
highly dependent on extensive supercooling capacity
which facilitates survival under moderate low tempera-
tures ranging from 0 °C to 5 °C (Sinclair et al., 2015;
reviewed in Andreadis & Athanassiou, 2017). Many

Time

lepidopteran species survive sub-zero temperatures
through freeze tolerance while a few survive via freeze
avoidance and extensive supercooling (chill suscepti-
ble) (see Table 4).

Cross-tolerance and cross talk Lepidopteran spe-
cies experience multiple abiotic and biotic stressors
simultaneously in nature (Sinclair et al., 2013). These
species may respond to these stressors through pro-
tective mechanisms (cross-tolerance) or shared sig-
nalling pathways (cross talk) (Sinclair et al., 2013).
Cross talk is a mechanism under which a single stress
triggers different signalling pathways which lead to
physiological responses that offer protection against
various stressors in nature (Sinclair et al., 2013). On
the other hand, cross-tolerance is physiological adap-
tation whereby mechanisms protecting against a sin-
gle stress also protect against another at cellular level
(Sinclair et al., 2013). An understanding of whether
physiological responses are a result of cross talk or
cross-tolerance is significant in predicting outcomes
of interactions among stressors (Sinclair et al., 2013)
and co-occurring environmental stressors. Signalling
pathways in response to stress have been well investi-
gated in plants, with limited studies in insects (Knight
& Knight, 2001).
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Table 4 Freeze strategy in different developmental stages of

lepidopteran species. The list may not be exhaustive but was
compiled using literature available at the time of writing and

is meant to show freeze strategy in some of the species and
developmental stages within the order Lepidoptera

Species Life Stage Freeze Strategy Reference
Ostrinia nubilalis Larva Freeze tolerance Panko, 2017
Gynaephora groenlandica Adult Freeze tolerance Panko, 2017
Sesamia nonagrioides Larva Freeze tolerance Gillyboeuf et al., 1994
Ecpantheria scribonia Larva Freeze tolerance Jack and Layne, 2004
Cisseps fulvicollis Larva Freeze tolerance Fields and McNeil, 1986
Ctenucha virginica Larva Freeze tolerance Fields and McNeil, 1988
Pyrrharctia isabella Larva Freeze tolerance Goettel and Philogene, 1980
Hypercompe scribonia Larva Freeze tolerance Jack et al., 2008
Aporia crataegi Larva Freeze tolerance Li, 2016
Dendrolimus superans sibiricus Larva Freeze tolerance Li, 2016
Cossus cossus Larva Freeze tolerance Li, 2016
Pringleophaga marioni Larva Freeze tolerance Marshall and Sinclair, 2011
Sesamia inferens Larva Freeze tolerance Sun et al., 2014
Papilio polyxenes Pupa Freeze tolerance Hazel, 2002
Tineola bisselliella Egg Freeze tolerance Andreadis and Athanassiou, 2017
Cydia pomonella Larva Freeze avoidance Neven, 1999; Khani et al., 2007
Hyphantria cunea Larva Freeze avoidance Lietal., 2001
Epiblema scudderiana Larva Freeze avoidance Rickards et al., 1986
Apatele psi Pupa Freeze avoidance Li, 2016
Phthorimaea operculella Larva Freeze avoidance Hemmati et al., 2014
Pupa Freeze avoidance Hemmati et al., 2014
Thaumatotiba leucotreta Larva Chill susceptible Boardman et al., 2012
Spodoptera exigua Larva Chill susceptible Atapour and Moharramipour, 2014
Ephestia kuehniella Pupa Chill susceptible Andreadis and Athanassiou, 2017
Adult Chill susceptible Andreadis and Athanassiou, 2017
Plodia interpunctella Pupa Chill susceptible Andreadis and Athanassiou, 2017
Adult Chill susceptible Andreadis and Athanassiou, 2017
Chilo partellus Larva Chill susceptible Mutamiswa et al., 2017b
Pupa Chill susceptible Mutamiswa et al., 2017b
Adult Chill susceptible Mutamiswa et al., 2017b
Tuta absoluta Larva Chill susceptible Tarusikirwa et al., 2020b
Adult Chill susceptible Tarusikirwa et al., 2020b

