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Abstract: Insects, nematodes, and aquatic animals face several biotic and abiotic stressors that can
significantly affect their fitness — specifically damaging their cellular proteins’ competent functional
nature. In response, they have evolved sophisticated stress-responsive mechanisms. Certain
endogenous proteins, known as small heat shock proteins (sHSPs), serve to maintain the stability
and function of proteins under stress. Since the identification of the first sHSPs, an increasing
number of sHSPs, mainly due to the new robust sequencing tools, continue to be identified and
reported to play a critical role in the organism’s response to stress. This review explores and
summarizes the contributions of the sHSPs implicated in stress response. Understanding their
function is crucial for advancing our knowledge in agricultural pest management, climate change
adaptation, and biotechnology.
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1. Introduction

Insects, nematodes and aquatic animals are regularly exposed to biotic and abiotic stressors such
as increasing temperature, salinity, and heavy metal accumulation that can significantly affect their
physiology, growth and development, behavior, and survival [1-3]. Changes in the stressors above
the organism’s threshold can disrupt their intracellular proteins and consequently induce
physiological stress, cell damage and death [1,4]. For example, in the fruit fly Drosophila virilis,
exposure of pupae to heat stress delayed their sexual maturity, whereas in adults, it caused sterility
within seven days post-exposure [5]. In the face of climate change, stressors will likely become more
acute or chronic and, therefore, have more impact on organisms [6]. In a simulation experiment,
increased heatwaves (frequency and severity) reduced the chemosensitivity of bumblebees, as
pollinators, to sense and locate plants - as their food source [7]. This can, consequently, lead to the
decline of the bumblebee population/colony and food security [7].

While stressors pose significant challenges to organisms, they also drive evolutionary
adaptations. Organisms have evolved and can employ either behavioral adaptations to avoid or
escape the stressor or physiological adaptations to endure the stressor better [8,9]. As a physiological
response, cells synthesize small heat shock proteins (sHSPs) that function as chaperons - bind to the
partially folded or denatured substrate proteins, preventing them from irreversible
folding/denaturation or enhancing their correct functional folding (Figure 1A) [4,10-13]. sHSPs have
both constitutive and stress-inducible members [14], with a low molecular weight (typically 12 — 42
kDa) and a highly conserved a-crystallin domain (ACD) consisting of 80 — 100 amino acids) [15].
Under stress conditions, some sHSPs can accumulate and reach up to 1% of the total cellular proteins
[16]. Unlike other families of Heat shock proteins (HSP), sHSPs do not require ATP to perform their
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chaperone activity [17] — thus, they act fast in response to stress, and their response is less costly
energy-wise.

The chaperone role of sHSPs is not only during stress exposure but also during normal
development. Actually, sHSPs have been implicated in various biological processes such as cell
growth, differentiation, lipid membrane polymorphism [18-20], diapause [21], and lifespan [22]. For
instance, heat shock protein p26 in brine shrimp (Artemia sp.), with a crystalline structure as shown
in Figure 1B, is reported to confer resistance to Artemia embryos exposed to stressors e.g., extreme
temperatures, prolonged anoxia, and desiccation during encystment and diapause [23]. It is
noteworthy that in all developmental stages, p26 is expressed exclusively in the embryo stage [24],
and constitutes 10 — 15 % of the total yolk proteins. While the chaperone function/mechanism of p26
is reported to be by the formation of ~500KDa oligomers [25,26], other in vitro studies conducted with
transfected mammalian cells cultured under stress show that it could be through apoptosis inhibition
[27]. Transfected mammalian cells have exhibited enhanced thermotolerance [27], and resistance to
oxidative damage induced by hydrogen peroxide [24].
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Figure 1. A) Effect of abiotic and biotic stress on insect, nematode, fish, molluscs, and crustacean health and small heat shock protein response. (B) The three-dimensional structure was
established using the SWISS-MODEL program based on the p26 of Artemia sinica as a template.
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The high evolutionary conservation observed in sHSPs across nematodes, insects, fish, and other
organisms underscores their importance in fundamental cellular processes. Amino acid sequence
alignment of sHSPs from nematodes, insects, and fish reveals how highly these proteins are
conserved across these taxas. In nematodes, particularly in C. elegans, the conservation of sHSPs is
highly evident. For instance, multiple amino acid sequence alignment of CeHsp12 [28,29] showed
over 86% mean pairwise similarity across various species within the Caenorhabditis genus Figure 2.1.
Similarly, in fish, such as Carassius sp., Cyprinus sp., Sinocyclochellus sp. Ctenopharyngodon sp., Culter
sp, the sHSP family are well-conserved, with sHsp20 showing over 95% pairwise similarity in
sequence alignment Figure 2.2. Moreover, in insects, Amyelois transitella, Manduca sexta, Leptosia nina,
Zerene cesonia, Colias sp., Bombyx mori, Maniola sp., Ostrinia nubialist, Parnassius sp., Chilo sp., Loxostege
sticticalis, all exhibit more than 90% pairwise similarity of sHsp19 Figure 2.3.

