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Abstract

Social hymenopteran insects, including wasps, bees, and ants, are amazing insects with
a versatile range of physiological and behavioural plasticity. The life span of ageing
among different castes can be different from weeks to years. This plasticity is controlled
by environmental and genetic factors. Oxidative stress is one of the mechanisms to
explain the plasticity of ageing. In this report, we will review the molecular mechanisms
underlying oxidative stress, how oxidative stress is associated with caste differentiation,
epigenetics, energy and metabolic process, environmental and pesticide contamination
in social insects. Future research is still needed to reveal new mechanisms of oxidative
stress and ageing in social insects.
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Abbreviation

ATP adenosine triphosphate

CAT catalase

CYP cytochrome P450

GPX glutathione peroxidase

GR glutathione reductase

GSH glutathione

GSSG glutathione disulphide

GST glutathione S-transferases

GTPX glutathione peroxidase homologue with thioredoxin peroxidase activity
IGF-1 insulin/insulin-like growth factor 1
JH juvenile hormone

MDA malondialdehyde

mGPDH  mitochondrial glycerol 3-phosphate dehydrogenase
OxPhos oxidative phosphorylation

POX peroxidase

ROS reactive oxygen species
SOD superoxide dismutase
TOR target of rapamycin
TPX thioredoxin peroxidase
Vg vitellogenin

1. Introduction

Oxidative stress is characterized as a condition caused by cellular dis-
ruption of the prooxidant-antioxidant ratio (Finkel and Holbrook, 2000;
Sohal and Weindruch, 1996) and involves multiorgan failure pathogenesis.
Reactive oxygen species (ROS) are superoxide anions, hydroxyl radical,
hydrogen peroxide, all intermediate in O, to H,O reduction and derived
from redox-active chemicals in living cells (Schieber and Chandel, 2014),
which are by-products of oxidative phosphorylation pathway in the
mitochondria (Li et al., 2008). When the homeostasis balance fails to be
maintained in cells, overwhelmed accumulation of ROS can cause cellular
damage such as protein oxidation, DNA damage and mutations, and mem-
brane lipid peroxidation, which aid in ageing, carcinogenesis, and death of
cells (Lennicke and Cocheme, 2020; Metcalfe and Alonso-Alvarez, 2010;
Schieber and Chandel, 2014; Terman and Brunk, 2006). Conversely,
antioxidants are the substances that scavenge and secure the various biomol-
ecules, including DNA, protein, carbohydrates, lipids that combat oxidative
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stress (Terman and Brunk, 2006). However, new evidence argues that
ageing may not be caused by the accumulation of ROS (Blagosklonny,
2008; Brink et al., 2009; Parker, 2010), instead of by changes in develop-
mental pathways as based on the evidence in C. elegans (Budovskaya
et al., 2008). Empirical studies support that effects from higher system levels
are more likely to drive the process of ageing than ROS or macromolecular
damage accumulation (Blagosklonny, 2008; Budovskaya et al., 2008;
Parker, 2010), which will not be covered here.

Research on ageing and oxidative stress has increased significantly in the
past century because of improved health control and quality of human life
(Crimmins, 2015). Studies to investigate the molecular mechanism of ageing
and to use insect models are also increasing since the 1980s when we searched
in the scientific literature (Fig. 1A). Drosophila melanogaster, for example, is a
model insect system for ageing and oxidative stress studies (Li et al., 2008,
2009; Li-Byarlay et al., 2014; Partridge et al., 2011; Radyuk et al., 2001;
Rascon and Harrison, 2010; Strycharz et al., 2013). Social insects in the order
Hymenoptera (wasps, bees, and ants) have a complicated biological system
which is fascinating for studies of physiology, behavioural ecology, and
evolution (De Wilde and Beetsma, 1982; Holldobler and Wilson, 2009;
Kapheim et al., 2015; Michener, 1974; Wilson, 1979). Besides the order
Hymenoptera, termites in the order Blattodea are social insects and a great
model system to study ageing and oxidative stress as well (Kuhn and Korb,
2016). This review is focusing on social hymenopterans. Social insects have
been studied since 1895, but around the last century, a paramount of impact
occurred with research on social insects (Fig. 1B). The life span of these social
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Fig. 1 The overall trend in (A) insects and oxidative stress and (B) social insects-related
publications. A dramatic increase was detected in the number of publications when
searched keywords of “insects/oxidative stress” or “social insects” in the title or abstract
of PubMed database (searched in August 2020).
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Table 1 Total life span length of different castes in social Hymenoptera.