In Lepidoptera, cross-tolerance has been reported
in cereal stemborers (Mutamiswa et al., 2018b). For
example, RCH improved cold tolerance (measured
as CT,,;,) in C. partellus larvae (Mutamiswa et al.,
2018b). In addition, starvation and desiccation accli-
mation improved CT,;, in C. partellus, B. fusca
and S. calamistis larvae indicating cross-tolerance
effects against cold stress (Mutamiswa et al., 2018b).
Similarly, pre-treatment of P. operculella larvae and
adults at 40 °C for 2 h significantly improved survival
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following exposure to sub-zero temperatures (Hem-
mati et al., 2014). Although there are limited studies
on cross talk in Lepidoptera, there is need to explore
this physiological mechanism in different species of
this order and how this may influence adaptation in
the face of climate change.

Metabolic responses Thermal stress in insects is a
key factor responsible for induction of reactive oxy-
gen species (ROS) resulting in protein dysfunction,
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lipid peroxidation and oxidative damage (Ali et al.,
2016; Liu et al., 2017). As a result, insects have
evolved defence mechanisms such as upregulation
of antioxidant enzymes which play a pivotal role in
removal of ROS from biological systems. For exam-
ple, increased production of ROS in M. separata fol-
lowing stressful high temperatures resulted in signifi-
cant increase in primary antioxidative enzymes such
as superoxide dismutase (SOD), catalase (CAT) and
glutathione-S-transferase (GST) (Ali et al., 2016).
Given its migration habit, this physiological adap-
tation mechanism has facilitated its fitness under
warmer conditions resulting in optimisation of sur-
vival (Ali et al., 2016).

Similarly, SOD, peroxidase (POD) and thioredoxin
were upregulated in Glyphodes pyloalis Walker, 1859
following heat stress (40 °C) (Liu et al., 2017). In
addition, the induction of cytochrome P450s resulted
in higher heat resistance in G. pyloalis. Moreover,
two mRNAs for aldehyde dehydrogenase (ALDH)
were upregulated following heat shock indicating
enhanced heat resistance through metabolic pathway
(Liu et al., 2017).

Digestion, absorption, detoxification of harm-
ful substances and maintenance of water, ion and
osmotic pressure balance in insects primarily take
place in the mid gut (Lei et al., 2014; Valencia
et al., 2016). As a result, the interplay between the
insect and environmental conditions is governed
by the mid gut (Liu et al., 2017). For instance,
the mid gut transcriptome analyses in G. pyloalis
showed that detoxification and vitamin digestion
and absorption pathways were the key molecular
mechanisms responsible for its heat stress resist-
ance (Liu et al., 2017). Recent study on transcrip-
tome analysis of C. medinalis to heat acclima-
tion showed more differentially expressed genes
(DEGs) expression in heat-acclimated than unac-
climated larvae in response to heat stress (Quan
et al., 2020). These genes are linked to structural
components of cuticle and eye lens as well as
development of sensory organs, key in heat stress
tolerance. In addition, DEGs activated various
pathways linked to longevity regulation, endo-
plasmic reticulum protein processing and immune
systems in response to heat stress (Quan et al.,
2020). These metabolic and molecular responses
play a pivotal role in thermal adaptation of these

aforementioned lepidopteran species under rapidly
changing environments.

Developmental and ontogenetic responses

The developmental period for each life stage is
dependent on lower developmental temperature
and degree days required for development and this
may influence population dynamics across seasons.
For example, in a multivoltine sugarcane stemborer
Chilo auricilius Dudgeon, 1905 larval developmen-
tal time is at least eightfold longer in winter than
summer period indicating faster development dur-
ing the latter than former (Kingsolver & Buckley,
2020). The temperature size rule (TSR) stipulates
that exposure of an organism to high environmental
thermal conditions during ontogeny results in rapid
growth but smaller adult body size (Atkinson, 1994;
Higgins et al., 2015). For example, heat treatments
accelerated development in two different popula-
tions of Colias eriphyle Edwards, 1876 during the
second to fourth developmental instars, albeit this
effect disappeared following pupation (Higgins
et al.,, 2015). This response indicates a potential
for rapid population growth of C. eriphyle under
changing environments due to considerable reduc-
tion in time to reproductive maturity.

