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Abstract: The effect of temperature on
physiology mediates many of the challenges
that insects face under climate change.
Insect immunity is thermally sensitive and,
as such, environmental change is likely to
have complex effects on survival, disease
resistance and transmission. The effects of
temperature on immunity will be
particularly profound in winter because
cold and overwintering are important
triggers and regulators of insect immune
activity. Low temperatures can both
suppress and activate immune responses
independent of pathogen, which suggests
that temperature not only affects the rate
of immune responses but also provides
information that allow overwintering
insects to balance investment in immunity
and other physiological processes that
underlie winter survival. Changing winter
temperatures are now shifting insect
immunity, as well as the demand for energy
conservation and protection against
parasites. Whether an insect can survive
the winter will thus depend on whether new
immune phenotype will shift to match the
conditions of the new environment, or leave
insects vulnerable to infection or energy
depletion. This paper synthesize patterns of
overwintering immunity in insects and
examine how new winter conditions might
affect insect immunity,.
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1. Introduction
In the context of increasingly frequent
freezing rain and snow disasters and climate
warming, ectotherms, including insects, face
unprecedented challenges, including changes
in host-pathogen interactions caused by
changes in environmental temperature[1]. The

functions and activities of immune cells and
enzymes, the main components of the insect
immune system, are particularly sensitive to
temperature, so the insect immunity is
affected by the environmental temperature[2],
and therefore, air temperature changes may
have complex effects on their survival,
disease resistance and population dispersal.
The effect of temperature on immunity is
especially profound in winter, because cold
and overwintering are one of the important
triggers and regulators of the insect immune
response[2]. Low temperatures both inhibit and
activate pathogen-independent immune
responses in insects, suggesting that
temperature not only affects the rate of
immune responses, but also provides signals
for overwintering insects to balance the
resource allocation of immune and other
physiological processes, as energy
conservation is essential for successful
overwintering.
Ecoimmunology, an emerging discipline,
studies the causes and outcomes of changing
immune function in evolutionary, ecological
and physiological contexts, and then
predicting the impact of disease suppression
and transmission on population dynamics in
the context of climate change. As global
temperatures change with climate, it is
becoming increasingly important to
understand the physiological adaptations of
organisms to respond to environmental
changes. In the context of climate change, the
goals of ecological immunologists and
biological thermodynamics are necessarily
intertwined, as predicting biological fitness
from thermodynamic metrics becomes
increasingly complex[3]. Therefore, overlap
between disciplines is at the heart of research
predicting the uncertain effects of climate
change on insects.
In temperate, polar and alpine regions, more
than half of insect life is wintering or
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preparing for overwintering[4]. The
overwintering period is accompanied by cold
stress, and insects also face more biotic and
abiotic stresses, such as starvation, drought,
hypoxia, energy loss, parasites and the threat
of pathogens and other[4]. Therefore,
overwintering insects are a good model to
understand the interaction between multiple
biotic stresses and abiotic stresses. The
behavior and adaptability of insects in the
growing season tend to change significantly
after the arrival of winter, improving by
reducing metabolism and storing more
cold-resistant substances[4]. In the northern
temperate regions, many insects can
overwinter through diapause. In addition,
insects also need to activate commonly used
low-temperature protection mechanisms,
including antioxidant defense, reducing water
loss rate, and producing heat shock proteins[5].
Research on the biological stress faced by
overwintering insects shows that
microorganisms have strong resistance to low
temperature, which generally can only inhibit
their growth and reproduction, and rarely kills
them. Microorganisms such as bacteria and
pathogens that are still active in cold winter
make insects face severe survival challenges.
The discovered cryogenic microorganisms
include both eubacteria, cyanobacteria, yeast,
fungi and algal[6]. They have the ability to
adapt to low temperature and are widely
distributed in all cold environments of the
earth, including alpine areas, deep sea areas,
north and southern poles, glaciers, freshwater
lakes and soil[7]. For example, psychrophilic
fungi (e. g. Metarhizium and Beauveria) are
found in overwintering micro-habitats, and
these fungi are associated with mortality of
various insects in spring[8]. Thus, insects may
be required to activate the immune responses
during the winter months.
However, the impact and regulation of low
temperature on immunity require coordination
and balance with other physiological
responses to low temperature, which play
important roles in winter survival and
reproductive adaptation during the subsequent
growth season. Current relevant studies have
only just begun to explore and understand this
relationship between overwintering and
immunity, and lack a framework to predict the
impact of immunity on insect survival in cold
regions.

