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Abstract

The threat of biological invasions due to global climate change and anthropogenic activities is
growing globally. Environmental changes, such as increasing mean temperatures due to global
climate warming, may exacerbate the spread of invasive insect species by improving their
voltinism, survival, reproductive success and geographic range expansion. The fall armyworm
(FAW) Spodoptera frugiperda is one of the most economically important invasive insect pests
attacking sub-Saharan Africa (SSA) staple crops, such as maize and sorghum. First reported in
West Africa in 2016, FAW has spread to the rest of SSA. Key questions arising from this rapid
geographic expansion is how climate and its physiological attributes aid its invasion potential. This
is particularly important in this era of global climate change where phenological mismatches are
known to also influence their host utilization and survival across different life-stages and
physiological status such as mating or feeding. Evolutionary responses at individual and population
also play a pivotal role in survival and population persistence across various temporal scales. This
study explored the evolutionary, physiological and phenological responses of S. frugiperda to
climate change. First, | measured the effects of short-term exposure to heat shock on physiological
responses vis critical thermal limits (critical thermal minima [CTmin] and critical thermal maxima
[CT max]), and ecological traits vis reproductive success (fecundity [number of eggs per female] and
hatching success) and longevity using virgin adults following heat shock at 32, 35, and 38 ‘Cfor2
hours. Second, | assessed the effects of repeatable exposure to cold (CTmin) and chill coma recovery
time (CCRT) for 0; 24; 48 and 72 hours and the body lipid content (BLC) and body water content
(BWC) on adult fall armyworm (24 h old). Last, | investigated the thermal tolerance of S. frugiperda
at 3, 6 and 9 days old adults heat shocked at adult, pupal and larval stages, at 40°C for 2 hours.
Heat shock improved tolerance to heat (measured as CTmax) but negatively affected cold tolerance

(measured as CTmin). Males were more vulnerable to heat stress than females. Interestingly,
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heat shock also reduced fecundity, hatching success and adult longevity. Cold tolerance
measured as CTmin improved with repeated exposure in 5" instar larvae, virgin males, and

4th’ 5th 6th

females while CCRT improved in and instar larvae following repeated cold

exposure. Heat tolerance in virgin females showed highest CTmax in 6 day olds while it
fluctuated in males. Mated males had higher CTmax than mated females across all heat shocked
developmental stages. This study shows that, under heat stress, reproductive fitness in FAW is
largely compromised due to low fecundity and stress resistance that is dependent on mating
status, age and life-stage. Taken together, the results show that thermal variation has fitness
consequences for FAW at both individual and population level. These results provide valuable
data that inform mechanistic models for the geographic distribution of FAW under variable
climate scenarios. This will especially be critical in developing early warning systems and area-

wide strategies for FAW control.

Keywords: Environmental stress, invasive species, longevity, population persistence,

reproductive fitness, trade-off, thermal tolerance.
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Chapter 1

General Introduction



1.1 Effects of climate change on insects

The magnitude and frequency of extreme weather events such as flooding and drought are
gradually increasing due to global climate change (IPCC, 2013) with subsequent effects on
biodiversity and ecosystem functioning (Walther et al., 2009; Ma & Ma, 2022). This is because
climate change may reduce or eliminate abiotic limitations and /or indirectly alter biotic
interactions, which may benefit invasive species (Hulme, 2017; Ma & Ma, 2022). This is a
concern as it may have an impact on biodiversity, invasion of both plants and animals. For
agricultural crop production this has implications directly or indirectly due to diseases and
insect pest outbreaks (Parmesan et al., 1999; Qi et al., 2019), whether native or alien (Bale et

al, 2002; Parmesan & Yohe, 2003; Chidawanyika et al., 2019; Phophi et al., 2020).

Climate change may directly influence the spread of alien species as they have to track
favourable climates (Fig. 1.1) (Huang et al., 2011). Insects are the most destructive and costly
invasive taxa, with most exerting devastating impact on agricultural productivity (Paini et al.,
2016). Due to their ectothermic nature, the growth, metabolism, survival, fecundity, longevity
and ultimately geographic distribution of insects is chiefly influenced by temperature (Chown
& Nicolson, 2004, Calosi et al., 2008; Chidawanyika et al., 2012). It is therefore important to
understand insect-temperature relationships as they inform both conservation or control
options, depending whether the insect species is beneficial or deleterious, respectively (Tobin

et al., 2003; Du Plessis et al., 2020).
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Figure 1. 1 A conceptual framework incorporating the capacity of holometabolous insects

buffering climate change. Redrawn from (Ma &Ma, 2022).

Insect responses to thermal variation are diverse and can be behavioural or physiological
across both acute and chronic time-scales. For example, behavioral thermoregulation can benefit
insects through avoidance of shaded cooler environments and moving to sunny spots (Yin et al.,
2018). Similarly, larvae can feed on the underside of the leaf whilst avoiding the upper surface
exposed to direct heat from the sun (Yin et al., 2018; Guillen et al., 2022). This is in addition to
other behavioral responses such as changing time of diurnal and seasonal activities (Caspi et al.,
2022; Ma & Ma, 2022). Other insects employ polyphenism where changes in color depending on
environmental temperature assist in body thermoregulation (Markl et al., 2022). Other examples of

plastic responses to thermal variation include physiological adjustments such as the expression of
3



heat shock proteins, which act as molecular chaperones against protein denaturation, to withstand
extreme heat stress. These heat shock proteins are usually induced following sub-lethal thermal
exposure before otherwise lethal environments (Chown & Nicolson, 2004; Angilletta & Angilletta,
2009). Interestingly these heat shock proteins can also confer resistance to cold through cross-
tolerance mechanisms (Chidawanyika & Terblanche, 2011). Insects have also evolved
mechanisms to withstand cold environments by use of polyols and lipids, which act as anti-
freezing agents to preserve body organs under sub-zero temperatures (Chown & Nicolson,
2004), thereby prolonging survival in extreme conditions. Thus, insect responses to thermal
variability is highly dynamic and dependent on several factors at both individual and
population level through phenotypic plasticity and heritable responses, respectively
(Angilletta, 2009). These phenotypically plastic responses are usually referred to as hardening
(short term prior-exposure) and acclimation (long-term exposure days to weeks etc) and can

be dependent on life stage (Fig. 1.1).

1.2 Measures of insect thermal tolerance

Insect thermal responses can be determined through their developmental rates, lethal limits (high
or low) and critical thermal limits (CTmin and CTmax). Critical thermal limits are temperatures at
which a crucial ecological function is lost such as locomotion function, these may be reversible
(Mutamiswa et al., 2018). Other variation in both upper and lower thermal limits to survival and
activity is closely related to features of the organisms and its environment they inhabit (Hoffmann
et al., 2013; Soravia et al., 2021). These may include phylogenetic signal in thermal tolerance
(Kellerman et al., 2012), differences in tolerance and behavioural regulation between life stages
and the predictability in environmental variation (Chown & Terblanche, 2006). Upper and
lower thermal tolerance of terrestrial organisms indicates the rate of decline in upper thermal
limits, which is due to magnitude slower than that of lower limits (Sunday et al., 2011;

Hoffmann & Chown., 2013; Turriago et al., 2022). Insect upper limits may vary much less with



acclimation than in lower limits (Stockton et al., 2018). Ectotherms in low latitudes may have
narrow thermal safety margins (Deutsch et al., 2008; Hoffmann et al., 2013), and this increases
chances of extinction. It is estimated that temperatures will increase by 4 °C on average by the
end of the century (Georgoulias et al., 2022). This could increase the risk of population
extinction, but if there is room for adaptation through evolution, plasticity, and cross-
generational epigenetic mechanisms, that could release genetic variation, increase adaptation

to climate change, and reduce the risk of extinction (Hoffmann et al., 2013; Sgro et al., 2016).

1.3 Plasticity to thermal tolerance

Organisms have evolved adaptive mechanisms to buffer heat stress (Hoffmann et al., 2013).
There are three (non-exclusive) methods through, which organisms can adapt to a changing
environment. (1) Over a period of time and depending on an organism's life history, a species'
distribution may shift to habitats that are more suitable to their physiology and ecology. (2)
Adaptation to the current environmental conditions, which involves evolutionary (genetic)
change in response to the new selective pressures. (3) In the short term, phenotypic plasticity
where the same genes result in different phenotypes, depending on the environment (Chown &
Nicolson, 2004). Thus, phenotypic plasticity can be used, particularly by ectotherms, to cope
with harsh transient environmental conditions (Terblanche et al., 2010; Chidawanyika &
Terblanche, 2011). Plasticity is therefore a key trait that contributes to the success of pest
species especially when encountering novel environments (Angilletta, 2009; Harris et al., 2013;
Sgroetal., 2016; Xue &Ma, 2020). For example, plasticity in thermal tolerance has been shown
to improve fitness of invasive species such as Mediterranean fruit fly, Ceratitis capitata
(Nyamukondiwa et al., 2010) where rapid cold hardening allowed C. capatita to track its
diurnal change in environmental temperatures which may optimize both feeding and mating

during unfarouble temperature conditions, Chilo partellus (Mutamiswa et al., 2019) where
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thermal tolerance has been shown to be life-stage dependent with adults that were
developmentally acclimated and adult acclimated across temperature and relative humidity
showing different thermal fitness, and Drosophila suzukii showed that mating status may affect
cold tolerance, mated females had lower cold tolerance and mating may lower plasticity of heat
tolerance such that acclimation capacity of mated adults decreases (Xue & Ma, 2020) . This
therefore suggests that thermal plasticity is a key trait aiding invasion potential (Chidawanyika

et al., 2019; Nyamukondiwa et al., 2022).

There are several ways in which thermal plasticity can be acquired. “Acclimation” is when
reversible physiological plasticity in thermal tolerance used by organisms to survive in extreme
conditions (Weldon et al., 2011; Gunderson & Stillman, 2015) is acquired over a relatively
longer period. On the other hand, “hardening” involves reversible induction of physiological
responses over short term pre-exposure to extreme heat (sub-lethal) or cold temperatures
(Chidawanyika et al., 2011a, b; Foucault et al., 2014). In both hardening and acclimation,
physiological changes such as upregulation of heat shock proteins or production of polyols to
withstand heat or cold, respectively, may be involved. There are also cases of cross-tolerance
where pre-exposure to the opposite thermal extreme can lead to improved tolerance of the

opposite (Chidawanyika & Terblanche, 2011; Ge et al., 2013).

Thermal plasticity is not a static trait, but rather a function of both environmental and organismal
factors especially for organisms with complex life cycles such as insects that are characterized by
different ontogenetic life stages. These life stages may occur in different microhabitats which may
vary in temperature means and extremes (Krebs & Loeschcke, 1995), thus the evolution of different
plasticity levels. This may consequently limit the achievement of different stage-specific
temperature optima within each of these environments since tolerance at different developmental
stages is likely to be linked and may be constrained by physiology or trade off (Huey & Kingsolver,
1993; Angilletta, 2009; Blackenhorn et al., 2014). The magnitude of temperature and duration of
exposure affects thermal tolerance of an organism (Chown & Nicolson, 2004). For example,
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Chidawanyika & Terblanche (2011a) found an increase in mortality in codling moth Cydia
pomonella with either an increase in temperature or an increase in the exposure at any given
temperature. Similar factors such as sex, age, mating and metabolic status affect thermal
tolerance (Colinet & Renault, 2014; Rusch et al., 2019; Xue & Ma, 2020). Scharf et al. (2016)
found that the upper thermal tolerance (CTmax) reduced with age in Drosophila melanogaster
and Nyamukondiwa & Terblanche (2009) found that fed fruit flies (Ceratitis capatata and
Ceratitis rosa) had increased thermal tolerance. CTmax differed by sex in screwworm
(Cochlioyia macellaria), with females showing an increased thermal tolerance than males
regardless of nutrient availability (Rusch et al., 2019). The extent to, which species can cope
with extreme temperatures in different life stages and how exposure to such conditions at a
juvenile (ontogeny) affects adult survival, reproduction and life histories later in life are of
interest in order to understand evolutionary and physiological constraints of thermal tolerance.
This is because different physiological pathways may be used during ontogeny, for example
using Drosophila, studies revealed that short-term exposure to extreme temperatures at larval
and pupal stages influenced its development and hatchability and tolerance may be uncoupled
across developmental stages (Krebs & Loeschcke, 1994).

Other studies on age -and-stage dependent resistance to high temperatures that showed a
decline in thermal tolerance with stage or age include, Nyamukondiwa & Terblanche (2009)
for fruit flies, Sales et al. (2021) for flour beetle, Tribolium castaneum and cold temperature
tolerance in Chilo partellus (Mutamiswa et al., 2019). Several studies also showed that sex
also differ in many ways to temperature stress, with females showing less sensitivity than
males. Heat stress may delay mating and may reduce the frequency of mating (Sales et al.,
2018). Sperm and eggs production are affected by temperatures and differential effects of high
temperatures on spermatogenesis and oogenesis has been reported in the parasitoid wasp
Anisopteromalus calandrae (Nguyen et al., 2013). Such sex-specific differences in heat

sensitivity are of importance since mating and consequently reproductive success are an
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interaction because infertility of one mating partner is enough to result in zero fitness of the
other (Blackenhorn et al., 2014; Sales et al., 2018). Hardening (heat or cold) and /or acclimation
are important concepts linking stage-and sex-specific thermal tolerance. This is achieved by
individuals who become more tolerant to extreme temperatures at adult stage after being
exposed to them at juvenile stage (egg, larvae or pupae) (Hoffmann et al., 2003, Blackenhorn
etal., 2014; Sales et al., 2021). These carry-over effects may increase survival and reproductive
output and fitness at adult stage for both males and females (discussed in Hoffmann et al.,

2003; Chown & Nicolson, 2004; Bowler & Terblanche, 2008).

1.4 Economic losses due to invasive insect pests

Invasive species are a major threat to biodiversity and ecosystem service (Amusan & Olawuyi,
2018; Machekano et al., 2018), food production and can act as disease vectors, which may have
direct and indirect effects on humans (Haneley & Roberts, 2019). Biological invasions have major
economic consequences and can reduce the flow of ecosystem services by reducing biodiversity,
competing with native species, altering habitats and may even lead to the extinction of native
species and human wellbeing such as access to clean water, human health and climate stabilization
(Shackleton et al., 2019; van Wilgen et al., 2020), . Agriculture is very important in southern Africa
for security and livelihoods, yet is vulnerable to climate change (Mutamiswa et al., 2017). Crop
losses due to insect pests, mites, weeds and pathogens have been a major threat to income of rural
families and to food security (Mutamiswa et al., 2017; Savary et al., 2019; Sileshi et al., 2019).
Insect pests’ geographic ranges are increasing with rising temperatures (Parmesan et al., 1999).
This will lead to alien species including invasive pests expanding their host ranges. According to a
recent global analysis of 1297 invasive species, Africa was found to be one of the continents with
countries that were mostly vulnerable to invasive alien species worldwide (Sileshi et al., 2019).
Many AlSs affect food crops including crops native to Africa such as sorghum (Sorghum bicolor),

hungry rice (Digitaria exilis), maize (Zea mays) or cassava (Manihot esculenta), which are



staple food for a large number of low-income consumers (Silesh et al., 2019). Maize is a staple
food in Africa and is grown across different agro-ecological zones where many people depend
on it for food security (Kumela et al., 2019). Yield losses for 137 pest species on wheat rice,
maize and potatoes were estimated at different hotspots world wide including southern Africa
(Savary et al., 2019). Their survey showed that in Southern Africa average loss and the range
of losses for different crops were wheat 21.5% (10.1-28.1%), rice 30.0% (24.6-40.9%), maize
22.5% (19.541.1%), potato 17.2% (8.1-21.0%) and soybean 21.4% (11.0-32.4%). Southern
Africa has been described as climate change hotspot and the region is expected to experience
increases in aridity with low adaptive capacity (Nhamo et al., 2019). South Africa has the
largest economy in terms of agricultural production and trade in the region (Ransom et al.,

2019).

With warming climates due to climate change, the scourge of such pests is projected to increase.
This leads to increased costs of crop production due to investment in pest management strategies
and outright food insecurity in the cases where crop damage goes unabated. In South Africa, the
exact amount of money spent on the control of invasive species is unknown but it could potentially
reach a minimum of US$242 million per year (van Wilgen et al., 2020). Developing countries are
more vulnerable to threats posed by invasive species because their economies rely mostly on
agriculture, fishing, and forestry (Pimentel et al., 2001). About 60% of employment in Africa
comes from agriculture and generates more than 40% of the continents foreign exchange and about
80% of rural populations depend on agriculture (Kherallah et al., 2002). Maize is the staple food
of about 50% of the population of sub-Saharan Africa (SSA) and yet the region has the lowest
maize yields due to invasive species (Kavhiza et al., 2022). For example, Chilo partelus (spotted
stem borer) is a serious pest of maize and sorghum (Chidawanyika et al., 2012; Mutamiswa et al.,
2018). Its economic impact is estimated at US$61-73 million in Ethiopia, US$43-51 million in
Kenya annually (Pratt et al., 2017). Prostephanus truncatus (larger grain borer) occurs in 17

African countries and is a destructive pest of stored maize and dried cassava. The economic impact



of this pest is estimated at US $15 million cording at 1995 values (Boxall, 2002). The pest also
damages cereals, legumes, dried roots, cocoa, coffee beans, wood and tubers. The Oriental fruit fly
(Bactrocera dorsalis) have been confirmed in 41 countries across Africa. There are no reliable
yield losses as estimates are lacking but fruit losses can be 100 % without protection (Cugala et al.,
2003). Tuta absoluta (tomato leaf miner) is a tomato pest and also attacks crops of the Solanaceae
family and has been confirmed in 19 African countries including South Africa with 100% crop loss
in countries invaded (Pratt et al., 2017; Naganna et al., 2020). Its range is predicted to expand in
tropical Africa and the number of generations per year area also predicted to increase under climate
change (Silesh et al., 2019). Spodoptera frugiperda annual economic losses are estimated at
US$2.5-6.3 billion in maize producing African countries (Day et al., 2017). The S. frugiperda has
host range of over 100 plant species in 27 families globally (CABI, 2018), but in Africa its main
hosts include maize, sugarcane, sorghum and 23 horticultural crops like tomato, potato, soybean,
peanut and millet (Makgoba et al., 2021). It threatens the food and nutritional security of millions

of farming families in Africa (Nagoshi et al., 2019; Naganna et al., 2020).

1.5 Problem statement and objectives

Invasive species are a major threat both to natural and agricultural ecosystems (Amusan &
Olawuyi, 2018; Machekano et al., 2018) leading to food insecurity and poor human well-being. In
recent years, Africa has witnessed severe FAW invasion leading to devastating yield and economic
losses (Overton et al., 2021; Tambo et al., 2021; . This polyphagous insect is native to the tropics
and subtropical regions of America (Rukundo et al., 2020). In Africa alone, if left uncontrolled has
a potential to cause maize yield losses estimated between US$2.5 to US$6.2 billion per annum
(CABI, 2018). The spread of the FAW throughout several central and southern African countries
now includes Togo, Zambia, Zimbabwe, South Africa, Mozambique, Malawi, Namibia, Kenya,
Rwanda, Tanzania and Ghana (Goergen et al., 2016). In South Africa, S. frugiperda has been
reported in several provinces, including Limpopo, North West, Free State, Gauteng, Mpumalanga,

KwaZulu-Natal, Western Cape, Northern Cape and Eastern Cape (Rukundo et al., 2020). Some

10



information that is urgently needed for this species is how climate influences the physiology
and population dynamics of this pest. Previous reports have suggested that invasive species are
more tolerant to high temperatures than natives (Zerebecki & Sorte, 2001) i.e. invasive species
may have enhanced eurythermality, the ability to live in diverse environments, compared to
native species occupying the same environment (Zerebecki & Sorte, 2011). This implies that
mechanisms such as phenotypic plasticity provide invasive species with a wider physiological
tolerance, enabling them to establish successfully under various potential abiotic stressors,
such as temperature and desiccation, by adapting through physiological changes (Kelly, 2014).
These abiotic factors serve as key ‘ecological filters’ to invasion. For ectotherms,
understanding how an invasive organism may respond to environmental variation may bring
about insights regarding patterns of invasion. From the foregoing, the overall goal of this study
was to investigate the evolutionary, physiological and phenological responses of S. frugiperda

to climate change. Specifically, the objectives of this study are.

1. To evaluate the impact of short exposure to high temperatures on survival and fecundity
of S. frugiperda. It was hypothesized that short term exposure to high temperatures will impact

survival and female fecundity.

2. To evaluate basal and plastic responses to thermal variability in S. frugiperda. It was

hypothesized that adult heat shock stress may have an impact on the physiological and

ecological functioning of fall armyworm adults.

3. To investigate the role of life-stage in the thermal tolerance of S. frugiperda. It was

hypothesized that heat tolerance will decreased with age.
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4. To evaluate the effects of sex, age and mating status on thermal tolerance of S.
frugiperda after heat shock. It was hypothesised that thermal tolerance of S. frugiperda varies
across age, sex and mating status following heat shock.

5. To investigate Repeatability of critical thermal minima (CTmin) and chill coma
recovery time (CCRT), body water content (BWC) and body lipid content (BLC) in S.
frugiperda. It was also hypothesized that CTmin and CCRT are repeatable traits and may
change over time because of cold hardening and body water content and body lipid content

will influence cold hardening.

1.6 Study organism

Spodoptera frugiperda (J.E. Smith), commonly known as the fall armyworm (FAW) is a significant
economic pest of members of Poacecae plants, feeding on over 80 crops including strategic crops
for food security such as maize, sorghum and rice. This polyphagous insect is native to the tropics
and subtropical regions of the Americas (Rukundo et al., 2020). It is incapable of diapause with
limited capacity to survive freezing winter conditions (Kumela et al., 2019; Nagoshi et al., 2019).
Spodoptera frugiperda has high dispersal capacity, which contributes to the quick long range
spread (Nagoshi et al., 2019). The adult female FAW has brownish-grey forewings that are uniform
in color (Fig.1.2.1) while males have shaded grey and brown forewings with triangular white

spots on the tip of the wing (Fig. 1.2.2).
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Figure 1. 2.1 Adult female Spodoptera frugiperda

Figure 1. 3.3 Adult male Spodoptera Frugiperda
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Females oviposit as early as the same night of mating in batches of 50 to 200 eggs (Fig. 1.3).
The females may lay between 1500 to 2000 eggs in total. It usually has 6 instars, The life cycle
usually includes six instars. The first and second instars feed on one side of the leaf, whilst the
final instars feed on most plant parts, damaging them in the process (Kumelaetal., 2019). The
larval stage takes about 14 days in summer and 30 days in cool temperatures (Nagoshi et al.,
2019). The last instar drops to the ground and pupates in the soil. It takes about 8 to 9 days in
summer and 20-30 days in winter for adult eclosion (Kumela et al., 2019; Du Plessis et al.,

2020).

Eggs
Eggs are lald In
clusters of 50-200
and hatch 2-4 days after

Pupa
Pupae develop when the
larvae move 1o the soi
{or ptant tissue). It takes
7-13 days for the adult
moth to emerge.

Adult
Lifespan 2-3 weeks

Females can lay
ﬁ up to 2,000 eggs

First instar

Neonate larvae
Neonate larvae grow
quickly and move widely.

Larvae
Sixth Instar larvae (14-30 days)
is the most destructive stage
They are fast crawlers and big eaters

Figure 1. 4 Life cycle of Spodoptera frugiperda

The adult females oviposit eggs in large numbers on the foliage, which are then dispersed
throughout the crop. In summer, the eggs hatch within 3 days and as soon as they hatch, the larvae
begin feeding on the tissues (Cruz et al., 2014). The first and second instar larvae usually eat the
green tissue from the side of the leaf leading to the loss of photosynthetic parts of the plant
(Chimweta et al., 2020; Suby et al., 2020). The first instar larvae usually start with the most delicate
plant parts (Cruz et al., 2010) (Fig. 1.4). From the third instar on, the larvae congregate in the whorl

and begin to feed, leaving a pattern of holes in the unfolding leaves. As they grow, their feeding
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rate and damage increases (Chuang et al., 2014; Cruz et al., 2010).

