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ARTICLE INFO ABSTRACT

Keywords: Due to climate change, many regions are experiencing progressively milder winters. Consequently, pest insects
Paysandisia archon from warm regions, particularly those with some tolerance to low temperatures, could expand their geographic
Palm pest range into these traditionally colder regions. The palm borer moth (Paysandisia archon) is a Neotropical insect
I;;?éz;ltgze“ that in recent decades has reached Europe and Asia as one of the worst pests of palm trees. Little is known about
Cold tolerance its ability to tolerate moderately cold winters and, therefore, to colonize new areas. In this work, we charac-
Water loss terized the cold tolerance of Paysandisia archon by measuring its thermal limits: median lethal-temperature, LTs,

chill-coma onset temperature, CTp, supercooling point, SCP, freezing time and freezing survival. We found that
this species was able to survive short periods of complete freezing, with survival rates of 87% after a 30-min
freezing exposure, and 33% for a 1 h-exposure. It is then a moderately freeze-tolerant species, in contrast to
all other lepidopterans native to warm areas, which are freeze-intolerant. Additionally, we investigated whether
this insect improved its cold tolerance after either short or long pre-exposure to sub-lethal low temperatures. To
that end, we studied potential changes in the main thermo-tolerance parameters and, using X-ray Computed
Tomography, also in the morphological components of pretreated animals. We found that short pre-exposures
did not imply significant changes in the SCP and CTpi, values. In contrast, larvae with long pretreatments
improved their survival to both freezing and low temperatures, and required longer times for complete freezing
than the other groups. These long-term pre-exposed larvae also presented several morphological changes,
including a reduction in water content that probably explained, at least in part, their longer freezing time and
higher freezing survival. Our results represent the first cold tolerance characterization of this pest insect, which
could be relevant to better design strategies to combat it.

1. Introduction

The average temperature of many regions, as well as the frequency of
unseasonal cold or warm periods, are progressively increasing due to
climate change (Bathiany et al., 2018; Johnson et al., 2018). As this
occurs, some insect species could expand their geographic range into
areas that were previously too cold for their survival (de la Vega et al.,
2015). This is particularly relevant in the case of pest insects, mainly
those with some tolerance to moderately low temperatures and transient
cold events.

Insect cold tolerance is usually characterized by different parame-
ters, primarily the chill-coma onset temperature, survival rates at low

* Corresponding author.

temperatures, and the supercooling point (see Sinclair et al., 2015 for a
review). The chill-coma onset temperature (CTy,,) is the temperature at
which an insect enters a reversible comatose state characterized by the
cessation of voluntary movement and muscle function, rendering the
insect temporarily immobile. It then provides the lowest temperature
limit at which an insect can remain active and responsive to its envi-
ronment (Andersen et al., 2017) and, therefore, it is crucial to determine
the ability of a species to expand its geographical distribution. In the
same way, the ability to survive cold exposure is quantified by the
temperature range of cold injury. This interval spans from the lethal
temperature LTigp, with 100% mortality, to the temperature above
which there are no longer individuals killed by cold. Within this interval,
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a parameter widely used to characterize the ability to survive the cold is
the median lethal temperature (LTsg), which corresponds to 50% mor-
tality. Finally, the supercooling point (SCP) is the temperature at which
the insect body fluids begin to freeze. According to the SCP and LTsg
values, and in the absence of external ice inoculation (see Rozsypal and
Kostal 2018 for insect cooled in contact with external ice), the cold
tolerance strategy of insects is often classified into two broad categories:
freeze-tolerant (LTso < SCP) and freeze-intolerant (LTso > SCP) species.
Within the latter, some authors (Sinclair et al., 2015) also distinguish
between freeze-avoidant and chill-susceptible species, depending on
whether or not they are able to survive in a (non-frozen) supercooled
state.

Insects have developed a diversity of behavioral, morphological and
biochemical responses for coping with the detrimental effects of low
temperature and thus survive in cold environments (Lencioni 2004;
Mutamiswa et al., 2023). Each species adopts a different combination of
these responses (Denlinger and Lee 2010) and requires specific study.
The time scale for deploying these responses may require days or weeks
of pre-exposure to moderately low temperatures, in a process often
termed cold acclimation (CA). However, some insect species can deploy
such responses within minutes or hours, in a process usually termed
rapid cold hardening (RCH). Insect cold tolerance has been extensively
studied for species native to cold areas (e.g., Kostal et al., 2016; Tox-
opeus and Sinclair 2018; Cubillos et al., 2018), but it is still poorly
known for species inhabiting warm geographical regions. In general,
tropical species have inefficient mechanisms for cold resistance and are
therefore vulnerable to both seasonal and short-term low-temperature
episodes. However, some of these species exhibit remarkable cold
tolerance (e.g., Mutamiswa et al., 2018a, 2018b), which provides them
with some resistance to events of sudden drops in environmental tem-
perature and thermal anomalies associated with climate change. An
example is the tropical insect Gromphadorhina coquereliana, which is
able to survive partial freezing (Chowanski et al., 2015, 2017; Lubawy
etal., 2019). In the same way, one of the worst palm pests in warm areas,
the red palm weevil Rhynchophorus ferrugineus, can maintain its devel-
opmental rate at 5 °C (Leon-Quinto et al., 2020, 2022) and survive
temperatures close to 0 °C (Martin and Cabello 2005, 2006).