This study investigated the effects of low
temperature and overwintering on the thermal
biology and immune competence of the insect
immune system. Analysis of insect
immunophenotyping during overwintering
may represent a coordinated balance between
energy saving and cold stress responses as
well as pathogen stress. Furthermore, the
possibility that climate change could alter
immune phenotypes and host-pathogen
interactions was explored.

2. Ecological Immunology in a
Low-Temperature Environment: The Role
of Immunity in the Overwintering Survival
of Insects

2.1 Thermal Dependence of Insect
Immunity
The insect immune system is mainly an innate
immune response including various cellular
immunity and humoral immunity. Cellular
immunity is mediated by blood cells, which
circulate through the hemolymph and are
mainly responsible for phagocytosis of
pathogens and parasites and for assembly
cyst[9]. Humoral immunity acts by enzymes (e.
g., lysozyme and phenoloxidase)[10] and the
antimicrobial peptide[11], and involves the
regulation of the Toll, IMD, JNK, and
JAK-STAT signal transduction pathways.
These independent components of the
immune system are differentially altered by
environmental stress, and the immune system
has the ability to reconfigure itself, such as
enhanced cellular immunity that can
compensate for impaired humoral immunity
and vice versa[12]. Because the immune system
has this ability to reconfigure, it is important
to measure multiple components of the
immune system to determine immune changes
due to temperature, covering constitutive or
potential immunity, as well as inducible
defense and resistance to infection[13].
Insect immune cells and enzymatic activities
are particularly sensitive to temperature, so
their immune function is directly dependent
on the ambient temperature[14-16]. Although
research on the thermodynamics of insect
immune systems is limited, immune function
typically follows a typical thermodynamic
curve and can be performed over a wide
temperature range[14-18]. In the thermodynamic
curve, the immune response reaches the
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functional optimum as a curve with increasing
temperature, after which the immune function
will rapidly decline at higher temperatures[3].
However, the thermodynamics of the immune
system varies between species to
accommodate the specific habitat climate of
this species. For example, individuals of
Drosophila melanogaster from tropical Africa
have weaker immune activity at low
temperatures compared to individuals from
temperate North America (who may be more
adapted to cold)[19]. This suggests that the
thermodynamics of the immune system is
optimized for the environmental temperature
of species survival and may also co-evolve
with the thermodynamics of local pathogens.
Temperature may alter the optimal
temperature for immune function, or alter the
temperature range in which immune responses
can occur. In insects, the optimal temperature
for cell-mediated pathogen immune responses
is generally below the optimal temperature for
their corresponding physiological and
biochemical responses. For example,
phagocytosis and melanization in Anopheles
stephensi and Gryllus veletis were strongest at
18°C[14,16]. In contrast, the expression and
enzymatic activity of the gene encoding nitric
oxide synthase (responsible for the production
of the immune signal molecule nitric oxide)
peaked at 30℃[16]. This suggests that different
components of the immune system can be
adapted to function at different temperatures
to act against pathogens with different
thermodynamics or, alternatively, remodeling
of the immune system under different
temperature conditions needs to be considered.
Importantly, the difference in thermodynamics
of the various components of the immune
system[21], again indicating that the functional
activity of multiple components of the
immune system is required to obtain a
comprehensive understanding of the
performance of immunity under different
temperature conditions.
Cold exposure to insects can alter the immune
function of insects in many ways [22]. For
example, repeated cold exposure stress leads
to increased survival of fungal infection in
Drosophila melanogaster[23] and Pyrrharctia
isabella[24], which may be that cold damage
(including damage produced during cold
recovery) activates the immune system to play
a repair role, resulting in insect defense

