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Abstract

Oak forests in Iran’s Zagros region are undergoing severe decline due to environmental stress and
increasing pest outbreaks. This study examined the overwintering survival mechanisms of two
major acorn pests, the beech moth Cydia fagiglandana (Zeller) and an acorn weevil (Curculio sp.),
by comparing populations from stressed Zagros forests with those from stable oak forests in
Switzerland. We evaluated two key biomarkers of cold tolerance during the coldest months:
thermal hysteresis, measured using differential scanning calorimetry (DSC), and hemolymph trace
- concentrations (Fe, Cu, Zn, Mg), quantified by ICP-OES. Additionally, EDS—SEM

analysis was conducted to

_. A distinct thermal hysteresis of approximately 4 °C between melting and freezing

points was observed exclusively in Zagros Curculio larvae.

Key words: Acorn pests, Cydia fagiglandana, Curculio sp., DSC, Hemolymph elements, ICP-
OES, Overwintering, Thermal hysteresis.

Introduction

Overwintering represents a critical yet often underutilized target in pest management, as

suppression of insects during this stage can substantially reduce subsequent spring populations
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below economic thresholds (Lee, 2010; Storey & Storey, 2012). To survive low-temperature stress,
insects employ diverse behavioral, physiological, and biochemical strategies, including diapause,

sheltering, migration, enhanced cold hardiness, and synthesis of cryoprotective compounds (Block,

classified as freeze-avoiding or freeze-tolerant, although both strategies involve overlapping

mechanisms that differ in function and efficiency (Lee, 2010).
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Acorn-feeding insects are among the - pests of oak forests in the Zagros region of Iran,
where they disrupt natural regeneration by destroying developing seeds (Sadeghian et al., 2007,

). Acorn weevils (Curculio spp., _) and the beech
moth Cydia fagiglandana _ are particularly destructive. Both

overwinter as larvae, primarily in soil or within acorns, completing one generation annually in

Zagros forests (Sadeghian et al., 2007; Zargaran et al., 2018). However, knowledge of their
overwintering physiology remains limited. Curculio glandium Marsham has been shown to employ
a freeze-avoidance strategy, although its relatively high supercooling point (—6 to —7 °C) indicates
limited cold tolerance (Udaka & Sinclair, 2014). Soil depth may buffer larvae from extreme
temperatures, reducing selective pressure for deeper supercooling. Other Curculio species exhibit
deeper burrowing behavior or prolonged diapause as alternative cold-avoidance strategies (Semel

& Anderson, 1988; Vélez-Gavilan, 2022). Information on C. fagiglandana is scarce, although

by the release of latent heat (the exotherm) during cooling: reaching —22 to 26 °C and high winter

survival associated with cryoprotectant accumulation (Khani et al., 2007; Rozsypal et al., 2013).
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overwintering survival, with implications for predicting pest outbreaks and supporting sustainable

oak forest management under climate change.

Materials and Methods

The Insects

Larvae of pests were collected from naturally fallen acorns on the ground beneath oak trees during
the autumn and winter months of 20242025 from the Zagros oak forests in Darreh Somagh,
Chegeni County, Lorestan Province (33.56°N, 48.40°E, 1496 m a.s.l.) and, in 2025, from the
Landquart forests in Switzerland (46.96°N, 9.53°E, 550 m a.s.l.). The collected larvae were
transferred to the laboratory, along with a small amount of soil and/or acorns, where all subsequent
experiments were conducted.

A small incision was made at the posterior end of each larva using a sterile disposable glass Pasteur
pipette, and the exuding hemolymph was collected (Butolo et al., 2020). Samples were transferred

into 0.2-mL microtubes and stored at —80 °C until subsequent experimental procedures.

Thermal Hysteresis Measurement

To assess the potential presence of ice-binding proteins (IBPs) in the hemolymph samples, thermal
hysteresis (TH) was determined using differential scanning calorimetry (DSC). The procedure was
performed following the methods described by Kostal e al. (2011) and Mao et al. (2011), with
minor modifications. Briefly, 5 uL of hemolymph was loaded into a 40-pL sealed aluminum DSC
pan and analyzed using a DSC instrument (NETZSCH DSC 200 F3 Maia, Germany). Samples
were first equilibrated at 30 °C for 1 min, then cooled to —30 °C at a rate of 10 °C min'. After
holding at —30 °C for 1 min, the samples were reheated to 30 °C at the same rate. The melting and
freezing points were determined from the thermograms, and thermal hysteresis was calculated as
the difference between these two temperatures.