Another tropical insect showing some cold-induced responses is the
palm borer moth, Paysandisia archon, a Lepidopteran species native to
South America. It was introduced into Europe and Asia in the 1990s
through the international trade of palm trees (Sarto i Monteys and
Aguilar, 2005; Munoz-Adalia and Colinas 2020), and it is currently
considered one of the most damaging palm pest insects in the invaded
non-native areas. Little is known about the tolerance of this species to
low temperatures and, therefore, about its real ability to deal with
moderately cold winters and colonize new areas considered nonviable so
far. Recent studies (Leon-Quinto et al., 2024) have observed a pheno-
typic response of Paysandisia archon after long-term exposure to low
temperatures. This response includes biochemical changes, such as the
accumulation of potentially cryoprotective substances in the hemo-
lymph, as well as several morphological changes, including a reduction
in hemolymph volume and, therefore, partial dehydration.

The primary objective of the present study was to characterize for the
first time the cold tolerance of Paysandisia archon by measuring its
thermal limits (CTmin, SCP, LTs, freezing time and freezing survival).
Another key objective of our study was to investigate whether this
species has the ability to improve its cold tolerance after either short or
long pre-exposure to sublethal low temperatures. Within this latter
objective, we were also interested in analyzing whether the morpho-
logical changes previously reported (Leon-Quinto et al., 2024) for this
species after a prolonged period of pre-exposure to cold had some
cryoprotective role and whether such morphological changes also
appeared after a short period of pre-exposure to low temperatures. To
measure the morphological response to cold stress we used X-ray
Computed Tomography, a modern technique that provides precise
measurements of the volume percentage of the different tissues and
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internal components of an insect, including the digestive tract and fluids
such as hemolymph. Knowledge of the low-temperature performance of
this species is relevant to better understand the factors that determine its
geographical distribution and, therefore, to design more effective
management strategies for the control of this pest insect.

2. Materials and methods
2.1. Insect sampling

Wild larvae were collected from September to March in two collec-
tion campaigns: 2022-2023 and 2023-2024. All larvae were removed
from infested palm trees (Phoenix dactylifera) located in the palm grove
of Elche, Spain, a UNESCO World Heritage Site. After collection, the
larvae were immediately taken to the laboratory, where we selected
those in healthy conditions and with active mobility. Larval masses
ranged from 1.5 g to 8.8 g, thus covering all developmental stages (up to
the ninth instar) except for the earliest three.

To analyze the thermotolerance of this species, as well as the possible
effect of different pre-exposures to moderately low temperatures, the
selected larvae were distributed into four pretreatment groups with
similar ranges of masses and collection dates.

a) CO: Control animals in basal conditions, without any treatment
before thermotolerance tests.

b) P2h: Larvae pre-exposed for 2 h at a temperature of 1.0 + 0.5 °C. The

purpose of this group was to analyze whether a short pre-exposure to

moderately low temperatures led to any significant change (rapid
cold hardening) in the subsequent tolerance of this species to severe
cold conditions.

P7d: Larvae pre-exposed for 7 days at a temperature of 1.0 + 0.5 °C.

We used this group to analyze whether a long pre-exposure to

moderately low temperatures led to any significant change (cold

acclimation) in posterior thermotolerance tests.

d) C7: Since the larvae of the P7d-group stopped feeding, we also
considered another control group formed by larvae that remained
without feeding for 7 days at a controlled temperature of 23 + 1 °C.
Thus, temperature was the main environmental difference between
the P7d and C7 groups.

—

C

2.2. Survival rates and median lethal temperature

All temperature measurements for the present study were taken
using a Type-K thermocouple connected to a data logger (TCO08, Pico
Technology, United Kingdom), which recorded temperature every 1s. In
a first series of experiments, conducted in 2022-2023, animals were
placed individually in a temperature-adjustable chamber (Alpicool,
USA), where they remained for 2 h at a constant (+0.5 °C) temperature.
We considered seven temperature values ranging from —12 °C to 0 °C
and used 10 larvae for each temperature setting. After treatment, the
larvae were returned to 23 °C and their survival was monitored for 14
days. The final (at day 14) survival rates s(T) at different temperatures
were fitted to a logistic regression model, s(T) = 100/[1 + e’(‘”[m], o
and f being the fitting parameters, so that LT59 = —a/p was the median
lethal temperature (50% survival).

