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ABSTRACT

The red palm weevil (RPW), Rhynchophorus ferrugineus, is one of the worst palm pests worldwide. Our study aims
to assess its internal and external morphological response to a sudden but transient decrease in the environ-
mental temperature. Wild pre-pupae were subjected for 7 days to either low (5.0 + 0.5 °C) or ambient tem-
perature (23 + 1 °C). Such conditions mimic a thermal anomaly happening in the larval stage most exposed to
environmental factors. We quantified the changes undergone at: 1) the internal morphology, by X-Ray Computer
Tomography (CT); 2) the 3-D integument’ architecture, by Digital Holographic Microscopy (DHM); and 3) the
glucose in hemolymph as a potential endogenous cryoprotectant. From X-ray CT we found that both pre-pupae
subjected to cold and those remaining at ambient temperature follow a development where their fat body content
decreases while a thick and dense cuticle is formed. There was no difference between both groups in the rate of
change of fat body/dense tissues. Nevertheless, the cold group presents a slight developmental delay at the level
of hemolymph content. Through DHM we again obtained that pre-pupae subjected to cold have not experienced
a stop in their development. However, a more obvious developmental delay is now observed in this group at the
level of the integumental roughness. Finally, regarding glucose, we found similar levels in control and ambient
temperature larvae, while it was clearly increased in 51,7% of those subjected to cold. Our whole results provide
morphological and biochemical evidence showing that the larval-pupal transition of the RPW continues almost
undisturbed even during the quiescent state induced by a sudden and severe cold event. Nevertheless, a certain
developmental delay is observed in both internal and external morphology. Additionally, the increased glucose
level only found in the cold group suggests that glucose is part of the RPW cold tolerance strategy.

1. Introduction

factors (Kostal et al., 2016; Denlinger and Lee, 2010).
Most studies on insect cold hardiness involve native species from

Insects have developed a complex of strategies to survive low envi-
ronmental temperatures. These strategies comprise (a) morphological,
(b) behavioral, (c) ecological, (d) physiological and biochemical
(freezing tolerance and freezing avoidance) adaptations (Lencioni,
2004). Most species develop a combination of these survival strategies,
with high variation from one species to another. Indeed, some authors
(e.g., Toxopeus and Sinclair, 2018) have emphasized that there is no
specific strategy or class of molecule acting as a necessary ingredient for
all cold-resistant insects. Each species requires its own study and, even
for a given species, cold resistance may sometimes depend on several

cold areas (e.g., Saeidi and Moharramipour, 2017; Shao et al., 2018;
Cubillos et al., 2018). The different responses to low temperatures of
insects inhabiting warm geographical areas remain instead poorly
known. In this paper we will focus on the red palm weevil (RPW),
Rhynchophorus ferrugineus Olivier (Coleoptera: Dryophthoridae), which
is considered to be one of the most destructive palm pests in warm areas
worldwide. It is native to Southeast Asia and Oceania. However, because
of the movement of live infested palms in recent decades, RPW has
widely expanded to other regions of Asia, the Middle East, the Medi-
terranean Basin, Caribbean and California (Rugman-Jones et al., 2013),

* Corresponding author. Area de Zoologia, Universidad Miguel Hernandez, E3202-Elche, Alicante, Spain.

E-mail address: trini.leon@umbh.es (T. Le6n-Quinto).

https://doi.org/10.1016/j.jtherbio.2020.102748

Received 4 July 2020; Received in revised form 3 September 2020; Accepted 5 October 2020

Available online 7 October 2020
0306-4565/© 2020 Elsevier Ltd. All rights reserved.


mailto:trini.leon@umh.es
www.sciencedirect.com/science/journal/03064565
https://http://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2020.102748
https://doi.org/10.1016/j.jtherbio.2020.102748
https://doi.org/10.1016/j.jtherbio.2020.102748
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2020.102748&domain=pdf

T. Leén-Quinto et al.

giving rise to huge environmental and economic losses.

Understanding how low temperature affects fitness of RPW is
important for pest management, but also to deepen the knowledge of
cold adaptation in insects from warm areas, especially in a context of
unpredictable temperature variations linked to global climate change.
Indeed, unseasonal cold or warm periods and events of extreme thermal
anomalies are more and more frequent (Stouffer and Wetherald, 2007;
Hansen et al., 2012, Bathiany et al., 2018), becoming a serious challenge
for terrestrial ecosystems (Gu et al., 2008, Valenzuela et al., 2019).