Figure 1. 5 Spodoptera frugiperda damage to maize (Visser, 2017).
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Chapter 2

Contrasting effects of acute heat shock on physiological
and ecological performance of the fall armyworm*

*Published as: Mbande, A., Mutamiswa, R., Nyamukondiwa, C. & Chidawanyika, F. (2023).
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2.1. Introduction

Ectotherms’ body temperatures are always closely related to prevailing ambient conditions
(Angiletta, 2009). Given the role of temperature in organismal activity, function, and biochemical
processes (Chown & Nicolson, 2004), it thus plays a key role in determining overall animal fitness
(Bale et al., 2002; Mutamiswa, 2017). Insects are highly responsive to temperature because they
are ectotherms. Consequently, climate change-associated heat waves are expected to affect their
performance. For example, climate stress may negatively affect native species and benefit invasive
alien species (Nyamukondiwa et al., 2022), and coupled with failed natural pest suppression under
climate change (Mironidis & Savopoulou-Soultani, 2010; Chidawanyika et al., 2019), continuous
bouts of heat waves may thus favor invasive pest proliferation. However, species’ responses to
thermal variation at both organismal and population level are dynamic and may be mediated by
several basal, plastic, and genetically determined factors that are environmentally dependent
(Angilletta, 2009; Sgro et al., 2016).

Organisms have evolved various adaptive mechanisms to buffer against stressful
environments (Hoffmann et al., 2013). This adaptation can be in two forms: (1) phenotypic
plasticity (occurring at individual level or within generation), and (2) genetic changes through
natural selection (evolution of stress traits that may favor the fittest) (Angilletta, 2009). Phenotypic
plasticity involves changes in an organism’s behavior, morphology, and/or physiology in response
to changes in environmental conditions (Chown & Nicolson, 2004). Phenotypic plasticity takes
two forms, i.e., hardening in the short term and acclimation on longer timescales (Sgro et al., 2016).
Both forms allow individuals to respond rapidly to stress outside their thermal limits
(Chidawanyika & Terblanche, 2011; Sgro et al., 2016). Phenotypic plasticity of a genotype plays
a critical role in many evolutionary processes such as selection within and among species (Salamin
et al., 2010) and the establishment of barriers of reproduction between and within populations.

Although the phenomenon is nearly ubiquitous
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in insects and is mainly adaptive (Chown & Nicolson, 2004; Angiletta 2009), phenotypic
plasticity can also be maladaptive. Maladaptive plasticity occurs when a population encounters
an environment that induces the production of phenotypes away from the local optimum,
resulting in a negative relationship between the direction of plasticity and that of adaptive
evolution (Ghalambor et al., 2015). For example, Svensson et al. (2020) showed that
phenotypic plasticity is maladaptive to both Calopteryx splendens (Harris) and Calopteryx
virgo (L.).

Heat stress may also have fitness costs and benefits for insects (Segaiso et al., 2022).
However, these costs and benefits are dependent on the level of stress. Although many studies have
suggested that a single heat wave may negatively affect insect life-history traits — e.g., through
reduced fecundity, egg hatchability, and prolonged development (Liang et al., 2014; Zheng et al.,
2017) — considerable studies have also shown the contrary, that sub-lethal acute heat stress may
increase fitness, e.g., through increased longevity, reproduction, and heat tolerance (Roux et al.,
2010; Sarup et al., 2016). Thus, taxonomic differences in the costs and benefits of heat stress on
life-history traits warrant a more thorough investigation. At organismal level, sustained exposure
to heat stress has fitness consequences due to injuries at cellular level mediated by protein
denaturation (Chown & Nicolson, 2004). Injuries sustained can manifest acutely within the same
organisms or, in some cases, may appear in subsequent developmental stages and/or generations
(Luetal., 2014; Su etal., 2021). For example, exposure of larval Drosophila melanogaster Meigen
to sub-lethal heat stress resulted in both mutations and pupation failure (Cui et al., 2008).
Furthermore, parental sub-lethal heat shock decreased egg hatchability in Mononychellus
mcgregori (Flechtmann & Baker) (Lu et al., 2014) and Plutella xylostella (L.) (Zhang et al., 2013).
Similarly, in Ephestia cautella (Walker), sub-lethal heat shock reduced overall fecundity
(Silbermann & Tatar, 2000), consistent with results on Helicoverpa armigera (Hibner) (Mironidis
& Savopoulou-Soultani, 2010) and Tribolium castaneum (Herbst) (Sales et al., 2021). Such
reduction in fecundity following heat shock stress has been associated with injury to the oocytes
and ovaries (Mironidis & Savopoulou-Soultani, 2010). Similarly, in males, heat stress may reduce
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fertility through direct injury to the testes and sperm (Rinehart et al., 2000; Sales et al., 2021) and
may reduce mating success in other insect species (Jerbi-Elayed et al., 2015). Heat shock may also
reduce female longevity among adults (Chen et al., 2015; Zhang et al., 2016) thereby minimizing
their full reproduction potential. Subjection to heat stress is known to induce the production of heat
shock proteins that prevent protein denaturation and repair damaged proteins (Nyamukondiwa et
al., 2010; Chidawanyika & Terblanche, 2011; Mutamiswa et al., 2017). Thus, heat stress may be a
significant determinant of survival and potentially mediate insect population dynamics in nature.
As such, an understanding of its effects on ecological and physiological responses is critical in
elucidating invasive insect population dynamics, establishment, and spread under changing
environments (Chen et al., 2019; Tarusikirwa et al., 2022).

The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae),
native to South America, is a highly invasive insect pest that threatens food security (Kenis et al.,
2023). Given that FAW adults may occupy thermally divergent habitats, coupled with increasing
acute temperature stress, no studies have investigated the effects of previous thermally stressful
environments on the eco-physiology of FAW. As stated in previously, under optimum temperature
conditions of 28 °C, an adult female usually deposits eggs for 4-5 days, in batches of 0— 200 each
day — so, total fecundity is up to 1000 eggs (Kumela et al., 2019).

Fall armyworm larvae have 5-10 instars (six optimally) (Ali et al., 1990; reviewed in
Kenis et al., 2023). First and second instars feed on one side of the leaf skeletonizing it in the
process, whereas the later instars feed on most plant parts damaging them in the process
(Kumela et al., 2019). The larval stage may last up to 14 days in summer and up to 30 days in
winter, highly suggestive of temperature-dependent development (Nagoshi et al., 2019).
Cognizant of its economic importance and the adult migratory nature, the effects of thermal
environments on FAW fitness thus warrant investigation. | assessed the effects of sub-lethal
heat shock on eco-physiological performance of this invasive insect pest. Specifically, |
determined whether sub-lethal heat shock may influence (1) cold tolerance (critical thermal
minima, CTmin) and heat tolerance (critical thermal maxima, CTmax), (2) reproductive capacity
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(fecundity and hatching success), and (3) longevity. Phenology, which refers to the timing of
seasonal activities such as development, since phenological responses may be altered by
temperature regimes (Gill et al., 2015) and the ecological impact of climate change such as
extreme weather events and drought, which are associated with insect outbreaks. |
hypothesized that adult heat shock stress may influence physiological and ecological
performance of FAW adults.
2.2 Materials and methods
2.2.1 Plant and insect culture
Maize plants, Zea mays L. (Poaceae), were grown individually in plastic pots (20 cm diameter) with
loamy soil mixed with potting mix (Gromor, Cato Ridge, KwaZulu-Natal province, South Africa)
as it is the preferred host of S. frugiperda (Assefa, 2018). The plants were watered daily and
fertilized weekly with 30 g of fertilizer to maintain the same levels of fertilizer (Lawn & Leaf 7:1:3;
Wonder, Isando, South Africa) for 4 weeks before FAW inoculation.

The initial Spodoptera frugiperda larval culture (maize strain) was obtained from the
Agricultural Research Council
— Plant Health Protection (ARC-PHP) in Pretoria, South Africa, and maintained in the insectary
under optimum conditions at 28 + 2 °C (Ali et al., 1990; Du Plessis et al., 2020), 65 + 5% relative
humidity (RH) and L12:D12 photoperiod. They were allowed to grow into adults and newly laid
(F1 generation) eggs were incubated until larval emergence in cages with 2-week-old fresh maize
plants. Thereafter, third larvae were individually transferred into vials containing artificial diet
to prevent cannibalism until they pupated. Pupae were then sexed using differences in genitalia,
where the genital slit in females is located on the anterior edge of the fourth abdominal segment
posterior to the wing covers and is located on the posterior edge of the same segment in males
(Tuncer & Aker, 2018).These were transferred into 1-L plastic tubs containing moist soil until

adult eclosion.
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2.2.2 Adult sub-lethal heat shock treatments

Newly emerged adults of S. frugiperda (24- to 48 -h old) were individually heat-shocked in
propylene vials at 32, 35, or 38 °C for 2 h in a programmable water bath (model Tx150; Grant
Instruments, Shepreth, UK) using the plunge protocol (e.g., Chidawanyika & Terblanche,
2011). These non-lethal high temperature—time combinations for heat shock were chosen based
on preliminary trials in which survival was assessed under similar static thermal regimes. In
addition, microclimatic conditions experienced in one of the maize-growing areas in South
Africa range from —13.7 to 45.6 °C (see Results). A piece of moist cotton wool was placed at
the bottom of each vial to prevent desiccation-related mortality. Controls were maintained
under optimum conditions (28 + 2 °C, 65 + 5% R.H., L12:D12) in cages in the insectarium
before measuring life-history traits. All metrics were measured just after heat shock, i.e., 0 h
post heat shock treatment and using 24- to 48-h-old moths.

2.2.3 Effects of heat shock on low and high temperature tolerance

Critical thermal limits (CTLs; CTmin and CTmax) were assessed following Nyamukondiwa &
Terblanche (2010). Ten adult FAW from heat shock treatment and controls were individually
placed into a double jacketed ‘organ pipe’ chamber comprising 11 separate 200-mm tubes,
connected to a programmable Grant Tx150 water bath filled with a 1:1 mixture of water and
propylene glycol and subjected to constant heating and/or cooling. In the ‘organ pipe’, insects were
given 10 min first to equilibrate at 28 °C (optimum developmental temperature) before ramping
temperature up (CTmax) or down (CTmin) at a rate of 0.25 °C per min. This was repeated to yield n
= 20 per treatment (20 replications). A thermocouple (type K 36 SWG) (Fluke Corporation, Everett,
WA, USA) connected to a digital thermometer (53/5411B; Fluke Corporation, Everett, WA, USA)
was inserted into the control chamber to monitor the chamber temperatures. Critical thermal minima
(CTmin) and maxima (CTmax) were defined as the lower and upper temperatures, respectively, at
which the adults lost muscle coordination, which was regarded as a lack of response to mild

prodding (e.g., Nyamukondiwa & Terblanche, 2010).
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2.2.4 Effects of heat shock on female fecundity and hatching success

Following heat shock, virgin individual adult females and males were paired as follows: treated
female x untreated male, treated female x treated male, and untreated female x treated male
(20 pairs each). Each pair was transferred into a rearing cage with potted fresh 4-week-old
maize plants and a cotton wad soaked in 25% sugar water for oviposition and food provision,
respectively. Untreated adults (male and female) were maintained at 28 °C as controls. The
plants were monitored daily and leaves with newly deposited eggs were cut from the plant and
transferred into Petri dishes and incubated under optimum conditions. Eggs were counted under
a Nikon SMZ 645 dissecting microscope in order to determine fecundity. The process was
repeated until no newly deposited eggs were observed (up to day 15). Fecundity was defined
as the total number of eggs per pair during 15 days.

Hatchlings were counted and removed daily until no more larvae were observed.
Hatching success was defined as the total number of larvae that hatched vs. the total number of
eggs from each pair.

2.2.5 Effects of heat shock on longevity

Twenty replicates of heat-shocked virgin male and female adults were placed individually in
propylene vials with screw cap lids (20 males and 20 females). A moist cotton wick dipped in
10% sugar solution was placed in each vial for provision of food and water. Thereafter, the
vials were maintained in the insectary under optimum conditions (28 °C, 65 + 5% r.h.,
L12:D12). Controls (virgin males and females) were maintained individually in cages as
treatments under optimum conditions before measuring longevity. Mortality was recorded once
per day until all the adults were dead.

2.2.6 Microclimate data recording

Microclimatic data were recorded using model DS1920 Thermocron iButtons (five iButtons were
used) (0.5 °C accuracy, 0.5 h sampling frequency; Dallas Semiconductors, Dallas, TX, USA) in

Clifton, Bloemfontein, Free State province, South Africa (29.1128°S, 26.2312°E) during the period
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March 2019 to March 2020 to determine the environmental conditions experienced by S. frugiperda
in the field. Most S. frugiperda host plants are grown in this area at subsistence and commercial
level. The iButtons were placed under a tree canopy (shaded environment), 1 m above the ground.
2.3 Data analysis

Data were analyzed in STATISTICA v.13.5.0 (TIBCO, Palo Alto, CA, USA) and Rv.4.1.2 (R Core
Team, 2021). Data were first checked for normality and equality of variances using the Shapiro-
Wilk and Hartley-Bartlett tests, respectively. For CTLs, linear model assumptions of constant
variance and normal errors were met, whereas longevity, fecundity, and hatching success data did
not conform to assumptions of ANOVA. Therefore, CTLs results were analyzed using full-factorial
ANOVA with sex and treatment as categorical factors, and CTmin and CTmax as dependent
variables. Longevity, fecundity, and hatching success data were considered as count data and
were analyzed using a generalized linear model (GLM) assuming a Poisson distribution and a
log link function in R. A quadratic term was added to the temperature term, to improve model
fit based on the Akaike Information Criterion. Tukey-Kramer post-hoc tests were used to
separate means.

2.4 Results

2.4.1 Effects of sub-lethal heat shock stress on low and high temperature tolerance

Sub-lethal heat shock significantly influenced low-temperature tolerance (CTmin) in both adult
females and males (Table 2.1). The interaction effects between sex and treatment were highly
significant for CTmin (Table 2.1). Sub-lethal heat shock stress at the highest treatment temperature
(38 °C) significantly increased CTmin (reduced cold tolerance) for both males (6.43

+ 0.09 °C) and females (7.0

+2 + 0.06 °C) (Figure 2.1A). Control treatment showed a significant difference in low-
temperature tolerance between females and males with females recording higher CTmin than

males (Figure 2.1A).
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Figure 2. 1 : Effects of prior sub-lethal heat shock treatment (2h) and sex on critical thermal
minimum (A) and critical thermal maximum (B) for Spodoptera frugiperda. Error bars
represent 95% confidence limits (N = 20) and means with the same letter are not significantly

different from each other.
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Table 2. 1: Effects of prior sub-lethal heat shock treatment (2h) on Spodoptera frugiperda
critical thermal limits (CTmin, CTmax). Full factorial ANOVA of the effects of sub-lethal 2-h
heat shock treatment at four temperatures on critical thermal minimum (CTmin) and maximum

(CTmax) of Spodoptera frugiperda males and females

Trait  Effect SS df. MS F P

CTmin  Intercept 1114.61 1 1114.61 2590.63 <0.001
Sex 3.22 1 3.22 7.49 <0.01
Temperature 894.02 3 298.01 692.64 <0.001
Sex*temperature 7.51 3 2.50 5.82 <0.001
Error 65.40 152  0.43

CTmax  Intercept 345820.5 1 345820.5 77318.17 <0.001
Sex 51.4 1 51.4 11.50 <0.001
Temperature 251.3 3 83.8 18.73 <0.001
Sex*tTemperature 48.8 3 16.3 3.63 0.014
Error 679.8 152 45

Similarly, heat shock significantly influenced high-temperature tolerance (CTmax) in both adult
females and males (Table 2.1). It improved CTmax in both sexes at 32 °C heat shock treatment
with females recording 49.69 + 0.059 °C and males 46.82 + 0.191 °C, showing plasticity
towards heat stress tolerance (Figure 2.1B). The interaction between treatments was
significantly different for high temperature tolerance (Table 2.1). Control treatment had no
significant response for CTmax for both sexes (Fig. 2.1B).

2.4.2 Effects of heat shock on female fecundity and hatching success

Fecundity and hatching success varied significantly across pairs following heat shock treatments
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(Table 2.2, Figure 2.2). There was a significant interaction effect between temperature and pair for
both fecundity and hatching success (Table 2.2). Fecundity and hatching success decreased with
increase in heat shock temperature across all pairs (Figure 2.2). Following heat shock treatments at
32 to 38 °C, fecundity ranged from 409 to 144 (treated male x untreated female), from 369 to 132
(treated female x untreated male), and from 342 to 81 eggs (treated male x treated female) (Figure
2.2A). Likewise, following the same heat shock treatment conditions, hatching success ranged from

332 to 103 (treated male x untreated

female), from 287 to 99 (treated female x untreated male), and from 301 to 81 eggs (treated
male x treated female) (Figure 2.2B). Fecundity and hatching success at 35 °C differed
significantly between both sexes treated vs. treated male x untreated female (Figure 2). At 38
°C, a significant difference in fecundity was recorded between the same pairs, but not in
hatching success (Figure 2.2). The treated male x treated female pair recorded the lowest

fecundity and hatching success at 35 and 38 °C (Figure 2.2).
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Figure 2. 2 Effects of prior sub-lethal heat shock treatment (2h) and sex on Spodoptera
frugiperda fecundity (A) and hatching success (B) (N=20 pairs). Error bars represent 95%

confidence limits. Means with the same letter are not significantly different from each other

Fecundity was defined as the number of eggs per pair following adult oviposition for 15 days
duration. Hatching success was defined as the number of larvae that hatched versus total

number of eggs from each pair after not seeing new hatchlings.
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Table 2. 2: Effects of prior sub-lethal heat shock treatment (2h) on Spodoptera frugiperda
fecundity and hatching success. Factorial analysis using generalized linear model (GLM) of the
effects of sub-lethal 2-h heat shock treatment at three temperatures on fecundity and hatching

success of Spodoptera frugiperda males and females. Pair = male x female.

2

Trait Effect d.f. X P

Fecundity Temperature 2 1496754 <0.001
Pair 3 5289052 <0.001
Temperature*pair 6 550537 <0.001

Hatching success Temperature 2 1144322 <0.001
Pair 3 5094727 <0.001
Temperature*pair 6 428048 <0.001

2.4.3 Effects of heat shock on longevity

Overall, longevity was marginally higher in males (z = 2.496, P = 0.013) and initially increased
and later decreased with increasing heat shock (z = 3.821, P < 0.001), as was the case with
females (Figure 2.3). However, there were no significant sex*temperature effects across

treatments (z = 1.789, P = 0.074) (Figure 2.3).
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Figure 2. 3 Effects of prior sub-lethal heat shock treatment (2h) and sex on the longevity of
Spodoptera frugiperda (N=20 pairs). Nodes represent raw data

2.4.4 Microclimate data recordings

Temperature between March 2019 and March 2020 in Clifton, Bloemfontein, South Africa,
one of the areas where maize is grown, ranged from —13.7 to 45.6 °C (Figure 2.4A). Analysis
of the temperature severity showed that acute heat stress episodes are common under natural
conditions (Figure 2.4B). Temperature stress conditions of 3045 °C were experienced at least
1000x%, whereas temperatures of 45-50 °C were experienced 250x in a calendar year (Figure

2.4B).
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Figure 2. 4 : (A) Microhabitat temperature (denoted by line curve) recorded using
Thermocron iButtons at 0.5-h sampling frequency under a tree canopy, 1 m above the
ground at Clifton, Free State Province, South Africa, from March 2019 to March 2020.
(B) Temperature frequency distribution during the same period. Arrows indicate the heat

shock temperatures that were used in laboratory experiments.
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2.5 Discussion

In nature, insects experience adverse abiotic stress, and the ability to survive these stressors
may determine success (Nyamukondiwa et al., 2022). The current study showed contrasting
physiological and ecological responses of S. frugiperda following sub-lethal heat shock stress.
| found that sub-lethal heat shock treatment compromised cold tolerance (CTmin) whereas it
improved heat tolerance (CTmax) across all treatments. Furthermore, similar to CTmin results, |
also found that acute sub-lethal heat stress during development may come at the cost of adult
survival and fitness, manifested as reduced longevity and reproductive success (lower fecundity
and egg hatching success).

Sub-lethal heat stress significantly reduced cold tolerance in this study, showing
evidence of cross-susceptibility between heat and cold stress (Tarusikirwa et al., 2022).
Although previous studies demonstrated the importance of cross-tolerance in response to heat
and cold (Chidawanyika & Terblanche, 2011; Sinclair et al., 2012, 2015), this study showed
no evidence for this relationship. This may mean that heat stress can exert cumulative effects
leading to poor thermal tolerance, perhaps due to cumulative tissue injuries. These results are
also in agreement with Mutamiswa et al. (2018) and Tarusikirwa et al. (2020) who reported
reduced cold tolerance (CTmin) following heat stress in the lepidopteran species Busseola fusca
(Fuller) and Tuta absoluta (Meyrick).

There was improved heat tolerance (CTmax) following sub-lethal heat shock treatments in
both sexes indicating the ability to shift CTmax phenotypes, otherwise termed phenotypic plasticity.
The increase in CTmax following heat shock treatment is not surprising as several studies reported
significantly higher expression of heat shock proteins (HSP90 and HSP70) in heat shocked relative
to untreated individuals, suggesting their role in heat tolerance (reviewed in Feder & Hofmann,
1999; King & McRae, 2015). Upregulation of heat shock proteins, which act as molecular
chaperones against protein denaturation following heat stress, may explain the current results
(Lopez-Martinez & Denlinger, 2008; Al-Ghzawi et al., 2022; Xing & Zhao, 2022). As heat
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shock protein levels were not measured in the current study, this warrants further investigation
to fully elucidate mechanisms eliciting these plastic responses. Females had higher heat
tolerance (CTmax) and plasticity thereof than males, conferring them a survival advantage over
males in natural heat stress environments. This is consistent with sex-related differences in heat
tolerance reported by Nyamukondiwa & Terblanche (2009). Females often have higher lipid
content, owing to higher reproductive investment. Lipids play a key role in thermal tolerance
(see Chown & Nicolson, 2004); thus, lipids may explain differences in basal and plastic
differences observed here. However, sex-related lipid content differences and their role in the
CTmax variation should be investigated further to test this hypothesis. For invasive pests in the
tropical regions, counter-adaptive physiological adjustments against heat stress sustain
dispersal propensity through preservation of key life-history traits such as mating and
locomotion (Bujan et al., 2021; Ma & Ma, 2022; Nyamukondiwa et al., 2022). Here, FAW
showed capacity for rapid CTmax adjustment under heat stress, suggesting plasticity. This
plasticity may likely aid its invasiveness, consistent with reports on related species (e.g.,
Nyamukondiwa et al., 2010; Tarusikirwa et al., 2022).

Fecundity and hatching success decreased with increase in sub-lethal heat shock
temperature underlying the cumulative effects of tissue damage (Chown & Nicholson, 2004). Thus,
acute heat waves may reduce the severity of FAW invasions and the damage larvae cause to crops
in the short term due to poor FAW reproductive success. However, the net invasiveness of FAW
will depend on how FAW compensate for heat stress-associated costs of reproduction. The
mechanisms behind reduced fecundity and hatching success are not clear. Heat stress is known to
elicit dehydration and denaturalization of proteins including enzymes resulting in reduced survival,
fecundity, or offspring viability (Somero, 1995). Furthermore, the female reproductive system is

known to be sensitive to thermal stress due to disturbance of the
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neurohormonal regulation of reproduction (Munoz-Valencia et al., 2013). Studies have reported
that heat shock can elicit injury to oocytes and ovarian development leading to a decrease in egg
production, whereas in males, heat shock can reduce mating success by directly injuring testes and
sperms, resulting in reduced fertility (Krebs & Loeschke, 1994; Rinehart et al., 2000; Cui et al.,
2008; Sales et al., 2021). In addition, spermatozoa are generally sensitive to even negligible
variation in temperature such that heat-exposed sperm incurs DNA breakage and chromatin
decondensation leading to blastocyst and embryo failures (Burfening et al., 1970; Sales et al.,
2021). Given that the present study treated both males and females, heat shock may have influenced
oogenesis, spermatogenesis, and embryogenesis, which culminated in reduced fecundity and
hatching success. As this study did not explore reproductive system responses to heat stress (e.g.,
sperm and egg counts and viability), nor assess whether the reduction in fecundity was a result of
damage to the reproductive system of both sexes or only one sex, this warrants further investigation.
Furthermore, given repeated episodes of acute heat stress with climate change (e.g., Stillman,
2019), future studies should also look into the ‘chronic’ effects of repeated heat stress exposure on
the physiology and ecology of insects.