Paper wasp Leafcutter ant
Caste (Polistes spp.) Honey bee (Apis mellifera) (Atta, Acromyrmex)
Queen/ 1 year 1-5 years 10-20 years
reproductive
Worker/ 2-3 weeks 5-6 weeks/summer 3-5 weeks
nonreproductive 1721 weeks/winter

insects ranges from a few weeks to a few decades, which is controlled by
the environmental and genetic factors (Rueppell, 2009). This wide range
of variation of plasticity in ageing or senescence (Table 1) enable scientists
to use social insects as unique models to study the molecular and physiological
mechanisms underlying developmental plasticity (Keller and Jemielity, 2006;
Lucas and Keller, 2020). However, gaps of knowledge and questions of how
to use social insects to study ageing and oxidative stress have remained to be
addressed.

Several classical hypotheses for ageing from an evolutionary perspective
are (1) mutation accumulation hypothesis, which argued that ageing might
result from accumulative effects of linkage and mutation (Medawar, 1952),
(2) antagonistic pleiotropy hypothesis, which argues that natural selection
will act to minimize the rate of ageing (Williams, 1957), and (3) ageing
may be due to an energy-saving approach of reduced error control in
somatic cells (Kirkwood, 1977). However, these hypotheses may not apply
to social insects directly because colonies of social insects consist of different
castes (reproductive vs nonproductive), different aged (young and old) indi-
viduals, and different tasks (a division of labour). In addition, natural selec-
tion may not act on individuals as classical models, but instead on the whole
colony (Avalos et al., 2020; Kramer et al., 2016).

In this review, we summarize the previous and current proceedings
addressing the research of oxidative stress and ageing from the perspectives
of social evolution and caste determination, epigenetics, environmental
factors, and underlying molecular and cellular mechanisms in these social
hymenopterans, and coping mechanisms of oxidative stress.

2. Molecular mechanisms of oxidative stress in social
insects

Several molecular and cellular mechanisms are linked to the
process of ageing and oxidative stress. The vitellogenin (Vg), TOR (target
of rapamycin) pathway, IGF-1 (insulin/insulin-like growth factor 1)
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signalling, ILP (insulin-like peptide), transposable elements, and hormones
are the main molecular and cellular mechanisms reported in social insects
(Amdam, 2010; Elsner et al., 2018; Gems and Partridge, 2013; Heinze and
Schrempf, 2008; Parker, 2010; Partridge et al., 2011; Tatar et al., 2003).

Reproductive proteins have been proven to protect against oxidative
stress. Vg as an egg yolk precursor protein associated with lipid storage
and transport protects workers against oxidative stress (Amdam et al.,
2012; Salmela et al., 2016; Seehuus et al., 2006b; Zhang et al., 2017a).
Juvenile hormone (JH) as a key factor for insect development is also associ-
ated with oxidative stress and ageing in social insects. In short-lived workers,
nurse bees are stress-resistant with high Vg and low JH, whereas forager
bees are more susceptible to stress with high JH and low Vg (Flatt et al.,
2013; Keller and Jemielity, 2006). JH is related to the fecundity and long-
evity trade-off (Kuhn and Korb, 2016). In nonsocial insects, there is a
trade-off between reproduction and longevity. Reproduction can decrease
the lifespan of the organism. But in social insects, this is being reshaped with
a much longer lifespan in the reproductive caste than the nonreproductive
caste (Kuhn et al., 2019). From the physiology perspective, IGF affects the
production of JH, and JH regulates the production of Vg, which is directly
associated with reproduction in both reproductive and nonreproductive
castes (Ament et al., 2008). The IGF-JH-Vg circuit directly regulates
reproduction, which is also coordinated with growth (development), cellu-
lar repair, and maintenance (ROS and oxidative stress), homeostasis, and
energy metabolism.