Previous studies have reported variation in
thermal sensitivity across developmental stages
(reviewed in Kingsolver & Buckley, 2020). For
instance, heat resistance in B. anynana increased
with body size across ontogeny such that pupae
and adults exhibited more resistance than eggs and
larvae (Klockmann et al., 2017). This indicates a
fitness and survival advantage of pupae and adults
relative to eggs and larvae under rapidly chang-
ing environments. Similarly, the developmental
times (days) for 7. absoluta life stages decreased
with increasing temperature such that eggs and
pupae exhibited lower developmental times than
larvae (de Campos et al., 2021). In addition, Li
et al. (2013) reported a decrease in developmental
duration of A. lepigone life stages as temperature
increased from 18 to 30° C. Nevertheless, more
research should extend to other lepidopteran spe-
cies in both temperate and tropical regions to fully
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understand the pattern of ontogenetic responses to
thermal stress in the face of climate change.

Diapause and quiescence

Diapause is a physiological state of arrested growth
and development that is genetically determined, neu-
rohormonally mediated and often triggered by envi-
ronment (Hance et al., 2007). It is common in insects
and is usually induced by changes in photoperiod and
temperature (Diniz et al., 2017). It can be categori-
cally defined basing on the effects of environmental
factors (facultative and obligatory), life stage (embry-
onic, larval, pupal and adult) and seasonal variations
that is hibernation (winter diapause) or aestivation
(summer diapause) (Gill et al., 2017). Aestivation is
defined as summer or dry season dormancy for sur-
vival of arid environmental conditions (Storey &
Storey, 2012). For example, in various tropical areas
such as East Africa, Australia, India and Amazonia,
dry seasons may be associated with extremely high
temperatures resulting in butterfly species diurnal
activities being affected (Hoskins, 2019). As such,
most of the species in the family Nymphalidae are
known to survive through aestivation, with moths
initiating a robust suppression of metabolism, reten-
tion of body water, energy conservation and nitrogen
metabolism before hiding in moist, cool dark places
during dry mid-summer months (Storey & Storey,
2012). Some butterfly species in South America such
as Marpesia berania (Hewitson, 1852) are known
to hang from tree branches in a cluster of at least 60
moths (Hoskins, 2019). Similarly, in South-East Asia,
Danaus misippus (Linnaeus, 1764) and Euploea core
(Cramer, 1780) as well as Heliconius species in South
America hang in groups of 6-30 adults from dry
twigs. In addition, Methona, Melinaea and Mechani-
tis species often congregate along dry river beds in
densely shaded areas in the forest (Hoskins, 2019).
On the other hand, hibernation defined as winter
season dormancy involves depression of metabolism
and energy consumption during low temperature win-
ter months. For example, Gonepteryx rhamni (Lin-
naeus, 1758) adults hibernate beneath bramble or ivy
leaves in winter (Hoskins, 2019). In addition, Inachis
io (Linnaeus, 1758) Nymphalis antiopa (Linnaeus,
1758) and Nymphalis polychloros (Linnaeus, 1758)
are known to hibernate under logs, hollow tree trunks
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and dark places such as caves or animal burrows.
Polygonia c-album hibernates in the open, hanging
from tree branches or in leaf litter on the forest floor
(Hoskins, 2019). Diapause usually occurs at vari-
ous developmental stages depending on species. For
example, most butterfly species in temperate regions
are known to overwinter as larvae, others as eggs or
pupae while a few overwinter as adults e.g. I. io, P.
c-album and G. rhamni (Hoskins, 2019).