Previous studies have analyzed the influence on RPW’s life cycle of
low temperatures (e.g., Martin and Cabello, 2005, 2006; Cabello, 2006).
These studies found that prepupal and pupal stages are the most resis-
tant to cold, with a lethal (0% survival) low temperature of 0 °C. Above
this threshold, the survival rate depends on both temperature and
exposure time. Lethal and optimal temperatures are then well estab-
lished for the RPW. However, the cold survival strategy adopted by this
species, native to warm geographic areas, remains poorly known at the
morphological, physiological and biochemical levels.

In this paper, we will analyze the internal and external morpholog-
ical response of the RPW to a sudden but transient decrease in the
environmental temperature. Morphological changes are in fact among
the main responses to environmental drivers (Gutiérrez et al., 2018). In
many insects, this response mainly consists of a dormant state in which
development temporarily stops or slows down (Nation, 2008; Gullan
and Cranston, 2010). A form of this dormant state is quiescence that, in
contrast to programmed or seasonal diapause, arises as an immediate
response to unfavorable environmental conditions and ends when
optimal conditions return. With some exceptions (Durak et al., 2020),
most insects arrest their development during dormancy (e.g. Kostal
et al., 2016; 2017). Here, we will compare the larval-pupal transition of
prepupae subjected to a sudden cold stress with that observed in those
remaining in favorable temperature conditions. Our aim will be to
analyze whether the morphological response to cold stress consists of a
cessation or delay in the development or RPW pre-pupae. We chose to
focus on pre-pupae because, in wild conditions, this is the larval stage
most exposed to the thermal characteristics of the environment. Indeed,
the weevil spends most of its time inside the palm tree. However, mature
grubs go to the periphery of the stem and prepare a cocoon made of palm
fibers before entering the pupal stage (Dembilio and Jacas, 2011).

Until recently, the study of internal morphology required the use of
destructive techniques such as dissection and microscopy. However,
modern imaging techniques such as X-ray computed tomography (X-ray
CT) allow the study of the internal whole animal in a non-destructive
way, which in turn allows the analysis of internal traits before and
after exposure to a specific stressor. In addition, images obtained from
this technique possess a homogenous illumination with isotropic reso-
lution at each slice, which allows consistent and precise volumetric es-
timates (Smith et al., 2016). In this work, we will use X-ray CT to
quantify for the first time internal morphology changes happening in
different tissues as fat body or hemolymph among others.

Concerning external morphology, such as the outermost layer of the
integumentary system, conventional optical microscopy techniques such
as phase contrast and differential interference contrast are well suited to
observe qualitative structural and morphological changes. However,
these techniques are often inadequate for the quantitative study of the
three-dimensional (3-D) architecture. Digital holographic microscopy
(DHM) is an imaging technology that is experiencing a tremendous
growth and has potential applications in a wide range of areas including
cellular microscopy, medical imaging, biometry, and environmental
research (Kim, 2011). DHM is a technique that allows recording a ho-
logram containing all the information necessary to reconstruct the 3-D
architecture and quantify parameters such as surface roughness.

In order to have some insight on the biochemical aspects underlying
the observed morphological response and the cold resistance strategy
adopted by this species, we have also analyzed glucose as a possible
endogenous cryoprotectant. Most overwintering insects accumulate
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high concentration of low molecular weight substances, such as sugars
(e.g., glucose and trehalose), polyols (e.g., glycerol) and amino acids (e.
g., proline), to promote cold hardiness and increase winter survival
(Storey and Storey, 1988; Saeidi and Moharramipour, 2017; Toxopeus
et al., 2019). Sugars act as stabilizers of the cell membranes protecting
them from phase transition or freezing dehydration (Storey, 1997).
Among other substances playing a cryoprotectant role in insects, an
increase in glucose level has been reported in species living in cold zones
(Saeidi and Moharramipour, 2017; Shao et al., 2018; Cubillos et al.,
2018) and particularly in tropical species and non-seasonal cold events
(Michaud and Denlinger, 2007; Overgaard et al., 2007, Wang et al.,
2010; Teets and Delinger, 2013, Chowanski et al. 2015).

On the whole, in this paper we will carry out for the first time a
quantitative analysis of how a sudden decrease in temperature affects: a)
the development of the RPW main morphological components; b) the 3-
D integument shape’ architecture and c) the glucose level as a potential
endogenous cryoprotective agent.

Knowing such responses could be relevant not only to deepen the
knowledge of cold adaptation in insects inhabiting warm geographical
areas, but also to drive the development of more effective management
approaches.