The accumulated oxidative damage or the level of oxidative stress is
determined by the homeostasis balance between the ROS occurring in the
cell, and the antioxidant defence (Finkel and Holbrook, 2000). Key enzymes
act as antioxidants against ROS are superoxide dismutases (SODs), catalases
(CATs), and peroxidases (POXs). CATs break down hydrogen peroxide into
oxygen and water. POXs catalyse a chemical reaction to reduce hydrogen
peroxide to water, which reduces TRX or GSH (Radyuk et al., 2001).
Insects also contain additional enzymes that can act as POXs, which are
TPXs, GTPX, GSTs (Corona and Robinson, 2006; Li et al., 2008;
Weinhold et al., 1990). SOD in bees and ants plays a major role in cellular
stress responses and antioxidant processes, but may not be related to queen
longevity (Jia et al., 2014; Parker et al., 2004). SOD, GST, and CAT may
affect the spermathecal and sperm storage in queens (Collins et al., 2004;
Weirich et al., 2002). In Eastern honey bees, Apis cerana, the function of
the GST gene was validated as an antioxidant (Liu et al., 2016; Yan et al.,
2012; Zhao et al., 2019).
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The end of chromosomes, telomeres, are considered to determine the
limitation of replicates in somatic cells of vertebrates, and are closely related
to ageing (Hall et al., 2004; Harley et al., 1990; Lopez-Otin et al., 2013).
Shortened telomeres result in limited growth of cells and ageing of cells in
honey bees, bumblebee queens, and males of Lasius niger ants (Criscuolo
et al., 2018; Jemuelity et al., 2007; Korandova and Frydrychova, 2016;
Koubova etal., 2019). Reasons for telomere shortening are the DNA damage
by ROS and oxidative stress and the limited ability of DNA replication at the
end of the DNA strand (Lingner et al., 1995; Passos and Von Zglinicki, 2006).
Additional genomic analysis in honey bees showed the queen caste has higher
telomerase gene expression than workers (Grozinger et al., 2007; Korandova
and Frydrychova, 2016).

Compared to Drosophila, which is a classic genetic system with mutants
and transgenic tools, social insects are not well established yet for tissue or
gene-specific manipulations. But in recent years RNA interference via func-
tional genomics, CRISPR genome editing tools, and improved genomes of
social insects (Degirmenci et al., 2020; Elsik et al., 2014; Favreau etal., 2018;
Kohno etal., 2016; Li-Byarlay et al., 2013; Trible et al., 2017) can be utilized
for decoding molecular mechanism for oxidative stress and ageing. With
these tools, mechanistic studies are potentially possible to understand the
nature of ageing.

3. Oxidative stress and castes
3.1 Oxidative stress, ageing, and castes

Social insects in the order Hymenoptera live in a society with difterent castes,
including a reproductive female caste—queens, nonreproductive female
caste—workers, and male reproductive caste—males (Table 1). Among social
bees, the honey bee serves as an excellent model for various areas of basic bio-
logical research (Amdam and Rueppell, 2006; Page et al., 2002; Robinson
et al., 2008). Honey bees as eusocial insects live in either natural or managed
colonies as extended families with one reproductive queen and typically
10,000-50,000 female sterile worker bees that perform all nonreproductive
tasks (Winston, 1987) (Fig. 2). Males are only produced for the active season
(spring, summer, and fall) of each year to mate with virgin queens from other
colonies during mating flights. Young adult workers, as in-hive nurses, care
for the young (eggs, larvae, and prepupae), build wax cells, clean hives and
help store food, and feed the queen. By contrast, the older workers forage for
nectar, pollen, and water as food for their hive. Nectar is processed into
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Fig. 2 Different factors for ageing and caste difference in social honey bees.

honey as a stored long-term food reserve, while pollen is converted to pro-
teinaceous jelly that is mainly fed to the queen and the developing larvae
(Winston, 1987).

Among all the different castes (queen, worker, and drone), there is a
striking difference in their lifespan. Typically, a queen can live up to
3—5years in a colony, but the workers only live about 6-8 weeks during
the active season. During the winter, worker bees, or diutinus workers,
are physiologically distinct from summer workers and can live for several
months, but still have a shorter life span than a queen. This striking difference
between castes (reproductive vs nonreproductive) make social honey bees a
great model system to study ageing of social insects (Amdam and Rueppell,
2006; Corona et al., 2005; Rueppell, 2009).

When comparing queen and worker honey bees, the gene expression of
antioxidants showed a decrease with age in queens, but the mitochondrial
genes aftecting ROS production may be associated with caste-specific dif-
ferences in lifespan (Corona et al., 2005). Another study examined nine
genes in different castes of the ant Formica exsecta that were infected with
a fungus and found clear differences in their immune response between
different castes (Stucki et al., 2017).