While this review focuses on sHSPs, other HSP families — mainly classified based on molecular
weight - are excellently reviewed, among other publications [10,30]. In insects, nematodes, and
aquatic animals, the first sSHSPs were recognized and extracted from D. melanogaster in 1974 [30], C.
elegans in 1983 [31], and brine shrimp (Artemia sp.) in 1999 [32], respectively. Since then, due to new
sequencing tools such as genomics and transcriptomics, an increasing number of sHSPs has
continued to be reported in several of these organisms such as Diamondback moth (Plutella xylostella),
C. elegans, Meloidogyne hapla, Penaeus monodon, V. philippinarum and goldfish (Carassius auratus) [33-
35]. Functional characterization of these genes in stress response has also been reported and
excellently reviewed in papers such as [9,11,36,37]. This review summarizes several sHSPs involved
in the response of insects, nematodes, and aquatic organisms to abiotic and biotic stressors.
Understanding their function is crucial for advancing our knowledge in agricultural pest
management, climate change adaptation, and biotechnology. In the following sections, we explore
how sHSPs contribute to the resilience of these organisms under various environmental stressors,
highlighting their relevance in mitigating environmental stressors and maintaining cellular

homeostasis.
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Figure 2.1. Amino acid sequence alignment of CeHspl2 among different nematode species. The
alignment was performed using the MAFFT algorithm in Geneious Prime software 2024.0.7. The
mean pairwise identity over all pairs in the column is depicted. Green: 100% identity, greenish-brown:
at least 30% identity but less than 100%, red: less than 30%.
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Figure 2.2. Amino acid sequence alignment of sHsp19 among different insect species. The alignment
was performed using the MAFFT algorithm in Geneious Prime software 2024.0.7. The mean pairwise
identity over all pairs in the column is depicted. Green: 100% identity, greenish-brown: at least 30%
identity but less than 100%, red: less than 30%.
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3. XP_059382247 [Carassius carassius] RMSGK TIEIKKQDDIGKIGA F S'Y R CIQIEI F RIQIE F NIl PIEIGVN PIEIMV T C SIENNGQIENQIIQ A P KIE

4. XP_018918645 [Cyprinus carpio] RMSGKTIHEIKKQDDGKGS FSYRCRQIEF RQIEFDHEPEGWVNPEMVTC SENNGQEQIIQA P KIE

5. XP_016365640 [Sinocyclocheilus rhinocerous) RMSGK THHKKQDDGKGS FSFRCQIEFRQMEFDIEPEGVNPEMVTC SIHENNGQINQIIQA PKE

6. XP_016332889 [Sinocyclocheilus anshuiensis] RMSGK TEIKKQDDIGKGS F'S FRCQIEF RQIEF DIl PEIGVN PIEIMIV T C SIENNGQIIQIIQ A P KIE

7.XP_051733758 [Ctenopharyngodon idella] RMISGK TIEIKKQDDGKGS FSYRCRQIEF RQIEF DIEPEGVNPEAMTC SIHNNGQIEQIIQA P KIE

8. KAK9955294 [Culter alburnus] RMSGK TEHKKQDDGKGS FSYRCQEFRQEFDHEPEGVNPETMTC SIHNNGQEQIIQA P KH
170 150 190 200 207

Consensus ANAM SNERMINPIITYTPAMKSPMPQS - - PIQPESQAABEEIA TDIN

Identity [ @ = = N o asw . o

1. XP_026052173 [Carassius auratus] ANAM SNERMIIPINTYTPAMK S PMPQS - - PQINESQAAETDA TDIN

2. XP_052444973 [Carassius gibelio] ANAM SNERMVIIPIITY TPAMKSPMPQS --PQPESQAAETDATDIN

3. XP_059382247 [Carassius carassius] ANAMSNERMIIPIITY TPAMKS PMPQS --PQPESQAAETDA TDIN

4. XP_018918645 [Cyprinus carpio] ANSMSNERMIIPINITCTPAMKSPMPQS --PQPENQAAEADATDWV

5. XP_016365640 [Sinocyclocheilus rhinocerous] ANAMSNEIRVMIIPIITYTPAMKS PMPQS --PQPESQGAEAEATD

6. XP_016332889 [Sinocyclocheilus anshuiensis] ANAM SNERMIIPINTY TPAMKSPMPQSPQPQPESQAAEABEATDIN

7.XP_051733758 [Ctenopharyngodon idella] ANAMSNERVIIPIITY SPAMKSPAPQS --PQPESQAAEPESTD

8. KAK9955294 [Culter alburnus] ANAMSNERMVIIPIITY SPAMKSPAPQS --PQPESQAAEPES TD

Figure 2.3. Amino acid sequence alignment of sHsp20 among different fish species. The alignment
was performed using the MAFFT algorithm in Geneious Prime software 2024.0.7. The mean pairwise
identity over all pairs in the column is depicted. Green: 100% identity, greenish-brown: at least 30%
identity but less than 100%, red: less than 30%.

2. Small Heat Shock Proteins in Insects
2.1. Temperature Extremes Stressor

Temperature is one of the most important determining factors of insect abundance and
distribution [9,38]. Exposure to high temperatures, even for a short time, can negatively affect insect
growth and development [39,40]. For instance, fruit fly Zeugodacus tau exposed to high temperatures
(34°C and 38°C) for a short duration (12 h) exhibited changes in their mating behavior, antioxidant
defense, and detoxifying enzymes, albeit in a sex-specific manner [41]. Notably, high temperatures
promoted mating, a behavioral adaptation strategy for survival under environmental stress.

Insects produce sHSPs as one of the various physiological responses to exposure to temperature
extremes [11,12]. Several sHSPs have been responsible for offering heat tolerance, heat acclimation,
and hardening [42,43]. For example, in a study tracking levels of sHSPs in outdoor larvae of gall fly,
Eurosta solidaginis, the sHSP aB-crystallin increased in expression levels just prior to and during cold
weather (i.e., in late fall and winter), suggesting that it confers protection from coldness [44].
Although temperature extremes cause physiological damages, within specific temperature limits the
damages caused are reversible, such as with the help of sHSPs [45,46]. In Drosophila melanogaster, two
genes (Hsp22 and Hsp23) were upregulated during recovery from cold treatment but not during the
cold stress exposure. Also, the role of sHsps in thermal tolerance has been shown through gene
knockdown by RNAIi. For instance, the thermal tolerance of the soil-dwelling beetle Gastrophysa
atrocyanea lowered when two sHSPs genes (i.e., sHSPs 21 and 23) were silenced [47].