The results showed that the mean longevity increased with increased heat shock
treatments for both sexes, but significantly decreased beyond 32 °C treatments, suggesting
temperature-related effects on S. frugiperda longevity. This result is in agreement with Zhou
et al. (2011) who reported a drastic decline in Ophraella communa LeSage adult longevity
following exposure (for 2 h) to temperatures above 35 °C. Males lived longer than females
indicating a higher cost of acute heat stress treatment in females. Such differential sex responses
to heat stress may reduce the full reproduction potential of this invasive pest.

Microclimate data revealed that heat shock conditions that were employed in this study
are regularly experienced in nature, and that even more severe heat stress conditions are

common. Heat stress may thus realistically influence FAW physiological and ecological
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success (reproduction and longevity), which may manifest through, e.g., changes in population
phenology and dynamics. Further work is necessary to fully test the capabilities of different
life-stages to mount plastic responses to diverse stressful environments.

In conclusion, this study shows contrasting effects of acute sub-lethal heat stress on
FAW physiological and ecological traits. Cold tolerance was reduced following heat treatment
whereas heat tolerance was improved, suggesting cross-susceptibility between heat and cold
stress. Sex-related differences in physiological and ecological responses were shown following
acute heat stress treatment; for example, females had higher CTmax whereas males had higher
longevity. This sex-related fitness and survival advantage may partly enhance population
persistence under changing environment. | also show that acute heat stress during development
may manifest as reduced adult fecundity, hatching success, and longevity. Reduced
reproduction and survival following heat stress will have implications for FAW population
persistence amidst increased heat waves with climate change. Future investigations are
necessary to elucidate the physiological mechanisms that underlie the variations elicited by
heat stress on the fitness and life-history traits of S. frugiperda. In addition, transgenerational
plasticity studies are also recommended, as well as studies of the effects of more chronic and
repeated episodes of heat stress. This information is significant in pest risk assessment and in
the development of S. frugiperda management options for sustainable crop production under

changing climate.
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Chapter 3

Ontogenetic responses of physiological fitness in
Spodoptera frugiperda (Lepidoptera: Noctuidae) in
response to repeated cold exposure*

* Published as: Mbande, A., Mutamiswa, R., & Chidawanyika, F. (2023). Ontogenetic
responses of physiological fitness in Spodoptera frugiperda (Lepidoptera: Noctuidae) in

response to repeated cold exposure. Bulletin of Entomological Research 113: 449: 455.
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3.1. Introduction

Repeatability or reproducibility experiments are profound tools that were originally developed
for independent testing of the precision of experimental protocols. In biological research, the
repeatability of observational data can be used to track organismal plastic and genetic
responses to stress factors at individual or population level at various temporal scales
(Avargues-Weber et al., 2015; Niemeld & Dingemanse, 2017; Naslund, 2021). Given the
escalated attention on climate change in recent years, repeatability studies (though
controversial) can be pivotal in investigating basal thermal tolerance and plasticity thereof
(Morgan et al., 2018; O’Donnell et al., 2020; O’Neill et al., 2021) where both environmental
and genetic phenotypic variation effects can be used to determine within-individual trait
variability (Grinder et al., 2020). In this study repeatability was used as a measure of
physiological trait (cold tolerance) to evaluate the ability of S. frugiperda to tolerate repeatable
exposure to cold temperature conditions. If the thermal tolerance of a tested organism is
consistent over time, denoting high repeatability, it indicates that the adaptive potential of the

trait is high, whilst the converse is true for low repeatability (Morgan et al., 2018).

For insects, body temperature depends on ambient conditions mediating biochemical and
physiological processes therein (Chown & Nicolson, 2004; Sinclair et al., 2015). Subsequently,
such organismal responses mediate development and can cascade to population level through
factors such as seasonality, geographic distribution and voltinism (Du Plessis et al., 2020; Phophi
etal., 2020; Tarusikirwa et al., 2020; Nyamukondiwa et al., 2022). Of interest is how the magnitude
and frequency of thermal extremes in the form of heat waves and cold snaps wrought by the
changing climates influence pest physiology, survival and key life-history traits (Tollefson, 2014)
as it has direct implications on their population dynamics (Chidawanyika et al., 2012, 2020) and
ultimately food security (Gregory et al., 2009). Thus, apart from magnitude of thermal exposure,
insects experience different levels of thermal fluctuations (e.g. acute vs chronic, rapid vs slow

fluctuations and/ or repeated exposures) typical of diel and seasonal changes (Colinet et al., 2015).
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Such extremes, and not average temperatures, drive several organismal responses, including
evolutionary adaptations within and across generations (Cox et al., 2010; Travis et al., 2014;
Buckley et al., 2016) and define geographic ranges via various demographic tipping points

(Lynch et al., 2014).

Indeed, insects have evolved diverse morphological, physiological, and behavioural
adaptations to withstand and colonize otherwise lethal novel environments (Bale et al., 2002;
Neal et al., 2021). For example, overwintering insects are known to survive stressful low
temperatures through employing cold tolerance strategies such as rapid cold hardening (RCH),
freeze tolerance and freeze avoidance (Sinclair et al., 2015; Feng et al., 2018). Freeze tolerant
insects survive intracellular ice formation through use of cryoprotectants, removal of ice
nucleators and anti-freeze heat shock proteins synthesis (Elnitsky et al., 2008; Storey & Storey,
2012; Toxopeus et al., 2019). On the contrary, freeze intolerant/avoidant insects cannot
withstand internal ice formation but survive through keeping their body fluids in a supercooled
condition (Sinclair et al., 2015; Andreadis & Athanasiou, 2017). Rapid cold hardening, a form
of phenotypic plasticity, confers survival advantages at low lethal temperature after brief pre-
treatment to a prior sub-lethal temperature shock (Lee et al., 1987; Teets et al., 2013). Over
longer time scales such prior exposure to sub-lethal temperatures also confer advantages to
identical future thermal stress in what is referred to as beneficial acclimation (Leroi et al.,

1994).

In nature, insects may thus face multiple stressors including repeated cold stress during diel
and seasonal thermal fluctuations (Marshall & Sinclair, 2010) where the above-mentioned
plastic responses play a role. Mimicking such repeated thermal exposure in manipulative
experiments allows investigation of the relationship between repeatability and adaptive
responses (Boake, 1989; Morgan et al., 2018; Grinder et al., 2020). In this study, | used

common measures of cold tolerance in critical thermal minimum (CTmin) and chill coma
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recovery time (CCRT) as proxies for cold hardiness (Andersen et al., 2015; Mutamiswa et al., 2018; Izadi
etal., 2019).

Critical thermal minimum is an organism’s lower thermal tolerance limit where an insect is incapacitated
due to compromised neuromuscular activity (Sinclair et al., 2015; Izadi et al., 2019). If low temperature
conditions persist, CTmin is followed by chill coma where paralysis due to complete loss of neuromuscular
function occurs (Hazell et al., 2011; O’Neill et al., 2021). The time that an insect requires to regain
neuromuscular function following chill coma is what is then regarded as CCRT (Sinclair et al., 2015). Given
their ubiquitous occurrence in nature and capacity to define limits for organismal activity, these key indices
provide valuable ecologically relevant measures of insect cold tolerance. Thus, understanding the
evolutionary capacity following repeated exposure provides important information on their adaptive
capacity and potential geographic range expansion in invasive insects such as S. frugiperda. This will help
can inform pest management strategies and contribute to a broader understanding of insect responses to
changing environments.

Spodoptera frugiperda is a highly invasive insect pest native to the tropics and sub-tropics of America
(Goergen et al., 2016). The larvae of this polyphagous insect cause significant economic losses in several
important crops but inflict the most damage in the Poaceae family (Lu & Adang, 1996; Nboyine et al., 2020).
Spodoptera frugiperda does not diapause, instead it is known to migrate to environments with favorable
conditions for survival (Du Plessis et al., 2020; Vetanpast & Park, 2022). It has been reported to survive in
Africa all year-round due to conducive biophysical environment (Du Plessis et al., 2018; Early et al., 2018;
Keosentse et al., 2021).

The upregulation of glycerol-3-phosphate dehydrogenase (GPDH) and glycerol kinase (GK) genes for
increased synthesis of the cryoprotectant glycerol has been attributed as the key physiological response to
withstand cold environments in S. frugiperda (Vatanparast & Park, 2022). However, survival has been
reported to be limited in some cases in Asia where harsh winters decimate seasonal populations while annual
reinvasions provide new propagules (Vatanparast & Park, 2022). Nevertheless, little is known about the role

of acquired/induced cold tolerance in the fitness of S. frugiperda following prior exposure. Yet, induced
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cold tolerance can play a key role in preserving and improving key life-history activities at acute temporal

scales.

Here, | examined the consequences of repeated cold exposure on low thermal tolerance (CTmin and CCRT)
of S. frugiperda life stages across 72 hours. I hypothesize that the values of CTmin and CCRT will remain consistent
over repeated cold exposures due to cold hardening. Since body water and lipid content is associated with basal
and induced cold tolerance in insects (or lack thereof), | subsequently assessed the two parameters following

thermal exposure to draw inferences on the performance of S. frugiperda and subsequent management.

3.2. Materials and methods
3.2.1 Insect culture and maintenance

The initial colony of S. frugiperda was obtained as larvae from the Agricultural Research Council, Plant Health

Protection (ARC-PHP) Pretoria, South Africa. Thereafter, the insects were maintained on artificial diet in the

insectary under optimum conditions of 28° C (Ali et al., 1990; Du Plessis et al., 2020), 65+5% relative humidity

(RH) and 12L: 12D photoperiod. Since cannibalism is reportedly predominant among late larval instars
(Chapman et al., 1999), each third instar larva was individually placed in a separate 100 ml plastic vial with
perforated screw-cap lid and soybean wheat germ artificial diet (Southland Products Inc., Lake Village, Arkansas,
USA) until pupation to prevent cannibalism. Pupae were maintained in open Petri dishes (30 x 30 x 30 cm) in
collapsible rearing cages made of mesh cloth until adult eclosion. Adults were provided with 25% sugar-water

from a moistened cotton wool placed in a petri dish. At least two maize plants (3-4 weeks old) were placed in
each rearing cage as oviposition substrate for gravid females. After hatching, the 1%instar larvae were transferred

, 5th1 6th H

to artificial diet for subsequent rearing. For all the experiments F1 generation of 4th instar larvae and 24-

48 -h old virgin adults were used.
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3.2.2 Critical thermal minimum (CTmin) and repeated cold exposure assays

To evaluate the relationship between CTmin and repeated cold exposure, larvae and adults (males and
females) of S. frugiperda underwent repeated cold tolerance (CTmin) assays at O (control), 24, 48 and 72 -h
intervals. Critical thermal minima were assayed using standardised dynamic and ecologically relevant
protocols (Chidawanyika & Terblanche, 2011b). Ten replicate larvae and adults were individually placed
randomly in a series of 200 mm glass tubes (‘organ pipes’) connected to an insulated double-jacketed
chamber linked to a programmable water bath (Grant model Tx150; Grant Instruments, UK) filled with 1:1
water: propylene glycol. In the ‘organ pipes’, insects were allowed to equilibrate for 10 minutes at 28 °C
(optimum temperature) before decreasing the temperature at a rate of 0.25 *C/min until their CTmin were
recorded. This was repeated twice for each life stage to yield sample sizes of n=20 per treatment. To record
chamber temperature, a thermocouple (type K 36 SWG) connected to a digital thermometer (53/5411B, Fluke
Cooperation, USA) was inserted into a control (centre) glass tube of the organ pipes. After each assay,
insects were given time to recover before repeating the same assay across 24, 48, and 72 -h intervals using
the same batch of insects. Critical thermal minimum was considered as the temperature at which insects did
not respond to gentle prodding (e.g., Nyamukondiwa & Terblanche 2010).

3.2.3 Influence of repeated cold exposure on chill coma recovery time (CCRT)

Chill coma recovery time was assessed following Mutamiswa et al., 2018. A total of 10 replicate larvae and
adults were placed individually in 7 ml screw-cap glass vials with 1 mm dimeter holes pierced through cap
for ventilation. The vials were then placed into a large zip-lock bag, which was subsequently submerged
into a water bath (Grant LTC40 model TX150) filled with 1:1 water: propylene glycol mixture and set at 0
°C for 1 hour. After 1 hour at chill-coma temperature, the tubes were removed from the water bath and
transferred to a Memmert climate chamber (HPP 260, Memmert GmbH + Co.KG, Germany) set at 28°C,
65% RH for recovery. The chamber was connected to a camera (HD Covert Network Camera, DS-
2CD6412FWD-20, Hikvision Digital Technology Co., Ltd, China) that was linked to a computer where

observations were recorded. This was repeated twice for each life stage to yield sample sizes of n = 20 per
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treatment. After each assay, insects were exposed to the same treatment and CCRT measured across 24, 48
and 72 -h intervals using the same batch of insects. Chill coma recovery time was defined as the time (in
minutes) required for an adult to stand upright on its legs (Milton & Partridge, 2008).

3.2.4. Determination of body water content

After 72 h interval following CTmin and repeated cold exposure assays, body water content of the insects were

determined. Larvae (4th, 5 and 6™ instar) and adults were individually placed in a pre-weighed 50 ml Eppendorf

tubes and the initial mass of each insect before oven drying was measured (to 0.0001g) on a Scout Pro (DHAUS)
microbalance (model: Scout Pro SPU 123, USA). Thereafter, insects were placed in a Memmert drying oven
(UL50, Memmert, Germany) set at 60 °C for 72 h. Insects were allowed to cool under laboratory temperature
conditions of 28°C for 30 minutes thereafter, dry mass was measured (to 0.0001) on a

microbalance. To determine BWC, dry mass was subtracted from the initial mass following (Bazinet et al.,
2010; Weldon et al., 2018).

3.2.5 Determination of body lipid content

Following BWC assays, the tested insects were further oven dried for another 72 h at 60°C. Thereafter, the
insects were individually washed in 1,5ml diethyl ether and then gently agitated at 250 rmp for 24 -h at 37°C
using ST 5 CAT orbital shaker (model: Zipperer GmbH, D 79219 Staufen, Germany) following the methods
of Mitchell et al. (2017). The diethyl ether was then removed from the tubes and insects were oven dried
again at 60 °C for 24 -h, before reweighing. The lipid content for each individual was calculated by
subtracting the lipid free dry mass from the initial dry mass. Controls were exposed to the same conditions
before measuring their lipid content.

3.2.6 Data analysis

Data analyses were carried out in STATISTICA, 13.5.0 version (Statsoft Inc.2021 and R version 4.1.2 (R
development Core Team, 2021). Normality and equality of variances were first checked using the Shapiro-
Wilk and Hartley-Bartlett tests respectively. Data for CCRT was linear and met the conditions for normality
and equality of variances (W = 0.83, p = 0.12) and were analyzed using generalized linear models (GLZ)

assuming a Gaussian distribution in R. The CTmin data also met the linear model assumptions and were
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analyzed using repeated measures (time intervals) ANOVA. Tukey-Kramer’s post-hoc tests were used to
separate statistically heterogeneous means. The relationship between CTmin and body water content and

body lipid content were examined using linear regression in STATISTICA.

3.3 Results

3.3.1 CTmin and repeated cold exposure assays

Critical thermal minima significantly varied across life stages following repeated cold exposure(F16, 282
= 134.59, P < 0.001) (Table 3.1 and Fig. 3.1). In 5" instar and virgin adults, cold tolerance (CTmin)
improved with repeated cold exposure (Fig. 3.1). However, 6" instar larvae showed compromised cold
tolerance with CTmin increasing with repeated exposure (Fig 3.1). Virgin females recorded the lowest

CTmin across all assays relative to other life stages (Fig. 3.1).
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Figure 3. 1 Critical thermal minimum in adult (virgin male and female) and larval stages
of Spodoptera frugiperda following repeated cold exposure. Data points represent means
of n = 20 whilst error bars denote 95% confidence limits for each sex and life-stage.
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Table 3. 1: Full factorial ANOVA of the effects of sub-lethal 2-h heat shock treatment at four temperatures

on critical thermal minimum (CTmin) and maximum (CTmax) of Spodoptera frugiperda males and females

Trait  Effect SS d.f. MS F P

CTmin Intercept 1114.61 1 1114.61 2590.63 <0.001
Sex 3.22 1 3.22 7.49 <0.01
Temperature 894.02 3 298.01 692.64 <0.001
Sex*temperature 7.51 3 2.50 5.82 <0.001
Error 65.40 152 0.43

CTmax Intercept 345820.5 1 345820.5  77318.17  <0.001
Sex 51.4 1 51.4 11.50 <0.001
Temperature 251.3 3 83.8 18.73 <0.001
Sex*Temperature 48.8 3 16.3 3.63 0.014
Error 679.8 152 4.5

3.3.2 CCRT and repeated cold exposure assays

As in CTmin assays, CCRT varied significantly across life stages with repeated cold exposure
(F16, 282 = 4.06, P < 0.001) (Fig. 3.2). Chill coma recovery times of tested instars (4" , 5%
and 6" instar,) decreased with repeated cold exposure (Fig. 3.2). In adults (virgin males and
females), CCRT improved following repeated exposure at 24 h interval and was compromised

after 48 and 72 h intervals (Fig. 3.2).
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3.3.3 Body water and lipid content

Body water content did not vary significantly among life stages (F4,95 = 2.01, P = 0.98) (Fig.
3.3A). There was no significant difference in BWC between all tested life stages (Fig.3.3A).
Nevertheless, BWC was not significantly correlated with low temperature tolerance (measured

as CTmin) (Fig. 3.3B).
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Similar to BWC, BLC did not significantly vary among life stages (F4,95 = 2.94, P = 0.24)

(Fig.3.4A). As in BWC, BLC was not significantly correlated with low temperature tolerance

suchthat CTmin decreased with BLC (Fig. 3.4B).
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3.4 Discussion

Insect physiological and behavioral adaptations are very important for determining survival
and population dynamics in both transient and seasonal cold spells (Chown & Nicolson, 2004;
Terblanche et al., 2011; Andrew & Camp, 2016). As expected, our results showed that repeated
cold exposure influences the fitness of S. frugiperda (determined as CTmin and CCRT). While
insects may face multiple temperature variabilities in winter season, the repeated cold
exposures can trigger responses that may set the insect on a different physiological path relative
to a single exposure (Marshall & Sinclair, 2010, 2012). In the current study, CTmin improved
with repeated exposure in 5™ instar larvae, virgin males and females in agreement with Renault
et al. (2004) who reported improved survival in beetles that were exposed to repeated cold
exposure. A Similar trend was reported in D. melanogaster, with low temperature tolerance
improving following repeated cold exposure in tested insects (Le Bourg, 2007). However,
compromised and fluctuating CTmin were recorded in 6" instar and 4" instar larvae
respectively. Given this variation across life stages, it therefore indicates that repeated thermal
exposure impacts on CTmin are life-stage dependent. While 5" instar larvae, virgin males and
females showed enhanced CTmin across subsequent exposures, virgin females recorded the
lowest CTmin across treatment intervals indicating that they were the most thermally tolerant.
This gives them a fitness and survival advantage when they encounter extreme cold conditions

in nature.

In the present study, repeated thermal exposure improved CCRT in 4™, 5" and 6 instar larvae
and this in consonance with Anderson et al. (2017) who reported improved chill-comarecovery,
cellular survival, and cold tolerance in Locusta migratoria following brief cold exposure
periods. However, compromised CCRTs were recorded in adults (males and females)in keeping
with van Dooremalen et al. (2011) who reported CCRT decrease in Orchesella cincta following

repeated cold exposure. The variations in the current study underlie that CCRTresponses are life-
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stage dependent. Although CCRT and CTmin are measures of cold tolerance,surprisingly, 6
instar larvae recorded compromised CTmin and enhanced CCRT indicating thatresponses also
vary across traits, thus can be trait dependent.

The changes in cold tolerance across consecutive measurements provide insight into potential
benefits of short-term acclimation to extreme cold events through cold hardening. This study
showed evidence of cold hardening in S. frugiperda as indicated by improved cold tolerance in
some of the life stages. This suggests significant adaptive potential for cold tolerance in this
invasive insect species and that individuals may also respond directly to low temperature
extremes through phenotypic plasticity. While S. frugiperda has been reported to overwinter
and survive all year round in Africa (Prasana et al., 2018; Kebede & Shimalis, 2019; Keosentse
et al., 2021), the results indicate its potential to adapt to variable thermal extremes in winter
and this may give it fitness and survival advantage in the face of climate change. Insects
reportedly enhance their cold tolerance through carbohydrate cryoprotectants accumulation,
antifreezes synthesis, lipid membranes reordering and either removal (freeze avoiding) or
retaining (freeze tolerant) of ice nucleators (Lee, 2010). Therefore, differential life stage
responses shown in this study following repeated exposure assays may be a result of variation
in these physiological components of cold hardiness. However, this warrants further
investigation to fully elucidate the responses.

Cold tolerance is dependent on the water content remaining unfrozen in many cold hardened
insects by allowing basal metabolism to continue at low temperature levels (Collinet et al.,
2006; Alfaro-Tapia et al., 2021). Reports have shown that reduction in body water content and
subsequent increase in solute concentration may increase cold tolerance in insects (Worland,
1996). In the current study there was no relationship between cold tolerance and body water
content. This may be because insects in our assays did not experience repeated cold conditions
that trigger any water loss and subsequent solute concentration increase. While Keosentse et

al. (2022) reported that BWC increased with larval stage in S. frugiperda, these results report
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otherwise on CTmin following repeated exposure. This may be because this present study
measured BWC following plastic responses while Keosentse et al. (2022) measured basal
BWC. Given these responses, it indicates that S. frugiperda may trade-off basal BWC for

plasticity of thermal tolerance.

Lipid content plays a vital role in cold tolerance as they can serve as anti-freezers in the insect
haemolymph (Sinclair et al., 2018; Trenti et al., 2022). In winter, most insects do not feed and
may face the unreplaced energy consumption, water loss and low temperatures (Sinclair et al.,
2013; Williams et al., 2015). Low temperature is one of the stressors which affect neutral lipid
fluidity and mobilization and energy drain, since lipids are the primary overwintering source
of fuel (Sinclair & Marshall, 2018). As such, most overwintering insects end winter with fewer
lipid stores than at the beginning (Sinclair, 2015). For example, in laboratory reared colonies
of D. melanogaster, glycogen levels decreased following repeated cold exposure (Marshall &
Sinclair, 2010). In addition, there was a positive correlation between body lipid content and
cold tolerance in Drosophila spp. (Hoffmann et al., 2001; Kaczmarek & Bogus, 2021).
However, in the current study, these results showed no significant correlation between BLC and
cold tolerance in S. frugiperda. A recent study attributed glycerol as the key cryoprotectant
used by S. frugiperda (Vatanparast & Park, 2022). This therefore suggests that the influence of
BLC on cold tolerance may be species dependent and glycerol may be more important in this

species.

In conclusion, the current study documents life stage-related variation in cold tolerance
for S. frugiperda following repeated thermal exposure. This study suggests that repeated cold
exposure differentially influences the fitness of S. frugiperda in nature where vulnerability is
life-stage and trait dependent. In addition, the study provides evidence that cold hardening may
be an important mechanism for S. frugiperda to cope with repeated cold exposure over the

short-term. These cold tolerance responses may provide temporal fitness benefits following
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repeated cold conditions in nature hence population persistence under changing environments.
The results also have direct implications on the geographic distribution of the pest under
climate change scenarios where warming winter seasons will lead to even further spatial
expansion and multivoltinism due to favourable conditions. For a polyphagous pest such as S.
frugiperda, this will be critical as alternative hosts will support multiple generations enough to
exert pest pressure on the main crop in the subsequent season (Vatanparast & Park, 2022). In
such cases, management practices should consider area-wide monitoring of the pest
populations even during off-season for early integrated pest management practices. This may
include improved phytosanitary measures and reduction of alternative hosts on-farm. The use
of parasitoids to suppress the pest populations to reduce the pressure in the main crop in
impending season. While the current study investigated repeatability of cold tolerance, Chill
Coma Recovery Time and plasticity for laboratory reared S. frugipreda, future studies should
consider using wild populations for the same traits to determine survival, fecundity and
longevity under climate change. Future studies should determine the intensity of parasitoid levels

to maintain pest pressure well below economic injury levels.
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4.1 Introduction

Invasive insect pests are a major threat to global agricultural crop production (Machekano et al., 2018). With
warming climates due to climate change, the scourge of such pests is projected to increase (LastuVka et al.,
2009; Skendzic et al., 2021). This leads to increased costs of crop production due to investment in pest
management strategies and outright food insecurity in the cases where crop damage goes unabated (Shrestha,
2019; Skendzi¢ et al., 2021; Tonnang et al., 2022. Extreme weather events associated with climate change
are increasing and these may influence not only insect biogeography but individual physiological
performance and their population dynamics at various temporal scales (Chidawanyika et al., 2012). For
example, heatwaves which are usually acute in nature, may disrupt biological functions of organisms with
cascading effects to populations through limited activity and survival (Sales et al., 2021). Such rapid extreme
climatic events may even have profound impact on insects than gradual temperature changes (Chidawanyika
& Terblanche, 2011a; Soroye et al., 2020; Sales et al., 2021).