The theory of disposable soma proposed that more resources are allo-
cated for the germline than the somatic cells. The reproductive queen
caste and nonreproductive worker caste can be considered as the germ
line and somatic cells of a colony. In the ants, Temnothorax americanus and
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Temnothorax longispinosus, workers from both species have increased expres-
sion of genes linked to oxidation-reduction processes (Gstottl et al., 2020).
While queens of T. longispinosus avoid DNA degradation, queens of
T. americanus invest in the metabolism of trehalose (Lucas et al., 2016).
Ultimately, these variations are compatible with the hypothesis that greater
expenditure in somatic repair would contribute to longer longevity (Lucas
et al., 2016).

Gene expression measurements of juvenile queens indicated lower ROS
levels, lower superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPx) activities, and higher thioredoxin reductase (TR) activity
than mature queens, which suggested antioxidant activity in fat cells and
lipid increase in queens (Hsiech and Hsu, 2013). Furthermore, in research
performed in the ant, Temnothorax rugatulus, young queens have invested
in immunity and tolerance to environmental and physiological stress, and
older queens have invested in antiageing processes via overproduction of
antioxidants (Negroni et al., 2019).

In addition, nutrition difference between royal jelly (fed to queen bee)
and worker jelly (fed to worker bees) may allow queen bees to have peroxi-
dation resistant-membranes (Haddad et al., 2007). In the honey bee, mechan-
ical senescence has been found to decrease the mortality rate (Koji¢ et al.,
2019), likely because it causes an increased workload and increased metabolism
(Neukirch, 1982). In fact, honey bee researchers have found that many specific
classes of genes correlated with survival in other organisms are substantially
more regulated in queens (Grozinger et al., 2007). Analysis reveals that phos-
pholipids of queen honey bees (and therefore their membranes) have more
monounsaturated and fewer polyunsaturated fatty acids than worker bees;
therefore the queen is substantially more immune to peroxidative damage
(Haddad et al., 2007). Moreover, the expression of vitellogenin indicates an
age-related drop in workers (Hartfelder and Engels, 1998).

Drones are male honey bees that can live for up to 55 days, with an
average of 30 days (Metz and Tarpy, 2019; Rueppell et al., 2005; Seeley
and Mikheyev, 2003). Under oxidative stress induced by paraquat, drones
with higher resistant and longer life span were considered to be more toler-
ant of the oxidative damage than short-lived drones (Li-Byarlay et al., 2016).
Additionally, research shows the major development in the spermatheca of
mated queens throughout three enzymes (CAT, GST, and SOD) indicates
they are tasked with providing long-term defence against ROS (Weirich
et al., 2002).
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3.2 Oxidative stress and aging within caste

Within the nonreproductive caste of social insects, a division of labour
(Robinson, 1992) and a considerable plasticity in life span occurs in workers.
For example, young worker bees, nurse bees, work in the dark hive and
perform hive-related tasks such as brood care, building cells, and cleaning
etc., then switch to foraging after about 3 weeks of adult life to collect
pollen, nectar, and water for the colony. This behavioural maturation also
increases the external mortality risk during foraging trips (Rueppell,
2009). Previous research indicates that young workers have higher amounts
of reactive oxygen, greater levels of superoxide and thioredoxin reductase,
and lower catalase and glutathione peroxidase relative to mature workers
(Hsu and Hsieh, 2014). Furthermore, with the accumulation of the above
enzymes, it is suggested that with ageing oxidative stress is reduced in the
trophocytes or fat body of workers (Hsu and Hsieh, 2014). Foragers may
have the highest accumulation of protein carbonylation (a type of protein
oxidation that can be promoted by ROS), as it produces more ROS
than nurse bees and diutinus workers (Seehuus et al., 2006a). Foraging is
a dangerous activity linked to a high rate of mechanical senescence, as well
as repeated exposure to pathogens and ultraviolet light (Kefuss and Nye,
1970). Proteomic research in the black garden ant, Lasius niger, showed a dif-
ference in protein profiles between foragers and nest-workers (Quque et al.,
2019). In the worker ants, the proteins associated with energy metabolism were
more abundant. Research on the ant T. longispinosus indicates that genes with
higher expression in brood care workers relative to foragers and young workers
display enriched functions linked to various repair mechanisms, including
DNA integrity, oxidative stress response, and immunocompetence, suggesting
heavy expenditure over a long life span (Kohlmeier et al., 2019).