2.3. Chill-coma onset temperature, supercooling point, freezing time and
freezing survival

Each larva was individually placed in a 50 ml Falcon tube, with the
thermocouple tip fixed inside, and then placed in the temperature-
adjustable chamber. The behavior of the larva throughout this process
was visualized by a video camera. After equilibration for 10 min at
20 °C, the temperature was decreased 0.5 °C every 5 min, implying an
effective cooling rate of 0.1 °C/min, similar to that used in most previous
studies (e.g., Kleynhans et al., 2014; Roeder and Daniels 2022). At the
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end of each temperature step, we tested whether the animal managed to
stand up again after rotating the tube. When it no longer reacted in a
coordinated way, we recorded the temperature as CTp;p.

Once the larva entered into chill-coma (then, with reduced mobility
facilitating its manipulation), it was introduced up to the end of another
15 ml Falcon tube. The tip of the thermocouple was placed at the final
narrowing of the tube, so that it remained in close contact with the larva.
To better immobilize the animal, we also inserted a piece of cotton that
lightly pressed on it. The tube was then placed in the temperature-
adjustable chamber with a cooling rate now fixed to 0.5 °C/min
(Zheng et al., 2017). The supercooling point (SCP) and the time required
for complete freezing were then quantified from the individual cooling
curve of each larva. To visualize this procedure, Fig. 1 shows a repre-
sentative freezing curve for Paysandisia archon, where the red solid line
represents the temperature at the insect body surface, T, while the blue
dashed line is the temperature of the surrounding air, T,. As in other
systems (see, e.g., Figure 1.1 of Pham 2014, and Fig. 2 of Kang et al.,
2020), we observed three differentiated stages in this curve.

1) Pre-freezing stage. The air temperature decreases at a cooling rate b
and, consequently, the insect body temperature also decreases
(although remaining T > T, for b # 0, see Huey et al., 1992). Even
when the melting point is reached, the insect remains unfrozen and
continues to cool (supercooling) until nucleation begins. At this
point, which we recorded as SCP, the phase change begins and the
insect body temperature suddenly rises due to the large amount of
latent heat released by freezing.

2) Freezing stage. This stage begins with the sudden increase in tem-
perature from SCP until nearly reaching the melting point value, Tp,
Once started, the freezing process is progressive. A layer of ice first
forms on the surface and then gradually thickens (schematized at the
top of Fig. 1). The interface between this frozen layer and the inner
unfrozen region is called the freezing front and its temperature is Ty
This freezing front gradually moves deeper into the insect, while the
outer frozen layer continues to cool (see, e.g., chapter 1 of Pham
2014). As a consequence, the temperature T on the insect surface
gradually decreases, Ts < T, although slowly due to the latent heat
conducted from the freezing front to the body surface. The freezing
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Fig. 1. Representative freezing curve for Paysandisia archon, showing three
stages: pre-freezing, freezing, and sub-freezing. The red solid line is the tem-
perature at the insect surface, T;, while the blue dashed line represents the
temperature of the surrounding air, T,. The blue circles outline the insect
freezing process from the outer frozen layer (dark blue) to the inner unfrozen
region (light blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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stage is then observed in Fig. 1 as an almost horizontal line, with a
small decreasing slope (a horizontal line would correspond to a ho-
mogeneous freezing throughout the interior of the insect). The end of
the phase change (complete freezing) was identified in the cooling
curve as the instant at which a slope change occurred (the intersec-
tion of red dotted lines in Fig. 1). The time elapsed from the detection
of SCP to the freezing completion then corresponded to the indi-
vidual freezing time, tg. Its value depends on multiple factors (Pham
2014; ASHRAE 2006) and is given by the balance between the latent
heat flux released at the freezing front, the heat flux transported by
conduction through the frozen layer and the heat flux transferred by
convection to the surrounding air.

3) Sub-Freezing stage. Once the freezing front reaches the center, the
phase change is completed. The insect is essentially solid and its body
temperature then decreases more sharply than during freezing,
following a process similar to that of the pre-freezing stage, where no
latent heat is released.

To analyze freezing survival, we left each larva in the temperature-
adjustable chamber for a time after SCP detection of either 3 min (par-
tial freezing), 30 min (complete or almost complete freezing), 1 h, or 2h
(complete freezing and subsequent subcooling). The larvae were then
returned to a room with controlled temperature (23 °C) and provided
with food. We later observed the animals for 14 days to check their
survival.

2.4. X-ray computer tomography

To study the cold-induced morphological changes experienced by
this species after different pretreatments, we scanned 50 larvae with X-
ray CT, a non-invasive imaging technique based on X-ray absorption.
Scanning was carried out with the Albira Si system (Bruker Corporation,
Karlsruhe, Germany) using its high-resolution setting (45 keV and 0.4
mA), which provides for each animal 1000 slices of 70 x 70 mm? and an
effective spatial resolution of 85 pm (Sanchez et al., 2013). This tech-
nique generates a 3D map of the entire animal, the interior of which is
divided into small volume units called voxels, as many as the system
resolution allows. The 3D map contains detailed information on the
tomographic density (p) of each voxel, so that the main morphological
components (hemolymph, fat body, high-density tissues, and inner air)
can be identified and quantified according to the procedure described by
Leon-Quinto et al. (2020, 2024).