The experiment was conducted on four groups: Iranian/Swiss acorn weevils and Iranian/Swiss
beech moths. Specimens were collected in November and January. For each treatment, three
biological replicates were analyzed. The hemolymph collected from a single larva was considered
one biological replicate. To ensure sufficient sample availability, hemolymph was extracted from

at least 10 larvae per treatment. Approximately 30-50 puL of hemolymph was obtained from each
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larva and transferred directly into 0.2-mL microcentrifuge tubes without the addition of any buffer.

The samples were then stored at —80 °C until further analyses.

Determination of Hemolymph Trace Element Concentrations by ICP-OES

Total concentrations of Fe, Zn, Cu, and Mg in hemolymph were determined by ICP-OES using
inductively coupled plasma optical emission spectr oscopy (ICP-OES; Agilent 5900, USA)
following procedures adapted from Kokot and Matysiak (2008), Hansen et al. (2013), and Gao et
al. (2016) with minor modifications. Briefly, 50 pL of hemolymph from each sample was digested
in two sequential steps with a total of 4 mL of 2% nitric acid (prepared from 65% ultrapure nitric
acid) and incubated in a water bath at 120 °C for 60 min. After digestion, samples were centrifuged
three times at 18,000 rpm for 15 min at 4 °C, and the clear supernatant was used for elemental
analysis. Selected elements: iron (Fe), zinc (Zn), copper (Cu), and magnesium (Mg), were

quantified. Calibration standards (10, 50, 200, and 500 ppb; ICP Calibration Standard, CPAchem)

and a 2% nitric acid blank were used/Calibration'standards'and procedural blanks were analyzed

Instrumental settings included axial viewing mode with optimized pump speed, sample uptake, RF
power, and gas flows to ensure stable plasma conditions.
The experimental groups, sampling months (November and January), and number of biological

replicates (=3 per group, Sabo et al, 2024) were identical to those described in the previous

experiment.

Semi-quantitative elemental analysis (FE-SEM-EDS)

Mo'visualize the relative Spatial distribution of selected elements (C. N, O, Mg, Cu, and Zn) within
overwintering insects, semi-quantitative elemental analysis was performed using a field emission
scanning electron microscope (FE-SEM; TESCAN MIRA \ LMU, Czech Republic) equipped with
an energy-dispersive X-ray spectroscopy detector (EDS; SAMx DXP-X10P, France). [The entire
larval body was analyzed without tissue dissection. FE-SEM-EDS was employed to obtain semi-

Samples were freeze-dried for 24 h (LEYBOLD-HERAEUS, LYOVAC GT3) to ensure complete

dehydration and subsequently transferred to the electron microscopy laboratory. Before analysis,
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samples were coated with a 15 nm aluminum layer to enhance surface conductivity and minimize

charging effects (Polilov et al., 2021; Steinbrecht, 1993)._

EDS measurements were carried out at an accelerating voltage of 20 kV and a beam current of 10

nA at 5000% magnification. X-ray spectra were acquired for 60 s over a 0-20 keV energy range

using a silicon detector (10 mm? active area).

Data Analysis
All statistical analyses, including mean comparisons, were conducted using SPSS version 24 (IBM

Corp., Armonk, NY, USA), and graphical representations were prepared with Microsoft Excel.

Results

Thermal Hysteresis in the Studied Samples

The melting points, freezing points, and corresponding thermal hysteresis values of the examined
samples are presented in Table 1. Among all groups, only the Iranian oak seed weevil specimens

exhibited a melting—freezing point difference greater than 1 °C. The mean thermal hysteresis was

1.7£0.1 °C in November, which nearly doubled to 4.1+0.7 °C in January. Significant differences

Trace Metal Element Concentrations in Hemolymph
The hemolymph concentrations of _ in the four studied treatments (Iranian/Swiss

acorn weevils and Iranian/Swiss beech moths) collected in November and January are presented in

Table 2. Overall, significant differences in the concentrations of the four analyzed elements were

January. The concentrations of all examined ions were higher in samples collected in January

compared to November. Among the elements, Zn exhibited the most pronounced increase,

6
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particularly in the Zagros acorn weevil (approximately fivefold) and the Zagros beech moth

(approximately twofold) during January.