4. Epigenetics, ageing, and oxidative stress in social
insects

Epigenetic signals such as DNA methylation, histone modifications,
chromatin modifications, transcription factors, and noncoding RNAs play
a critical role in cell and gene regulations (Bird, 2007; Jirtle and Skinner,
2007; Wolffe and Matzke, 1999). DNA methylation is associated with
the regulation of ageing-related genes (Yan et al., 2015). For example,
Vg is one of the target genes of JH, which is regulated by the IIS pathway.
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Vg can function as an antioxidant against oxidative stress in honey bee
workers (Seehuus et al., 2006b). DNA methylation may modulate the
expression of Vg and have an impact on the lifespan of worker bees
(Cardoso-Janior et al., 2018). When compared to expression patterns of dif-
ferent castes of honey bees, DNA methylation is also associated with their
differential expressed genes, including ILP-2, TOR,, Vg, yellow/major royal
jelly protein family, translation initiation factor, and hexamerin family
(Elango et al., 2009). DNA methylation can also affect alternative splicing
as a mechanism of gene regulation (Li-Byarlay, 2016; Li-Byarlay et al.,
2013). In human studies, alternative splicing may be associated with ageing
and neurodegeneration (Harries et al., 2011; Tollervey et al., 2011).

Histone modifications are another potential mechanism to affect ageing.
In worker ants of Camponutus floridanus, histone acetylation can regulate
their behaviour (Simola et al., 2013). The chromatin modification, such
as polycomb and trithorax, can regulate the life span of insects (Siebold
et al., 2010). Interestingly during caste determination, genes may be regu-
lated by DNA methylation, as well as chromatin accessibility and histone
modifications (Bonasio et al., 2012; Herb et al., 2012).

Oxidative stress can cause DNA damage in the cells, which eventually
leads to ageing (Metcalfe and Alonso-Alvarez, 2010; Shames et al., 2007).
Indeed, DNA methylation is associated with DNA repair (Cuozzo et al.,
2007) based on in vitro evidence. A lot of cancer research has shown inter-
actions between DNA methylation and oxidative stress (Donkena et al.,
2010; Franco et al., 2008; Zhang et al., 2017b). However, there is a gap
of knowledge as to how DNA methylation and oxidative stress relate in
the models of social insects.

5. Oxidative stress and metabolic process of social
insects

5.1 Metabolic studies in bees

One classical theory of ageing is the “rate-of-living” hypothesis, indicating
faster metabolism accelerates the ageing process (Pearl, 1928), which sug-
gests that organisms may age faster with a faster metabolism. The underlying
cause could be a limitation of energy or function in physiology (Neukirch,
1982). ROS are generated as by-products of oxidative phosphorylation
pathway and energy metabolism in the mitochondria (Schieber and
Chandel, 2014). The main role of mitochondria is to produce most of
the cellular ATP by oxidative phosphorylation (>90%) (Boelsterli, 2007).
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Substrates such as pyruvate and Kreb cycle intermediates are oxidized by
subsequent dehydrogenases that decrease oxidized adenine dinucleotide nic-
otinamide (NAD™) or flavin adenine dinucleotide (FAD). Transport by an
electron from the oxidation of NAD (NADH) and reduced FAD (FADH2)
to O, is directly related to ATP synthesis. It happens by protein-binding
redox centres involving, complex I (Q reductase), II (coenzyme succinate
Q reductase), III (coenzyme cytochrome ¢ reductase), and then IV (cyto-
chrome ¢ oxidase). This happens through the redox centres that bind to pro-
teins. The power generated by this transport is converted by a proton pump
into an electrochemical hydrogen (H") gradient via the inner mitochondrial
membrane. Alternatively, ATP synthesis is compulsorily aerobic, and much
of the ATP synthesis needed to drive muscle contraction is derived from
mitochondrial OxPhos (Rothe and Nachtigall, 1989; Sacktor, 1976).
This gradient’s electrochemical potential is then used for the synthesis
of ATP by Complex V (ATPase) (Alberts et al., 2002; Li et al., 2017;
Schmidt et al., 2001). Genes of the OxPhos pathway affect mitochondria
and nuclear function together to support the production of ATP in cells
and modulate social behaviour of social honey bees (Li-Byarlay et al.,
2014; Shadel and Horvath, 2015). Incompatible mitochondrial and nuclear
genes can decrease the production capacity of cellular ATP and lead to oxi-
dative stress, causing a wide range of problems including developmental
malformations (Bar-Yaacov et al., 2012). Even though most of the oxygen
is reduced to water, a very small portion of'it (5%) is reduced to a superoxide
anion (Muller, 2000). In a variety of human chronic disease states, oxidative
stress was typically grouped under the banner of the metabolic syndrome and
is believed to contribute to the ageing cycle (Frisard and Ravussin, 2000).