Briefly, the total volume of low-density tissues (mainly hemolymph
and fat body) was quantified by counting the number of interior voxels
with —200 < p < 90 HU, where HU denotes Hounsfield units. These
components appear in Fig. 2a as blue-green areas. In the same way, the
total volume of high-density tissues (mainly the head capsule, part of the
integument, and the digestive tract) was determined from the number of
voxels with p > 90 HU. These components appear in Fig. 2a as yellow-
red areas. Within low-density tissues, hemolymph and fat body are
spatially mixed. However, their respective contributions to the total
volume were separated as shown in Fig. 2b: in the histogram of tomo-
graphic densities, hemolymph corresponded to a peak in the range —32
to 0 HU, so that its relative volume was quantified from the voxel
numbers that exceeded the fat body background distribution (fitted to a
cubic spline). On the other hand, the different high-density tissues are
spatially separated, so it was also possible to separately quantify the
volume of the digestive tract and that of the remaining high-density
tissues. To achieve this, we analyzed all transverse slices of each spec-
imen in an automated manner and plotted radial density profiles along
lines with different angles o (Fig. 2c and d show two representative
examples). After identifying in each density profile the radial distance
min at which a relative minimum was observed, voxels with p > 90 HU
and positions r < ryi, then corresponded to the digestive tract, while
those with p > 90 HU and r > rpy;, constituted the rest of the high-density
tissues. The remaining voxels corresponded to low-density tissues
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Fig. 2. Quantification from X-ray CT of the different components of each larva: a) Representative CT image of Paysandisia archon, where high-density (HD) tissues (A:
cephalic capsule, B: integument, C: digestive tube) are the regions with p > 90 HU (yellow-red), while low-density (LD) components (D: fat body and hemolymph, E:
tracheal air) are the regions with p < 90 HU (green-blue); b) hemolymph peak, the volume of which corresponds to the voxels that exceed the background dis-
tribution of the fat body; ¢)-d) two examples of radial profiles (blue curves) on the line indicated on the superimposed cross-sectional X-ray CT image. Within high-
density tissues (above the horizontal brown line at p = 90 HU), the digestive tract corresponds to voxels with r < rpyi,, while other external tissues correspond to
voxels with r > rpin (Tmin is the radial distance at which a relative minimum is observed). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

(=200 < p < 90 HU) or internal air (p < —200 HU). All high-density
voxels in the anal segment were added to the digestive tract, while
those in the cephalic capsule were included in the remaining high-
density tissues.

2.5. Statistical analysis

For each dependent variable (CTmin, SCP, t5, etc.), we used a
multifactor ANOVA-ANCOVA (MANOVA for the inner morphological
components) to analyze the possible effect of different factors: collection
date and larval mass (taken as quantitative factors), as well as the pre-
treatment group (taken as qualitative factor with nominal labels: “C0”,
“C7”, “P2h” and “P7d”). When this latter factor was relevant, we per-
formed post-hoc Tukey tests for pairwise comparisons between pre-
treatment groups. A similar procedure was used for the analysis of de-
pendencies on survival rates, but now with temperature (in cold-stress
survival) or exposure time (in freezing survival) as an additional fac-
tor. Now, the effect of the different cold pretreatments on the survival
rate after freezing or severe cold stress was analyzed using Kaplan-Meier
curves (Caesar 2003; Zheng et al., 2017) and different post-hoc tests:
log-rang, Wilcoxon and Tarone-Ware. All statistical analyses considered
a P < 0.05 significance level and were performed with the XLStat soft-
ware package (Addinsoft, New York, USA).

3. Results
3.1. Median lethal temperature

We found that survival rates significantly depended on temperature,

larval mass, and pretreatment group, while collection date did not show
a significant effect (see Table 1). For CO larvae (basal conditions), the
survival rate for different mass ranges (below and above the overall
average mass: 5 g) is represented in Fig. 3a as a function of temperature
(light-blue curves and squares). As shown in this figure and Table 1, the
LTs0 values ranged from —8.0 °C (m > 5 g larvae) to —-7.2°C(m <5¢g
larvae), with an overall average of —7.6 °C.