In tropical regions, the larval stage of some cereal
stemborers is the main developmental stage that
overwinters in crop residues (Kfir, 1991; Ofomata
et al.,, 1999). For example, during the dry season,
larval B. fusca, S. calamistis, and Chilo orichalco-
ciliellus Strand, 1911 undergo obligatory diapause
for several months (Kfir et al., 2002; Ofomata et al.,
1999) whereas C. partellus larvae undergo faculta-
tive diapause under unfavourable climatic conditions
(Ofomata et al., 1999). Chilo partellus overwin-
ters mostly in the lower parts of cereal plant stems
for~6-8 months where it acquires protection from
extreme environmental conditions and natural ene-
mies (Gill et al., 2017; Kfir, 1991). In addition, C.
suppressalis larvae enter facultative diapause dur-
ing autumn in response to changes in photoperiod
(short day conditions) (Xiao et al., 2010). Bombyx
mori (Linnaeus, 1758) and L. dispar overwinter at
embryonic and larval stages respectively (Gill et al.,
2017). Moreover, recent study reported facultative
diapause in 7. absoluta pupae developing from larvae
following exposure to low temperatures and short-
day length across different periods (de Campos et al.,
2021). Some lepidopteran species undergo prolonged
or extended diapause (>1 year). For example, Pro-
doxus y-inversus Riley, 1892 moths are known to
eclose after 19 years of prepupal diapause (Powell,
1989). Some lepidopteran species survive extreme
conditions through undergoing both winter and sum-
mer diapause. These include H. armigera (Jadhav
et al., 2013), Pieris melete Ménétriés, 1857, Pieris
brassicae (Linnaeus, 1758) and Mamestra brassicae
(Linnaeus, 1758) (Spieth et al., 2011; Xiao et al.,
2013). Previous studies have shown that the incidence
and severity of extreme variation in temperatures and
cold snaps are gradually increasing globally (Harris
et al., 2018). Therefore, under these aforementioned
climatic conditions, diapause may play a pivotal role
in overwintering success of many lepidopteran spe-
cies in temperate and cooler climates and may further
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confer enhanced cold hardiness in the absence of low
temperature acclimation, which often occurs naturally
during the transition from summer to fall and winter
(Skendzi€ et al., 2021).

Although Spodoptera frugiperda (JE Smith, 1797)
1S not resistant to severe winters, it often survives
winters through overwintering in southern Florida
and Texas resulting in annual infestations in East
and central United States as well as southern Canada
(Nagoshi et al., 2012). Recent study reported that S.
frugiperda larval and adult developmental stages
have the potential to overwinter in arid tropical Afri-
can environments given their low temperature toler-
ance and inability to undergo diapause (Keosentse
et al., 2021). Similarly, larvae and adults of T. abso-
luta do not diapause and are known to overwinter in
the Mediterranean region (Van Damme et al., 2015)
and Africa (Tarusikirwa et al., 2020b) owing to their
superior thermal resilience.

Quiescence on the other hand, is a form of dor-
mancy manifesting as slowed development and meta-
bolic activity following short period of unfavourable
environmental conditions (Gill et al., 2017). It can
be induced by one environmental condition and ter-
minated by another e.g. low temperature stress may
induce quiescence whereas high temperature may ter-
minate it (Gill et al., 2017). For example, despite dia-
pause termination, larvae of C. suppressalis remained
in quiescence for three months in spring due to unfa-
vourable climatic conditions (low temperatures) (Lu
etal., 2013).

Genetic and evolutionary adaptation

Genetic adaptation is a heritable characteristic that
enhances fitness and survival traits in organisms
(Solomon & Hussen, 2018). Most organisms tend to
use genetic adaptation in coping with environmental
stresses such as extreme heat and cold (Solomon &
Hussen, 2018). Some insects have genes responsi-
ble for adjusting their biological clocks in surviv-
ing shorter or longer winters hence improving their
chances of adapting to changes in climate (Gotthard
& Wheat, 2019; Kozak et al., 2019; Pruisscher et al.,
2018). Synchronisation of morphological, behav-
ioural and other changes across seasons is of para-
mount importance in most insects’ life cycles (Kozak
et al., 2019). Researchers have found two key genes