2.2. Desiccation Stressor

Maintaining water balance is a critical requirement for insects [48], as dehydration can lead to
significant physiological injuries such as protein denaturation, ROS production, nucleic acid damage,
and membrane damage through lipid peroxidation [49] and, consequently, death [50]. Due to the
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severity of the cellular damage resulting from dehydration, it is better prevented than repaired. Thus,
itis advantageous for the insect to initiate an early response to dehydration. Several sHSPs have been
identified to offset or respond to dehydration/rehydration changes — suggesting their importance in
preventing possible protein denaturation. For example, the sHSP, smHsp, in the larvae of Belgica
antarctica, an insect that lives in Antarctica, reacted to varying levels of dehydration and rehydration
[50]. This Antarctic midge larva spends most of its time frozen in ice, but during summer, the ice
melts, exposing it to potential dehydrating conditions such as intense sunlight and wind. Under fast
dehydration (75% RH for 36 h) — quick loss of water, sHSP mRNA was increased, and levels
continued to be high during rapid rehydration (done by submerging larvae in water for two hours),
indicating involvement in preparation for stress exposure. Several other cases of sHSPs involvement
in desiccation are presented in Table 1.

2.3. Pesticides and Heavy Metals Stressor

Exposure to pesticides is a significant contributor to terrestrial insect population decline [51,52].
Pesticide exposure is linked to increased ROS production in cells, which, if not neutralized or
regulated to low levels, targets proteins whose amino acid residues are oxidation-sensitive and
consequently can change their functional structure and/or cause aggregation [53-56]. Besides
exposure to targeted insecticides, insects can also get impacted by exposure to non-insect targeted
pesticides such as herbicides due to sharing a common habitat with the target pests [57,58]. For
instance, Glyphosphate, the most used herbicide worldwide, negatively affects insect physiology,
delays the growth and development of larvae, and disrupts the foraging behavior of worker
honeybees Apis mellifera (Farina et al., 2019). Also, glyphosate impaired the habituation of mosquito
larvae (Aedes aegypti) under field conditions [59].

Insects respond to pesticide exposure by overproducing sHSPs. ROS activates heat shock factor
(HSF1) to stimulate expression of these sHSPs within the cells [60]. sHSPs contribute to repairing the
damage from pesticide-induced oxidative stress [61], stimulate the activity of antioxidant-related
genes and antioxidant enzymes, or hinder the activation of ROS transcription factors [62-64]. In Apis
Cerana cerana, a knockdown of the sHSP gene, AccsHSP21.7, decreased its resistance to oxidative
stress resulting from exposure to a commercial herbicide, glyphosate, resulting in a significantly
increased mortality rate [65]. The promoter region of the AccsHSP21.7 gene was rich in binding sites
for oxidative stress transcription factors CREB (cAMP Response Element-Binding Protein) and HSF
(Heat Shock Factor) [65]. CREB can help the insect save energy by transitioning to diapause stage [9]
e.g., under hypoxia conditions [66], whereas HSF turns on heat shock genes that subsequently encode
more sHSP synthesis [67].

The buildup of a heavy metal beyond its functional range is toxic and has been linked to
oxidative stress, as the buildup enables the formation of free radicals [68,69]. Also, metals such as Cd
can disrupt the proteins involved in DNA repair and DNA damage signaling [70]. Besides, Cd has a
high affinity for and interacts with the thiol groups in cysteine residues, disrupting/denaturing
competent protein structures and consequently stimulating the expression of chaperone proteins
such as sHSPs. For example, exposure of aquatic larvae of Chironomus riparius. affects the expression
levels of several sHSPs [71]. In Daphnia magna, a model insect for investigating heavy metal toxicity,
sHSPs like DmsHSP1 and DmsHSP5 were upregulated when the insect was exposed to heavy metals
(Cd2+, Cu2+, and Zn2+), preventing potential protein agglutination and denaturation (M. Li et al.,
2022a). It is noteworthy that besides metallothionein (MT), sHSPs are being explored as possible
bioindicators of metal contamination because of their sensitivity to small changes in cell homeostasis
and their conserved nature in many species [36,71,72].

2.4. Hypoxia/ Anoxia Stressor

Several insects or parts of their life stages live in habitats with consistent or bursts of low oxygen
levels, such as ground burrows, decaying organic matter, aquatic ecosystems, flood-prone soils, and
high altitudes [73]. Under hypoxic conditions, organisms employ short- and long-term mechanisms
to increase their access to oxygen or decrease their oxygen demand, and failure can result in tissue


https://doi.org/10.20944/preprints202410.1567.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2024 d0i:10.20944/preprints202410.1567.v1

damage or death [74]. Mortality of adults of the flesh fly Sarcophaga crassipalpis exposed to severe
hypoxia (3% oxygen) reached LDsowithin seven days [75]. Therefore, the ability to survive in hypoxic
or anoxic conditions is necessary for the survival of these insects. Several studies have shown
evidence of induction of sHSPs when insects are subjected to hypoxia/anoxia conditions, as detailed
in Table 1. For example, in the flesh fly (Sarcophaga crassipalpis), which typically burrows
underground [76], three sHSPs (hsp25, hsp23, and hspl8) were upregulated within two days during
exposure to hypoxia (3% oxygen), and upregulation continued 2 hrs post-exposure albeit rapidly
declined thereafter, returning to control levels under normoxia conditions [75].