against pathogens. In contrast, low
temperature reduced the level of phagocytosis
of the Samia cynthia pryeri pupa, indicating
that cold stress suppresses immune
function[25]. However, it is not clear whether
cold stress is a byproduct of cold damage and
stress response (adaptive), or a nonadaptive
result of the cross-talk between stress
response and immune response. Therefore, it
is necessary to gain insight into the molecular
mechanisms linking cold stress with immune
responses to determine whether their
interactions are of adaptive significance.
Immune function is also plastic under
conditions of temperature changes. The
researchers found that cold acclimation and
accimatization can alter insect immunity in
winter. Enhanced insect immune function in
cold environments is generally considered as
a preventive response to pathogen stress or
tissue damage, or as a compensatory response
to a coordinated balance between immune and
other physiological activities[22]. For example,
overwintering Nicrophorus vespilloides has a
high humoral response, an increased
percentage of phagocytic blood cells, and
enhanced phenoloxidase activity[26].
Overwintering Bombus lucorum queen were
also observed with higher levels of phenolic
oxidase activity[27]. The overwintering
Aquarius najas has enhanced cyst function
and higher survival[28]. There are many other
similar acclimation responses, and cold
exposure and diapause can activate the
immune system of many insects, even in the
absence of pathogen induction[23-24, 29-31]. In
contrast, reduced immune function may
prevent or limit autoimmune damage during
overwintering, or redistribute immune
investment for energy conservation with
limited resource and energy availability[20].
Energy saving is crucial for successful
overwintering[32], insect immune response and
cold stress response need to pay a high cost[32].
For example, in Gryllus veletis, cold
acclimation increases cold tolerance, but low
temperature reduces melanization and
humoral antibacterial activity[14],
overwintering Apis mellifera downregulates
the gene that encoding the antimicrobial
peptide[33], and Hetaerina americana reduces
resistance to bacterial infection in winter[34].
This suggests that insects have a coordinated
balance between immune defense, cold
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tolerance, and energy saving, which may
affect the seasonal patterns of immune
function.

2.2 Seasonal Immunity to Insect
Overwintering
Overwintering insects consume a lot of energy
to cope with multiple stress factors including
cold, and winter dormancy must protect
energy reserves[4]. Thus, insects can sacrifice
immune defense functions to save energy and
assign them to cryoprotection mechanisms. It
is generally believed that low temperature in
winter will inhibit immune function, and the
rate of immune response is relatively slow.
The thermodynamic curve of immune
function illustrates this problem[17]. However,
although the diversity and density of
pathogens can be reduced in winter, the
selective effect of low temperature in winter
also enables more infectious and virulent
pathogens to survive[33], so individual insects
with higher immune activity can improve the
overwintering survival rate of this species[28].
During overwintering, insects are subjected to
a series of seasonal, comprehensive and
species-specific stresses. In the face of
multiple stress factors, insects must optimize
energy allocation between immune defense
function and other functions related to fitness
to survive[35].
To balance the coordinated balance between
immunity and multiple other physiological
processes necessary for overwintering
survival, insects can reconfigure the energy of
the immune defense system to produce
different seasonal changes in different
immune defense responses. For example, in
many vertebrate ectotherms, innate defense
responses (e. g. phagocytosis) are maintained
or enhanced in winter, while acquired defense
responses (e. g. antibody production) are
inhibited, suggesting that costly activity
reduces due to limited energy or resources[36].
However, few studies have specifically
analyzed the energy costs of comparing innate
versus acquired immunity during the winter
period. Insects lack adaptive immune
responses, possess species-specific immune
functions, and seasonal immunity to disease
susceptibility, indicating that the insect
immune system may also undergo
reconfiguration during overwintering[35]. The
seasonal reconfiguration of the insect immune