2. Materials and methods
2.1. Insect sampling

Wild RPW larvae were collected in spring and autumn 2019 from
infested palms, Phoenix canariensis and Phoenix dactylifera, located in the
palm grove of Elche, Spain, a UNESCO World Heritage Site. Larval
removal was carried out by qualified staff from TRAGSA, the public
company that carries out the conservation of this palm grove. After
collection, larvae were immediately taken to the laboratory, where we
selected those in a wandering or prepupal stage. We then divided the
selected animals into three groups:

a) Control group: formed by individuals immediately after their
removal from their natural environment. All these individuals have fed
on palm trees in wild conditions and underwent the different experi-
ments the same day of their arrival at the laboratory.

b) Cold treatment group: formed by individuals placed for seven days
in a climate chamber at low-temperature conditions (5.0 + 0.5 °C).
These individuals entered into a state of quiescence, where they
remained until they returned to warm temperatures.

c) No treatment (ambient temperature, AT) group: formed by in-
dividuals that remained for seven days in a room under controlled
ambient temperature (23 + 1 °C). This temperature corresponds to the
average found in autumn and spring for the periphery of the palm tree
stems in the southeast of Spain (Dembilio and Jacas, 2011). Individuals
in this group generally had a behavior of feeding cessation, very likely
due to their wandering-prepupal stage. In order to homogenize the
conditions of this group, all its individuals were subjected to starvation.
Since cold-treated individuals also starved due to their quiescent state,
the environmental temperature was the main external factor that dis-
tinguishes the seven-day development of groups b and c.

2.2. X-ray computer tomography

X-ray computer tomography (X-ray CT) scan of 42 animals (14 per
group) was performed by using the Albira Si system (Bruker Corpora-
tion, Karksruhe, Germany), a trimodal PET/SPECT/CT scanner for small
animal imaging. To immobilize the animals during the scan, they were
anesthetized by isoflurane inhalation (Cooper, 2011). The Albira CT
consists of an X-ray source and detector that are rotating around the
subject in the step-and-shoot mode (source voltage 45 kV and source
current 0.2 mA). We used its high-resolution setting, where 1000 pro-
jections are recorded, each with 2400 x 2400 pixels covering a 70 x 70
mm? field of view. The effective spatial resolution for this configuration
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is 85 pm (Sanchez et al., 2013).

The resulting images were visualized with a medical data software
(AMIDE, UCLA University. LA, USA). We have also used this software to
select an ellipsoidal volume completely containing each individual and
export the corresponding numerical data. These data consisted of the
tomographic density expressed in Hounsfield units (UH) for each voxel.
The voxel is the volume element of the 3D image and corresponds to a
pixel in the 2D slice. The numerical data were subsequently analyzed
through a commercial software, XLStat, which we also used for statis-
tical studies (see subsection 2.5 below).

2.3. Digital holographic microscopy

Digital Holographic Microscopy (DHM) is an emerging technology
that combines conventional microscopy with digital holographic pro-
cesses (Rappaz et al., 2005). DHM uses a CCD camera to capture the
interference of the wave coming from the object with a reference wave.
From the resulting interference pattern, the software supplied with the
system provides information from both phase and intensity of the object
wave. This software also applies a phase unwrapping algorithm to
reconstruct a three-dimensional image with information about the to-
pology of the object surface (Kim, 2011). In this paper, we have used a
DHM-R2100 (Lyncée Tec, Lausanne, Switzerland) holographic micro-
scope (Cuche et al., 2009) with Koala software. The measurements were
made with a lens 20x and wavelength of A = 684.9 nm. This setup
provides a horizontal resolution of 0.45 pm and a field area of 51.3 x
51.3 pm2. Height precision is 5 nm in the center of the image but de-
grades to 20 nm at the edges.

For DHM measurements, we used a scalpel to extract integument
samples from anesthetized prepupae of the different groups and we
immediately took their holographic images: 100 for each group. These
images generally contained areas with different appearance and
roughness. We then divided each image into 16 subzones (squares of
12.8 pm side). As an example, Fig. 1 shows the 3D profile of one of these
subzones, where roughness appears as small-scale fluctuations around
the average surface. For each subzone, we computed the integumental
roughness as the maximum distance of its surface points to the local
best-fit plane. The average roughness of a DHM image then corresponds
to the average value of its 16 subzones.

2.4. Measurement of glucose in hemolymph

In order to quantify glucose as a potential cryoprotectant, we
extracted hemolymph from all groups of larvae. Before collection, con-
trol and AT larvae were anesthetized for 1 min at —20 °C to immobilize
them. Pre-pupae subjected to cold were in quiescence and hence it was
not necessary to immobilize them.