The physiological adjustments that are employed by insects to buffer against thermal stress improve fitness
through rapid and pliable non-heritable phenotypically plastic responses (Chown & Terblanche, 2006; Sgro
et al., 2016). This ability to buffer extreme temperatures is important for invasion success and is reportedly
prevalent in pests with high dispersal propensity (Xue & Ma, 2020; Nyamukondiwa et al., 2022). Indeed,
plasticity is very beneficial to insects as it increases their thermal safety margins, thereby enabling activity
in otherwise unfavorable environments (Angilletta, 2009; Kristensen et al., 2008; Nyamukondiwa et al.,
2010; Chidawanyika & Terblanche 2011a, b; Xue & Ma, 2020). Understanding of heat tolerance and its

plasticity is of great importance in the prediction of invasion risk and success under climate change.

The extent to which phenotypic plasticity buffer climate change-associated effects is a subject for
debate and its effects on the maintenance of ecosystem function is still not clear (Munday et al., 2013;
Sorensen et al., 2016) but ontogeny is known as the major factor that influences themagnitude of
phenotypic plasticity responses to abiotic stressors (Lockwood et al., 2018; Mutamiswa et al., 2019)
where the less mobile life-stages exhibit most plasticity (Chown & Terblanche, 2006). Thermal

tolerance varies between populations, among species, individuals and within individuals (Bowler &
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Terblanche, 2008; Blanckenhorn et al., 2014). Among other factors thataffect insect biochemical and
physiological process, including thermal tolerance are the age, sex, mating status, body size, feeding or
nutritious status (Bowler & Terblanche, 2008; Chidawanyika & Terblanche 2011b; Chidawanyika et
al., 2017; Li et al., 2022). Ontogeny, age and sex specific variations within individuals received
relatively little attention eventhough they are important in understanding thermal adaptations of
organisms (Bowler &Terblanche, 2008). Thermal tolerance varies and is not expected to be constant
throughout an individual’s lifetime especially for organisms such as insects whose life cycles are
complexand different life stages inhabit different microhabitats (Krebs & Loeschcke, 1995; Klock &
Chown, 2001; Mutamiswa et al., 2019). The extent to which species cope with extreme temperature
conditions at different life stages and how exposure of juvenile stages to such extremes may affect
survival and reproduction at a later stage (Bowler & Terblanche, 2008; Blanckenhorn et al., 2014). For
example, in Drosophila, short term exposure to extreme temperatures at larval and pupal stages
influenced development and hatching success and resistance to extreme temperatures was uncoupled
across developmental stages (Krebs & Loeschcke, 1995). This shows that different physiological
pathways are used during ontogenyand these may or not be mediated by the production of heat shock
proteins (HSPs) (Hoffmann et al., 2003; Bowler & Terblanche 2008). Acclimation at larval stage
improved physiological response to thermal tolerance in Chilo partellus (Swinhoe) (Lepidoptera:
Crambidae), which were carried over to each stage of development until adult stage (Mutamiswa et al.,
2019). This suggests that plastic physiologicalresponses acquired during development may give adult

fitness and survival at a later stage (Chidawanyika & Terblanche, 2011b).

The reproductive function of organisms is known to be sensitive to heat (e.g. Zizzari & Ellers,2011;

Xue & Ma, 2020) especially that of males (Sales et al. 2018; Malawey et al., 2021). Sexes may differ in

various ways in their sensitivity to heat stress, with females being less sensitive than males (Roux et al.,2010;

Zhang et al., 2015a). Sperm and egg production are both affected by temperatures. Exposure to extreme

conditions (low or high) may not only reduce temperature sensitive performance but may cause irreversible

damage to fertility such as deformed sperm and sterility (permanent such as egg or sperm mortality or
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temporal) (Sales et al., 2018; 2021). Heat shock may also reduce male reproductive success by reducing
sexual attractiveness to females (Krebs & Thompson, 2005). In Drosophila mojavensis (Diptera:
Drosophilidae), heat stress caused males to be less attractive to females due to change in the epicuticular
hydrocarbons production (Markow & Toolson, 1990). From the foregoing, it is apparent that temperature
plays a key role in mediating the population dynamicsof ectotherms through life-stage and sex-linked carry

over effects.

Spodoptera frugiperda is multivoltine and adults have high dispersal propensity, flying up to 100
km per night (Westbrook et al., 2016; Midega et al., 2018; Fieldmann et al., 2019; Garciaet al., 2019;
Du Plessis et al., 2020; Zheng et al., 2022). Apart from these population level predisposing factors,
thermal tolerance is likely to play a key role in the invasion ecology of the S. frugiperda. It is therefore
important to understand the role of climate, and specifically extreme hot conditions on the population
dynamics and distribution of S. frugiperda given that global temperatures are projected to increase due
to global warming (Skendzi¢ et al., 2021). To date studies on thermal tolerance of S. frugiperda,
investigating CCRT, CTmin and SCP were conducted on field populations (Keosentse et al., 2021;
Segaiso et al., 2023).  This study aimed to determine the role of heat shock at juvenile and adult stages
on the thermal tolerance of S. frugiperda of variable age, sex and mating status. Specifically, I
investigated the effects of adult and juvenile heat shock on heat tolerance measured as CTmax across
age, sex and mating status. It was hypothesized that basal thermal tolerance of S. frugiperda varies
across age, sex and mating status following heat shock. The results are significant in pest risk

assessments and informing pest management options under shifting abiotic environments.

4.1.1 Materials and methods

4.1.2 Insect culture
The initial colony of S. frugiperda was obtained as larvae and pupae from North West University,

Potchefstroom, South Africa. Pupae were maintained in wide mouth plastic tubs (1liter) containing moist soil
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until adult eclosion. Larvae were maintained in vials containing artificial diet from Southland product INC,
USA. Insects were kept at an optimum temperature of 28 C ((Ali et al., 1990; Du Plessis et al., 2020), 65+
5 relative humidity and 12L: 12D photoperiod (Keosentse et al., 2022) in the insectarium at the University
of the Free State, Bloemfontein, South Africa. Adults were sexed at pupal stage following
Kalleshwaraswamy et al. (2018). This process involved observing the distance between genital opening and
anal slot of pupa under the dissecting microscope (Leica 10445538, MZ8, Leica Corporation, Switzerland),
with the females exhibiting longer distance than males. In addition, males have two pairs of rounded
tubercles, one pair around the genital opening and the other around the anal opening while females have one
pair around the anal opening only. Following eclosion, individual male and female adults were paired, and
each pair released into a (40x40x60 cm) cage with potted maize plants (2 weeks old) for oviposition for
gravid females. The plants were monitored daily for the presence of eggs. Adult moths were provided with
10% sucrose solution soaked in moistened cotton wool placed in a Petri dish for feeding ad libitum
(Keosentse et al., 2022).

4.1.3Effects of adult heat shock on age, sex, and mating status

To evaluate the effects of age, sex (female and male) and mating status on basal thermal tolerance
of S. frugiperda, 3, 6 and 9 day old virgin and mated adults were heat shocked at 40°C for 2 hours in
propylene vials with a small piece of moist cotton wool placed on the bottom of each vial to prevent
desiccation related mortality (Fig. 4.1). Following heat shock, critical thermal maxima (CTmax) was
measured following dynamic protocols outlined by Nyamukondiwa & Terblanche, (2009) and
Chidawanyika & Terblanche (2011 a). Ten adult S. frugiperda from heat shock treatments were
individually placed into a double jacketed “organpipe” chamber comprising 11 separate 200 mm tubes,
connected to a programmable water bath(Grant model Tx150; Grant Instruments, UK) filled with 1:1
water: propylene glycol and wassubjected to a constant heating. In the ‘organ pipe’, insects were given
10 minutes first to equilibrate at 28 ‘C (which is their optimal developmental temperature) before

ramping temperature up (CTmax) at a rate of 0.25 “C min™%. This was repeated twice to yield n=20 per
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treatment (20 replications). A thermocouple (type K 36 SWG) connected to a digital thermometer
(53/5411B, Fluke Cooperation, USA) was inserted into the control chamber to monitor chamber
temperatures. Critical thermal maximum was regarded as the uppertemperature at which the adult lost

coordinated movement or ability to self-right after mild proding with a soft hair camel brush.
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Figure 4. 2 Schematic representation of Spodoptera frugiperda heat shock assays.
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4.1.4 Effects of juvenile heat shock on adult thermal tolerance

To determine the effects of age and developmental heat shock on S. frugiperda, 4™, and 6%
instar larvae and 24 - 48 h old pupae were heat shocked at 40 °C for 2 hours (Fig. 4.1).
Thereafter, they were returned to theinsectarium where they were kept at 28°C, 65 £ 5 %
relative humidity until adult eclosion andwere grouped according to mated or virgin, age (3, 6
and 9 days old) and sex (female and male).Following heat shock, CTmax was measured as

specified in section 4.2.2. (Fig. 4.1).
4.1.5 Data analysis

Data were first checked for normality and equality of variances using the Shapiro-Wilk and
Hartley-Bartlett tests respectively. In all cases, linear model assumptions of analysis of variance
(ANOVA) were met (Shapiro-Wilk and Hartley—Bartlett tests, p > 0.05). As a result, CTmax
data were analysed in STATISTICA, version 13.0 (Statsoft Inc., Tulsa,Oklahoma) using full
factorial ANOVA with life stage, age, sex and mating status being the categorical factors while
CTmax was the dependent variable. Tukey-Kramer’s post-hoc tests were used to separate

statistically heterogeneous groups.

4.2 Results

4.2.1 Adult heat shock

Critical thermal maxima significantly varied across mating status, age and sex in tested insects
following heat shock (P < 0.01) (Table 4.1). There was a significant interaction effect in CTmax
between mating status and sex, age and sex as well as mating status, age and sex (P < 0.001)
(Table 4.1). In virgin females, CTmax increased with age while fluctuating in males. However,
in mated females CTmax decreased with age and fluctuated in males (Fig. 4.2). There was a

significant difference in CTmax between virgin 6 day old females and males with females
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recording higher heat tolerance (Mean £SE) (46.8 = 0.16°C) than males (Mean £SE) (44
+0.66°C) (Fig. 4.2). However, no significant difference in CTmax Was recorded between virgin
males and females aged 9 (Mean +SE) (46.45+ 1.22°C; 47.5+ 0.5°C) days as well as 3, (48+
0.5°C; 47.5£0.33°C) 6 (45+ 1.5°C; 46.5+£ 0.28°C) and 9 (46.5+ 0.5°C; 46.7+ 0.33°C) day mated
males and females (Fig. 2). The 3 day old mated females recorded the highest heat tolerance
(Mean +SE) (46.5 + 0.5°C) while the 6 day old virgin males recorded the lowest heat tolerance
(Mean £SE) (44 £0.66°C) (Fig. 4.2). Nevertheless, the interaction between mating status and

sex was not significant (P = 0.69) (Table 4.1).
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Figure 4. 3 Effects of heat shock on adult thermal tolerance of virgin and mated of

Spodoptera frugiperda.
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Table 4. 1: Effects of adult heat shock on thermal tolerance of virgin and mated adult Spodoptera frugiperda.
Summary statistical results from full factorial analysis of variance (ANOVA) showing effects of adult heat

shock on thermal tolerance of virgin and mated adult Spodoptera frugiperda.

Effect SS DF MS F P
Intercept 256106.9 1 256106.9 136395.7 <0.001
Mating status 12 1 12 6.4 <0.01
Age 41 2 20.5 10.9 <0.001
Sex 27.3 1 27.3 14.6 <0.001
Mating status x Age 30.4 2 15.2 8.1 <0.001
Mating status x Sex 0.3 1 0.3 0.2 0.69
Age X Sex 66.5 2 33.3 17.7 <0.001
Mating status x Age x Sex 41.6 2 20.8 11.1 <0.001
Error 202.8 108 1.9

4.2.2 Developmental acclimated adults

Critical thermal maxima significantly varied across life stages, sex and age of tested virgin insects (P<0.001)
(Table 4.2; Fig. 4.3). The two-way interaction between life stage and age of virgin adults had a significant
difference (P < 0.001). However, no significant differences were recorded in the two-way interaction
between life stage and sex (P = 0.59), age and sex (P = 0.11) as well as three way interaction between life
stage, age and sex of developmentally acclimated virgin adults (P = 0.12) (Table 4.2) showing no variation
in thermal sensitivity between life stages. Virgin females recorded higher CTmax than males across all heat
shocked developmental stages (Fig. 4.3). Critical thermal maxima of adult males and females decreased with
age following developmental heat shock at 6" instar stage (Fig. 4.3). However, fluctuations in CTmax in both

adult males and females were recorded following developmental shock at 4™ instar and pupal stages.
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Table 4. 2: Effects of juvenile heat shock on thermal tolerance of virgin Spodoptera frugiperda adults.
Summary statistical results from full factorial analysis of variance (ANOVA) of juvenile heat shock on

thermal tolerance of virgin Spodoptera frugiperda adults.

Effect SS DF MS F P
Intercept 378051.7 1 378051.7 257113.2 <0.001
Life stage 154.9 2 77.5 52.7 <0.001
Age 95.8 2 47.9 32.6 <0.001
Sex 33. 1 338 23.0 <0.001
Life stage x Age 125.6 4 314 21.4 <0.001
Life stage x Sex 1.6 2 0.8 0.5 0.59
Age x Sex 6.7 2 3.3 2.3 0.11
Life stage x Age x Sex  10.9 4 2.7 1.9 0.12
Error 238.2 162 1.5
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Table 4. 3: Effects of juvenile heat shock on thermal tolerance of mated adult Spodoptera frugiperda.
Summary statistical results from full factorial analysis of variance (ANOVA) of juvenile heat shock on

thermal tolerance of mated adult Spodoptera frugiperda.

Effect SS DF MS F P

Life stage 1.6 2 0.8 0.44 0.64
Age 312.6 2 156.3 88.02 <0.001
Sex 47.2 1 47.2 26.6 <0.001
Life stage x Age 60.4 4 15.1 8.51 <0.001
Life stage x Sex 4.8 2 2.4 1.36 0.26
Age X Sex 13.6 2 6.8 3.83 0.024
Life stage x Age x Sex 7.5 4 1.9 1.06 0.38

In mated insects, CTmax varied significantly across age and sex (P < 0.001) (Table 4.3; Fig. 4.4). There was
a significant interaction effect between life stage and age (P < 0.001) (Table 4.3). Like in virgin insects,
mated females also recorded higher CTmax than males across all heat shocked developmental stages (Fig.
4.4). Critical thermal maxima of adult males and females also decreased with age following developmental
heat shock at 4™ and 6™ instar stages with fluctuations recorded following heat shock at pupal stage (Fig.

4.4).
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4.3. Discussion

In the present study, heat tolerance of Spodoptera frugiperda was influenced by age, sex and mating
status in agreement with other studies, which attributed the factors as key for mediating thermaltolerance
(Lietal., 2022). Females recorded higher CTmax than males following adult heat shock. This indicates
that females are more heat tolerant and exhibit higher level of plasticity than males which is consistent
with Cui et al. (2008) who reported high temperature tolerance levels in Trialeurodes vaporariorum
(Westwood) (Hemiptera: Aleyrodidae) and Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
biotype B females than males. Our results therefore suggest that S. frugiperda females have a fitness
and possibly survival advantage when encountering transient heat stress in nature. An improvement in
insect thermal tolerance can come at a negative cost of other physiological parameters and can be
dependent on somatic condition or age (Shen et al., 2014; Chen et al., 2018). In this study, heat tolerance
in virgin females increased with age while decreasing with age in mated females suggesting a link
between reproductive fitness and tolerance to heat stress, but mediated by age. While the reason is
currently unknown, these results show some trade-off between thermal tolerance and reproduction. It is
however plausible that variation inenergy reserves and resource allocation after mating could have
influenced the tolerance to heat (van Noordwijk & De Jong, 1986; Johnson & Stahlschmidt, 2020). This
warrants further investigation to fully elucidate this variation. These results indicate that mating may
significantly affect heat tolerance of adult S. frugiperda during aging. Males and females responded
differently to high temperatures such that mated females had a high basal heat tolerance than virgin
males. A similar result in different taxon has been reported, where mating in Drosophila suzukii
Matsumura (Diptera: Drosophilidae) influenced thermal tolerance such that mated females had higher
basal thermal tolerance (CTmax) than virgins (Xue & Ma, 2020). These results suggest that mated female
adults may have evolved adaptive strategies to cope with high temperatures.

Previous studies have reported that heat stress experienced in juvenile life-stages may have variable

effects on other later developmental stages (Olsen et al., 2006; Zhang et al., 2015a,b; Mutamiswa et al.,
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2022). In heat shocked juveniles (4™ and 6" instars), CTmax Of adult males and females decreased with age
such that older adults recorded lower CTmax than younger ones (Fig. 4.2 and 4.3). Such trends may be
associated with developmental ‘carry-over’ effects (Bowler & Terblanche, 2008). According to evolutionary
theories of ageing, strength of natural selection declines as organisms’ age, since reproduction occurs at
young stages (Halleet al., 2015). In addition, as insects age, they often accumulate abnormal proteins over
time which may become less functional resulting in increased susceptibility to heat stress (Niedzwiecki et
al., 1991; Li et al., 2022). Conversely, Li et al. (2022) reported otherwise in older Hermetia illucens
(Linnaeus) (Diptera: Stratiomyidae) adults recording higher CTmax than younger ones. This suggests that
evolutionary responses to thermal tolerance are highly genetically conserved and species- specific. Further
comparison of larval and pupal heat shocked insects in our study showed females from pupal heat shock
recording higher CTmax than those from larval heat shock (Fig. 4.3). This supports the notion that immobile
life-stages (eggs and pupae) are more phenotypicallyplastic in their thermal tolerance due to limited capacity
to behaviorally thermoregulate (Chown & Terblanche, 2006; Enriquez & Colinet, 2017). As a result, the
pupal fitness advantage was passed to the emerging adults through cross over effects.

In virgin and mated insects, females recorded higher heat tolerance than males following larvaland
pupal heat shock. However, Mutamiswa et al. (2022), recently reported otherwise in Bactrocera dorsalis
(Hendel) (Diptera: Tephritidae) males and females following pupal heat stress. This indicates that
thermal tolerance following juvenile stress maybe species dependent. In addition, it indicates that
females are more heat resistant than males which also gives them a survival advantage and population
perpetuation under changing climate.

Microclimatic field temperature data recorded in an agroecosystem where S. frugiperdainhabits indicate
that hot days are regularly observed under field conditions (see Keosentse et al., 202; Mbande et al., 2023).
These climatic conditions may be worsened by ongoing climate variabilities (Chen et al., 2018). However,
the duration of these suboptimal temperature conditions is currently unknown. As a species with overlapping
and short generations, S. frugiperda life stages may likely experience these stressful conditions in

agroecosystems. Given the differential responsesof S. frugiperda following juvenile and adult heat shock
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and its capacity to tolerate high temperature conditions, it indicates that this invasive insect pest has a
potential to spread and establish in most agroecosystems in sub Saharan Africa through population
perpetuation underchanging environments. As a result, this may negatively affect crop production and
household food security. While this study focused on fixed heat shock temperature and duration of exposure,
future studies should also focus on fluctuating temperatures and durations of exposure effects on

physiological responses of this invasive insect pest.

In conclusion, this study shows that age, sex and mating status plays a crucial role in thermal tolerance
and persistence of S. frugiperda under climate change. Juvenile heat shock demonstrated adult “carry over”
effects with aged adults showing a decline in CTmax. Heat shock at pupal stage was advantageous in
thermal tolerance at adult stage and females showed fitness and survival advantage when exposed to heat
stress. Females fitness may show population persistence since females may continue to oviposit when males
are long dead. This study suggests that plasticity of thermal tolerance may be an important mechanism for

S. frugiperda population persistence in novel environments.
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Conclusions and Recommendations
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5.1 General conclusion and recommendations

Extreme weather events will occur more frequently and abruptly due to climate change (Easterling et al.,
2000; Fischer & Knutti, 2015; Ma et al., 2015; Bailey & van de Pol, 2016; Kingsolver & Buckley, 2017).
These extreme climatic events may impact organisms at an individual, population and community level
(Bailey & van de Pol, 2016). Climate change effects on agro-ecosystems are becoming apparent with
seasonal and long term variations influencing insect pest population dynamics, abundance and activities of
natural enemies andefficacy of pest management (Easterling et al., 2000; Chidawanyika et al., 2012; Selvaraj
et al., 2013). Biological traits such as physiology and life history traits are influenced by extreme weather
events and the gradual rise in average temperatures (Chown & Nicolson, 2004; Mutamiswa, 2017; Shumo
etal., 2019). Understanding how invasive agricultural pests respond and how their thermal variability evolves

is crucial under global climate change since these may have serious effects on human food security.

This study investigated various responses to thermal stress in Spodoptera frugiperda within and
across generations. My results indicated that the longevity, fecundity, egg hatching success of S.
frugiperda were significantly reduced by heat shock (Chapter 2). Acute temperature stressbrought on by
global climate change has become the new normal, and has impacted weather patterns such as extreme
temperatures which influence organisms. This study showed contrasting physiological and ecological
traits of S. frugiperda after exposure to sub lethal heat stress. Prior acute heat shock led to reduction in
heat tolerance (CTmax) while impairing cold tolerance (CTmin) but CTmin at 38°C increased (Chapter
2). This shows how acute heat stress offsets important physiological characteristics and impacted
reproduction. Females showed high CTmax and plasticity than males, showing a survival advantage
over males in natural heat stress (Chapter 2, 3 and 4). This was consistent with Nyamukondiwa &
Terblanche (2009) who showed sex- related differences in heat tolerance. The differences in basal and
plastic differences observed in this study are likely explained by lipids which have been suggested to
play a crucial role inthermal tolerance (Chown & Nicolson, 2004). The relationship between sex and
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lipid content differences and their role in CTmax variation should be further investigated.

The present study detailed life stage related variation in S. frugiperda’s repeatability of cold tolerance
and my findings show that cold tolerance traits are repeatable and important in predicting responses to future
extreme cold conditions in natural environments (Chapter 3). Insects avoid extreme temperature by means
of behavioral avoidance, migration, and diapause or in a highly altered physiological condition (Perkins,
1979; Du Plessis et al., 2020). Spodoptera frugiperda does not diapause and, therefore, migrate to regions
which have more favorable environmental conditions (Du Plessis et al., 2020). Spodoptera frugiperda larvae
and pupae have been reported to be unable to survive temperatures below 13°C at the overwintering sites
(Perkins, 1979). Therefore, this study offers proof that cold hardening may be crucial defense mechanisms
for S. frugiperda against repeated short-term exposure to cold conditions. In this study, Body Water Content
and Body Lipid Content (BWC & BLC) did not correlate with cold tolerance, hence these adaptations may
help species endureprolonged cold conditions in nature leading to population persistence under changing
environmental conditions (Chapter 3). The ability of many cold-hardened insects to maintain basal
metabolism at low temperatures depends on the water content remaining unfrozen (Blocket al., 2003; Colinet
et al., 2006; Alfaro-Tapia et al., 2021). Cold hardening may be an important mechanism to cope with
repeated cold exposure over the short-term. These cold tolerance responses may help the species survive
repeated cold conditions. Cold tolerance traitsare significant in determining responses when S. frugiperda
face extreme conditions in nature.

Cold tolerance significantly decreased after heat shock while heat tolerance improved, showingthat
heat and cold tolerance were responsive to heat shock in S. frugiperda (Chapter 2). There were also sex
variations in physiological and ecological responses to heat shock, following heat shock with females
recording high CTmax than males, while males recorded higher longevity (Chapter 2 and Chapter 4). Both
sexes showed phenotypic plasticity after short-term exposure to heat stress (Chapter 2). According to the
beneficial hypothesis, acclimation to one stress may increase survival of acclimated individuals compared
to unacclimated individuals (Wilson & Franklin, 2002). Several studies also found significant higher

expression of heat shock proteins (HSP90 and HSP70) in heat shocked individuals compared to
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unacclimated individuals showing the function of heat shock proteins in thermal tolerance (heat tolerance)
(Zhang, 2005; Adams, 2023). Therefore, the increase inCTmax after heat shock is not surprising.