Regarding the possible dependence of LTsy on the pretreatment
group, we found that the survival rate at T = —8 °C (value close to the
average LTso of non-pretreated CO larvae) was higher (75%) in the P7d
group than in the other groups (40, 42, 50%), see Table 2. Such a dif-
ference was statistically significant (P < 0.05) according to Wilcoxon
and Tarone-Ware tests, but the log-rank test led to P values slightly
higher than 0.05. Such a discrepancy between tests indicated that
treatments mainly differed in the times of occurrence of deaths after
freezing. As shown in Fig. 3b, the majority of deaths occurred during the
freezing process itself in the CO, C7 and P2h groups, while in the P7d
group mortality decreased and occurred a few days after freezing.
Summarizing, our results indicated (although with some reservations)

Table 1
Survival rates and LTso: ANCOVA and Logistic Regression.

ANCOVA Logistic Regression and LTsq

Factor F p Mass o i} LTso (°C)
Temperature 35.382 < 0.001 <5g 6.714 0.938 -7.2
Date 2.710 0.103 >5¢g 5.994 0.753 -8.0
Mass 4.487 0.037 Any 5.972 0.784 -7.6
Group 3.089 0.031
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Fig. 3. a) Survival rate at day 14 for CO-larvae as a function of temperature (light-blue squares, n = 10 per temperature). Data were fitted to logistic regression
models for all CO larvae (solid curve), larvae with mass <5 g (dashed curve) and larvae with mass >5 g (dotted curve). For T = —8 °C, the figure also shows the
survival rate for C7 (light brown circle, n = 12), P2h (dark blue square, n = 12), and P7d (dark brown circle, n = 12) groups, b) Cumulative mortality for 14 days after
a 2 h-exposure to —8 °C for CO (light blue), C7 (light brown), P2h (dark blue), and P7d (dark brown) groups. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Table 2
Survival rates at T = —8 °C and Post-hoc pairwise comparisons (Kaplan Meier
analysis).
Grouping P values
Group  Survival L w T Pair Py Py Pr
Cco 40% (a) (a) (a) P7d vs 0.062 0.033 0.044
c7
P2h 50% (a) (a, (a, P7d vs 0.061 0.037 0.047
b) b) Cco
Cc7 42% (a) (@ (a) P7d vs 0.214 0.183 0.198
P2h
P7d 75% (a) (b) (b) P2h vs 0.526 0.457 0.485
Co
P2h vs 0.575 0.476 0.518
Cc7
COvs C7 0.960 1.000 0.982

Note: Different letters (a, b) denote groups with significant difference according
to L = log-rank, W=Wilcoxon and T = Tarone-Ware tests.

that the P7d pretreatment improved the cold tolerance of Paysandisia
archon, while the P2h pretreatment did not lead to any significant
change compared to the control larvae.

3.2. Chill-coma onset temperature

We found that the average values (+S.E.) of CTy,j, were: 6.7 + 0.9 °C
for CO (n = 49), 6.7 & 0.8 °C for C7 (n = 18), 6.3 & 0.8 °C for P2h (n =
18) and 6.3 + 0.9 °C for P7d (n = 20), see Fig. 4. No significant differ-
ences were found among groups (F = 1.428, P = 0.239), with an overall
average value of 6.5 + 0.9 °C for all the pre-treatment groups (n = 105).
We also found no significant dependence on collection date (F = 2.969,
P =0.088) or larval mass (F = 1.936, P = 0.167). Therefore, the ability
of this species to remain active at low temperatures did not improve
after a prior short or long exposure to low temperatures.

3.3. Supercooling point, freezing time, and freezing survival

The average value of SCP found for Paysandisia archon was close to
—6.5 °C (see Fig. 5), without a significant dependence on pretreatment
(F = 0.046, P = 0.987), larval mass (F = 0.363, P = 0.548) or collection
date (F = 0.227, P = 0.635). Therefore, this species did not exhibit a
greater supercooling capacity after either short or long pre-exposure to

9 L Total Cco c7 P2h P7d
g |
< 7}
T
E o
s} + +
6 |
5 L o
4

Fig. 4. CTn, average values (crosses) and box plots for CO (light blue), C7
(light brown), P2h (dark blue) and P7d (dark brown) pre-treatments, as well as
for all the groups together (black). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

cold. Note that such SCP values corresponded to the temperature at the
larval body surface, only slightly higher than the decreasing tempera-
ture of the surrounding air. Therefore, the average SCP value was close
to LTsp (—7.6 °C), suggesting that this species might have some tolerance
to freezing.

The freezing time (from SCP detection to complete freezing) for the
different pre-treatments is represented in Fig. 6 as a function of mass. We
found that the freezing time significantly increased with larval mass, as
well as with the duration of cold pretreatment (see Fig. 6 and Table 3).
Larvae with long pretreatments (P7d group) had significantly longer
freezing times than the two control groups. In larvae with short pre-
treatments (P2h group), a certain trend towards longer freezing times
was also observed, but such an increase was not yet statistically
significant.