2.5. Crowding and Starvation Stressors

Generally, when organisms are crowded, they are at risk of being stressed [77], and
consequently, their growth and development processes are affected. For instance, in the locust species
Locusta migratoria L., the fecundity of solitary locusts was higher compared to that of gregarious
locusts (representative of crowding) [78]. As a stress factor, population density has been shown to
affect the physiology of organisms, such as inducing the production of sHSPs, as shown in Table 1.
In the migratory locust, Locusta migratoria L., mRNAs of three sHSPs (Hsp20.5, Hsp20.6, and Hsp20.7)
were more expressed in gregarious phases compared to solitary phases [77]. It is worth noting that
insects can experience multiple stressors in a crowd, including starvation, pathogen infection, and
desiccation. Therefore, given that HSP induction is in response to any stressor that causes protein
unfolding [79], it is difficult to decipher the contributions of a single stressor to sHSPs induction [77]

Within the context of starvation, when an insect is deprived of food, its energy homeostasis can
be damaged [80]. sHSPs have been implicated in responding to this stress sensitively (Table 1). In the
4-day-old larvae of Housefly Musca domestica, the expression of MdomHSP27 was significantly
down-regulated after a six-hour starvation period (Tian et al., 2018). Silencing of TcHSP18.3 in
Tribolium castaneum Herbst [81], and hsp27 gene in Drosophila melanogaster [82] reduced the respective
insect’s ability to endure starvation. These findings suggested that sHSPs can be sensitively
responsive to starvation in insects.

2.6. Parasitism Stressor

Parasitism can be a stressor inducing sHSPs in hosts [83], eliciting induction of sHSPs for
instance in respone to the venom injected into it. Envenomation of Pieris rapae Linnaeus by the
endoparasitic wasp Pteromalus puparum stimulates expression of hsp20 in the host [84]. Similarly,
envenomation in flesh fly Sarcophaga crassipalpis by the ectoparasitic wasp Nasonia vitripennis
stimulates upregulation of hsp23 13 h after envenomation and maintained for 48 h from post
envenomation suggesting that sHSPs could be involved in immune responses to parasite insult [83].
Also, envenomation of the larvae of Plodia interpunctella. by the ectoparasitoid Bracon hebetor
stimulated upregulation of sHSP (shsp) [85]

2.7. UV Radiation Stressor

Some studies have indicated a correlation between UV-induced stress and the expression of
sHSPs in insects. UV radiation, such as UV-A photo-oxidize photosensitizers inside insect cells results
in the production of large quantities of ROS that ultimately impair the functional competence of
proteins [86-88]. For instance, UV-A irritation on Spodoptera frugiperda adults resulted in increased
expression levels of five sHSPs genes (SfsHsp21.3, SfsHsp20, SfsHsp20.1, SfsHsp19.3, and SfsHsp29)
indicating that they play a role in molecular response mechanisms [89]. Similarly, expression levels
of Hsp22.6 and Hsp27.6 in the honeybee Apis cerana cerana [90,91], as well as those of Hsp27 and
Hsp21.8b in the beetle Tribolium castaneum, were upregulated upon exposure to UV radiation [92,93].

2.8. Energy Cost of sHSps Response

sHSPs enhance insects’ ability to resist or recover from stressors. However, there is a potential
fitness cost linked to overexpression of sHSPs [94]. For instance, in Drosophila, cells that
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overexpressed the large heat shock protein Hsp70 at normal temperature grew slower than normal
cells — indicating that accruing Hsp70 is costly to cell growth [95]. Also in locust, solitary locusts
showed larger body size, longer life span, and greater reproductive potential compared to gregarious
locusts that had expressed HSPs [96]. Such costs probably originate from the stoppage of normal cell
functions during the stress response, high energy expenditure, and the toxic effects of high HSP
concentrations produced by the stressor. One of the strategies employed to reduce sHSPs response
energy cost by insects is momentary sHSPs expression — where a decline in expression levels is
observed with continuous exposure or when the stressor fades [97]. Nevertheless, the benefit of HSPs
overexpression could still outweigh the potential associated costs, e.g., under density scenarios [77].

Table 1. Small heat-shock proteins (sHSPs) in insects stimulated in response to exposure to several

stressors.
11h hock
Insect species Sma . eat shoc Expression pattern Reference
protein/gene

TEMPERATURE stressor
Corn stalk borer Both genes were upregulated (within 15 min) by heat shock at Ckouvitsa
(Sesamia nonagrioides SnoHsp19.5 and SnoHsp20.840 °C and when larvae recovered after cold shock. setal. [21]
larvae) '
Leaf beetle RNAi knockdown of both genes decreased viability and Atungul
(Gastrophysa sHsps 21 and sHsps 23 i knockdown of both genes decreased viabi ity an ngulu

lowered heat resistance. et al. [47]
atrocyanea)