Juvenile life stages are the most sensitive and crucial life stages during development and are often
influenced by temperature (Pottier et al., 2022). Early juvenile environmental experiences shape thermal
tolerance such as developmental plasticity. Examining whether thermal tolerance is influenced\shaped by
life stage or early thermal environments has a critical implications in ecophysiological modelling and
experimental research. Ontogenetic variation in thermal sensitivity has been documented (Bowler &
Terblanche, 2008). Heat shock also influenced mating status, age and sex nS. frugiperda (Chapter 4).
Juvenile exposure to heat stress positively impacted S. frugiperda at adult stage and different life stages
showed varying thermal sensitivity to heat stress (Chapter 4). Individual thermal tolerance is highly variable
and is largely age-dependent, such that thermal tolerance reduce in later life stages (Bowler & Terblanche,
2008). Variable responses to fluctuating temperature conditions across ontogeny exists. In the natural
environment, insects have an option to seek microclimatic relief from heat stress. Spodoptera frugiperda is
known for its migratory behavior and this may be one of themechanisms that aided its spread.

The male reproductive system is known to be more sensitive to thermal stress than any other life
histories traits (Nguyen et al., 2013). While in males, heat shock may reduce mating success and indirectly
injure testes and sperms resulting in reduction in fertility (Krebs & Loeschke, 1994; Sales et al., 2021), the
decrease in fecundity and hatching success with increasing heat shock temperatures may be due to the
cumulative effects of damage to tissues (Chown & Nicholson, 2004). Although S. frugiperda showed
capacity for rapid CTmax adjustment showing plasticity under heat stress, this study showed that this may
come at a cost of reduced fecundity. Thus plasticity may aid activity in the short term but population level
fitness maybecompromised through poor reproductive success. Thus my findings highlight the importance
of tracking both individual and population level traits in investigating the impacts of climate variability on
insects as short term benefits maybe off set by trade-offs in the long term. This study shows that FAW
exhibits sufficient plasticity to potentially allow it to establish in most maize-growing areas of South Africa,

even under an altered future climate, although appropriate forecasting distribution models would be needed
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to be certain about this. Future studies should include area-wide & early warning systems for early seasonal
detection and effective control strategies. It is worthy to note that thermal tolerance limits are useful
predictors and have been studies extensively, evidence shows that these matrices are not perfect predictors
of climate change vulnerability (Crusella-Trullas et al., 2021). Phenotypes of an individuals are not fixed
through time and this may be challenging for biologists in generating predictive models for organismal
responses to climate change. Therefore, there is a need to study thermal tolerance of FAW in the field based
insects where temperatures fluctuate, since under climate change thermal stresses are likely to occur in
combination with other environmental stressors. This study also contributes new theoretical knowledge to

the field of insect thermal tolerance and variations between different life stages.
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Abstract

Temperature is a critical factor that influences the behavior. physiology. and
development of ectothermic organisms. This has become even more important
as acute temperature stress associated with global climate change becomas the
new norm. Using the invasive fall armyworm, Spodoptera frugiperda (J.E. Smith)
{Lepidoptera: Moctuidae), we assessed its physiological and ecological responsas
following acute heat stress, synonymous to heat waves assodated with recent climate
change. Specifically, we measured the effects of short-term exposure (for 2 h) to heat
shock (at 32, 35, and 38 *C) on physiological responses, such as critical thermal minima
(CT ;) and maxima (CT_ ) and life-history traits, such as reproductive success
(fecundity and hatching success) and longevity, using virgin adults. Cur results showed
that prior acute heat shock compromised cold tolerance (CT__ ) while enhancing heat
tolerance (CT__ ). Inaddition, heat shock reduced fecundity and hatching success and
had dramatic effects on adult longevity. We conclude that acute heat stress assodated
with shifting environmeantal conditions may generally offset key physiological traits,
affect reproduction and thus population persistence, and simultaneously have
complex effects on adult lifespan.

KEYWORDS
acute temperature stress, climate change, ectothermic organism, fall armmyrworm, heat shock, invasive
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(Mironidis & Savopoulou-Soultani, 2010; Chidawanyika
at al,, 2019), continuous bouts of heat wawvas may thus favor

Ectotharms' body temperatures are always dosely related
to prevailing ambient conditions (Angilletta, 2009). Given
the role of temperature in organismal activity, function,
and biochemical processes (Chown & Micolson, 2004), it
thus plays a key rola in determining overall animal fitness
(Bale et al., 2002; Mutamiswa et al., 2017). Insects ara highly
responsive to temperature because they are ectotherms.
Consaquently, climate change-associated heat waves ara
expacted to affect their performance. For example, climate
stress may negatively affect native species and benafit inva-
sivie alien species (Nyamukondiwa et al., 2022), and coupled
with failed natural pest suppression under climate change

invasive past proliferation. However, spadeas responsas to
thermal variation at both organismal and population lavel
are dynamic and may be mediated by several basal, plastic,
and genetically determinad factors that are environmentally
dependent (Angilletta, 2009; Sgra at al., 2016).

Organisms have evolved various adaptive mechanisms to
buffer against strassful environments (Hoffmann et al, 2013).
Thiz adaptation can be in two forms: (1) phenotypic plasticity
{occurring at individual level or within generation), and (2) ge-
netic changes through natural selection (evolution of stress
traits that may favor tha fittest) (Angilletta, 2009). Phanotypic
plasticity involves changes in an organism's behavior,
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morphology, and/or physiology in response to changes
in environmental conditions (Chown & Nicolson, 2004).
Phenotypic plasticty takes two forms, ie, hardening in
the short term and acclimation on longer timescales (Sgré
et al, 2016). Both forms allow individuals to respond rap-
idly to stress outside their thermal limits (Chidawanyika &
Terblanche, 2011; Sgrd et al, 2016). Phenotypic plasticity of
a genotype plays a critical role in many evolutionary pro-
cesses such as selection within and among species (Salamin
etal, 2010) and the establishment of barriers of reproduction
between and within populations. Although the phenom-
enon is nearly ubiquitous in insects and is mainly adaptive
(Chown & Nicolson, 2004; Anailletta, 2009), phenotypic plas-
ticity can also be maladaptive. Maladaptive plasticity occurs
when a population encounters an environment that induces
the production of phenotypes away from the local optimum,
resulting in a negative relationship between the direction
of plasticity and that of adaptive evolution (Ghalambor
et al, 2015). For example, Svensson et al. (2020) showed that
phenotypic plasticity is maladaptive to both Calopteryx splen-
dens (Harris) and Calopteryx virgo (L.).

Heat stress may also have fitness costs and benefits to
insects (Segaiso et al, 2022). However, these costs and ben-
efits are dependent on the level of stress. Although many
studies have suggested that a single heat wave may nega-
tively affect insect life-history traits — e.g., through reduced
fecundity, egg hatchability, and prolonged development
(Liang et al, 2014; Zheng et al, 2017) - considerable stud-
ies have also shown the contrary, that sub-lethal acute heat
stress may increase fitness, e.g, through increased lon-
gevity, reproduction, and heat tolerance (Roux et al., 2010;
Sarup et al,, 2016). Thus, taxonomic differences in the costs
and benefits of heat stress on life-history traits warrant a
more thorough investigation. At organismal level, sustained
exposure to heat stress has fitness consequences due to
injuries at cellular level mediated by protein denaturation
(Chown & Nicolson, 2004). Injuries sustained can manifest
acutely within the same organisms or, in some cases, may
appear in subsequent developmental stages and/or gener-
ations (Lu et al., 2014; Su et al,, 2021). For example, exposure
of larval Drosophila melanogaster Meigen to sub-lethal heat
stress resulted in both mutations and pupation failure (Cui
et al, 2008). Furthermore, parental sub-lethal heat shock
decreased egg hatchability in Mononychellus mcgregori
(Flechtmann & Baker) (Lu et al., 2014) and Plutella xylostelia
(L) (Zhang et al., 2013). Similarly, in Ephestia cautella (Walker),
sub-lethal heat shock reduced overall fecundity (Silbermann
& Tatar, 2000), consistent with results on Helicoverpa ar-
migera (Hubner) (Mironidis & Savopoulou-Soultani, 2010)
and Tribolium castaneum (Herbst) (Sales et al, 2021). Such
reduction in fecundity following heat shock stress has been
associated with injury to the cocytes and ovaries (Mironidis
& Savopoulou-Soultani, 2010). Similarly, in males, heat stress
may reduce fertility through direct injury to the testes and
sperm (Rinehart et al., 2000; Sales et al, 2021) and may re-
duce mating success in other insect species (Jerbi-Elayed
et al, 2015). Heat shock may also reduce female longevity

among adults (Chen et al,, 2015; Zhang et al., 2016) thereby
minimizing their full reproduction potential. Subjection to
heat stress is known to induce the production of heat shock
proteins that prevent protein denaturation and repair dam-
aged proteins (Nyamukondiwa et al., 2010; Chidawanyika &
Terblanche, 2011; Mutamiswa et al., 2017). Thus, heat stress
may be a significant determinant to survival and potentially
mediate insect population dynamics in nature. As such, an
understanding of its effects on ecological and physiological
responses is critical in elucidating invasive insect population
dynamics, establishment, and spread under changing envi-
ronments (Chen et al,, 2019; Tarusikirwa et al,, 2022).

The fall armyworm (FAW), Spodoptera frugiperda (J.E.
Smith) (Lepidoptera: Noctuidae), native to South America,
is a highly invasive insact pest that threatens food security
(Kenis et al, 2023). it is highly damaging in maize, a staple
food in most of sub-Saharan Africa (Day et al, 2017; Kasoma
et al,, 2021), and substantially damages other economically
important crops due to its polyphagous and often opportu-
nistic feeding nature (Day et al., 2017; Montezano et al., 2018;
Kenis et al, 2023). Adult FAW has high dispersal capacity,
which is the major contributor to its long-distance spread and
migration (Nagoshi et al., 2019). Given that FAW adults may
occupy thermally divergent habitats, coupled with increasing
acute temperature stress, no studies have investigated the
effects of previous thermally stressful environments on the
eco-physiology of FAW. Under optimum temperature condi-
tions of ca. 28 °C, an adult female usually deposits eggs for
4-5days, in batches of 100-200 each day - so, total fecundity
is up to 1000 eggs (Kumela et al,, 2019). Fall armyworm larvae
have 5-10 instars (six optimally) (Ali et al., 1990; reviewed in
Kenis et al., 2023). First and second instars feed on one side of
the leaf skeletonizing it in the process, whereas the later in-
stars feed on most plant parts damaging them in the process
(Kumela et al, 2019). The larval stage may last up to 14days
in summer and up to 30days in winter, highly suggestive of
temperature-dependent development (Nagoshi et al., 2019).
Cognizant of its economic importance and the adult migra-
tory nature, the effects of thermal environments on FAW fit-
ness thus warrant investigation. We assessed the effects of
sub-lethal heat shock on eco-physiological performance of
this invasive insect pest. Specifically, we determined whether
sub-lethal heat shock may influence (1) cold tolerance (crit-
ical thermal minima, CT_;,,) and heat tolerance (aritical ther-
mal maxima, CT__ ), (2) reproductive capacity (fecundity and
hatching success), and (3) longevity. We hypothesized that
adult heat shock stress may influence physiological and eco-
logical performance of FAW adults.

MATERIALS AND METHODS
Plant and insect culture
Maize plants, Zea mays L. (Poaceae), were grown

individually in plastic pots (20cm diameter) with loamy
soil mixed with potting mix (Gromor, Cato Ridge,
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HEAT TOLERANCE IN FALL ARMYWORM

KwaZulu-Natal province, South Africa) as it is the
preferred host of S. frugiperda (Assefa, 2018). The plants
were watered daily and fertilized weekly with 30g of
fertilizer to maintain the same levels of fertilizer (Lawn
& Leaf 7:1:3; Wonder, Isando, South Africa) for 4weeks
before FAW inoculation. The initial S. frugiperda larval
culture (maize strain) was obtained from the Agricultural
Research Council - Plant Health Protection (ARC-PHP) in
Pretoria, South Africa, and maintained in the insectary
under optimum conditions at 28+ 2 °C, 65+ 5% r.h,, and
L12:D12 photoperiod. They were allowed to grow into
adults and newly laid (F, generation) eggs were incubated
until larval emergence in cages with 2-week-old fresh
maize plants. Thereafter, third larvae were individually
transferred into vials containing artificial diet to prevent
cannibalism until they pupated. Pupae were then sexed
using differences in genitalia and transferred into 1-L
plastic tubs containing moist soil until aduit eclosion.

Adult sub-lethal heat shock treatments

Newly emerged adults of S. frugiperda (24h old) were
individually heat-shocked in propylene vials at 32, 35, or
38 °C for 2 h in a programmable water bath (model Tx150;
Grant Instruments, Shepreth, UK) using the plunge
protocol (e.g, Chidawanyika and Terblanche, 2011).
These non-lethal high temperature-time combinations
for heat shock were chosen based on preliminary trials
in which survival was assessed under similar static
thermal regimes. In addition, microclimatic conditions
experienced in one of the maize-growing areas in South
Africa range from —13.7 to 45.6 °C (see Results). A piece
of moist cotton wool was placed at the bottom of each
vial to prevent desiccation-related mortality. Controls
were maintained under optimum conditions {(28+2 °C,
65+ 5% r.h, L12:D12) in cages in the insectarium before
measuring life-history traits. All metrics were measured
just after heat shock, i.e., 0h post heat shock treatment
and using 24- to 48-h-old moths.

Effects of heat shock on low and high
temperature tolerance

Critical thermal limits (CTLs; CT_, and CT__) were
assessed following Nyamukondiwa & Terblanche (2010).
Ten adult FAW from heat shock treatment and controls
were individually placed into a double jacketed ‘organ
pipe’ chamber comprising 11 separate 200-mm tubes,
connected to a programmable Grant Tx150 water bath
filled with a 1:1 mixture of water and propylene glycol
and subjected to constant heating and/or cooling. In the
‘organ pipe’, insacts were given 10 min first to equilibrate
at 28 °C (optimum developmental temperature) before
ramping temperature up (CT,,) or down (CT_.) at
a rate of 0.25 °C per min. This was repeated to yield

n=20 per treatment (20 replications). A thermocouple
(type K 26 SWG; Fluke Corporation, Everett, WA, USA)
connected to a digital thermometer (53/5411B; Fluke)
was inserted into the control chamber to monitor the
chamber temperatures. Critical thermal minima (CT,__)
and maxima (CT__) were defined as the lower and
upper temperatures, respectively, at which the adults
lost muscle coordination, which was regarded as a lack
of response to mild prodding (e.g.. Nyamukondiwa &
Terblanche, 2010).

Effects of heat shock on female fecundity and
hatching success

Following heat shock, virgin individual adult females and
males were paired as follows: treated female x untreated
male, treated female x treated male,and untreated female
x treated male (20 pairs each). Each pair was transferred
into a rearing cage with potted fresh 4-week-old maize
plants and a cotton wad soaked in 25% sugar water for
oviposition and food provision, respectively. Untreated
adults (male and female) were maintained at 28 °C as
controls. The plants were monitored daily and leaves
with newly deposited eggs were cut from the plant
and transferred into Petri dishes and incubated under
optimum conditions. Eggs were counted under a Nikon
SMZ 645 dissecting microscope in order to determine
fecundity. The process was repeated until no newly
deposited eggs were observed (up to day 15). Fecundity
was defined as the total number of eggs per pair during
15days.

Hatchlings were counted and removed daily until no
more larvae were observed. Hatching success was defined
as the total number of larvae that hatched vs. the total
number of eggs from each pair.

Effects of heat shock on longevity

Twenty replicates of heat-shocked virgin male and female
adults were placed individually in propylene vials with
screw cap lids (20 males and 20 females). A moist cotton
wick dipped in 10% sugar solution was placed in each vial
for provision of food and water. Thereafter, the vials were
maintained in the insectary under optimum conditions (28
°C, 65+ 5% r.h,, L12:D12). Controls (virgin males and females)
were maintained individually in cages as treatments under
optimum conditions before measuring longevity. Mortality
was recorded once per day until all the adults were dead.

Microclimate data recording
Microclimatic data were recorded using model DS1920

Thermocron iButtons (0.5 °C accuracy, 0.5h sampling
frequency; Dallas Semiconductors, Dallas, TX, USA} in
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Clifton, Bloemfontein, Free State province, South Africa
(29.1128°S, 26.2312°E) during the period March 2019 to
March 2020 to determine the environmental conditions
experienced by S. frugiperda in the field. Most S. frugiperda
host plants are grown in this area at subsistence and
commercial level. The iButtons were placed under a tree
canopy (shaded environment), 1 m above the ground.

Data analysis

Data were analyzed in STATISTICA v.13.5.0 (TIBCO, Palo Alto,
CA, USA) and R v.4.1.2 (R Core Team, 2021). Data were first
checked for normality and equality of variances using the
Shapiro-Wilk and Hartley-Bartlett tests, respectively. For
CTLs, linear model assumptions of constant variance and
normal errors were met, whereas longevity, fecundity, and
hatching success data did not conform to assumptions of
ANOVA. Therefore, CTLs results were analyzed using full-
factorial ANOVA with sex and treatment as categorical
factors, and CT_; and CT__ as dependent variables.
Longevity, fecundity, and hatching success data were
considered as count data and were analyzed using a
generalized linear model (GLM) assuming a Poisson
distribution and a log link function in R. A quadratic term
was added to the temperature term, to improve model fit
based on the Akaike Information Criterion. Tukey-Kramer
post-hoc tests were used to separate means.

RESULTS

Effects of sub-lethal heat shock stress on low
and high temperature tolerance

Sub-lethal heat shock significantly influenced low-
temperature tolerance (CT_, ) in both adult females and
males (Table 1). The interaction effects between sex and
treatment were highly significant for CT_, (Table 1)
Sub-lethal heat shock stress at the highest treatment

temperature (38 °C) significantly increased CT_,_ (reduced
cold tolerance) for both males (6.43 + 0.09 °C) and females
(702+£0.06 °C) (Figure 1A). Control treatment showed
a significant difference in low-temperature tolerance
between females and males with females recording higher
CT_, than males (Figure 1A).

Similarly, heat shock significantly influenced high-
temperature tolerance (CT_.,) in both adult females and
males (Table 1). It improved CT__, in both sexes at 32 °C
heat shock treatment with females recording 49.69+0.06
°C and males 46.82+0.19 °C, showing plasticity towards
heat stress tolerance (Figure 1B). The interaction between
treatments was significantly different for high temperature
tolerance (Table 1). Control treatment had no significant re-
sponse for CT__ for both sexes (Figure 18).

Effects of heat shock on female fecundity and
hatching success

Fecundity and hatching success varied significantly across
pairs following heat shock treatments (Table 2, Figure 2).
There was a significant interaction effect between tem-
perature and pair for both fecundity and hatching suc-
cess (Table 2). Fecundity and hatching success decreased
with increase in heat shock temperature across all pairs
(Figure 2). Following heat shock treatments at 32 to 38 °C,
fecundity ranged from 409 to 144 (treated male x untreated
female), from 369 to 132 (treated female x untreated male),
and from 242 to 81 eggs (treated male x treated female)
(Figure 2A). Likewise, following the same heat shock treat-
ment conditions, hatching success ranged from 232 to 103
(treated male x untreated female), from 287to 99 (treated
female x untreated male), and from 201 to 81 eggs (treated
male x treated female) (Figure 2B). Fecundity and hatching
success at 35 °C differed significantly between both sexes
treated vs. treated male x untreated female (Figure 2). At
38 °C, a significant difference in fecundity was recorded
between the same pairs, but not in hatching success
(Figure 2). The treated male x treated female pair recorded

TABLE 1 Fullfactorial ANOVA of the effects of sub-lethal 2-h heat shock treatment at four temperatures on critical thermal minimum (CT,_, ) and

maximum (CT__) of Spodoptera frugiperda males and females.

Trait Effect SS MSs F P

(= S Intercept 111461 1 1114.61 2590.63 <0.001
Sex 322 1 322 745 <0.01
Temperature 894.02 3 298.01 692.64 <0.001
Sex"temperature 751 3 2.50 5.82 <0.001
Error 65.40 152 043

s Intercept 3458205 1 345820.5 7731807 <0.001
Sex 514 1 514 11.50 <0.001
Temperature 2513 3 B3.8 1873 <0.001
Sex*temperature 488 3 163 3.63 0.014
Error 679.8 152 45
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FIGURE 1  Effect of sub-lethal 2-h heat shock treatment at 28,

32, 35, and 38 “C on mean (+ 95% confidence interval; n=20) critical
thermal (A) minimum (CT_,.y and (B) m (CT 1z Of Spodoptera
frugiperda females and males. Means within a panel capped with the
same letter are not significantly different (Tukey-Kramer test: P> 0.05).

the lowest fecundity and hatching success at 35 and 38 °C
(Figure 2).

Effects of heat shock on longevity

Overall, longevity was marginally higherin males (z=2.496,
P=0.013) and initially increased and later decreased with
increasing heat shock (z=3.821, P <0.001), as was the case
with females (Figure 3). However, there were no signifi-
cant sex*temperature effects across treatments (z=1.789,
P=0.074) (Figure 3).

TABLE 2 Factorial analysis using generalized linear model (GLM) of
the effects of sub-lethal 2-h heat shock treatment at three temperaturas
on fecundity and hatching success of male x female Spodoptera

frugiperda pairs.

Tralt Effect df. 1 ]
Fecundity Temperature 2 1496754  <0.001
Pair' 3 5289052  <0.001
Temperature®pair 6 550537 <0.001
Hatching Temperature 2 1144322 <0.001
SUCCESS paiy 3 5094727  <0.001
Temperature®pair 6 428048 <0.001

Mreated or untreated females were paired with treated or untreated males (four
types of pairs, 20 pairs per typel.
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FIGURE 2 Effect of sub-lethal 2-h heat shock treatment at 32, 35,
and 38 °C on mean (+ 95% confidence interval; n =20 pairs) (A) fecundity
(no. eggs deposited in 15 days) and (B) hatching success (total no.
hatched larvae) of pairs of treated (trt.) or untreated (untr.) Spodoptera
frugiperda males and females. Means within a panel capped with the
same letter are not significantly different (Tukey-Kramer test: P> 0.05).

120

SRR IT T

™

AP P w0 L TR0 LU B LTy e Gy, e G s 1B AN W ABIG VAETN - GVl 0T e

0 A0 3 WAL R ) S ol ad X S0 B T A G



MBANDE i1 a1

Females

>

=3
i

Longevity (days)
i

[

? & © & %
Temperature (°C)

s q e

o
&2

FIGURE 3  Effects of sub-lethal 2-h heat shock treatment at 28, 32, 35, and 38 °C on the longevity (days) of Spodoptera frugiperda males and
females (n=20 pairs). Nodes represent individual data, the lines denote microhabitat temperature.

Microclimate data recordings

Temperature between March 2019 and March 2020 in
Clifton, Bloemfontein, South Africa, one of the areas where
maize is grown, ranged from —13.7 to 45.6 °C (Figure 4A).
Analysis of the temperature severity showed that acute
heat stress episodes are common under natural conditions
(Figure 4B). Temperature stress conditions of 30-45 °C
were experienced at least 1000x, whereas temperatures
of 45-50 °C were experienced ca. 250x in a calendar year
(Figure 4B).

DISCUSSION

In nature, insects experience adverse abiotic stress, and the
ability to survive these stressors may determine success
(Nyamukondiwa et al, 2022). The current study showed
contrasting physiological and ecological responses of
S. frugiperda following sub-lethal heat shock stress. We
found that sub-lethal heat shock treatment compromised
cold tolerance (CT, _) whereas it improved heat tolerance
(CT,_,,) across all treatments. Furthermore, similar to CT__
results, we also found that acute sub-lethal heat stress dur-
ing development may come at the cost of adult survival and
fitness, manifested as reduced longevity and reproductive
success (lower fecundity and egg hatching success).
Sub-lethal heat stress significantly reduced cold toler-
ance in our study, showing evidence of cross-susceptibility
between heat and cold stress (Tarusikirwa et al, 2022).
Although previous studies demonstrated the importance of
cross-tolerance in response to heat and cold (Chidawanyika &
Terblanche, 2011; Sindair et al, 2012, 2015), our study showed
no evidence for this relationship. This may mean that heat

stress can exert cumulative effects leading to poor thermal
tolerance, perhaps due to cumulative tissue injuries. Our re-
sults are also in agreement with Mutamiswa et al. (2018) and
Tarusikirwa et al. (2020) who reported reduced cold toler-
ance (CT,,) following heat stress in the lepidopteran species
Busseola fusca (Fuller) and Tuta absoluta (Meyrick).