SCP measurements were also used to analyze the freezing survival of
Paysandisia archon. All other lepidopterans from warm areas die before
or immediately after reaching their individual SCP. We found however
the unexpected result that many of the Paysandisia archon larvae sur-
vived after being partial or completely frozen. These survival rates
significantly depended on exposure time (F = 11.656, P < 0.001), larval
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Fig. 5. SCP average values (crosses) and box plots for CO (light blue, n = 49,
—6.6 = 1.6 °C), C7 (light brown, n = 18, —6.5 + 1.4 °C), P2h (dark blue, n =
18, —6.6 + 1.5 °C) and P7d (dark brown, n = 20, —6.4 + 1.1 °C) pre-
treatments. No significant differences were found among groups. The overall
(black, n = 105) average value (+S.E.) of CTp;, was —6.5 + 1.4 °C. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 6. Freezing time as a function of mass for CO (light blue squares, n = 26),
P2h (dark blue squares, n = 18), C7 (light brown circles, n = 18), and P7d (dark
brown circles, n = 20) pretreatments. The lineal trends of basal CO (blue dotted
line) and P7d (brown dotted line) larvae are also shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 3
Freezing time: ANCOVA and post-hoc pairwise comparisons.

ANCOVA Post-hoc Tukey tests

Factor F P Pair comparison F P

Date 3.732 0.057 P7d vs C7 6.621 < 0.001

Mass 419.370 < 0.001 P7d vs CO 9.634 < 0.001

Pre-treatment 38.488 < 0.001 P7d vs P2h 6.886 < 0.001
P2h vs CO 2.048 0.180
P2h vs C7 0.258 0.994
CO vs C7 2.329 0.101

mass (F = 8.204, P = 0.005), as well as on the pretreatment group (F =
3.318, P = 0.023), while collection date had no significant effect (F =
0.290, P = 0.592). For control CO larvae within different mass ranges (m
< 5gandm > 5 g), variations in their survival rates with temperature
were then fitted to logistic regression models. Fig. 7a shows the basal
(CO larvae) survival rate at day 14 as a function of the exposure time
after SCP detection. We found a high survival for exposures implying an

Journal of Thermal Biology 123 (2024) 103939

almost complete freezing: 87% survival after 30 min of SCP detection.
For longer exposures implying complete freezing and sub-freezing,
survival was still 33% after 1 h of SCP detection and dropped to 0%
for exposures longer than 2 h.

For an exposure time of 1 h after SCP detection, we also tested
whether larvae with different pretreatments presented any significant
difference in their freezing survival. We found (Fig. 7 and Table 4) that
the survival rate of P7d-animals was significantly higher than for both
C7- and CO-controls. No significant difference was found between the
freezing survival of CO and C7 groups. The P2h group had instead an
intermediate freezing survival of 50%, not significantly different from
that obtained for CO, C7, and P7d groups. We also observed (Fig. 7b)
that, in CO, C7, and P2h larvae, the majority of deaths occurred during
the freezing exposure itself (day 0). In contrast, the P7d group exhibited
a different mortality trend, with deaths primarily occurring some days
after the freezing exposure.

Note that, according to the previous Fig. 6, an exposure time of 1 h
after the detection of SCP implies complete freezing even for the most
massive larvae of the different pretreatment groups. This means that, in
their individual freezing curves (see Fig. 1), all larvae ended in the sub-
freezing stage with body temperatures (T.nq) that, in most cases, had
already decreased below SCP. On average, larvae from the P7d group
ended with body temperatures close to SCP (AT = Tepg — SCP = —0.2 +
0.4 °C), while the CO- and C7-control groups ended with significantly (P
< 0.05) lower temperatures, a few degrees below SCP: AT = —2.3 +
0.4 °C (for C0) and AT = —1.8 + 0.4 °C (for C7). These differences in
final body temperature most likely come from the longer freezing times
required by larvae after the P7d pretreatment. The P2h group had
instead intermediate values (AT = —1.4 + 0.4 °C), not statistically
different from those obtained in the other groups.

3.4. Cold-induced morphological changes

Fig. 8 shows X-ray CT images that are representative of the inner
morphology found for Paysandisia archon after different pretreatments.
Each panel compares (from transverse, coronal, and sagittal views)
larvae exposed to either short (CO and P2h) or long (C7 and P7d) pre-
treatments. This figure also shows that animals exposed to 1 °C for 7
days (P7d group) exhibited a qualitatively distinct internal morphology
compared to the other larval groups. Indeed, animals in the P7d group
had a comparatively thick integumentary system dominated by high-
density tissues, while the fat body layer appeared less extensive than
in the remaining groups.

Table 5 summarizes the quantitative results found for the morpho-
logical components in larvae from different pretreatment groups. We
found that, except for the inner air, the volume of all components
significantly varied among the different pretreatments (P < 0.05), while
other factors such as the collection date (P = 0.946) or the larval mass (P
= 0.596) did not have any significant effect. Compared to the other
groups, P7d-larvae exhibited a significant reduction in all low-density
components, particularly in hemolymph content, as well as a signifi-
cant increase in the percentage of high-density tissues and digestive
tract. In the P2h group, although the average components followed a
similar trend, none of them showed a statistically significant change
compared to the control values.