that are responsible for permitting some insects to
survive climate variability through regulating their
biological annual clocks (Gotthard & Wheat, 2019).
For example, in Lepidoptera, the two circadian clock
genes period (per) and pigment dispersing factor
receptor (Pdfr) positioned within two epistatic quanti-
tative trait loci (QTL) were discovered in O. nubilalis
and are responsible for enabling this moth to adapt to
climate change e.g. shorter or longer winters, through
diapause termination (Kozak et al., 2019). These two
genes interact with circadian pacemaker neurons
in the moth brain, where they play a pivotal role in
synchronising biological activities to daily cycles of
day and night (Kozak et al., 2019; Li et al., 2014).
They vary in frequency of alleles amongst individual
insects pupating earlier or later and this variation is
responsible for eliciting evolutional timing of dia-
pause under rapidly changing environments (Gotthard
& Wheat, 2019; Kozak et al., 2019). For example,
per and Pdfr regulate larval diapause termination in
O. nubilalis through stimulating prothoracicotropic
hormone (PTTH) to initiate release of development
hormone, ecdysone from prothoracic gland (Gelman
et al., 1992). Due to global change, winter seasons are
projected to be milder and shorter in the next century,
hence the survival of insects may be determined by
the ability to adjust to these conditions (Gotthard &
Wheat, 2019; Kozak et al., 2019). This implies that
the ability to emerge from dormant state (diapause)
early in winter may permit moths with these genes
to generate a larger population. Therefore, a strong
selection on variations of these genes may be impor-
tant in thermal adaptation, range expansion and long-
term species persistence under climate change.
Evolutionary adaptation plays a significant role
in lepidopteran species through buffering selection
pressure of climate variability (Hoffmann & Sgro,
2011). This may occur through changes in gene
frequency as well as genetic structure (Qi et al.,
2019). In response to climate variability, insects
tend to evolve through taking advantage of novel
environmental conditions as well as tolerating new
conditions which the population may not yet have
adapted to (Franks & Hoffmann, 2012). Evidence
from various insect taxa indicates that species tend
to undergo rapid evolutionary change in novel envi-
ronments thereby enhancing thermal adaptation
(Gilchrist & Lee, 2007). This implies that genetic
heterogeneity in phenotypic traits may be inherently
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present amongst early invaders at the same time
being passed on to subsequent generations. For
example, exotic C. partellus exhibited high basal
thermal tolerance and plasticity relative to indige-
nous species B. fusca and S. calamistis (Mutamiswa
et al., 2017a, 2018b). This indicates that C. partel-
lus may thrive in the short term by having higher
basal or inherent resistance to prevailing climate, or
mounting acute responses to these thermal extremes
thus evading potentially lethal effects.

Over short and long time-scales, rapid evolu-
tionary adaptation may thus favour selection of
novel phenotypes in C. partellus. The latitudinal
hypothesis stipulates that developmental plasticity
should increase from low to high latitude areas in
response to thermal seasonality increase (Manenti
et al., 2017). As a result, most insects have recently
shifted their ranges to higher altitudes and lati-
tudes due to global change (Hill et al., 2011). In
this regard, geographic clines of these insects are
a result of evolutionary adaptation to local envi-
ronmental conditions (Hill et al., 2011). For exam-
ple, C. partellus was previously limited to low
and mid elevation areas (Zhou et al., 2001) and
has now extended to high altitude and humid tran-
sitional areas (Khadioli et al., 2014) thereby dis-
placing indigenous stemborer species (Kfir, 1997;
Mutamiswa et al., 2017a). This has led to this spe-
cies selecting for increased resistance to stressful
conditions as well as mechanisms of circumventing
these extremes relative to other species. As a result,
this has enhanced adaptation to the novel environ-
ments thereby perpetuating the population. The bio-
geography of some lepidopteran species is strongly
correlated with their basal thermal tolerance and
plasticity patterns. For example, basal low tempera-
ture tolerance in Lycaena tityrus (Poda, 1761) var-
ied across altitudes such that CCRT decreased with
increased altitude indicating an enhanced cold har-
diness in higher altitude insects (Karl et al., 2008).
This capacity to thermally adapt to low tempera-
tures may enhance overwintering survival as well as
permitting higher levels of activity such as develop-
ment, mating, oviposition and dispersal (Karl et al.,
2008). In contrast, HKDT decreased with increas-
ing altitude such that insects of high altitude were
knocked down earlier (low heat stress resistance)
than those of low altitude. In addition, low altitude
butterfly populations were more temperature plastic
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than those of high altitude. This implies that high
altitude butterflies have a greater potential to adjust
fast their heat stress resistance under extreme condi-
tions thereby optimising key life history traits (e.g.
mating and feeding) (Karl et al., 2008).