system is not only a product of the
coordinated balance of high-cost and low-cost
immune responses, but also of winter resource
constraints and in response to pathogen stress.
Moreover, the combination of these winter
stress factors will also vary according on the
physiology of different insect species and
their biotic and abiotic stresses in different
overwintering microhabitats[35]. To predict
how winter affects insect immune function
and the role of immune system reconstitution
in overwintering survival requires insight into
the underlying causes of immune system
reconfiguration and whether these causes are
universal across populations.
After prolonged cold exposure to
overwintering, spring onset can improve
immune defense capabilities (possibly a
preventive measure)[22,37].
The increase in temperature in spring often
leads to an increase in pathogen biological
stress on insects[38]. Therefore, the rise in
temperature may be a "signal" for insects,
indicating the need to enhance their immune
defense, resulting in an increase in their
preventive immunity. For example, frogs that
cooled from 26℃ to 21℃ were more
susceptible to fungal than those warming from
16℃ to 21℃[39] , indicating that the increased
temperature did indeed affect the immune
response of ectotherms. So, fluctuating
temperatures can also activate insect immune
responses, for example, fluctuating low
temperatures increase the expression of
transcripts associated with the immune
response of Megachile rotundata[40]. In the
context of climate change, it is not clear
whether the average winter temperature rises
and exceeds a certain threshold, or if the
seasonal immunity of insects is independent
of the absolute winter temperature
(thermodynamic temperature).
The overwintering immunity of insects is
relatively complex, and the immune
phenotype in winter may be formed by the
combination of various influencing factors
(Figure 1). Since insects have programmed
and preventive changes in immune function in
winter, whether they are subject to pathogen
stress, the cross-talk between stress responses
in response to multiple overwintering stresses
should be the underlying the seasonal changes
in immune function[22]. For example, immune
responses activated by cold damage,
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byproducts of stress reactions or other
seasonal products (multiple seemingly
unrelated phenotypic effects caused by the
expression of a single gene) [41], these
non-adaptive immune responses can provide
favorable effects for overwintering insects to
defend against pathogens. In addition, the
process of pathogen infection itself can also
alter the immune function of insects (e. g.,
nematodes inhibit the activity of phenol
oxidasewhen infecting Galleria mellonella[42]).
Meanwhile, due to the significant impact of
environmental temperature on infection
outcomes, such as affecting host resistance,
host recovery, pathogen virulence, etc., the
interaction between host and pathogen will
change under different temperature
environments[43]. However, although
researchers hypothesize that these are
influencing factors of seasonal immune
changes, the roles and relative importance of
each factor in shaping immune phenotypes
remain to be explored.
Dashed lines indicate prophylactic changes in
immunity driven by trade-offs/energy
constraints and parasites as selective pressures.
Solid lines indicate direct effects of a variable
on immunity. During overwintering, extreme
temperatures could damage immune cells and
tissues. Furthermore, energy/resource use and
the presence of parasites during winter will
also directly impact immune function. Overall,
the resulting immune phenotype created
through these mechanistic interactions will
drive winter survival.

Figure 1. The Putative Mechanisms
Underlying Seasonal Immune Phenotypes
and the Interconnectedness of EachWith

Respect to Changes in Temperature

2.3 Impact of Winter Climate Change on
Insect Immunity
Due to global warming, winter temperatures
will become increasingly warmer, variable
and unpredictable[4], which may alter the
relative importance of immune-related winter
survival influencing factors (i. e., energy
saving and survival after infection) (Figure 1).
In warmer or variable environments, the
metabolic rates of ectotherms like insects may
increase in[4], and winter climate change
means that insects will face greater challenges
to protect their limited energy storage. Also in
such environments, infection and
host-pathogen interactions can increase or
decrease intensity[43]. Higher temperatures
may increase the growth of native and new
pathogens; instead, psychophilic
microorganisms may no longer dominate[4].
Therefore, the success of overwintering will
depend on whether the insect can produce
new immunophenotypes under new winter
conditions to achieve an appropriate balance
between pathogen defense and energy
conservation.
Currently, a model framework is lacking to
describe how changing winter temperatures
will affect immunity in overwintering insects.
This is partly because experimental evidence
suggests that the effects of temperature on
immunity are species-specific and highly
dependent on the type of environmental
temperature experienced by the species.
Higher mean air temperatures can increase the
rate of the immune response in some insects,
and fluctuating temperatures may have more
complex effects on the immune response[44].
For example, exposure to fluctuating
temperature conditions during overwintering
increased immunity and disease resistance in
Pyrrharctia isabella[24] and Megachile
rotundata[29,40]. But Hetaerina americana
were also observed to reduce their resistance
to bacterial infection during the winter
period[34] . Moreover, other studies have
shown that seasonal immunity in some
species may be regulated endogenously and is
largely independent of temperature changes[45].
So far, it is not known why the changing
overwintering temperature causes changes in
the immune system, much less to predict the
effect of variable temperature on insect
immunity and survival fitness.
Each influence of seasonal immunity may
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cause immune phenotype changes with
climate (Table 1, Figure 1). Especially high
temperatures and large fluctuations can
provide new signals about environmental
challenges, triggering physiological changes
in insects to meet these new stress demands[44],
thus forming new immunophenotypes.
However, whether these signals are reliable
and whether changes in immunity adapt to
these new environments is unclear. If insects
are subjected to increased biological stress in
new environments with higher temperatures
and greater fluctuations, then increasing
energy investment in immunity may be
beneficial(Table 1, Figure 2). But the increase
of immune function also has such a possibility,
similar to the in winter warmer weather,
insects inappropriately reduced its cold
tolerance function and improve the immune
function to adapt to the environmental