There was improved heat tolerance (CT__ ) following
sub-lethal heat shock treatments in both sexes indicating
the ability to shift CT,_,, phenotypes, otherwise termed
phenotypic plasticity. The increase in CT__ following
heat shock treatment is not surprising as several studies
reported significantly higher expression of heat shock
proteins (HSP90 and HSP70) in heat shocked relative to un-
treated individuals, suggesting their role in heat tolerance
(reviewed in Feder & Hofmann, 1999; King & McRae, 2015).
Upregulation of heat shock proteins, which act as molecu-
lar chaperones against protein denaturation following heat
stress, may explain our current results (Lopez-Martinez &
Denlinger, 2008; Al-Ghzawi et al., 2022; Xing & Zhao, 2022).
As heat shock protein levels were not measured in the
current study, this warrants further investigation to fully
elucidate mechanisms eliciting these plastic responses.
Females had higher heat tolerance (CT__ ) and plasticity
thereof than males, conferring them a survival advan-
tage over males in natural heat stress environments. This
is consistent with sex-related differences in heat tolerance
reported by Nyamukondiwa & Terblanche (2009). Females
often have higher lipid content, owing to higher reproduc-
tive investment. Lipids play a key role in thermal tolerance
(see Chown & Nicolson, 2004); thus, lipids may explain dif-
ferences in basal and plastic differences observed here.
Howaever, sex-related lipid content differencesandtheirrole
inthe CT__, variation should be investigated further to test

max
this hypothesis. For invasive pests in the tropical regions,
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FIGURE & (A) Microhabitat temperature recorded using Thermocron iButtons at 0.5-h sampling frequency under a tree canopy, 1 m above the
ground at Clifton, Free State Province, South Africa, from March 2019 to March 2020. (B) Temperature frequency distribution during the same period.
Arrows indicate the heat shock temperatures that were used in laboratory experiments.

counter-adaptive physiological adjustments against heat
stress sustain dispersal propensity through preservation of
key life-history traits such as mating and locomotion (Bujan
et al., 2021; Ma & Ma, 2022; Nyamukondiwa et al., 2022).
Here, FAW showed capacity for rapid CT__, adjustment
under heat stress, suggesting plasticity. This plasticity may
likely aid its invasiveness, consistent with reports on re-
lated species (e.g., Nyamukondiwa et al., 2010; Tarusikirwa
etal, 2022).

Fecundity and hatching success decreased with in-
crease in sub-lethal heat shock temperature underlying

the cumulative effects of tissue damage (Chown &
Nicolson, 2004). Thus, acute heat waves may reduce the
severity of FAW invasions and the damage larvae cause
to crops in the short term due to poor FAW reproductive
success. However, the net invasiveness of FAW will de-
pend on how FAW compensate for heat stress-associated
costs of reproduction. The mechanisms behind reduced
fecundity and hatching success are not clear. Heat stress
is known to elicit dehydration and denaturalization of
proteins including enzymes resulting in reduced sur-
vival, fecundity, or offspring viability (Somero, 1995).
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Furthermore, the female reproductive system is known
to be sensitive to thermal stress due to disturbance of
the neurohormonal regulation of reproduction (Munoz-
Valencia et al, 2013). Studies have reported that heat
shock can elicit injury to oocytes and ovarian develop-
ment leading to a decrease in egg production, whereas
in males, heat shock can reduce mating success by di-
rectly injuring testes and sperms, resulting in reduced
fertility (Krebs & Loeschcke, 1994; Rinehart et al, 2000;
Cui et al, 2008; Sales et al., 2021). In addition, sperma-
tozoa are generally sensitive to even negligibie variation
in temperature such that heat-exposed sperm incurs
DNA breakage and chromatin decondensation leading
to blastocyst and embryo failures (Burfening et al., 1970;
Sales et al., 2021). Given that the present study treated
both males and females, heat shock may have influenced
oogenesis, spermatogenesis, and embryogenesis which
culminated in reduced fecundity and hatching success.
As this study did not explore reproductive system re-
sponses to heat stress (e.g., sperm and egg counts and
viability), nor assess whether the reduction in fecundity
was a result of damage to the reproductive system of
both sexes or only one sex, this warrants further inves-
tigation. Furthermore, given repeated episodes of acute
heat stress with climate change (e.g., Stillman, 2019), fu-
ture studies should also look into the ‘chronic’ effects
of repeated heat stress exposure on the physiology and
ecology of insects.

Our results showed that the mean longevity increased
with increased heat shock treatments for both sexes, but
significantly decreased beyond 32 °C treatments, suggest-
ing temperature-related effects on S. frugiperda longev-
ity. This result is in agreement with Zhou et al. (2011) who
reported a drastic decline in Ophraella communa LeSage
adult longevity following exposure (for 2h) to tempera-
tures above 35 °C. Males lived longer than females indicat-
ing a higher cost of acute heat stress treatment in females.
Such differential sex responses to heat stress may reduce
the full reproduction potential of this invasive pest.

Microclimate data revealed that heat shock conditions
that were employed in this study are regularly experi-
enced in nature, and that even more severe heat stress
conditions are common. Heat stress may thus realistically
influence FAW physiological and ecological success (repro-
duction and longevity), which may manifest through, e.g.,
changes in population phenology and dynamics. Further
work is necessary to fully test the capabilities of different
life-stages to mount plastic responses to diverse stressful
environments.

In conclusion, our study shows contrasting effects of
acute sub-lethal heat stress on FAW physiological and eco-
logical traits. Cold tolerance was reduced following heat
treatment whereas heat tolerance was improved, sug-
gesting cross-susceptibility between heat and cold stress.
Sex-related differences in physiological and ecological re-
sponses were shown following acute heat stress treatment;
for example, females had higher CT__ whereas males had

higher longevity. This sex-related fitness and survival ad-
vantage may partly enhance population persistence under
changing environment. We also show that acute heat
stress during development may manifest as reduced adult
fecundity, hatching success, and longevity. Reduced repro-
duction and survival following heat stress will have impli-
cations for FAW population persistence amidst increased
heat waves with climate change. Future investigations are
necessary to elucidate the physiological mechanisms that
underlie the variations elicited by heat stress on the fitness
and life-history traits of S. frugiperda. In addition, transgen-
erational plasticity studies are also recommended, as well
as studies of the effects of more chronic and repeated ep-
isodes of heat stress. This information is significant in pest
risk assessment and in the development of S. frugiperda
management options for sustainable crop production
under changing climate.
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Abstract

In this era of global dimate change, intrinsic rapid and evolutionary responses of invasive
agricultural pests to thermal variability are of concern given the potential implications on
their biogeography and dire consequences on human food security. For insects, chill coma
recovery time (CCRT) and critical thermal minima (CT,,,, ), the point at which neuromuscu-
lar coordination is lost following cold exposure, remain good indices for cold tolerance. Using
laboratory-reared Spodoptera frugiperda (Lepidoptera: Noctuidae), we explored cold tolerance
repeated exposure across life stages of this invasive insect pest. Specifically, we measured their
CTomm and CCRT across four consecutive each 24 h apart. In addition, we assessed
body water content (BWC) and body lipid content (BLC) of the life stages. Our results showed
that CT ., improved with repeated exposure in 5th instar larvae, virgin males and females
while CCRT improved in 4th, 5th and 6th instar larvae following repeated cold exposure.
In addition, the results revealed evidence of cold hardening in this invasive insect pest.
However, there was no correlation b cold tal e and BWC as well as BLC. Our
results show capacity for cold hardening and population persistence of S. frugiperda in cooler
environments. This suggests potential of fall ansmyworm (FAW) to withstand considerable
harsh winter environments typical of its recently invaded geographic range in sub-Saharan
Africa,

Introduction

Repeatability or reproducibility experiments are profound tools that were originally developed
for independent testing of the precision of experimental protocols. In biological research,
the repeatability of observational data can be used to track organismal plagtic and genetic
responses to stress factors at the individual or population level at various tempoml scales
(Avargues-Weber e al,, 2015 Niemeld and Dingemanse, 2017; Nislund, 2021). Given the
escalated attention on dimate change in recent years, repeatability studies (though controver-
sial) can be pivotal in investigating basal and plasticity of thermal tolerance (Morgan et al.,
2018; O'Donnell et al, 2020; O'Neill et al, 2021) where both environmental and genetic
phenotypic variation effects can be used to determine within-individual trait varability
(Grinder et al., 2020). If the thermal tolerance of a tested is consistent over time,
denoting high repeatability, it indicates that the adaptive potential of the trait is high while
the converse is true for low repeatability (Morgan et al, 2018).

For insects, body temperature depends on ambient conditions mediating biochemical
and physiological processes therein (Chown and Nicolson, 2004; Sinclair et al, 2015).
Subsequently, such organismal responses mediate development and can cascade to population
level through factors such as seasonality, geographic distribution and voltinism (Du Plesss
et al., 2020; Phophi et al, 2020; Tarusikirwa et al, 2020; Nyamukondiwa et al., 2022). Of inter-
est is how the mgnitudeandfrequmcyofthcmal extremes in the form of heat waves and
cold snaps wrought by the dimates influence pest physiology, survival and key life-
history traits (Tollefson, 2014) as it has direct implications on their population dynamics
(Chidawanyika et al., 2012, 2020) and ultimately food security (Gregory et al., 2009). Thus,
apart from magnitude of thermal exposure, insects experience different mode of thermal fluc-
tuations (e.g. acute vs. chronic, rapid vs. slow fluctuations and/or repeated exposures) typical of
diel and seasonal changes (Colinet et al, 2007). Such extremes, and not average temperatures
drive several organismal r induding evolutionary adaptations within and across gen-
entions (Cox et al,, 2010; Travis 2014; Buckley and Huey, 2016) and define geographic ranges
via various demographic tipping points (Lynch et al,, 2014).
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Indeed, insects have ewlved diverse morphological, physio-
logical and behavioural adaptations to withsand and colonize
otherwise lethal novel environments (Bale, 2002; Neal et al,
2021). For example, overwintering insects are known to survive
stressful low temperatures through employing cold tolerance
strategies such as rapid cold hardening (RCH), freeze tolerance
and freeze avoidance (Sinchir et al, 2015; Feng et al, 2018).
Freeze-tolerant insects survive intracellular ice formation through
use of cryoprotectants, removal of ice nucleators and anti-freeze
heat shock proteins synthesis (Elnitsky et al., 2008; Storey and
Storey, 2012; Toxopeus et al, 2019). On the contrary, frecze-
intolerant/awidant insects cannot withstand internal ice
formation but surviwe through keeping their body fluids under
a supercooled condition (Sindair et al, 2015 Andreadis and
Athanassiou, 2017). RCH, a form of phenotypic plasticity, confers
survival advantages at low lethal temperature after brief pre-
treatment to a prior sub-lethal temperature shock (Lee et al,
1987; Teets and Denlinger, 2013). Over longer time scales such
prior exposure to sublethal temperatures also confer advantages
to identical future identical thermal stress in what is referred to
as beneficial acdimation (Leroi et al., 1994).

In nature, insects may thus face multiple stressors induding
repeated cold stress during diel and seasonal thermal fluctuations
(Marshall and Sindair, 2010) where the above-mentioned plastic
responses play a role (Nyamukondiwa et al., 2018). Mimicking
such repeated thermal exposure in manipulative experiments
allows investigation of the relationship between repeatability and
adaptive responses (Boake, 1989; Morgan et al, 2018; Grinder
et al,, 2020). In this study, we used common measures of cold tol-
erance in critical thermal minimum (CTai.) and chill coma
recovery time (CCRT) as praxies for cold hardiness (Andersen
et al, 2015; Mutamiswa et al, 2018, 2019; kzadi et al., 2019).

CT,4, is an organism’s lower thermal tolerance limit where an
insect is incapacitated due to compromised neuromuscular activ-
ity (Sinclair et al., 2015; Izadi et al, 2019). If low temperature
conditions persist, CT .y, is followed by chill coma where paralysis
due to complete loss of neuromuscular function occurs (Hazell
and Bale, 2011; O'Neill et al, 2021). The time that an insect
requires to regain neuromuscular function following chill coma
is what is then regarded as CCRT (Sindair et al., 2015). Given
their ubiquitous occurrence in nature and capacity to define limits
for organismal activity, these key indices provide valuable eco-
logically relevant measures of insect cold tolerance. Thus, under-
standing the evolutionary capacity following repeated exposure
provides important information on their adaptive capacity and
potential geographic mange expansion in invasive insects such as
Spodaoptera frugiperda.

S. frugiperda is a highly invasive insect pest native to the tro-
pics and sub-tropics of America (Goergen et al, 2016). The larvae
of this polyphagous insect cause significant economic losses in
several important crops but inflit the most damage in the
Poaceae family (Lu and Adang, 1996; Nboyine et al, 2020). In
Africa, S frugiperda was firg detected in Nigeria before rapidly
spreading to 47 countries across the African continent
(Goergen et al, 2016; Cock et al, 2017; Early et al, 2018;
Nboyine et al, 2020). It is highly destructive to maize, Zea
mays, which is a staple food in many parts of Africa (Day et al,
2017; Kasoma et al,, 2021).

S. frugiperda does not diapause, instead it is known to migrate
to environments with favourable conditions for survival (Du
Plessis et al., 2020; Vatanparag and Park, 2022). It has been
reported to survive in Africa, all year-round due to prevailing
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conducive biophysical environment (Early et al, 2018 Du
Plesds ef al, 2020; Keosentse et al, 2021). The upregulation of
glycerol-3-phosphate dehydrogenase and glycerol kinase genes
for increased synthesis of the cryopmtectant glyceral has been
attributed to the key physiological response to withstand cold
environments in S. frugiperda (Vatanparag and Park, 2022).
However, survival has been reported to be limited in some
cases in Asia where harsh winters decimate seasonal populations
while annual reinvasions provide new propagules (Vatanparast
and Park, 2022). Newertheless, little is known about the wle of
acquired/induced cold tolerance in the fitness of S. fugiperda fol-
lowing prior exposure. Yet, induced cold tolerance can play a key
role in preserving and improving key life-history activities at acute
temporal scales.

Here, we examined the consequences of cold expos-
ure on low thermal tolerance (CT,,,;, and CCRT) of S. frugiperda
life stages across 72 h. We hypothesized that CT,, and CCRT are
repeatable traits and may change over time because of cold hard-
ening. Since body water and lipid content is associated with basal
and induced cold tolerance in insects (or lack thereof), we subse-
quently assessed the two parameters following thermal exposure
to draw inferences on the performance of S. frugiperda and sub-
sequent management.

Materials and methods
Insect culture and maintenance

The initial colony of $. fugiperda was obtained as larvae from the
Agricultural Research (obuncil Plant Health Protection
(ARC-PHP) Pretoria, South Africa. Thereafter, the insects were
maintained on an artificial diet in the insectary under optimum
conditions of 28°C, 65+ 5% rdativw humidity (RH) and
121:12D photoperiod. Since cannibalism is reportedly predomin-
ant among late larval ingars (Chapman et al, 1999), each third
instar larva was individually placed in a separate 100 ml plastic
vial with perforated screw-cap lid and soybean wheat germ artifi-
cia diet (Southland Products Inc, Lake Village, Arkansas, USA)
until pupation. Pupae were maintained in open Petri dishes (30 x
30 %30 am®) in collapsible raring cages made of mesh doth until
adult edosion. Adults were provided with 25% sugar-water from a
moistened cotton wool placed in a Petri dish. At least two maize
plants (34 weeks old) were placed in each rearing cage as ovipos-
ition substrate for gravid females. After hatching, the Ist instar
larvae were transferred to an artificial diet for subsequent rearing.
For all the experiments F, generation of 4th, 5th, 6th instar larvae
and 2448 h old virgin adults were used.

CT min and repeated cold exposure assays

To the relationship between CT,,, and repeated cold exposure,
larvae and adults (males and females) of S. frugiperda underwent
repeated cold tolerance (CTain) assays at 0 (control), 24, 48 and
72 h intervak. CT,,,, were assayed using standardized dynamic
and ecologi relevant protocols  (Chidawanyika and
Terblanche, 2011; Chidawanyika et al, 2017). Ten replicate larvae
and adults were individually placed randomly in a series of 200
mm glass tubes (‘organ pipes’) connected to an insulated double-
jacketed chamber linked to a progmmmable water bath (Grant
model Tx150; Grant Instruments, UK) filled with 1:1 water:pro-
pylene glycol In the ‘organ pipes’, insects were allowed to equili-
brate for 10min at 28°C (optimum temperature) before
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decreasing the temperature at a mte of 0.25°Cmin ' until their
CT,y,, were recorded. This was repeated twice for each life stage
to yield sample sizes of n=20 per treatment. To record chamber
temperature, a thermocouple (type K 36 SWG) connected to a
digital thermometer (53/541IB, Fluke C tion, Ewerett,
Washington, USA) was inserted into a control (centre) glass
tube of the organ pipes. After each asay, insects were given
time to recover before repeating the same assay across 24, 48
and 72 h intervals using the same batch of insects. CT,,,,, was con-
sidered as the temperature at which insects did not respond to
gentle prodding (e.g. Nyamukondiwa and Terblanche 2009).

Influence of repeated cold exposure on CCRT

CCRT was assessed following Mutamiswa et al. (2018). A total of
ten replicate larvae and adults were placed individually in 7 ml
screw-cap glass vials with | mm diameter holes pierced through
cap for ventilation. The vials were then placed into a large zip-
lock bag which was subsequently submerged into a water bath
(Grant LTC40 model TX150) filled with a 1:1 waterpropylene
glycol mixture and set at 0°C for 1 h. After 1 h at chill-coma tem-
perature, the tubes were removed from the water bath and trans-
ferred to a Memmert climate chamber (HPP 260, Memmert
GmbH+ CoKG, Schwabach, Germany) set at 28°C, 65% RH for
recovery. The chamber was connected to a camera (HD Covert
Network Camera, DS-2CD6412FWD-20, Hikvision Digital
Technology Co., Ltd, Hangzhou, Zhejiang, China) that was linked
to a computer where observations were recorded. This was
repeated twice for each life stage to yield sample sizes of n=20
per treatment. After each assay, insects were exposed to the
same treatment and CCRT measured across 24, 48 and 72 h inter-
vals using the same batch of insects. CCRT was defined as the
time (in min) required for an adult to sand upright on its legs
(Milton and Partridge, 2008).

Determination of body water content (BWC)

After 72 h interval following CT ., and repeated cold exposure
assays BWC of the insects were determined. Larvae (4th, 5th and
6th instar) and adults were individually placed in a pre-weighed
50 ml Eppendorf tubes and the initill mass of each insect before
oven ng was measwred (to 0000lg) on a Scout Pro
(DHAUS) micrmobalance (model Scout Pro SPU 123,
Pardppany, USA). Thereafter, insects were placed in a Memmert
drying oven (ULS50, Memmert, Schwabach, Germany) set at 60°C
for 72 h. Insects were allowed to cool under laboratory temperature
conditions of 28°C for 30 min thereafter, dry mass was measured (to
0.0001 g) on a microbalance. To determine BWC, dry mass was
subtracted from the initial mass following Bazinet et al. (2010)
and Weldon et al. (2018).

Determination of body lipid content (BLC)

Following BWC assays, the tested insects were further oven dried
for another 72 h at 60°C. Thereafter, the insects were individually
washed in 1.5 ml diethyl ether and then gently agitated at 250 rpm
for 24 h at 37°C using ST 5 CAT orbital shaker (model: Zipperer
GmbH, D 79219 Staufen, Germany) following the methods of
Mitchell et al, (2017). The dicthyl ether was then removed
from the tubes and insects were oven dried again at 60°C for
24h, before reweighing. The lipid content for each individual
was calculated by subtracting the lipid-free dry mass from the
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initial dry mass. Controls were exposed to the same conditions
before measuring their lipid content.

Data analysis

Data amalyses were carried out in STATISTICA, 135.0 version
(Statsoft Inc., 2021) and R verson 4.1.2 (R Development Care
Team, 2021). Nomnality and equality of variances were first
checked usng the Shapiro-Wik and Hartley-Bartlett tests,
respectively. Data for CCRT was linear and met the conditions
for normality and equality of variances (W =0.83, P=0.12) and
were analysed using generalized linear modes assuming a
Gaussan digtribution and an identity link function in R. The
CT,, data also met the linear model assumptions and were ana-
lysed using repeated measures analysis of variance. Tukey-
Kmmer's post-hioc tests were used to separate statigtically hetero-
genecous means. The relationship between CTui, and BWC and
BLC were examined using linear regression in STATISTICA.

Results

CT mia and repeated cold exposure assays

CT, significantly varied across life stages following repeated
cold exposure (Fig 220 = 134.59, P<0.001) (fig. 1). In 5th instar
and virgin adults, cold tolerance (CT,,;,) improved with repeated
cold expasure (fig. 1). However, 6th instar larvae showed compro-
mised cold tolerance with CTuwia increasing with repeated expos-
ure (fig. 1). Virgin females recorded the lowest CT,,, across all
assays relative to other life tages (fig. 1).

CCRT and repeated cold exposure assays

As in CT,,,, assays, CCRT varied significantly across life stages
with repeated cold exposure (Fis, 22=4.06, P<0.001) (fig. 2).
CCRTs of tested instars (4th, 5th and 6th instar) decreased with
repeated cold exposure (fig. 2). In adults (virgin males and
females), CCRT improved following repeated exposure at 24 h
interval and was compromised after 48 and 72 h intervals (fig. 2).

Critical thermal minima (°C)

0 2 a 72
Time (hours)

Figure 1. Ty, in adult fvigin male and femaldg and larval shges of S fugiperdo
fi ing mpeand cold opo Oata points mprsent means of n=20 while
error bam denote 95% confidence limits foreach gender and ide stage. Difierent et
ters sbowe emor bars dmnate significant differnces.
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Figure 2. CCHT in adult {virgin male and female) and lanal stages of S fagipedda
following repeated cld expos Data points mpresent means of a=20 while
eror bars denote 95% confidence limits for each gender and Ide stage. Dffferent ot
tem abowve error bars denote significant dfierences.

A 930
a
026
8 a
E 020 a
a
50': a
gou
000
Verstar 4 . Vegn mase
natar 5 Mign e
Developmental Stage
B u
BACCIOT | #8055 160, (#0000 pad 82,
» #0990
- | X
£y g3
-
i e LX) A
ch. 2
E ’ —a.f . - °
g e ; ) -
% ‘s
2 %
5 #
.
3 g s .
2
00 07 04 a6 03 10
Body Water Content (g)

Figure 3. 8WC (g) across different Ide stages (A) and mistionship between 8WC and
Clin (8 in & Fugiperdo.

Body water and lipid content
BWC did not vary significantly among life stages (Fy 9s= 201,
P=098) (fig. 3A). There was no significant difference in BWC
between all tested life stages (fig. 3A). Nevertheless, BWC was
not significantly correlated with low temperature tolerance
(measured as CT ) (fig 3B).
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Similar to BWC, BLC did not significantly vary among life
stages (Fs, 35 =2.94, P=0.24) (fig. 4A). As in BWC, BLC was
not significantly correlated with low temperature tolerance such
that CT,,, decreased with BLC (fig. 4B).

Discussion

Insect physiological and behavioural adaptations are very import-
ant for determining survival and population dynamics in both
transient and seasonal cold spells (Chown and Nicolson, 2004;
Terblanche et al, 201 1; Andrew and Kemp, 2016). As expected,
our results showed that repeated cold exposure influences the fit-
ness of S. frugiperda (determined as CToun and CCRT). While
insects may face multiple temperature variabilities in winter sea-
son, the repeated cold exposures can trigger r that may
set the insect on a different physialogical path relative to a single
exposure (Marshall and Sindair, 2010, 2012). In the current study,
CTomin improved with repeated exposure in 5th instar larvae, vir-
gin males and females in agreement with Renault et al. (2004)
who reported improved survival in beetles that were exposed to
repeated cold exposure. A similar trend was reported in
Drosophila melanogaster, with low temperature tolerance improv-
ing following repeated cold exposure in tested insects (Le Bourg,
2007). However, compromised and fludtuating CT,,, were
recorded in 6th instar and 4th instar larvae, respectively. Given
this variation across life tages, it therefare indicates that repeated
thermal exposure impacts on CT,,, are life-stage dependent.
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While 5th instar larvae, virgin males and females showed
enhanced CT,,,, across subsequent exposures, virgin females
recorded the lowest CT,,;, across treatment intervals indicating
that they were the most thermally tolerant. This gives them a fit-
ness and survival advantage when they encounter extreme cold
conditions in nature.