The level of oxidative stress in different tissue types may differ due to the
oxygen consumption, levels of antioxidant, and potential repair mechanisms
(Li-Byarlay et al., 2016; Simone-Finstrom et al., 2016). The muscle cells
with high metabolism have a possible high risk of ROS, which can out-
perform antioxidant investments (Ji et al., 1998). Social insects as flying
insects are good model systems to study the role of energy metabolism, oxi-
dative stress, and ageing (Hedges et al., 2019; Margotta et al., 2018; Orci¢
et al., 2017; Suarez et al., 2000). A previous study showed worker honey
bees with more flight experience displayed more oxidative DNA damage
and less antioxidants than those bees with less flight experience (Margotta
et al.,, 2018). Flight muscles in honey bees may produce high levels of
ROS which could be responsible for behavioural senescence and reduced
lifespan due to declines in antioxidant activity (Williams et al., 2008).
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A higher protein expression of SOD as antioxidant defence was detected
in mature foragers compared to nonforaging hive bees because of highly
oxidative muscles (Schippers et al., 2006). Heat shock proteins such as
hsp70 can be induced by flight and oxidative damage to flight muscles
(Elekonich, 2009). More studies are needed to measure the enzyme activities
of the electron transport chain and antioxidants in flying social insects.

Social bees and ants with small body size have higher metabolic rates
in the brain and brain structures also change during ageing (Kern and
Wegener, 1984; Kraft et al., 2019; Seid et al., 2005, 2008). The nervous
system in worker bees may cost a significant portion of the bees bodily
metabolism and energy, which may be similar to mammals (Aiello and
Wheeler, 1995; Giraldo and Traniello, 2014; Li-Byarlay et al., 2014).
Gene expressions of cytochrome C and Clk-1 (clock-1) in queen bees,
which are associated with electron and proton transfer between complexes
of OxPhos pathway, were higher than workers (Corona et al., 2005). The
honey bee brain has more plasticity in gene expression than flight muscle;
therefore, it may have more capacity for stress mitigation (Margotta et al.,
2012). When the corpora allata were removed, honey bees slowed their
ground speed during orientation flights and had a decreased metabolic rate
(Sullivan et al., 2003).

The honey bee colony relies on utilizing organismic and cellular-
molecular processes to respond when hive conditions vary from a homeo-
stasis level. Therefore, cellular stress protein response (heat shock proteins,
HSP) is an essential component for a systemic response that provides resil-
ience to organism stress (Feder and Hofmann, 1999). Rapid flight-related
aggregation of ROS in older flight-capable hive bees and foraging bees
results in elevated HSP70 levels due to protein damage and declining
antioxidants with age (Elekonich, 2009).

5.2 Ants and wasps

Compared to studies on the metabolic process and oxidative stress in bees,
there are only a few studies in ants and wasps. When the oxygen supply is
insufficient in cells, insects experience the condition of hypoxia, which can
reduce the life span (Sohal and Weindruch, 1996). One example is the car-
penter ant, Camponotus vicinus, with utilizes discontinuous gas exchange and
spends a significant part of their life cycle underground (Harrison et al.,
2006; Lighton and Garrigan, 1995). Gene expression in ant colonies of
Temnothorax longispinosus was shown to be associated with behavioural



Oxidative stress in social insects 55

differentiation (nurse vs forager), age (young vs old), and fertility (fertile vs
infertile). Enriched gene ontology concepts were largely represented by
multiple processes associated with metabolism, catabolism, and anion trans-
port (Kohlmeier et al., 2019). The reduced commitment of foragers and
aged workers in antiageing processes, therefore, confirms the characteriza-
tion of the usually aged foragers as a disposable caste (Porter and Jorgensen,
1981). Lipids or fatty acids are stored in cells as supply of energy for oxidative
metabolism (Arrese and Soulages, 2010). When receiving lipid supplements,
a reduction of lifespan as measured in groups of ants occurred (Vieira
and Bueno, 2015). Unlike bees that forage for plant nectar and pollen,
social wasps forage for animal protein and carbohydrates (Richter, 2000).
Therefore, wasps are likely to have a metabolic cost of elevated production
of ROS due to higher mitochondrial glycerol 3-phosphate dehydrogenase
(mGPDH) activity (Hedges et al., 2019).