Distribution patterns of selected elements

The distribution patterns of C, N, O, Mg, Cu, and Zn in weevil larvae collected in November 2024

and January 2025 are shown in Figure 1. EDS/elemental maps were interpreted qualifatively as
relative spatial distributions and were not used for absolute elemental quantification. In the larvac

collected in November, the elements were distributed relatively uniformly, whereas in the
overwintering samples, C, O, and Mg exhibited aggregated patterns within the tissues. Consistent
with the ICP analysis results_ Cu and Zn were
higher in the overwintering weevil larvae (Table 3). The elemental distribution patterns in acorn
moth larvae collected in November and January are presented in Figure 1: ¢ and d. The changes in

the overwintering moth larvae were less pronounced than those observed in the weevil larvae.

Discussion
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In a study of the acorn weevil (C. glandium) in Canada by Udaka and Sinclair (2014), the authors
demonstrated that this pest employs a freeze-avoidance strategy. However, the SCP of the larvae
was relatively high compared with most freeze-avoiding species (approximately —6 to —7 °C).
Exposure of larvae to 0 °C for 2—4 weeks reduced the SCP to approximately —11 °C. Our findings
revealed that the seasonal pattern of SCP variation and the cold-tolerance strategy of C. glandium
populations from Canada and Switzerland are consistent. In contrast, the Zagros species exhibited
an increasing trend in SCP during the cold season, and low-temperature acclimation did not result
in a reduction of SCP. Notably, larvae were capable of surviving internal ice formation at
temperatures below their SCP, suggesting that this species likely employs a freeze-tolerance
strategy. Similarly, in the beech moth, a seasonal reduction in SCP was observed during colder
months; however, individuals were unable to survive temperatures below their SCP, indicating a
freeze-avoidance strategy (data in press).

Differential scanning calorimetry (DSC) analysis of residual heat release demonstrated that the
thermal hysteresis was less than 1 °C in the Swiss weevil and in both Iranian and Swiss beech moth

populations in November and January. In contrast, this difference in the Zagros weevil species was

approximately 2 °C in November and increased to nearly 4 °C in January. _

Two groups of ice-binding proteins create a difference between the melting point and the freezing
point: antifreeze proteins (AFPs) and recrystallization inhibition proteins (RIPs), which play
distinct roles in insects with different cold-tolerance strategies. AFPs are primarily found in freeze-
avoidant species, lowering the freezing point of body fluids to prevent ice formation, whereas RIPs
are more common in freeze-tolerant species, inhibiting the growth of existing ice crystals to reduce
cellular damage. However, both protein groups can occur in insects employing different cold-
tolerance strategies, potentially serving separate physiological functions, such as osmotic

regulation and cellular protection at low temperatures (Duman, 2015; Duman & Newton, 2020).
the Zagros region (Arsalani'er al., 2023 MeteoSwiss, 2025). In addition to higher elevation and

8
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lower temperatures, another important factor is the difference in humidity between the two regions.
Due to the lower humidity in the Zagros region and the occurrence of recent droughts, a more
pronounced nocturnal temperature drop is observed, especially during nighttime hours. In other
words, diurnal temperature fluctuations in this region are greater than those in the more humid
climate of Landquart. Therefore, in general, the level of environmental stress imposed on
overwintering insects in the Zagros region is considerably higher than that in Switzerland. Since
overwintering larvae of the beech moth reside within cocoons and often inside acorns, their
microhabitat conditions may partially mitigate these environmental stresses.

In contrast, for the Iranian acorn weevil (a species different from the Swiss counterpart), which
overwinters without a protective cocoon and at a depth of approximately 5 cm in the soil, the
adoption of a freeze-tolerance strategy appears to be ecologically justified, and it appears that the
production of RIPs is one of the strategies employed to survive this period.

Based on the results of ICP-OES, the concentration of Mg in the hemolymph of all examined
samples was markedly higher than that of the other measured ions. This pattern is consistent with
previous studies indicating that Mg is typically one of the dominant inorganic cations in insect
hemolymph, often reaching concentrations several-fold (up to ~10-fold) higher than other divalent
ions due to its central role in ATP-dependent enzymatic processes and metabolic regulation
(Nation, 2002; Chapman, 2013). Although'alterative explanations, such'as analytical artifacts or
sample contamination, cannot be completely excluded, all samples were processed under identical
experimental conditions using the same analytical protocol. Therefore, the consistent differences
observed between populations are more likely to reflect biological variation than methodological
bias.