All significantly induced by cold treatment with Is-hsp20.8
Liriomyza sativae Is-hsp19.5, Is-hsp20.8 and  displayed the greatest sensitivity. This suggests that different Huang et

pupae Is-hsp21.7 sHsps may be responsive to various stressor intensities. al. [98]
Chaperone proteins The sHSPs aB-crystallin increased in levels just prior to and
aid winter survival . during cold weather (i.e., in late fall and winter). Both aA and
a- crystallins and (3- . . . . Zhang et
of freeze-tolerant . aB crystallin were highly induced in response to freeze/thaw
crystallins 2. al. [44]
gall fly larvae conditions.
Eurosta solidaginis.
shsp19.9, shsp20.1, Sakano et
All lated by heat st t shsp21.4,
Silkworm (Bombyx  shsp20.4, shsp20.8, whigcinvizngsviszeillla?ez by heat stress except shsp21.4, al. [99]
mori) shsp21.4, shsp23.7 and & ' Lietal
shsp21.4. [100]
Red flour beetle Gene was upregulated in response to heat stress but not to cold Xie et al.
R Tchsp18.3
(Tribolium castaneum) stress. [81]
The removal of the genes mRNA by RNAi interrupted
Drosophila Hsp22 and Hsp23 recover}.f (t.in.1e to recover a1.1d mobility follow.ing recovery) . Colinet et
melanogaster from chill injury thus showing that upregulation of the genes isal. [101]
required for recovery, but not during the cold stress itself.
Rinehart et
flesh ﬂy (St?rcop haga Hsp23 Deletion of genes’ mRNA reduced cold hardiness. tnenart e
cras-sipalpis) al. [102]
Western flower thrip Bc.>th gene.res were 1ndu.ced by both lo.w and high temperature
. with maximum expression levels attained after 0.5 -1 h of Yuan et al.
(Frankliniella FoHSP11.6 and FoHSP28.0
occidentalis) temperature stress exposure. Also, thermotolerance reduced  [103]
when both genes were silenced by RNAi.
Chilo suppressalis Cohsp19.0 Gene was upregulated as a response to heat and cold stress ~ Dong et al.
(Walker) P exposure for 2 h. [104]
All genes were significantly upregulated at both temperature
SfHsp21.3, SfsHsp20, extremes (42°C and 4°C) with the exception of two genes Yang et al.

Spodoptera frugiperda SfsHsp20.1, SfsHsp19.3, and

SfsHsp29 (SfsHsp20.1 and SfsHsp19.3) in the adult males that did not [89]

respond to the 4°C treatment.
PESTICIDE and heavy metal stressor

A knockdown of the sHSP gene decreased the insect’s
ist, t ial herbicide glyphosat Iting i H t
Apis cerana cerana  AccsHSP21.7 Tesistance to 2 commercia erbicide glyphosate, resulting in uang e
significant mortality. al. [65]
All genes were upregulated following exposure to the
sHsp19.07, sHsp20.7 and  Chlorantraniliprole pesticide. Though sHsp19.74 reached
sHsp19.74. maximum mRNA expression levels faster (8 h after exposure)
than the rest (12h), its levels plummeted at 12 h after exposure,

Samanta et
al. [105]

Fall armyworm
(FAW) (Spodoptera
frugiperda)
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Diamondback moth
(Plutella xylostella
L)

Fourteen sHSPs
(sHSP27.5, sHSP28.9,
sHSP21.6, sHSP18.8,
sHSP19.22, sHSP21.8,
sHSP21.9, sHSP22.1,
sHSP23.4, sHSP19.5,
sHSP20.06, sHSP20.09,
sHSP19.23, sHSP20.1)

eleven sHSP genes

suggesting a momentary responsiveness of sHSPS to pesticide
treatment.

Fourth instar larvae were exposed to various pesticides and
heavy metals for 24 hr. sHSPs responses were as below.
Beta-cypermethrin pesticide significantly upregulated all
except sHSP20.09, whereas chlorfenapyr pesticide
downregulated all except sHSP28.9. Expression responses to
Indoxacarb and Cantharidin were irregular. Exposure to H202
for 24 h downregulated five sHSPs (sHSP19.22, sHSP19.23,
sHSP21.6, sHSP22.1, and sHSP23.4)

Copper (Cu?) downregulated three sHSPs (sHSP20.1 Chen &
sHSP22.1, sHSP28.9) and upregulated seven sHSPs (sHSP19.22, Zhang [33]
sHSP19.23, sHSP20.06, sHSP20.09, sHSP21.8, sHSP21.9,

sHSP27.5). Manganese (Mn?*) upregulated four sHSPs

(sHSP20.1, sHSP21.6, sHSP22.1, sHSP28.9) and upregulated all

the rest. Nickel (Ni?*) upregulated (sHSP19.22, sHSP19.5,

sHSP20.06, sHSP20.09), not induced (sHSP20.1, sHSP21.8,

sHSP21.9), and the rest were downregulated. Gene expression

response to Lead (Pb?*) was irregular.

Insect exposure to heavy metals (Cd?*, Cu?, and Zn?")
upregulated DmsHSP1 and DmsHSP5. RN Ai knockdown of

Daphnia magna (termed DmsHSP1 - genes DmsHSP1-21, except DmsHSP11-12.8, increased {“51 6e]t al.
DmsHSP11) susceptibility to heavy metal stress exposure.
. . Martin-
Acquatic larvae of Following acute exposure to Cadmium (Cd), hsp23, hsp24, Folear &
Chicionomus riparius hsp17, hsp21, hsp22, hsp23, hsp27, and hsp34 were upregulated, whereas levels of hsp17 Maftl’nez-
P " hsp24, hsp27, and hsp34)  and hsp21 remained unaltered. This indicates that sHSPs have Guitarte
diverse roles during response to Cd. 71]
. . Following exposure to Cadmium (Cd), mRNA expression Zhang et
Chinese rice . . . s
rasshopper (Oxya OcGrp78, OcHsp70, levels of all genes increased, reaching a maximum within a al. [106]
fhinensif)p Y OcHsp90, and OcHsp40  short period (6 h), albeit decreasing significantly after 12 h.
HYPOXIA OR ANOXIA stressor
hsp25, hsp23, and hsp18 were upregulated by at least 10-fold
FIsh Y (SUPHIS 12 5 gt applicaton. Upegulaton was maimained for o whole  MEhud
crassipalpis) P, HpES, P PP - —pregy et al. [75]

treatment period (10 days) and during recovery - 2 h post-
treatment — after which expression levels declined.
Both sHSPs increased in response to anoxia (exposure period of