6. Environmental factors
6.1 Insecticides and environmental pollution

Besides genetic programming, a major cause of oxidative stress and ageing
in social insects are environmental factors including pesticide or chemical
contamination in the habitat, food and foraging resource, nutrition, temper-
ature, and other related factors, which are considered to be the abiotic stress
for social hymenopterans (Chakrabarti et al., 2015; Goulson et al., 2015;
Lopez-Uribe et al., 2020; Neuwirthova et al., 2019). Environmental and
ecological factors inducing oxidative stress in social honey bees can be col-
ony habitat change by human management, pesticides exposure, UV light,
parasitic and pathogenic stresses, and predation variables.

Insecticides such as fipronil, flupyradifurone, chlorpyrifos, and neonico-
tinoids can induced oxidative stress and produce ROS in the midgut and
brains of honey bees (Chakrabarti et al., 2015, 2020; Decourtye et al.,
2004; Gauthier et al., 2018; Ma et al., 2019; Paris et al., 2017; Roat
etal., 2014; Shafiqur et al., 2012). Oxidative damage caused by chlorpyrifos
in the honey bee nervous system resulted in the build-up of toxic hydroxide
ions, which could provide a possible mechanism for chlorpyrifos neuro-
toxicity (Shafiqur et al., 2012). A common neonicotinoid pesticide imida-
cloprid in chronic and sublethal exposure, together with the broadly
distributed parasite Nosema ceranae caused physiological changes observed
in queens. Increase in enzyme activities of catalase [CAT] and glutathione
S-transferase [ GST] were associated with protective responses to xenobiotics
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and oxidative stress (Dussaubat et al., 2016). The GSTs groups Delta and
Epsilon are special to insects and comprise the bulk of GSTs correlated with
insecticidal detoxification.

Herbicides such as paraquat and atrazine are often used as an inducer for
oxidative stress in social insects. The treatment of paraquat changed the
expression of several antioxidant and detoxification-related genes, as well
as a spike in pathogen titres (de Mattos et al., 2018). Biochemical and molec-
ular markers of oxidative stress response indicated atrazine compromised the
health of bee colonies (Williams, 2016). Fungicides such as acetamiprid and
propiconazole increased oxidative stress and mortality with cellular damage
(Han et al., 2019). The fungicide chlorothanolin affected the differential
transcriptional expression of oxidative chromatin-related genes and proteins,
detoxification enzymes, acetylcholine receptor alpha 1, and endocrine
regulation in honey bees (Christen et al., 2019).

Certain miticides have potential risks to bees and can disrupt the homeo-
stasis of bee colonies under chronic conditions (Qi et al., 2020). Research
data have also shown that fluvalinate, a synthetic pyrethroid chemical com-
pound as a miticide, has led to an increase in GST activity and a decrease in
ACHhE activity in emerging and nurse bees compared with controls (Rouibi
et al., 2016). The above mentioned pesticides presented here are a few
examples to show their effects on the oxidative phosphorylation pathway,
which generated ROS for increasing oxidative stress in social insects.
Almost all the previous studies are in honey bees due to their important
ecological roles as pollinators. More research in the future is needed to reveal
the effect of pesticides on the physiology of social wasps and ants.

Environmental pollution of selenium, heavy metals, and airborne fine
particulates can affect oxidation stress in social insects (Alburaki et al.,
2019; Feldhaar and Otti, 2020). Furthermore, orally ingested metals (Al,
Pb and Cd) at concentrations found in the environment altered the
metallothionein-like protein (MTLP) (Gauthier et al., 2016).

6.2 Environmental changes

Environmental changes in habitat and foraging area can become a new nor-
mal when managed pollinators such as honey bees are used for pollination
service. The long transportation or migration of bee colonies on trucks from
the East coast to the West coast of the United States creates changes in the
colony environment for foraging and food resources. This long distance
transportation significantly reduced the life span of honey bee workers via
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oxidative stress in lipid and protein damage (Simone-Finstrom et al., 2016).
Effects of transportation on bees (24-h after a 3-day trip) led to a reduction in
the size of the hypopharyngeal gland acini which are essential for brood food
production in nurse bees and larval nutrition (Ahn et al., 2012). Higher oxi-
dative stress was detected in commercially managed honey bee colonies than
that of traditionally managed colonies (Taric et al., 2020), which showed
evidence of anthropogenic influence. Long-term greenhouse pollination
reduces the detoxification potential and thus causes oxidative stress in honey
bees by generating more protein carbonyl during greenhouse pollination
(Morimoto et al., 2011). In addition, an ecological condition such as preda-
tion by wasps affects oxidative lipid damage, the activity of antioxidants as
well as levels of mitochondrial-related enzymes under natural conditions
(Leza et al., 2019).