Overall, all metal elements (Mg, Zn, Fe, and Cu) exhibited an increase during January in nearly all
samples, except Cu in the beech moth larvae. A general winter-associated elevation of hemolymph
ionic concentrations has been widely reported in insects and is commonly linked to cold
acclimation processes, including adjustments in osmoregulation, cryoprotection, and maintenance
of cellular homeostasis under low temperature stress (Overgaard & MacMillan, 2017; MacMillan
etal., 2015).

Notably, the magnitude of ion increase was consistently higher in specimens collected from Iran,
particularly in the Zagros populations of the acorn weevil, compared to those from Switzerland

(Landquart). This suggests a stronger physiological response to environmental stressors in the

9
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Iranian populations. Insects inhabiting more thermally variable or harsh environments are known
to exhibit enhanced plasticity in ion regulation as part of their adaptive response to abiotic stress

(Bowler & Terblanche, 2008).

Similar geographic differences in ionoregulatory and cold tolerance
strategies have been documented in other insect species, where populations from harsher climates
tend to exhibit greater physiological adjustments in hemolymph composition and ion balance

(Kostal et al., 2004; MacMillan & Sinclair, 2011).

Interestingly, Cu showed a divergent pattern in the acorn weevil, where its concentration increased
markedly in Zagros samples but remained relatively stable or slightly decreased in Beech moth.
This may reflect species-specific differences in copper-dependent enzymatic activity or variation
in antioxidant defense strategies, particularly involving Cu-dependent superoxide dismutase
1soforms (Li et al., 2011). These findings suggest that seasonal and geographic variation in
hemolymph ion composition is closely associated with environmental stress intensity, particularly
thermal stress, and reflects adaptive physiological mechanisms that enhance survival under winter

conditions.
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A pronounced decrease in nitrogen content was observed particularly in overwintering larvae of
the weevil species. This pattern may indicate reduced protein turnover and a metabolic shift away
from nitrogen-rich compounds, alongside a relative increase in lipid utilization and storage, which
is a well-documented feature of insect overwintering physiology (Hahn & Denlinger, 2011).
Additionally, magnesium levels were generally higher in active (non-overwintering) larvae than in
overwintering ones. Given the central role of Mg*" in ATP-dependent enzymatic reactions and
metabolic regulation, this reduction likely reflects the overall decline in metabolic activity during
diapause, when energy-demanding biochemical processes are strongly suppressed (Grewal, 2012;
Storey & Storey, 2012).

In contrast, trace elements such as zinc and copper showed higher atomic and weight percentages
in overwintering larvae compared with active individuals, so the elemental changes in the tissues
showed a similar pattern to the variations of these ions within the hemolymph, based on ICP-OES
analyses. This pattern is consistent with their known involvement in oxidative stress regulation and
antioxidant defense systems. Zinc and copper are essential components of key enzymes, such as
superoxide dismutase (SOD), which plays a central role in mitigating the accumulation of reactive
oxygen species (ROS) under environmental stress conditions, including cold exposure and
diapause (Storey & Storey, 2012; MacMillan et al., 2015). Similar increases in trace-metal
involvement during overwintering have been reported in other insect species, in which elemental
redistribution is considered part of a broader physiological strategy to enhance stress tolerance

(Vukasinovi¢ et al., 2024).

11
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Overall, these results align well with previous studies showing that insect overwintering is
accompanied by coordinated biochemical and elemental remodeling. This includes reduced levels
of metabolically active elements such as nitrogen and magnesium, alongside increased
representation of stress-related trace elements such as zinc and copper. Such changes reflect the
integrated physiological strategy of insects to survive prolonged cold periods through metabolic
depression and enhanced oxidative stress management (Denlinger, 2002; Kost’al, 2006; Hahn &
Denlinger, 2011). Beyond the physiological differences identified in this study, the ecological
significance of these two pests further emphasizes the importance of the present research. Acorn
weevils and the beech moth are among the principal acorn-feeding pests of oak forests, causing
substantial losses in acorn viability and thereby limiting natural regeneration. In the Zagros forests,
where Quercus species constitute the dominant forest trees and these ecosystems are increasingly
threatened by drought, climate change, and widespread oak decline, such levels of acorn infestation
may further compromise regeneration capacity. Likewise, in European oak forests, acorn-feeding
insects are recognized as important ecological factors influencing seed recruitment and forest
dynamics. Understanding the cold-hardiness strategies and overwintering physiology of these pests
is therefore not only important for elucidating their adaptation to contrasting climatic conditions
but also for predicting their persistence, distribution, and potential population outbreaks under
future climate change scenarios. Such knowledge provides a physiological basis for improving pest
forecasting and developing more effective management strategies aimed at conserving oak forest