Gall fly larvae . o Zhang et
(Eurosta solidaginis) aA and aB crystallin 24 h under N2 gas at 15 °C) al. [44]
CROWDING

stressor

Migrory st 17205 g0 e L0 T s el ot o
(Locusta migratoria L) Hsp20.7 P & & pop y P Yool [77]

fifth-instar nymphs
of the Australian
plague locust
(Chortoicetes
terminifera)
STARVATION
stressor

Mulberry pyralid
caterpillar (Glyphodes

pyloalis)

Hsp20.5 and Hsp20.7

GpHSP19.5, 20, 20.2, and

21.6

GpHSP21.8 and
GpHSP21.4

phases (representing low population density)

Crowding (during the gregarious phase) resulted in a 2 — 3-fold Chapuis et
significant upregulation of both genes. al. [107]

Genes were upregulated time-dependently, reaching

maximum levels on the sixth day of food deprivation. On the

contrary, expression levels of two GpsHSPs (GpHSP21.8 and  Chu et al.
GpHSP21.4) demonstrated intermittent downregulation in [80]
comparison to the control at 2 or 4 days following the

starvation period.

doi:10.20944/preprints202410.1567.v1
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Fruitfly . .
(Drosophila Hep27 sHPS was knocked out, and flies showed a significant decrease Hao et al.
melano}zgaster) P in resistance to starvation. [82]

the expression of MdomHSP27 was significantly
downregulated after a 6h starvation period, whereas the other
3 MdomHSPs (MdomHSP10, MdomHSP27.1 and MdomHSP27.2)Tian et al.

MdomHSP27
4-day-old larvae of
Housefly (Musca MdomHSP10,

domestica) MdomHSP27.1, and were not significantly affected [108]
MdomHSP27.2
When sHPS was knocked down, the lifespan of adult beetles
Red flour beetle . e .
o was reduced by 15.8% (they died within 18 days after Xie et al.
(Tribolium Tchsp18.3 .
starvation) compared to the control group. [81]
castaneum)

o Gene expression increased significantly after 6 h of starvation
Parasitoid wasp

(Pteromalus puparum PpHSP20 but declined after 24 h Wang et
. al. [109]
Linnaeus)
. . S Chen &
Diamondback moth sHSP20.1, sHSP21.6, Expression levels of all SHSPs were significantly

(Plutella xylostella L.) sHSP22.1, and sHSP28.9, downregulated following food starvation for 21 h. Zhang [33]

3. Small Heat Shock Proteins in Nematodes
3.1. Heat Stressor

Heat stress is a major environmental challenge for nematodes, particularly with the increasing
impact of global climate change. Increasing temperatures can cause protein denaturation and
malfunction, which in turn activates the heat shock response [110]. During this process, sHSPs are
upregulated to aid in the refolding of damaged proteins, thus boosting the thermotolerance of
nematodes [111]. Research has demonstrated that C. elegans relies on sHSPs for survival under high-
temperature conditions, highlighting their critical role in protecting against heat-induced stress [112].
For instance, CeHsp16.1 and CeHsp16.2 are among the first proteins to be upregulated in response
to heat shock at 35°C, and their deletion reduces survival under prolonged heat stress [113]. Other
nematodes also exhibit a robust heat shock response. For example, in Meloidogyne hapla, sHSPs
MhHsp12.2, MhHsp6, MhHsp1, and MhHsp43, are induced by heat stress with higher expression
levels at 35-40°C [34]. In Bursaphelenchus xylophilus, Bx-sHSP16A, Bx-sHSP16B, Bx-sHSP21, and
BxsHSP25 are upregulated in response to both heat and cold stress, playing a dual role in temperature
adaptation [37]. In Strongyloides ratti, the expression of SrHsp17 is significantly elevated during heat
stress and when exposed to pathogens, particularly in the infective larval stage whereas sHSPs 18
and sHSPs 22 are up-regulated at 37°C In third-stage larvae of filarial nematode Brugia pahangi
[114,115]. These broad responses across multiple nematode species demonstrate the vital function of
sHSPs in maintaining cellular integrity during heat stress.

3.2. Cold Stressor

Although often less discussed, cold stress can also impact nematodes, particularly in
environments with seasonal temperature fluctuations. Cold exposure can affect the fluidity of cellular
membranes and the stability of proteins [116]. sHSPs are involved in the cold shock response of
organisms, helping to preserve protein stability under low temperatures [117]. Evidence suggests
that sHSPs are upregulated in nematodes exposed to cold environments, aiding in their ability to
maintain cellular functions and protect proteins from cold-induced damage [118]. For example, in C.
elegans, heat shock factor 1 (hsf-1) is triggered inducing the nematode into an arrested state of
development (diapause) at 4 °C and this is essential for maintaining cellular stability under cold
temperatures [119]. Similarly, in M. hapla, MhHsp12.2, plays a dual role, being upregulated both
during heat and cold shock. The expression of this gene at low temperatures (-20 °C) enhances cold
tolerance, allowing the nematode to survive periods of cold exposure during the winter season [34].
Additionally, in Panagrolaimus davidi, a cold-adapted nematode from Antarctic environments, sHSPs
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are crucial in ensuring survival at subzero temperatures, by maintaining protein stability and
membrane fluidity under freezing conditions [120].