6.3 Heat stress

Heat stress in colonies during the beekeeping practice of long distance trans-
port caused the loss of sperm viability and changes in enzyme expressions to
alleviate oxidative stress in honey bee queens (McAfee et al., 2020). Heat
stress also caused changes in life span and expression changes in genes of
worker bees associate with oxidative stress (Bordier et al., 2017; Li et al.,
2019). Also, urbanization can also increase pathogen pressure on managed
honey bees (Youngsteadt et al., 2015). Research suggests that high temper-
atures can adversely affect bees not only on their survival and water loss
but also in stimulating oxidative stress (Helmer et al., 2015). Interestingly,
fluctuation of temperatures prevent chill injury but did not the damage
caused by oxidative stress or antioxidant capacity in the alfalfa leafcutting
bee, Megachile rotundata (Torson et al., 2019).

6.4 Nutrition

Nutrition input, such as pollen or dietary conditions, also plays a pivotal role
in oxidative stress levels of social insects (Freitak et al., 2014; Huang, 2012).
Feeding bees with a poor quality pollen was shown to decrease the resistance
of bees to microsporidians, Nosema apis, an increase in pesticide sensitivity,
and an increased titre of bee virus (Huang, 2012). On the other hand, pollen
substitute with a protein level of approximately 30% was identified as an
excellent diet for antioxidant enzymatic activity (Li et al., 2012). Dietary
supplementation with vitamin C (ascorbic acid) increased total antioxidant
status (T'AS), glutathione content, and activity of four antioxidant enzymes:
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SOD, POX, CAT, and GST (Farjan et al., 2012). Propolis collected by the
native stingless bees (Meliponinae) was a strong source of natural antioxi-
dants to be used in the hive (Araujo et al., 2016). Furthermore, research
shows that bee pollen consists of flower pollen mixed with bee digestive
enzymes and preserved with some honey and nectar, contained high anti-
oxidant activity due to the presence of polyphenols and flavonoids which
are beneficial for the hive, thus aiding against oxidative stress (Fadzilah
etal., 2017). Future studies are very much needed for additional knowledge
on the role of nutrients against oxidative stress on other social Hymenoptera.

6.5 Parasites and pathogens

Parasites and pathogens as ecological factors of the colonies, can cause
oxidative stress as well. By comparing honey bees infected with Varroa
destructor mites, the parasitization by mites in the colony brood caused a sub-
stantial loss in their protein content and antioxidant enzymes (Badotra et al.,
2013). In addition, significantly high activity of three antioxidant enzymes
isolated from Varroa destructor-infested drone prepupae tissues suggests that
oxidative stress may be one of the pathogenic pathways of varroosis. The
average activity of superoxide dismutase (SOD), glutathione peroxidase
(GPX) and plasma protein ceruloplasmin (CP) in infested prepupae is about
24 times higher than levels in mite-free prepupae (Lipinski and Zottowska,
2005). Moreover, research indicates, in the presence of a parasite (IN. ceranae)
alone, the ROS damage was decreased. However, the combination of
N. ceranae and fipronil pesticide reveals an increasing level of oxidative dam-
age and suggests increased toxicity to fipronil in infected bees (Paris et al.,
2017). Researchers analysed the impact of N. ceranae on queen physiology
and found that N. ceranae infection did not affect the fat body content but
altered the vitellogenin titre (a fertility and longevity indicator), total anti-
oxidant capacity, and queen mandibular pheromones, all of which increased
significantly in Nosema-infected queens (Alaux et al., 2010). Overall, envi-
ronmental factors can significantly affect the levels of oxidative stress and
ageing of social bees and ants.

7. Conclusion and future directions

The phenomenon of ageing is a complicated process affected by
physiology, social evolution, development, ecological factors, and environ-
mental factors. Mechanistically and phenotypically, oxidative stress is highly
relevant to ageing, either from genetic or environmental factors. Our report
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synthesized the current research status of oxidative stress and ageing among
social wasps, bees, and ants. Most research was performed in the species with
economic and ecological importance. We also addressed the molecular and
cellular mechanisms underlying oxidative stress and antioxidant gene fami-
lies. Future investigations with new genomic tools such as CRISPR genome
editing and high-throughput functional protein analysis will be expected to
draw a more complete picture of how the ageing process works in social
insect physiology.
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