regeneration in both regions.
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524  Table 1. Melting temperature (Tm), freezing temperature (Tf), and calculated thermal hysteresis (TH = Tm
525 - Tf) of hemolymph samples obtained from acorn weevil (Curculio spp.) and the beech moth (C.
526  fagiglandana) larvae collected in November 2024 and January 2025 from Zagros (Iran) and Landquart
Melting point (Tm) °C  Freezing point (Tf) °C Thermal hysteresis (Tm —
Pest Location Date (mean +SE) (mean £SE) Tf) °C (mean +SE)
Zagros Nov -5.9+0.4p" -7.6£0.2 1.7£0.1
| Curculio spp. Jan -2.03:&0.!' 6.1+0.5 4.1+0.7
Landquart Nov -10.1+£0.3 -10.4+0.4 0.3+0.1
Jan -4.94+0.4 -5.6+0.3 0.6+0.08
Zagros Nov -4.4+0.1 -5+0.1 0.6+0.06
| C. fagiglandana Jan -6.7+0.1 -740.1 0.2+0.08
Landquart Nov -15.3+0.1 -15.9+0.3 0.6+0.2
Jan -16.6+£0.3 -17.4+0.2 0.840.1
527 Switzerland.
528
529
530
531  Table 2. Concentrations of copper (Cu), iron (Fe), magnesium (Mg), and zinc (Zn) in the hemolymph of
532  acorn weevil (Curculio spp.) and the beech moth (C. fagiglandana) larvae collected in November 2024 and
533  January 2025 from Zagros (Iran) and Landquart (Switzerland).
Fe ppb Mg ppb
Pest Location Date Cu ppb (m*SE) (m=SE) (m*SE) Zn ppb (m+SE)
Zagros Nov 57.05+0.78 236.49+31.55 2671.274+298.3 169.14+9.75
| Curculio spp. Jan 1 12.27ﬂ:12.91 392.06+12.43
Landquart Nov
Jan
Zagros Nov
' C. fagiglandana Jan
T T R G ey T YT S I B P e
Jan
534
535
536
537  Table 3. Elemental composition (Weight Percent (w%) and Atomic Percent (at.%), mean + SE) of Iranian
538  acorn weevil (Curculio sp.) and beech moth (C. fagiglandana) larvae collected in November 2024 and
539  January 2025, determined by FE-SEM—EDS analysis. Data are presented for 6 major and trace elements
(Nov) . (Jan) (Nov)  [Clfagiglandana (Jan)
Elt. w% (m£SE) at.%(m=SE) w%(m=SE) at.%(m=SE) w%(m=SE) at.%(m=SE) w%(m=SE) at.%(m=SE)
C 35.51+0.09 42.04+128  5136+0.668  65.86+0.928 43.2+0.778 49.12+0.57)€ 55.12+0.57f 59.78+0.88B
N 12.83+0.918 13.1740.238  6.69+0.43[ 6.88+0.25[¢ 15.9+0.388 13.82+0.73 9.47+0.278 9.17+0.448
o 4437+1.28 39.17+0.128  24.09+0.148  23.34+0.35[8 35.940.958 32.28+0.78 28.26+0.468 27.44+1.511€
Mg 6.22+0.23f 3.74+0298  4.84+0.688 1.42+0.298 4.77+0.25[8 288+0.16/48 3.3240.56f8 2.55+0.23[B¢
Cu 1.18+0.12[88 0.27+0.038 5.48+0.128 1.28+0.11/4 0.74+0.368 0.17+0.018 1.75+0.188 0.21+0.018
Zn 0.48:0.04F 0.1320.018 5.53+0.268 0.32+0.05/8 0.46=0.03[ 0.15+0.02/8 1.54+0.2508 0.35+0.048 |
540 including C, N, O, Mg, Cu, and Zn.
541
542
543
544
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Fig. 1. A representative elemental map of an _ of a sample of Iranian acorn weevil larvae
(Curculio sp.) collected in November 2024 (a) and January 2025 (b) and Iranian beech moth larvae (C.
fagiglandana) collected in November 2024 (¢) and January 2025 (d), obtained by FE-SEM-EDS.

. C: carbon, N: nitrogen, O: oxygen, Mg: magnesium, Cu: copper, and Zn: zinc.

19