3.3. Desiccation Stressor

Desiccation, or dehydration, also poses a serious threat to nematode survival. During
dehydration, cellular structures, including proteins, are at risk of damage. sHSPs play a vital role in
enhancing desiccation tolerance by stabilizing proteins and cellular structures and preventing
irreversible damage during water loss [26]. Nematodes can survive extreme desiccation, which helps
them maintain cellular integrity during periods of water scarcity [121]. In Caenorhabditis elegans, the
dauer larvae stage is particularly adapted to survive harsh desiccation conditions and exhibits high
levels of sHSP p16 [122]. In this way, sHSPs enable nematodes to thrive in environments where water
availability is unpredictable, making them essential for desiccation tolerance. Similarly, in
Panagrolaimus superbus, a model species for desiccation research, both PsHSP17.1 and PsHSP20 are
upregulated during desiccation and dehydration. These proteins are essential for anhydrobiosis, a
process that allows nematodes to survive in completely dry environments [123].

3.4. Anhydrobiosis and Hypoxia Stressors

In extreme cases, such as anhydrobiosis (a state of suspended animation in response to complete
desiccation) and hypoxia (low oxygen conditions), sHSPs have been found to play a protective role.
During anhydrobiosis, where nematodes experience extreme dehydration, sHSPs help stabilize
cellular components, preventing damage during the transition to and from the dried and hypoxic
state [124]. In Heterorhabditis indica, Dnj-13 which is a class B J-protein belonging to hsp40 family is
upregulated when subjected to anhydrobiotic conditions [125] allowing the nematode to survive
complete dehydration for extended periods. Similarly, under hypoxic conditions, sHSPs contribute
to cellular protection by maintaining protein homeostasis. For example, In C. elegans, the heat shock
proteins hsp-16.1 and hsp-16.2 were upregulated following a one-hour exposure to hypoxic
conditions in specialized hypoxia chambers [126].

3.5. Chemical Stressor

Nematodes, like many organisms, are frequently exposed to a variety of chemical stressors in
their environments, including heavy metals, pesticides, and other toxic compounds. Heavy metal
exposure is a common environmental stressor that triggers oxidative stress by generating reactive
oxygen species (ROS) [127]. Oxidative stress arises when there is an imbalance between the
production of reactive oxygen species (ROS) and the organism’s ability to detoxify them. ROS can
lead to significant cellular damage, including oxidation of proteins, lipids, and DNA [128]. In C.
elegans, sHSPs are often co-expressed with other antioxidant enzymes, such as superoxide dismutase
and catalase, providing a coordinated defense against oxidative damage [129]. Ezemaduka et al.
[130], showed that the expression of CeHSP17 increases when C. elegans is exposed to toxic heavy
metals like cadmium and zinc. These metals can cause protein misfolding, and sHSPs act to prevent
the aggregation of damaged proteins. Pesticides and other xenobiotic compounds are widely present
in agricultural soils, posing a significant chemical stress challenge to nematodes. sHSPs have been
implicated in the defense against pesticide-induced stress. For example, exposure to the pesticide
cypermethrin leads to oxidative damage and protein misfolding in C. elegans. In response, at non-
lethal concentrations, sHSPs HSP-16 are upregulated to prevent the aggregation of damaged
proteins, promoting cellular recovery and survival under chemical stress [131].

4. Small Heat Shock Proteins in Aquatic Animals

4.1. Heavy Metal, Temperature, and Salinity Stress

Poor disposal of industrial wastes often leads to contamination and accumulation of heavy
metals (HMs) in aquatic ecosystems [132,133]. Cadmium (Cd) considered the most dangerous HM to
aquatic animals is the most common contaminant from industrial wastes [134]. Even at low
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concentrations, this HM can accumulate in aquatic animals’ vital organs, leading to death [135,136].
HM stress leads to oxidative stress in exposed tissues due to the accumulation of reactive oxygen
species (ROS) [137,138]. Moreover, HMs and metalloids negatively impact protein homeostasis and
the viability of cells by interfering with the protein folding processes in cells [139,140]. sHSPs have
been reported to play a vital role in alleviating the stress effects of HMs in certain aquatic animals.
MnHSP28.6 was found to predominately accumulate in the muscles of the oriental river prawn
(Macrobrachium nipponense) upon exposure to Cd and copper (Cu) ions hence conferring HM
resistance in stressed animals. Moreover, in vitro expression of this sHSP in Escherichia coli conferred
host cells impressive protection against hydrogen peroxide [141]. In another study, Zhang et al. [142]
demonstrated that exposing razor clam (Sinonovacula constricta) to HM stress (Cd and lead (Pb)) led
to an increased accumulation of heat shock protein ScsHSP in haemocytes, gonads, and mantle hence
triggering tolerance to HM toxicity stress in S. constricta. Likewise, Yang et al. [143] observed
increased expression of sHSP LcHSP27 in the liver and brain of yellow croaker (Larimichthys crocea)
exposed to Cd ions, which improved stress tolerance. Moreover, LcHSP27 expression was enhanced
in the liver under high and low temperatures thus indicating its role in protecting the liver from
multiple stress factors. In another study, Li et al. [144] reported improvement in the level of
expression of VpsHSP-2 in Manila clam (Venerupis philippinarum) exposed to Cd ion stress. A previous
study on hard clam (Meretrix meretrix) showed that exposing the animal to Cd stress led to increased
expression of mRNA levels of Mm-HSP 20 in the digestive gland and hemocytes hence indicating its
role in HM detoxification and protection against oxidative stress [145]. Li et al. [56] exposed Daphnia
magna to different levels of heavy metals (Cd, Cu, and zinc [Zn]), and the authors observed the
expression of eleven sHSPs (DmsHSP1 - DmsHSP11) under HM stress. Exposing the animals to Cu?*
strongly induced the expression of DmsHSP1 while it was moderately induced under Cd? and Zn?*
exposure. The authors also observed that DmsHSP5 was induced in all the HM stress.