Prospects for future research

Global climate change may have negative effects
on abundance and distribution of lepidopteran spe-
cies hence thermal adaptation remains a key strat-
egy in circumventing stress. The increasing rapid
evolutionary responses in some insect species due to
these changes show the significance of understanding
adaptation mechanisms including the genetic basis to
environmental stress adaptation (Franks & Hoffmann,
2012). However, in lepidopteran species these studies
are limited.

Therefore, there is need to extend these stud-
ies to Lepidoptera through combining ecological
approaches, molecular and quantitative genetics
in unravelling their responses to changing climate
environments. Epigenetic mechanisms such as meth-
ylation of genes may contribute to transgenerational
plasticity in insects across environments (Sgro et al.,
2016). Given that methylation of genes may persist
for between one and five generations due to changes
in the environment, alteration of methylation patterns
may substantially affect climate change adaptation
(Sgro et al., 2016).

Thermal stress may lead to epigenetic modifi-
cations in insects resulting in key genetic changes
(Franks & Hoffmann, 2012) Despite these modifi-
cations playing a pivotal role in gene regulation and
expression, their role in thermal stress adaptation in
various insect populations remain unclear (Franks &
Hoffmann, 2012). Thus, exploring their roles in Lepi-
doptera may be a fruitful endeavour.

It is also of paramount importance to understand
how plastic responses may be affected by various envi-
ronmental components e.g. temperature, rainfall and
their fluctuations (Sgro et al., 2016). Previous studies
on plasticity of thermal tolerance mainly focused on
constant temperatures and other conditions, with recent
studies now incorporating fluctuating thermal condi-
tions (Sgro et al., 2016). Howeyver, there are no stud-
ies that have looked into both fluctuating temperature
and relative humidity effects in Lepidoptera in the face
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of climate change (but see Mutamiswa et al., 2019).
With the incidence and severity of climate ‘presses’
and ‘pulses’ such as extreme variation in temperatures
and rainfall, heatwaves, cold snaps, drought and floods
expected to increase (Harris et al., 2018), future studies
should incorporate these projected changes and their
interactions thereof in Lepidoptera across short and
longer time scales and how these insects may adapt to
these environmental changes.

Although there has been increasing interest by insect
physiologists in transgenerational effects, most studies
have focused on plasticity of thermal response within
ontogenetic stages and not across longer-time scales
(Sgro et al., 2016). In addition, there are limited studies
on transgenerational plasticity in Lepidoptera. Further-
more, its effects on the capacity of species response to
changes in climate are largely unexplored (Miinzber-
gova & Hadincova, 2017). Therefore, there is need to
explore the significance of transgenerational plasticity
spanning across multiple generations and response to
multiple environmental factors in Lepidoptera.

An understanding of geographic clinal variation in
basal thermal tolerance and plasticity thereof between
populations and variations amongst populations is sig-
nificant in predicting insects’ response to global change
(Jensen et al., 2019). Geographic latitudinal clines in
various quantitative traits have been reported in different
Drosophila species indicating evidence of thermal adap-
tation in the environment (Hoffmann & Weeks, 2007). In
Lepidoptera, basal low temperature tolerance varied in
L. tityrus across altitudes (Karl et al., 2008). Therefore,
future studies should extend to other key lepidopteran
species in both tropical and temperate regions to fully
understand their thermal adaptation under global change.

Conclusion

Thermal adaptation remains a critical mechanism for
enhancing organismal function, fitness and survival in
Lepidoptera. This review unravels adaptive behavioural,
morphological, physiological and evolutionary mecha-
nisms that promote survival in Lepidoptera. These
adaptive strategies are key to maintaining fitness in both
native and novel constantly shifting environments. For
invasive species, this may impact on population level
invasion potential. These attributes are significant for
biodiversity conservation, biosecurity and preservation
of keystone species. As a model taxon, future research

and development should focus on epigenetic effects,
transgenerational plasticity and latitudinal clines effects
on thermal adaptation under global change. This infor-
mation is significant in accurate predictions and refin-
ing future management of some of the insects of eco-
nomic importance in this order.
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