4. Discussion and conclusions

In this work, we analyzed for the first time the cold tolerance of
Paysandisia archon. To this end, we measured the different thermal pa-
rameters: chill-coma onset temperature, median lethal temperature,
supercooling point, freezing time and freezing survival. We also studied
the possible effect on these parameters of several factors, such as the
larval mass or the ability of cold hardening after a short or long pre-
exposure to sub-lethal low temperatures.

A remarkable result found in the present study is the ability of
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Fig. 7. a) Freezing survival at day 14 as a function of exposure time for CO larvae (light blue squares, n = 18). Data were fitted to logistic regression models for all CO
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rate for C7 (light brown circle, n = 18), P2h (dark blue square, n = 18), and P7d (dark brown circle, n = 20) groups, b) Cumulative mortality for 14 days after a 1 h-
freezing exposure for CO (light blue), C7 (light brown), P2h (dark blue), and P7d (dark brown) groups. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Table 4

Survival rates after 1 h-freezing exposure and Post-hoc pairwise comparisons

(Kaplan Meier analysis).

Grouping P values

Group  Survival L w T Pair P, Py Pr

Co 33% (a) (a) (a) P7d vs 0.030 0.011 0.017
Cc7

P2h 50% (a, (a, (a, P7d vs 0.018 0.010 0.013

b) b) b) Cco

c7 39% (a) (@ (@) P7d vs 0.163 0.090 0.120
P2h

P7d 70% (b) (b) (b) P2h vs 0.375 0.484  0.428
Cco
P2h vs 0.491 0.475  0.478
c7
CO vs 0.874 0932  0.982
c7

Note: Different letters (a,b) denote groups with significant difference according
to L = log-rank, W=Wilcoxon and T = Tarone-Ware tests.

Paysandisia archon to survive short periods of freezing. Generally,
tropical insects are freeze-intolerant (LT5y > SCP) and, therefore, they
die before ice forms within their body fluids. This has led some authors
(e.g., Renault 2002) to question the ecological value of SCP for tropical
species, as they rarely survive more than a few hours at temperatures
close to 0 °C, while many of them have SCP as low as —12 °C. According
to such authors, the supercooling ability of many of these insects could
instead result from other adaptations unrelated to cold, such as resis-
tance to desiccation. The SCP value (about —6.5 °C) found in the present
study for Paysandisia archon is similar or even higher than those previ-
ously reported for other tropical or subtropical lepidopterans (e.g., Kim
et al., 2017). However, we found that this species tolerated quite well
(very low mortality) partial freezing, and was even able to survive
(about 50% mortality) complete freezing (1 h after SCP detection).
Indeed, we found that the median lethal temperature for this species was
similar to its SCP. This is a rather surprising result, since all other lepi-
dopterans native to warm areas are clearly freeze-intolerant, with LTsq
values much higher (up to 12 °C higher, Terblanche et al., 2017) than
SCP. In tropical insects, the ability to survive partial freezing was pre-
viously reported for the cockroach Gromphadorhina coquereliana
(Lubawy et al., 2019). Nevertheless, our results represent the first study
reporting a moderately freeze-tolerant tropical lepidopteran. We then

(d)

Fig. 8. Three-dimensional representation of the inner structure of Paysandisia
Archon obtained from the X-ray CT system. Each panel compares larvae with
short (CO and P2h) and long (C7 and P7d) pre-treatments from a) transverse, b)
coronal, c) sagittal, and d) exterior views.

conclude that the SCP and LTsg values for Paysandisia archon do not
constitute a very severe barrier to the expansion of this species towards
temperate zones.

The key thermal factor limiting the expansion of this species appears
to be the value found for CTp,;, (6.5 °C), implying that Paysandisia archon
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Table 5
Inner components: average values (+S.E.) for the different pre-treatment groups.

Group  Inner air Hemolymph  Fat body HD tissues Digestive tract
co 3+1%@ 14 + 2%® 39 +5%@ 24 +7%® 20+ 3%®
P2h 4+1%@ 12+ 1%® 33+4%@ 307%™ 20+ 3%®
c7 3+1%@ 13+ 3%® 33+5%9 31 +6%™ 20+ 3%®
p7d 3+2%@ 6+ 3% 24 +7%© 43+ 9%D 24 + 3%®

Note: Identical superscripts denote averages without significant differences
(Tukey tests with P > 0.05).

cannot remain fully active in regions with moderately cold winters. In
other tropical or subtropical lepidopterans, CTp;j, is usually above 8 °C
(Klok and Chown, 1998; Uyi et al., 2017; Stotter and Terblanche 2009;
Au and Bonebrake, 2019) and constitutes an important barrier to their
expansion, since prolonged inactivity can compromise reaching a suf-
ficient number of generations per year to maintain a stable population.
The same is observed for other orders of insects native to warm regions
(e.g., Coulin et al., 2019). These drawbacks are partially mitigated in
Paysandisia archon, which overwinters thermally protected inside the
palm tree, where it continues its development through different larval
stages (Sarto i Monteys and Aguilar, 2005; Munoz-Adalia and Colinas
2020).