temperature "error", after temperature
fluctuations into the low temperature state,
insects but maintain the adjusted higher
immune defense ability[46]. In such cases, if
the insect immune function increases and the
biological stress does not increase accordingly,
it will only inappropriately increase the bodys
energy and resource consumption, thus
impairing other physiological processes
necessary for winter survival. On the contrary,
insects are susceptible to infection if
pathogens stress increases and immune
function is reduced or unchanged, or the
organism chooses to save energy and allow
energy diversion to other physiological
functions (Table 1, Figure 2). In summary, the
ability to predict insect overwintering survival
is required to understand how each
influencing factor contributes to seasonal
immune changes.

Table 1. Potential Scenarios Driving Driving Changes in Immunity and Success UnderWarmer
and More Variable Winters

Figure 2. Potential Scenarios of Changes in Immune Investment under Temperature Changes
and the Resultant Trade-Offs or Vulnerability to Pathogens
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Dashed lines represent potential increases or
decreases in pathogen pressure. T,
temperature. (A) Immune investment (II)
increases as pathogen pressure (PP) increases,
providing protection against infection but
trading-off energy/resources with other
physiological processes. (B) As in A, but with
a lag between the increase in pathogen
pressure and immune investment, leaving a
period of time in which insects are still
vulnerable to infection. (C) Pathogen pressure
decreases or remains unchanged but there is
increased immune investment resulting from
an unreliable cue in the environment, leading
to wasted energy that cannot be used for other
physiological processes. (D) Pathogen
pressure decreases and immunity is
suppressed, providing energy savings with no
trade-off for pathogen protection. (E) As in D,
but with a lag between the decrease in
pathogen pressure and immune suppression
(i.e. energy savings). (F) Pathogen pressure
increases but immunity is suppressed as a
result of an unreliable cue in the environment,
leaving the insect vulnerable to infection.

2.4 The Prospects of Biological
Thermodynamics and Ecological
Immunology Research
All studies of climate change predict
increased global temperature means as well as
the magnitude of seasonal temperature
changes. The nonlinear relationship between
temperature and biological life activity
implies that fluctuating temperature causes
serious consequences that disrupt physiology,
life history, and ecology. Currently, the
combination of biological thermodynamics
and ecoimmunology has delineated complex
seasonal immune phenotypes and fluctuations
in infection rates[20], which deserves further
in-depth research, especially predicting how
seasonal immunity responds to winter climate
change. This aspect can be studied in two
directions: (1) to understand the potential
influencing factors of immune phenotype. In
the conditions of climate change, the change
direction of immune function will depend on
the outcome of the seasonal immune change
process (Table 1, Figure 2). Therefore, before
starting to predict how winter changes will
change immune phenotypes, it is important to
understand the contribution of each
influencing factor (e. g. interaction and injury)

to seasonal immunity and whether these
influencing factors will maintain or alter
seasonal changes in immune function under
conditions of winter climate change. (2) The
thermodynamic curve of immune function
was used to predict the seasonal changes.
Thermodynamic curve[3] to explore the
seasonal changes in immune function, will
help to speculate the influencing factors
behind these changes (pathogen stress and
energy saving coordination balance) and its
adaptive significance, and can predict the
effect of winter climate change on infection
rate, and predict the cost of immune function
change (energy consumption) (figure 3). You
can even map thermodynamic changes in
various components of the immune system
(cellular immune response and humoral
immune response) to predict the adaptive
significance of insect immune phenenotypes
due to winter climate change (e. g., warmer,
more variable climate).

Figure 3. Inferring Adaptive Significance
and Outcomes of Climate Change from
Thermal Performance Curves of Immune

Activity
The thermal plasticity of immune activity
compared among seasons can help us to
generate hypotheses about the selective
pressures underlying these changes and their
adaptive significance. From here, we can
create predictions about the impact of
changing winters on protection against
parasites or the energetic consequences of
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changes in immune activity. (A) A lack of
thermal plasticity of immunity. (B) A shift in
immune activity that favour performance at
low temperatures. (C) Increased breadth of
immune thermal performance. (D) Narrowing
of the breadth of immune thermal
performance. (E) Overall decrease or
suppression of immune activity.
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