In the present study, repeated thermal exposure improved
CCRT in 4th, 5th and 6th ingtar larvae and this is in consonance
with Andersen et al (2017) who reported improwed chill-coma
recovery, cellular survival and cold tolerance in Locusta migra-
toria following brief cold exposure periods. However, compro-
mised CCRTs were recorded in adults (males and females) in
keeping with van Doaoremalen et al (2011) who reported CCRT
decrease in Orchesella cincta following repeated cold exposure.
The variations in the current study underlie that CCRT responses
are life-stage dependent. Although CCRT and CT,,,,, are measures
of cold tolerance, surprisingly, 6th instar larvae recorded compro-
mised CT, and enhanced CCRT indicating that responses also
vary across traits, thus can be trait dependent.

The changes in cold tolerance across consecutive measure-
ments provide insight into potential benefits of short-term accli-
mation to extreme cold events through cold hardening. Our
results showed evidence of cold hardening in S. frugiperda as indi-
cated by improved cold tolerance in some of the life stages. This
suggests significant adaptive potential for cold tolerance in this
invasive insect spedes and that individuals may also respond dir-
ectly to low temperature extremes through phenotypic plasticity.
While S. frugiperda has been reported to overwinter and survive
all year round in Africa (Kebede and Shimalis 2018; Prasanma
etal, 2018; Keosentse et al., 2021), the results indicate its poten-
tial to adapt to variable thermal extremes in winter and this may
give it fitness and survival advantage in the face of climate change.
Insects reportedly enhance their cold tolerance through carbohy-
drate cryoprotectants accumulation, antifreezes synthesis, lipid
membranes reordering and either removal (freeze avoiding) or
retaining (freeze tolerant) of ice nucleators (Lee, 2010).
Therefore, differential life-stage responses shown in this study fol-
lowing repeated exposure assays may be a result of variation in
these physiological components of cold hardiness. However, this
warrants further investigation to fully elucidate the responses.

Cold tolerance is dependent on the water content remaining
unfrozen in many cold hardened insects by allowing basal metab-
olism to continue at low temperature levels (Colinet et al., 2007;
Alfaro-Tapia et al., 2021). Reports have shown that reduction in
BWC and sibsequent increase in solute concentration may
increase cold tolerance in insects (Worland, 1996). In the current
study there was no relationship between cold tolerance and
BWC. This may be because insects in our assays did not experience
repeated cold conditions that trigger any water loss and subsequent
solute concentration increase. While Keosentse et al. (2021)
reported that BWC increased with larval stage in S frugiperda,
our results report otherwise on CT,,,, following repeated exposure.
This may be because our present sudy measured BWC following
plastic responses while Keosentse et al. (2021) measured basal
BWC. Given these responses, it indicates that S. frugiperda may
trade-off basal BWC for plasticity of thermal tolerance.

Lipid content plays a vital role in cold tolerance as they can
serve as anti-freezers in the insect haemolymph (Sinclair
and Marshall, 2018; Trenti et al, 2022). In winter, most insects
do not feed and may face the unreplaced energy cansumption,
water loss and low temperatures (Sinclair et al, 2013; Williams
et al, 2015). Low temperature is one of the stressors which affect
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neutral lipid fluidity and mobilization and energy dmin, since
lipids are the primary owerwintering source of fuel (Sinclair and
Marshall, 2018). As such, most overwintering insects end winter
with fewer lipid stores than at the beginning (Sindair, 2015).
For example, in laboratory-reared col of D. melanogaster,
glycogen levels decreased following repeated cold exposure
(Marshall and Sindair, 2010). In addition, there was a positive
correlation between BLC and cold tolerance in Drosophila spp.
(Hoffmann et al, 2001; Kaczmarck and Bogus, 2021). However,
in the current sudy, our results showed no significant correlation
between BLC and cold tolerance in S. frugiperda. A recent study
attributed glycerol as the key aryoprotectant used by S. frugiperda
(Vatanparast and Park, 2022). This therefore suggess that the
influence of BLC on cold tolerance may be species dependent
and glycerol maybe more important in this species.

In condusion, the cumrent study documents life-stage-related
variation in cold tolerance for S. frugiperda following repeated
thermal exposure. Our results suggest that repeated cold exposure
differentially influences the fitness of S. frugiperda in nature where
vulnerability is life-stage and tmit dependent. In addition, the
study provides evidence that cold hardening may be an important
mechanism for S. frugiperda to cope with repeated cold exposure
over the short term. These cold tolerance responses may provide
temporal fitness benefits following repeated cold conditions in
nature hence population persistence under changing environ-
ments. The results also hawe direct implications on the geographic
distribution of the pest under dimate change scenarios where
warming winter seasons will lead to even further spatial expan-
sion and multiwltinism due to favourable conditions. For a pol-
yphagous pest such as S frugiperda this will be critical as
alternative hosts will support multiple generations enough to
exert pest pressure on the main crop in the subsequent season
(Vatanparast and Park, 2022). In such cases, management prac-
tices should consider area-wide monitoring of the pest popula-
tions even during off-sason for early integrated pest
management practices. This may indude improved phytosanitary
measures and reduction of aternative hosts on-farm. More
importantly, augmentative releases to boost parasitoid popula-
tions during this period will also be a feasible option to suppress
the pest populations to reduce the pressure in the main crop in
the impending season. This will greatly reduce pest pressure,
but costs are assocated with control of the outbreak pest using
synthetic pesticides on-season. Future studies should therefore
determine the intensity of such pamsitoid levels to maintain
pest pressure well below economic injury levels.
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Abstract Thermal adaptation 15 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 focos-
ing on Lepidoptera, an economically significant
insect order owing to its importance in agriculre
and conservation. Lepidoptera are highly distinct.

E. Mutamiswa - A. Mbande - F. Chubewanyika
Department of Zoology and Entomology, Universily
of the Free Siate, Bloemfontein, Souwh Alnca

K. Mulamizwa
Tugwi-Mukosi Multidsseiplinary Reseanch Instinse,
Miudlands Stne University, Cwerw, Zimbabwe

R M awa - O Ny komidiwa
Department of Zoology and Entomology, Rhisdes
Unaversity, Makhanda, South Africa

C. Nyamukondiwa

Department of Biological § and B humlogy.
Botswana International University of Science

anl Technodogy, Palapye, Bolswana

F. Chiderwanyika (2)

Internatsomal Centre of Insect Physiology and Ecology
(ICIPE}, Mairobi, Kenya

ie-manl: fehidawanynkad icipe org

Publizhed rmlme: (% Apmst 1121

comprising species of diverse and unigue 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 swccess of Lepidoptera.
mainly focusing on the important families and spe-
cies which have guite attracted rescarch attention
in that order. We conclude by highlighting futre
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 plastcity - Thermal stress

Introduction

The order Lepidoptera is the second largest, most
diverse and widespread in the class Insecta, including
mare thanl 50,000 species { Altermatt, 2004 Pervesn
& Khan, 2017; Rabich, 2018). It consists of ~ 126
familics and 46 superfamilies comprising butierflies,
skippers, micro and macro moths (Perveen & Khan,
2017). This order is of high economic significance
since it includes pests of agricultural importance

&) Sorineer
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{Vreysen et al.. 2006, keystone species for studies on
climate change responses (Hufnagel & Kocsis, 2001)
ecological services provider including pollinators,
trophic interactions {Ghazanfar et al., 2016) and pro-
viders of cconomic bioproducts e.g. silk (Fedic et al.,
2002). Due to their extensive polyphagy necessitated
by elaborate larval biting and chewing mouthparts,
the order 13 onc of the most cconomically important
in both natural and agroecosystems (Rabich. 2015).
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 hurmdity [RH]) (Maurer et al., 2018; Woest-
mann & Saastamoinen, 2006). It is thus not surpris-
ing that the order Lepidoptera has become a model
taxon in conducting research On insect responses o
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, Aoods 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 o
5.8 °C by 2100 (Engelbrecht et al.. 2015). Moreo-
ver, rainfall patterns will become more erratic, and
southern Africa is expecied to be drier {Engelbrecht
et al., 2015). Such changes in habitat environments
may offset the integnity 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
mast 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 environmenis, many insect species may be
highly susceptible to extirpation. Thermal adaptation,
a result of natural selection, is the ability of the insect
to adjust o 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

£) Springer

to have broader thermal breaths owing to the climate
variability hypothesis (Gutiérrez-Pesquera et al.,
201&). 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
maost insects and diversity of microclimatic conditions
in any ccosystcm {Kaspari ct al., 2015; Mnccbourde
& 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., 2005; Nguyen ct al, 2014; Noh et al., 20017).
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 siressors (e.g. heat. cold, desiccation, starva-
tion} which may negatively affect finess and survival
(Baverfeind & 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., 2017Thj.

Behavioural mechanisms such as  behavioural
thermoregulation. microhabitat selection and migra-
tion arc the first line of responses o 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 onentations, bask in the sun or move between
shade and sun and vice versa (Sanborn, 2008). Body
oricntation changes involves resting in an exposed
position o 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 w 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 elevaie 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 Morth America
to Mexico (reviewed in Reppert & de Roode, 20081
Similarly, a total of ten British butterfly species have
repontedly extended northwards in the past decades
owing o high temperatures (Bryant ex al., 1997; Pol-
lard & Yates, 1992).

Morphologically, pigmentation plays a pivotal role
in insect adaptation to thermal stress (Sanborn, 20081
The thermal melanism hypothesis posits that under
low ambient temperature conditions, dark organisms
have a fitness and survival advantage relative to light
organisms due o faster body warming rate at any
given level of solar radiation (Clusella-Trullas et al.,
2007). On the other hand, adaptation to warmer cli-
maies 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 (insola-
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 (Sgrd 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
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short-term) acclimation under controlled laboratory
conditions or acclimatization in the fizld (longer-term)
(Chidawanyika & Terblanche, 2011; Mutamiswa
et al., 2008a; Nyamukondiwa et al., 2003). For exam-
ple, rapid cold hardening (RCH) improved survival in
lepadopterans such as Thaumarotibia lencotreta (Mey-
rick, 1913) (Stotter & Terblanche, 2009) and Chilo
partellus (Swinhoe, 1885) (Mutamiswa et al.. 2018a).
On the other hand, rapid heat handening (RHH)
improved survival in Cydia pomonella Linnaeus, 1758
{Chidawanyika & Terblanche, 2011) and €. pariel-
fus (Mutamiswa et al, 2018a). Similarly, acclimation
improved fitness in Sicveles anynana (Butler, 1879),
Tuta absoluta (Meyrick, 1917) and C. partellus (Fis-
cher et al., 20010; Mutamiswa ct al., 2018a; Tarusikirwa
et al., 2020a). For example, low temperature increased
egg size in B. aryvamna (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 (Motamiswa et al.. 2019). Pheno-
typic plastigty also appears to be “heritable”, through
epigenetic gene expression, a phenomenon called
transgencrational plasticity (Cavieres ct 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 sermata (Mal-
loch, 1927) mothers increased fecundity in offspring
(Magiafoglon & 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 w improve ovi-
position rate and longevity in different insect species
including Pltella xylosrella (Linnacus, 1758) (Zhang
etal.. 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, 20017; Qi ct 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 swch 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
individoally or in & group in response to stress (Karl
et al., 2008; Sheikh et al_, 20071 The key behaviooral
mechanisms employed by insects inclede 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.. 2007; Kleckova &
Klecka, 2016). Lepidopteran species may use a single
or a combination of these strategies within or across
developmental stages to avoid swress (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 reporied in various
insect species (see Table 1), Adult butterfly species
often exhibit three basking mechanisms such as lat-
eral, dorsal and reflectance (Kemp & Krockenberger,
20044). Lateral and dorsal basking imvolves strategic
body ortentation 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, 20044
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 Mymphalidae and Pieridae families (Sheikh et al..
2017}

In Lepidoptera, migration involves two key strar-

egies which include movement in one direction
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without returning to the arca 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 (latie September and
October) from MNorth eastern Amernica o 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 bumterflies 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 thermonegolation behaviours
play a pivotal role in facilitating survival. For exam-
ple, heat production through shivering allows but-
terflics o 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, . medinalis, Mythinma sepanata
(Walker, 1865) and Awtographa gamma (Linnacus,
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
fior 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
favourshle 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 | Some behavioural srategies enployed by various developmental stages of lepidopieran species in response 1o thermal

stress. The list may not be exhaustive bul was compiled using literature available 3 the lime of wriling

Species Deselop-  Type of siness Hehavioural strategy wsed  Relenence
mental
Stage
Craphalacrocis medinalis  Adult High and low lemperatures Mulli-slop migration Chang et al., 1980; Zhang
etal, 1981
Adult High lemperature Microhabatal selectson Baodlsh et al, 2017
Larva High lemperature Leaf folding Bodlsh et al, 2017
Larva High lemperatune Microhabital selecten Baowdlsh et al, 2017
Cydliar pomonella Larva High lemperature Microhabital selection Kidhet e ., 2005
Crominbresia beling Larva High temperalune Microhabital selectson Frears el al., 1997
Larva High mperaiure Hanging Frears el al., 1997
Hylex lineata Larva High temperature Microhabitat selection ey, 1976
Mandwea sexia Larva High temperatise Microhabital selectzon Casey, 1976
Flutella xrilostella Adull High emperaiune Microhabital selectson Talekar ancd Shelion, 1993
Aglaixs wrticae Larva High emperatume Microhabitar selectson Bryant et al., 1997
Agrotis infusea Addull High emperatume Annual migration Hill, 20007; Shetkh et al, 2007
Danans plexippies Adull Low emperaure Annual mugration Reppert and die Boosde, 20013
Shivering wings
Daniares prlexippues Larva High temperature Microhabital selecion Rawling and Lederhouse, 1981
Malacosome americanum  Larva Low e i ital selection Kaapp and Casey, 1966
Mythimnn seperata Adult High and low temperatunes Multi-stop magration Chaprnan et al, 2010
Autographa gamma Adull High and low lemperatines  Mulli-stop migration Chapenan e 2l 2010
Bombryx mori Larva High temperature Increased cocoon spinning Ramachandra et al., 2001
FPararge acperia Addult L temperature Baskmg Berwseris el al., 2001
Enpriyyadryas awerimia Larva Liw termperalure Basking Pacter, 1982
Pierir pecidentalis Addull Low temperature Baskmg Kingsolver, 1955
Pieris rapas Addult Low iemperaiure Basking Ohsaks, 1986
Parrhasins m-affum Adull Low lemperalure Lateral basking T el al., 2020
Sabvriim Caryaeveras Adull Law lemperature Lateral basking T e al., 2020
Sarvrium Favonias Addult L lemperature Lateral basking T et al., 2020
Pieris melete Adult Low Mi ital selection Ohhsaki, 1986
Fieris mapi Adull Law (=S sk, 1986
Colias butterflies Addult Low temperature Basking Sherman and Wi, 1973
Microhabitat selection
Orgyia antigue Larva High e Mi ital selection Sandre et al., 2014
Hipolomnis beling Adull Liow lernperature Basking Kemp and Krockenberger,
Microhabitan selection 200
Larva High and bow lemperalires  Seeking refuge in ground Sherman and Watt, 1973
Iss Cuver
Parnassius apolls Larva High and hww Mi i ! Ashion et al., 2008
Huttus philenor Larva High and low temperatures  Microhabitat selection Nice and Fordyce, 2006
Deilephila merii Adull Liow lernperature Endothermy Darsen, 1962
Helivoverpa punctigera Adull Low 5 m Coombz, 1993
Helicenerpa armigera Adult Luow temperature Endothermy Coombs, 1993
Hyles ewpharbia Adull Liow lernperature Endothermy Heinrich and Casey, 1973
Deileptiila elpeno Adult Low temperature Endaothermy Heinrich and Casey, 1973
Erebiar aethiops Adult High temperatun: Flying uncler shade Kleckova and Klecka, 2016
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for aviposition 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 nce leaves when they
encounter high temperatures (Bodlah et al, 2007).
Towards pupation, larvae also move to the cool and
maoist underside of rice leaves under heat stress since
pupae do not have capacity to behaviourally ther-
moregulate due to immobility (Bodlah ct al., 2017).
Some lepidopteran species use regional endothermy
associated with thorax heat gencration as a mecha-
mism of gaining heat o facilitate behavioural activi-
ties such as flight. For example, endothermic warm up
as a result of wing shivering in Helicoverpa armigens
(Hiibner, 1808) and H. punctigera (Wallengren, 1860)
by simultancous contracting of their man upstroke
and downstroke muscles raised thoracic temperature
to flight threshold (Coombs, 1993; Heinnch, 1987),
and excess heat is used o raise temperatures of the
head and abdomen through hasmolymph convec-
tion. This endothermic mechanism was also reported
mn other insect specics 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 arc 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 ct al., 2006; Hill et al.,
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2021; Seriber, 2020). For example, in cooler micro-
climates, darker and more melanic wings report-
edly enhanced heat ahsorption in butterflies while in
high clevation arcas, longer thoracic sctac helped in
retaining heat and increasing body temperatures (Hill
et al., 2001; Kingsolver & Moffat, 1082). In addition,
Coligs 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 ct 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 butierflics cnabling them to
raise their body temperature in preparation for fight
(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). Larvac of Aglais wrticae Linnacus,
1758 are black and yellow in colour, hence this col-
ouration has enabled them to raise body temperature
when basking (Bryamt et al., 1997). In B philenor
larvae, dark phenotype 1s mostly sustained in cooler
microclimates to adapt to extreme thermal conditions
(Nice & Fordyce, 2006). In addition, 1. 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 sbsorption resulting in increased body
temperature and larval growth (Hazel. 2002). Thus,
maorphological adaptation, acting complimentary or
synergistically to other adaptation mechanisms may
help lepidopteran species to occupy vanable 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, 20003), 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 arc 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-
mage change (Kiifer 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 and 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,

Fig. 1 Summary of the key physio | ok h
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Table 2 Basal siness wderance m dalferent lepidopleran spe-
cies. CCRT=chill coma recovery time, HKDT =heat knock-
o time, CTo =critical thermal minimum, CT ., =erili-

ULT =upper kethal temperatune. The lisl nay nol be exhaustive
but was compiled using literature available an the mme of writ-
ng

cal  thermal maximum, LLT=lower lethal lemperaure,
Species Lifes stage Taoderance Trail Trait Record Reference
Cydia pomonella axlult C'T“" L1%C Chidawanyika and Terblanche, 2011
LLT =20 C——35 Chidawamyika and Terblanche, 2011
LLT AT Chidawamyika and Terblanche, 2011
Chile partelhs larva CT 485 Mutamiswa et al_, 200 7a, 2018k
aclult C'Tm 478°C Mutamsswa el al_, 2017a, 20186
Biryelur devothen aclull CT 46 Diomgmo et al.. 221
Busveola fusco larva CT i 7% Mutamiswa et al_, 2015h
aclult CTogin 1.5 °C Mutamaswa et al., 2017a
Kexamia calomistis larva CT . 4820 Mutamiswa et al_, 2015k
aclull CT i LB °C Mutamiswa et al_, 2015h
Sitetroga cerealella aclult Clan d6.1°C Machekano et al., 2018a
HEDT 747 min Machekano et al., 2018a
Helicomius spp HEDT 159 min Momejo- Kovacevich et al., 2020
Flutella orlostella larva CT e 456°C Machekano et al., 2018b
T 24 Machekano el al., 2018b
axlult C'rm 6.6 °C Machekano et al., 2018b
larva LLT 31 C—AT 0 Machekano et al., 2018b
LLT =20 -2 Machekano el al., 2018b
Tuater arbrsalieta larva LLT —17"C-0"C Tarusikirwa et al., 2020b
adult o, —52% Machekuno et al., 2015c
Spadoptent frugiperda adult T 19 ¢ Keosentse el al., 2021
CCRT 1.5 min Keodentee el al., 2021
Carminda poeon aclull CT . 534°C Silva et al.. 2020
Eunica cuevierit aclult CTpn w5 T Silva et al., 2020
Junomia evarete aclult CTpn B Silva et al., 2020
Memphis appias aclult CTpn B C Silva et al., 2020
Memeupiychia walhbergi aclalt CT.. sC Salva et al.. 2020
Yihthimoides angularis adult o s85°C Silva et al., 2020
Laretis isidora axlult CTpn 57 Silva et al., 2020
Colabiens dire aclul CT o s2°C Silva et al.. 2020
Dexocopa lnwrentic aclult [ s Silva et al., 2020
Eryphanis reevesii adult o 536°C Silva et al., 2020

. frugiperda larvac 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 larvac (Muotamiswa
et al., 2018b; Nyamukondiwa et al., 2022). Hecent
trends have shown C. partellus expanding from low
to mid and high altitude and humid transitional areas
(Khadioli et al., 2014; Mutamiswa et al., 201 7a). This
has been necessitated by its inherent high potential o

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 moscles which are responsible for flip-
ping down and up wings respectively during fight

Piyloparastics



Phytoparasilica

{Heinrich, 1987; Meve & Hall, 2016). The thoracic
temperature is highly dependent on environmen-
tal temperature and heat generation through mus-
cle movements (Neve & Hall, 2016). For example,
Papile, Colias and Pieris species require thoracic
temperatures ranging from 28 “C w 42 °C for flight
whereas 33-38 “C thoracic temperatures restrict rig-
orous flight (Kingsolver, 1985; Neve & Hall, 2006).
The lowest thoracic temperatures ranging from 17 °C
to 20 °C for flight have been recorded in large but-
terfly species such as Pamassing 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 (Tsal et al. 20200 Tsuji
et al, 19%6). Coupled with behavioural thermoregula-
tion, endothermy may act synergistically with behav-
iour to optimise insect body temperature for fight 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 scarching (Kingsolver, 1983).

ch:v:r, 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 deinmental { Kingsolver & Watt, 1983).
Insects however have several mechanisms for mainee-
nance of optimal temperature following endothermic
heat generation. For example, they can use behav-
iour (Kingsolver & Watit, 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 i lepidopteran
species is of paramount importance in determining
its impact on fitness. survival and ability to disperse
{Meve & Hall, 2016). Morcover, 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 genoiypes 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
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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
tempemiures mespectively after brief  pre-treatment
tor sub-lethal temperare shock (Chidawanyika &
Terblanche, 2011; Mutamiswa ct al, 2018a). For
example. RCH reportedly enhanced cold tolerance
in Busseola fusca (Fuller, 1901), . pariellus and T.
absoluta (Motamiswa et al., 201 8h; Tarusikiroa et al.,
2020a) (Table 3). Similarly, RHH improved cold
tolerance in B jfusca and O partellus (Mutamiswa
et al_, 2018b) (Table 3). Acclimation is defined as an
improvement in survival following pre-conditioning
at sub-lethal conditions (Andrew ct al., 2013; Chi-
dawanyika & Terblanche. 2011: Nyamukondiwa
& Terblanche, 2000). It is a facultative phenotypic
response of organisms to environmental changes
that occur over a period of days. months, seasons or
years {Miinzbergova & Hadincova, 201 7). For exam-
ple. acclimation improved cold and heat tolerance
in B. anvmana and C. partelius (Fischer et al., 2010;
Mutamiswa ct al., 2001 7a, 201 8a: 201%) (Table 3).
Intragenerational plasticity refers to non-genctic
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 carly 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 epigenctic effects of parcntal
phenotype or environment on offspring phenotypes
(0 et al., 2009). It is generally beneficial if envi-
ronmental conditions experienced by the parents arc
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 (Linnacus, 1758) (Gibbs ct al., 2010). Simi-
larly, low temperature parental exposme improved
egg size, hatching success, larval hatching mass and
larval developmental time in B, amvnana (Fischer
et al_, 2003b; Geister et al, 2009; Steigenga & Fis-
cher, 2007} whereas in £ aegeria it improved egg
mass and embryonic developmental time (Gibbs
ct al., 2010). Nevertheless, there are limited studics
on intragenerational and ransgenemtional 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 lepadopleran spe-
cles in response Mo stress. BCH=rapid cold hardening,
RHH=rapid hem hordening, CCRT=chill coma recovery
e, HEDT =hest knockdown time, CT_,, =critical thermal

mamima, O, =critical thermal maxima, S0P =supercooling
point, HIARE =Hardening/Acch Resy Ratio, The
List may i be exhaustive bul was compaled usang liceraiure
available a the ime of writing