Another relevant aspect addressed in the present study was the
response of this species to a short or long pre-exposure to moderately
low temperatures. In particular, we analyzed potential cold-induced
morphological changes and their possible correlation with an
improvement in the subsequent tolerance to more severe cold condi-
tions. As in a previous work (Leon-Quinto et al., 2024), we found that
prolonged exposure to moderately low temperatures (1 °C for 7 days)
produces a hardening and thickening of the integument of this species,
as well as a significant decrease in hemolymph content. Such changes
occurred gradually, and they were not still significant after a short
exposure (for 2 h) to the same temperature. Our study did not allow us to
determine the processes that led to this cold-induced reduction in water
content. Nevertheless, the observed increase in the volume of the
digestive tract suggests that part of the water loss could result from a
progressive transfer of water from the hemolymph to the digestive tract,
from where a certain amount might have been expelled to the outside.
This transfer probably had its origin in a temporary and reversible
imbalance of osmoregulation caused by cold stress, similar to that found
by MacMillan et al. (2012) for insects in chill-coma. In any case, what-
ever its origin, a decrease in water volume increases the chances that a
larva can survive a short freezing event. Indeed, a reduction in water
content has been previously reported for some overwintering Coleoptera
(Lundheim and Zachariassen, 1993) and Lepidoptera (Kojic et al., 2010;
Shao et al., 2018) as a cryoprotective strategy to reduce damage from
freezing of biofluids and to increase the concentration of cryoprotective
substances.

Our results also suggest an additional cryoprotective function of
partial dehydration. Indeed, a reduction in water content implies a
decrease in the thermal conductivity (k) of the larvae, since water is a
much more efficient thermal conductor (kyater = 2.2 W m ™ K1, kice =
0.54 Wm ™! K1) than other relevant components (kfar = Kprotein = 0.18
Wm 'K (e.g., Becker and Fricke 2003). Therefore, animals with
reduced water content slow down the release of latent heat from their
inner freezing front to the outside, which may partially account for their
significantly longer freezing times, thus improving their ability to sur-
vive short periods of freezing. In addition, the biochemical response to
cold, part of which was recently studied (Leon-Quinto et al., 2024), may
also have played a relevant role in the thermal properties of this species.

The observed increase in freezing survival for this species after
prolonged cold pre-exposure was accompanied by only a very modest (if
any) improvement in other parameters that characterize its cold toler-
ance. Actually, the SCP and CTmin values found for the control animals
did not exhibit significant changes when the larvae were subjected to
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either a short or long pre-exposure to moderately low temperatures.
Therefore, we found no correlation between SCP and the water content
of pre-treated larvae. Such independence of SCP and water content was
previously observed in some other species (e.g. Zheng et al., 2018; Vrba
et al., 2022), while many others evidenced a clear correlation (e.g. Block
2002). The relationship between SCP and water content is very complex
and each case requires specific study. It depends on multiple factors,
some with opposing effects on SCP, including the level of antifreeze
compounds or the presence and activity of different ice-nucleating
agents (proteins, bacteria ...).

Concerning the median lethal temperature, LT5(, animals exposed to
short cold pretreatment did not exhibit any significant change compared
to controls. Their survival rate at —8 °C was nearly the same (about
40-50%) as for control animals. Therefore, we concluded that this
species did not show a capacity for rapid cold hardening. On the
opposite, the survival rate at —8 °C increased to 75% for larvae having
long prior contact with a sublethal low-temperature environment. Such
an improvement was significant according to different statistical tests
(Wilcoxon and Tarone-Ware tests), but still compatible with the exper-
imental uncertainty for the log-rank test. Our results then suggest that
Paysandisia archon has a certain capacity to improve its tolerance to
severe cold events when they have been preceded by a sufficiently long
period of moderately low temperatures. This improvement could be
associated, at least in part, with increased resistance to brief episodes of
freezing.

Summarizing, the results found in the present study indicate that
Paysandisia archon has a cold tolerance much greater than expected for a
tropical insect. It can survive occasional events of severe cold, even short
periods of complete freezing, especially if such events have been pre-
ceded by a few transition days with moderately cold temperatures. As a
matter of fact, in the last decade, this species has begun to be detected in
temperate regions of northern Europe. Currently, these are only isolated
detections, but the sporadic presence of Paysandisia archon in these re-
gions has been interpreted as evidence of its tendency to expand its
range toward northern areas (Couturier 2017).
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