Temperature stress is one of the major abiotic stress factors affecting the survival of aquatic
animals. Changes in the environmental temperatures below or above the organism’s thermal
threshold cause oxidative stress that could hinder the survival and general well-being of the organism
[1]. The expression of sHSPs in tissues of stressed animals could aid in the alleviation of temperature
stress effects in the organisms. For instance, Bildik et al. [146] investigated changes in the expression
of heat shock proteins (sHSP 30) in gilt-head bream (Sparus aurata) exposed to high and low
temperatures and observed a two-fold increase in the expression of sHSP30 under higher
temperatures (27°C) which led to improved thermal tolerance in fish. In another study, Chen et al.
[35] observed an increase in the relative expression of sHSP20 in the spleen of goldfish (Carassius
auratus) exposed to high temperatures (32°C) which correlated with the fish’s thermal tolerance.
Currie [147] demonstrated that acclimatization of rainbow trout (Oncorhynchus mykiss) to higher
temperatures (25°C) led to increased expression of sHSP30 in all tissues except blood. Likewise, Liu
et al. [148] reported increased expression of sHSP30 in the gills of O. mykiss exposed to temperature
stress (25°C) hence indicating its role in heat stress tolerance in fish. A previous study on pool barb
(Puntius sophore) showed increased expression of sHS5P47 exposed to temperature stress (41°C).

Salinity stress in aquatic animals leads to the accumulation of ROS whose over-accumulation in
tissues leads to cell damage and apoptosis. Expression of certain sHSPs in aquatic animals exposed
to high or low salinity stress has been shown to enhance the stress tolerance of the organism. Shekhar
et al. [149] investigated stress responses of P. monodon exposed to low salinity stress and observed
increased expression of sHSP21 in tissues thus suggesting its role in salinity stress adaptive
mechanism in shrimp. A recent study by Zarei et al. [150] has shown that Sterlet Sturgeon (Acipenser
ruthenus) can adapt to low salinity stress through the expression of sHSP27 which is known to confer
stress resistance in organisms.

4.3. Pathogenic Infection

sHSPs induced by biotic stress play a significant role in protein folding, enhancement of immune
responses, and protection against diseases caused by various pathogenic organisms and viruses [151].
Although several reports have previously reported on the induction of sHSPs by abiotic stress factors,
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little information is known about the induction of sHSPs by abiotic stress factors. Certain studies have
suggested that members of the sHS5P20, and sHSP37 among others have been identified in crustaceans
and several fish species. Chen et al. [35] conducted a study on goldfish (C. auratus) to understand
how pathogen infection can induce the expression of sHSP in animal tissues. The authors observed
that intraperitoneal injection of lipopolysaccharide (LPS) or polyinosinic-polycytidylic acid (Poly I:C)
induced the expression of sHSP20 in the spleen thus improving the fish’s tolerance to stress.
Arockiaraj et al. [152] reported that the expression of MrHSP37 in freshwater prawns (Macrobrachium
rosenbergii) triggered an immune response upon exposure to pathogen infection (hypodermal and
hematopoietic necrosis virus). Li et al. [144] demonstrated that exposing Manila clam (V.
philippinarum) to a pathogen challenge (Vibrio anguillarum) induced the upregulation of VpsHP-1in
the haemocytes and increased 1.5-fold and 9.9-fold 6 h and 96 h post-infection respectively. Likewise,
the expression level of VpsHP-2 increased by 8.7-fold compared to the control group 24 h post-
infection.

Certain studies have, however, shown a down-regulation of sHSPs in tissues of aquatic animals
exposed to biotic stress factors. For instance, Huang et al. [153] demonstrated that Penaeus monodon
when challenged with the white spot syndrome virus (WSSV) has a significantly decreased
expression of sHSP 21 thus indicating that the gene regulation of sHSP 21 was negatively affected by
WSSV.

5. Conclusions

Environmental stressors pose significant challenges to the survival, fitness, and distribution of
insects, nematodes, and aquatic organisms, particularly in the context of climate change and
increased anthropogenic pressures. Small heat shock proteins (sHSPs) play an essential role in the
resilience of these organisms. This review highlights the broad and highly conserved role of sHSPs
across species in responding to various biotic and abiotic stressors discussed above. Future research
should aim to unravel further the molecular mechanisms and pathways regulated by sHSPs,
particularly in the context of multiple simultaneous stressors. Integrating genomics, proteomics, and
transcriptomics approaches will be key to uncovering the full spectrum of sHSP functions. Moreover,
exploring the evolutionary conservation of sHSPs across taxa will provide deeper insights into their
potential as universal stress-resilience mechanisms. Ultimately, enhancing our understanding of
sHSPs will not only advance fundamental biological knowledge but also inform practical
applications in fields such as agriculture, conservation biology, and environmental monitoring,
helping to safeguard biodiversity and ecosystem stability in an era of unprecedented environmental
change
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