Form of Plasticity Species Life Stage Imnproved Tran H/ARR Reference
Acehmaton -I’.'.ﬁil’n-paneﬁux Aglul C'T_ 025 Mutarmswa el al., 2007a
Adult CT e 0%s  Mwarmiswa et al., 200 7a
Aglult CCRT 14 Mutarmswa el al., 201 8a
Larva C'T,_ n.is Mutarmswa el al_, 20184
Larva OCRT 03 Mutarmiswa el al., 2018a
Larva sCP 41 Mutarmswa el al., 2018a
Larva CT e (I ) Mutarmiswa el al., 201%a
Larva HEDT [hX:1.9 Mutarmaswa e al., 2008a
Adluln HEDT 012 Mutarmiswa et al., 2018a
Pupa OCRT OR Mistarmiswa el al., 2019
Pupa HEDT 043 Mutarmswa el al., 2009
Busseola fusca Larva 4 (IR} Mutarmiswa el al., 2018h
Sesmmia calamisiis Larva C'T_ (18 i Mutarmswa el al., 2008b
Daraus plevippus Alualt Lo lemperature survival = Larsen and Lee, 1994
Bicvcles ammana Agult CCRT - Fischer et al., 2000
Aclult HEDT - Fascher et al., 7000
Pringleaphaga marioni  Larva Low temperature survival - Sinclair and Chown, 2003
Phthorimoes operculella Larva Low lempersture survival - Hemmati et al., 2014
Pupa Lo lemperature survival - Hermman e al, 2014
Tirta absolua Larva C‘T_ nls Tarusikirwa et al., 2020k
HEDT - Tarusakirwa et al., 20Xk
Aglult HEDT 033 Tarusikirwa et al., 2020k
BRCH Cﬁifaparreﬁuj Larva C'T_ [IN] Mutarmswa el al., 2018b
Busseola fusca Larva T 025 Mutarmiswa el al., 2018k
Tirta absolua Larva CTo 05 Tarusikirwa et al., 2020k
HEDT 3 Tarusakirwa et al., 20Xk
Spodaplen exigu Egg Lo lemperalure survival - Kim and Kim, 1997
Larva Lo lemperature survival — — Kim amd Kim, 1997
Pupa Lo lemperature survival - Kim amd Kim, 1997
Daraus plexippus Aulul Lo lemperaiure survival - Larsen and Lee, 1994
Cvdia pomaorefle Alualt Lo lemperature survival = Chadswanyika and Ter-
blanche, 200 1
EHH Chiler partellus Larva T (i3} Mutarmiswa el al., 2018k
Busseola fusca Larva CTo i3 Mustarmiswa el al., 2018k
Cvdia pomaorefle Alualt High emperature survival - Chadswanyika and Ter-
blanche, 200 1
Pringleophaga marions Larva Lo lemperature survival = Sinchair and Chown, 2003
FPhthorimaea npen'ukh'u' Larva Survival - Hemmali &l al, 2014
Pupa Survival - Hemmal & al, 2014
Transgeneralsonal Fararge argeria Alualt Hatching success = Ciibbs et al., 2000
Aglult Egg mass - Citbbs e al., 2000
Embryoaic developmental - Citbbs e al, 2000
Lme
Bicyclur anymeana Alualt Egg size - Sieagenga and Fscher, 2007
€1 Springer
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Table 3 (contnued)

Form of Plasticity Species Life S1age Improved Tran HIARR Reference
Achal Hatching success - Fischer et al., 203k
Alul Larval hawhing mass - Cleaster eral., 2004
Auhalt Larval developmental - Fischer et al., J3h
lame
Seasonal polyphensm  Hicyoley anymars Auhalt High temperalime - Woestmianm and Saasta-
moinen, 6
Ferlvgomnia c-alium Auhalt Lave lermperalune - Woestmianm and Saasta-
moinen, 6
Pararge acgeria Adult Loy lemperature - Wan Dyvek aned Wiklunsl,
oz
Arrscfnia levang Aulal Lavey lemperatune - Friberg and Karlssom, 2000
Carry-over effects Corapivelita molesta Aulual Longevity - fheng eral., 2017
Auhalt Survival - £heng etal., 2017
FPlutella xylosteiin Efg Dwipiosilson riale - Fhang et al., 20154 b
3™ inatar larva Dwipinsilson rile - fhang etal., 20154 b

within ontogenetic stage in the order Lepidoptera.
Although plasticity of thermal wlerance plays a piv-
ol role in buffering thermal stress in Lepidoptera,
its costs o fitness should not be ignored. Therefore,
costs of thermal plasticity on performance of lepidop-
teran specics deserve further investigation. Develop-
mental life stages are interdependent such that ther-
mual stress experienced by one life stage in insect’s life
cycle may influence subsequent life stages within or
across generations (Zheng et al, 2007) (Table 3). For
example. heat stress (40 °C) on £ xvlostella eggs and
3" instar larvac resulted in faster oviposition rate in
adults (Zhang et al.. 20054, b). Similarly, adult heat
resistance and longevity significantly increased fol-
lowing heat stress exposure of 35 °C on . maolesta
pupac (Zheng et al., 2017).

Seasonal polyphenism, a form of phenotypic plas-
ticity anising from a single genotype. is a change in
colour or pattern of butterfly larvae, pupae and adolts
In response to varations in environmental conditions
such as temperature, humidity and photoperiod (Koi
d& Daniels, 2007; Villagra & Frias-Lasserre, 2020;
Woestmann & Saastamoinen, 2016). Scasonal poly-
phenism which is also induced by diapause improve
survival in lepidopterans through thermoregula-
tion (see Gill et al, 2007; Koi & Daniels, 2007).
For cxample, in & amynana, it has been reporied as
an adaptive response to wet-dry seasonal environ-
ments. In temperate regions, seasonal polyphen-
ism improved cold hardiness in Folvgonia c-alfum

(Linnacus, 1758), P aegeria and Araschnia levana
(Linnarus, 1758) through overwintering (diapausing)
(Van Dyck & Wiklund, 2002; Woestmann & Saasta-
moinen, 2016). In addition, a key thermoregulatory
mechanism in Pieris occidermtalis (Reakirt, 1866)
imvolved enhancement of a higher magmitude of mela-
misation in spring than summer as strategy of survival
in temperate regions | Kingsolver, 19495; Kingsolver &
Wiernasz, 1941).

Morcover, looking at  hardening/acclimation
response ratio (HFARR), lepidopteran species such as
C. parteilus, 8. fusca, Sesamia calamisiis Hampson
and T. absofuta seem to have higher HFARR indicar-
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 phenotvpic plasticity

Production of heat shock proteins Heat shock
protcins (Hsps) production 15 a key physiological
response o environmental siress in insects such as
heat, cold, overcrowding. starvation, desicoation and
anoxia (Gu et al., 20019). They are categorised into
several key families such as sHsp (small heat shock
proteins), Hsp 40, Hsp &0, Hsp 70, Hsp 90 and Hsp
110 basing on molecular mass and protein bomol-
ogy (Gamczynski et al, 2011; King & MacRKae,
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2015; Parsell & Lindquist, 1993) (see Fig. 1). The
sHsps which are independent of adenosine triphos-
phate (ATF) are the first line of defence responsi-
ble for prevention of substrate proteins denaturation
when cells face thermal stress (Basha et al., 2002).
On the other hand. the ATP-dependemt Hsps (Hsp
60, Hsp 70, Hsp %0 and Hsp 1100 act as molecular
chaperones and are responsible for folding, degrad-
ing. disaggregation, and localisation of denatured
progeins (Cai et al., 2007; Gu et al., 200%). 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
Spodoptena linera (Fabricins, 1775) Hsp 60 and Hsp
90 were highly expressed in adult females (Shu et al.,
2011y whereas in Spodoptera exigna (Hibner, 1808)
and Chilo suppressalis (Walker, 1863) the highest
expression of Hsp T0 was recorded in first and sec-
ond instar larvae (Lu et al., 2014; Xu et al, 2001).
Similarly. Hsp 90, Hsp 70 and Hsp 60 protected C.
suppressalis larvae from extreme cold conditions
through maintaining structural proteins andfor main
metabolic enrymes 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 (Luoo et al., 2015).
Similarly, in T, lewcofreta changes in Hsp 70 fol-
lowing pre-chilling treatments resulted in improved
low temperature tolerance (Boardman et al.. 2005).
Exposure of C. medinalis larvae to heat shock at 37
and 41 “C induced increased levels of Hsp 70 and
Hsp 90 mENA resulting in enhanced heat tolerance
(Gu et al., 2019). In . pomonella sHsps (Hsp 19.8,
Hsp 199 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 Garceynski et al., 201 1). In addition, upreg-
ulation of sHsp genes improved cold tolerance in 5.
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
(5. molesta during diapanse (Zhang et al., 20154, b)
whereas Hsp 208 is closely linked to overwinter-
ing (diapause) in Sesamia nonagrioides (Lefebvre,
1827} larvae resolting in improved cold hardiness
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(Ghouvitsas et al., 2008). DMapause entry has been
reported to upregulate Hsp 70 in embryonic diapause
of Lymantria dispar (Linnaeus, 1758.) (Yocum et al.,
1991), larval dispause in Ostrinia nubilalis (Hiib-
ner, 1796) and pupal dispause in Manduca sexia
(Linnacus, 1763) (Rinchart 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 outumn
(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., 20135a,
b). Response to high temperatures in summer may
involve expression of genes such as GmHsp19.4 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. (2008 reported
proteins 944 1108, 1367 and 1448 to improve heat
resistance in winged and wingless aphids Macro-
siptuem 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 (lzadi
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 freese avoidance
as key strategies in surviving these extreme condi-
tions (Feng et al., 2008) (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 fuids 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 siralegy in
Lepidoplera, redrawn from
{Denlinger & Lee, D100
SupercsHing poinl repre-
senls the lowesl lemperalune
reached belore release of
the latent heat of erysial-
Lization. Freeze inmderant
organisms {green ) canml
loderate freezing while
Freese welerant inseces (red)
can wilhatand internal e
Ermakion

Freaze
Intolerant!
Avoldance

Temparature of Insect (°C)

tolerant

inszets use (Feng et al.. 2018, Hance et al., 2007)
(Fig. 2).

Freeze avoidance or intolerant insects survive sub-
#ero temperatures in the absence of internal ice for-
mation, but may be killed by any internal ice within
their tissnes (Sinclair et al., 2003). In that respect, to
avoud 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 acco-
mulation of cryoprotectants and ice nucleation preven-
tion (Andreadis & Athanassiou, 2017; Sinclair et al.,
2015). Several lepidopteran species use this technigue
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, crystalioid proteins, erystalloid
compounds and microbes (Lee & Costanzo, 1998)
Mevertheless., 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 & Athanassion, 2017). Many

W

Time

lepidopteran species survive sub-zero temperatures
through freese tolerance while a few survive via freeze

avoidance and extensive supercooling (chill suscepti-
ble) {see Tahle 4).

Cross-tolerance and cross talk  Lepidopteran spe-
cies experience multiple abiotic and biotic stressors
simultancously in nature {Sinclair et al., 201 3). These
specics may respond o these siressors through pro-
tective mechanisms {cross-olerance) or shared sig-
nalling pathways (cross talk) (Sinclair et al., 2003).
Cross talk is 2 mechanism under which a single stress
triggers differemt 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 siress 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 invest-
gated in plants, with limited studies in insects {(Knight
& Knight, 2001).
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Table 4 Freere arategy in different developmental stages af
lepadopleran species. The list may nol be exhaustive bul was
compiled wsing literatune available an the time of writing and

is meant 1o show fmeere strabegy in some of the species and
developmental stages within the order Lepidoplera

Species Life Stage Freese Stralegy Reference
Ostrinta nubilalis Larva Freere wilerance Panko, 2017
Crvnaepitons greenlondica Adult Freeze tolerance Panko, 2117
Fesamia nonagricides Larva Freeze tolerance Giillybosul et al., 1994
Erpantheria scribonia Larva Freeze wilerance Jack aned Layne, 2004
Civerpe fuheicadiic I arva Froere tlernis Frolels amd MeMel | 10RA
Clenucha virginica Larva Freere wlerance: Frelds and MeMesl, 1985
Pyrriaretia ivabells Larva Freeze wilerance Gioettel and Philogene, 1980
Hypercompe scribonia Larva Freeze wilerance Jack eral, 2008
Apuoria crrlaegi Larva Freese tolerance Li. 2016
Dena'mﬁmr:upemn:n‘h’nl‘lu Larva Freere wlerance Li, 2016
Cossmy coxsny Larva Freere wolerance Li, 2016
Pringleophapa marioni Larva Freeze tolerance Marshall and Sinclair, 2011
Fexamia inferens Larva Freeze tolerance Sun el al., 2014
Papilio polyenes Pupa Freeze tolerance Hazel, 2002
Tinesla bisselliella Egp Freeze wilerance Andresdis and Athansssion, 2017
Cydiar pomonelia Larva Frezze avosdance Meven, 1999, Khami e al., 2007
Hyphaniria cunea Larva Frezze avosdance Lietal, 2001
Epiblema scudderiang Larva Freeze avosdance Rickanks el al_, 1986
Apatele pri Pupa Freeze avosdance Li, 2016
Phiforimaea operculells Larva Frezze avosdance Hermmal el al., 2014
Pupa Frezze avosdance Hermmal el al., 2014
Thaumaiotiba leucotreta Larva Chall susceptible Boardman el al_, 2012
Spedopiera exigua Larva Chill susceptible Alapour and Moharranpour, 2004
Ephestia kuchniella Pupa Chill susceptible Anddreadss and Athanassion, 2017
Adult Chill susceptible Andreads and Alhanassion, 2017
Plodia irterpuncieila Fupa Chall susceptible Andrexdis and Athanasion, 2017
Addult Chill susceptible Andreadis and Athanassoun, 2017
Chilo parteilus Larva Chill susceptible Mutamaswa el al., 2017b
Pupa Chill susceptible Mutamsswa e al., 2017h
Adult Chill susceptible Mutamsswa el al., 2017h
Tute abrsoluta Larva Chill susceptible Tarusikirwa el al., 20206
Adult Chill susceptible Tarusikirwa e al., 20206

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.,
20)18b). In addition, starvation and desiccation accli-
mation improved CT_, in O partellus, B fusca
and 5 calmmistis larvae indicating cross-tolerance
effects against cold stress (Mutamiswa et al.. 2018b).
Similarly, pre-treatment of P operculelia 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 explone
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 s a
key factor responsible for induction of reactive oxy-
gen species (ROS) resulting i protein: dysfunction,
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lipid peroxidation and oxidative damage (Ali et al.,
2006; Liu et al, 2017). As a resull, 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. separara fol-
lowing stressful high temperatures resulted in signifi-
cant increase in primary antioxidative enzymes such
as superoxide dismutase (SOD), catalase (CAT) and
glutathione-5-transferase (GST) (Ali et al., 2016).
Given its migration habit, this physiological adap-
tation mechanism has facilitated its filness under
warmer conditions resulting in optimisation of sur-
vival (Ali et al., 2016).

Similarly, S0D, peroxidase (POD) and thioredoxin
were upregulated in Glvphodes pyloalis Walker, 1850
following heat stress (40 “C) (Lin et al., 20017). In
addition, the induction of cytochrome P450s resulted
in higher heat resistance in G. pvloalis. Moreover,
two mRMNAs for aldehyde dehydrogenase (ALDH)
were upregulated following heat shock indicating
enhanced heat resistance through metabolic pathway
(Liu et al.. 20017).

Digestion, absorption, detoxification of harm-
ful substances and maintenance of water, 1on and
osmotic pressure balance in insects primarily take
place in the mid gut (Lei et al.. 20014; Valencia
et al.. 2016). As a result, the interplay betwesn the
insect and environmental conditions is governed
by the mid gut (Liu et al., 2017). For instance,
the mid gut transcriptome analyses in . pyloalis
showed that detoxification and wvitamin 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 €. medinalis to heat acclima-
tion showed more differentially expressed genes
(DEGs) expression in heat-acclimated than wnac-
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
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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 awricilius Dudgeon, 1905 larval developmen-
tal time is at least cightfold 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 o 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 eriphvle Edwards, 1876 duning the
second to fourth developmental instars, albeit this
cffect disappeared following pupation (Higgins
et al., 2015). This response indicates a potential
for rapid population growth of C. eripfyle under
changing environments due to considerable reduc-
tion in time to reproductive maturity.

Previous studies have reported varation in
thermal sensitivity across developmental stages
(reviewed in Kingsolver & Buckley, 20:20). For
instance, heat resistance in B. anynamag increased
with body size across omtogeny such that pupae
and adults exhibited more resistance than eggs and
larvae (Klockmann et al., 20171 This indicates a
fitness and survival advantage of pupae and adulis
relative to eggs and larvae under rapidly chang-
ing environments. Similary, the developmental
times (days) for T. absoluta life stages decreased
with increasing temperature such that eggs and
pupac exhibited lower developmental times than
larvae (de Campos et al.. 2021). In additon, Li
et al. (2003) 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 lepidopieran 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 gquiescence

Diapause is a physiological state of arrested growth
and development that is genetically determined. new-
rohormonally mediated and often triggered by envi-
ronment (Hance et al., 2007). It is common in insects
and is usually induced by changes in photoperniod and
temperature (Diniz et al., 20017). It can be categori-
cally defined basing on the effects of environmental
factors (facultative and ohligatory). life stage (embry-
omic. larval, pupal and adult) and seasonal variations
that is hibernation (winter diapause) or aestivation
{sommer diapanse) (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,
maost of the species in the family Nymphalides are
known to survive through sestivation, 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
maoths (Hoskins, 2019). Similarly, in South-East Asia,
Danais misippus (Linnaeus, 1764) and Enploea core
{Cramer, 1780) as well as Heliconius species in South
America hang in groups of 630 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, Gonepreryy rhamni (Lin-
naeus, 1758) adults hibernate beneath bramble or ivy
leaves in winter (Hoskins, 2019). In addition, Inachis
i (Linnacus, 1758) Nymphalis antiopa (Linnaeus,
1758) and Nymphalis polvchloros (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, 200%). 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
pupac while a few overwinter as adults e.g. [ io, P
c-album and . rhamni (Hoskins, 20019).

In tropical regions, the larval stage of some cereal
stemborers s the main developmental stage  that
overwinters in crop residues (Kfir, 1991; Ofomata
et al, 1999). For example, during the dry season,
larval B. fusca, 8. calamistis, and Chilo erichalco-
cifieflus Strand, 1911 undergo obligatory diapause
for several months (Kfir et al., 2002; Ofomata et al.,
1994) whereas C. partellus larvae undergo faculia-
tive diapause under unfavourable climatic conditions
((Momata 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., 2007, Kfir, 1991). In additon, ¢
suppressalis larvae enter facultative diapause dur-
ing autumn in response to changes in photoperiod
(short day conditions) (Xiao et al., 2010). Bombyx
mri (Linnacus, 1758) and L. dispar overwinter at
embryonic and larval stages respectively (Gill et al
2017). Moreover, recent study reported facultative
diapause in . absoluta pupae developing from larvae
following exposure o low temperawres and short-
day length across different periods (de Campos et al.,
2021). Some lepidopteran species undergo prolonged
or extended diapause (=1 year). For example, Fro-
doxns y-inversus Riley, 1892 moths are known to
eclose after 19 years of prepopal dispause (Powell,
1989). Some lepidopteran species survive extreme
conditions through undergoing both winter and sum-
mer dispause. These include H. armigera (Jadhav
et al., 2013), Pieris melete Méngtriés, 1857, Pieris
brassicae (Linnacus, 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
(SkendFic et al_, 2021).

Although Spodopfera frugiperda (JE Smith, 1797)
is 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
(MNagoshi et al., 2012). Recent study reported that 5.
frugiperda larval and adult developmental stages
have the potential o overwinter in arid tropical Afri-
can environments given their low temperature toler-
ance and inability to undergo dispause (Keosentse
et al., 2021). Similarly, larvae and adults of 7. abso-
futa 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 hangd, is a form of dor-
mancy manifesting as slowed development and meta-
bolic activity following short period of unfavourable
environmental conditions (Gill et al., 20017). 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 evolotionary adaptation

Genetic adaptation is a heritable charactenistic that
enhances fitness and survival traits in organisms
(Solomon & Hussen, 2018). Most organisms tend to
use genctic adaptation in coping with emvironmental
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 {Gosthard
& Wheat, 2014%; 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., 2014%). Researchers have found two key genes
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that are responsible for permitting some insects o
survive climate variability through regulating their
biological annual clocks (Gotthard & Wheat, 200149).
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 (. nubilalis
and are responsible for enabling this moth to adapt o
climate change e.g. shorter or longer winters, through
diapause termination (Kozak et al., 2009). 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 might (Kozak et al., 200%; Li et al., 2004).
They vary in frequency of alleles amongst individual
insects pupating earlier or later and this vanation is
responsible for eliciting evolutional timing of dia-
pause under rapidly changing environments ( Gotthard
& Wheat, 201%; Kozak et al, 2019). For example,
per and Pdfr regulate larval diapause termination in
(1. nubilalis through stimulating prothoracicotropic
hormone (FTTH) to initiate release of development
hormone, ecdysone from prothoracic gland (Gelman
et al., |9492). 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, 201%; Kozak et al., 2001%). 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 (Ch et al.,
201%). 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. partelfus exhibited high basal
thermal tolerance and plasticity relative to indige-
nous species B, fusea and 5. calamistis (Motamiswa
et al., 2017a, 2018b). This indicates that C. partel-
{us 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.

Ower short and long time-scales, rapid evolu-
tionary adaptation may thus favour selection of
novel phenotypes in €. parfellus. The latitudinal
hypothesis stipulates that developmental plasticity
should increase from low to high latitude arcas in
response to thermal seasonality increase {Manenti
et al., 2017). As a result. most insects have recently
shifted their ranges to higher alttudes and lat-
tudes due to global change (Hill et al,, 2001). In
this regard, geographic clines of these insects are
a result of evolutionary adaptation to local envi-
ronmental conditions (Hill et al., 2001). For exam-
ple. . parfellus 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 o 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 therehy 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 fityrus (Poda, 1761) var-
ted 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, HEDT decreased with increas-
ing altitude such that insects of high altitnde 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 therehy 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 distibution of lepidopteran spe-
cies hence thermal adaptation remains o 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 genctic basis to
environmental stress adaptation (Franks & Hoffmann,
20112). 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 guantitative genetics
in unravelling their responses o 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 etal., 2016).

Thermal stress may lead to epigenctic modifi-
cations in insects resolting in key genctic 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 s also of paramount importance to understand
how plastic responses may be affected by vanious envi-
rmonmental components e.g. temperature, rainfall and
their Auctuations (Sgro et al., 2016). Previous studies
on plasticity of thermal tolerance mainly focused on
constant tiemperatures and other conditions, with necent
studies now incorporating fluctuating thermal condi-
tions (Sgro et al, 2016). However, 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 chimate change (but see Mutamiswa ct 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., 2008), future studics
should incorporate these projected changes and their
interactions thereof in Lepidoptern across short and
longer time scales and how these insects may adapt to
these environmental changes.

Although there has been increasing interest by imsect
physiologists in transgenerational effects, most studics
have focused on plasticity of thermal response within
ontogenetic stages and not across longer-ime scales
(Sgro et al., 2016). In addition, there are imited studies
om transgencrational plasticity in Lepidoptera. Further-
mure, 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 scross multiple generations and response to
multiple environmental factors in Lepidopiera.

An understanding of geographic clinal vanation 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, 2009). Geographic latiudinal clines in
varims guantitative traits have been reported in different
Drosaphila species indicating evidence of thermal adap-
tation in the environment (Hoffmann & Weeks, 2007). In
Lepidoptera, basal low temperature tolerance varied in
L titvrus across altitudes (Karl et al., 2008). Therefore,
future studics should extend to other key lepidopteran
species in both topical 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 Lepidopters. 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
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and development should focus on epigenctic effects,
transgenerational plasticity and latitadinal 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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