Image CO57 (Subzone 11)

z (nm)
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Larvae integument was pierced by a needle and hemolymph of each
individual was collected into 1.5 ml eppendorf tubes, centrifuged and
stored at —80 °C until use.

The amount of glucose was determined spectrophotometrically using
a Glucose Assay Kit (MAK263; Merck/Sigma-Aldrich), following the
manufacturers’ instructions (glucose detection ability 1-10,000 pM).
Hemolymph samples were taken from 25, 29 and 23 control, cold and
AT pre-pupae, respectively. Absorbance was measured at 570 nm for
quantification (two replicates per individual).

2.5. Statistical analysis

Statistical analyses were performed with the XLStat software pack-
age (Addinsoft, New York, USA). For each type of data (volume per-
centage, roughness and glucose concentration), we tested the null
hypothesis that the means of each pair of groups (control-cold, control-
ambient temperature and cold-ambient temperature) correspond to the
same distribution at a significance level of P < 0.05. To that end, we
applied both the parametric one-way ANOVA and the non-parametric
Mann-Whitney test. The latter does not require a normal distribution,
checked in this paper through a battery of tests (Shapiro-Wilk,
Anderson-Darling and Jarque-Bera tests), while the former requires
normality, but it is quite robust against violation of this assumption.
Although the null hypothesis of a normal or lognormal distribution was
rejected for distributions of roughness, in all cases the one-way ANOVA
and Mann-Whitney tests led to the same conclusions.

3. Results
3.1. Inner physiological features: X-Ray CT

Fig. 2 shows representative slices obtained with the Albira X-ray CT
for each of the three groups of larvae. In this figure, the control and cold
groups are represented by the same individual, scanned before and after
cold treatment. The AT image corresponds instead to a different spec-
imen. The color scale is the same in the three images and represents the
tomographic density. We observe regions of moderately high tomo-
graphic density (yellow-red areas), which correspond to the cephalic
capsule, cuticle and digestive tract. We also detect some internal or-
ganelles with moderately high tomographic density, but they represent a
very small volume with respect to the total. The rest of the internal
components is formed by the air contained in the tracheal structure
(black areas) and low-density regions (green-blue areas), mainly fat
body and hemolymph.

The comparison of the X-ray CT images shown in Fig. 2 is not direct,
because they correspond to single slices extracted from three-
dimensional (3D) images. The internal structures are 3D, so their

Yo LM

Fig. 1. Example of the roughness measurement. The left panel shows the image (intensity) of a sample and one of its subzones. For this selected subzone, the panels
on the right show the 3D representation (top panel) obtained from the phase data, as well as its edge view (bottom panel). The integument roughness is the amplitude

of fluctuations around the mean surface (best-fit plane).
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(@) (b)
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Fig. 2. X-ray CT slices of the three groups of larvae: (a) control, (b) cold and (c) ambient temperature. The scale of colors, from black to red, represents the
tomographic density in Hounsfield units (UH). For comparison, (a) and (d) label the most quantitatively relevant morphological components: A. cephalic capsule, B.
cuticle, C. digestive tract, D. fat body and E. tracheal structure (almost translucent and mixed with the fat).

apparent shape depends on the depth to which the 2D slice was
extracted. Nevertheless, the inspection of Fig. 2 and other alternative
slices already shows that individuals subjected to both cold and ambient
temperature seem to have developed an external cuticle thicker and
denser than in the initial control state. Therefore, the proportion be-
tween low and moderately high dense tissues seems to be different in the
three groups of larvae. In order to quantify the percentage of the
different tissues, as well as the possible differences between groups of
animals, we analyzed the distribution of tomographic densities in each
individual introduced into the X-ray CT system. The histograms in Fig. 3
show the number of voxels (proportional to volume) as a function of
tomographic density in three representative cases, one for each group. In
the 42 individuals analyzed, without exception, the histograms con-
sisted of different zones always separated by the same tomographic
density values.

Low-density zones (from —200 to 60 UH). At a tomographic density of
[min = —200 UH, all distributions present a sudden jump in the fre-
quency of voxels. This step corresponds to the separation between the
external background (air with a certain relative humidity) and the less
dense tissues of the animal. In addition, we also observe another step at
Uborder = 60 UH, which evidences the separation between two different
types of tissues.

Within this low-density region (from p = —200 to 60 UH), we also
observe a subregion (from p = —32 to 0 UH) with a peak that rises above
the general distribution. The analysis of the X-ray CT images (see
Fig. 4a) shows that such a peak corresponds to hemolymph, while the
background distribution essentially corresponds to fat.

Border (from 60 to 120 UH) and moderately high-density (>120 UH)
zones. For tomographic densities above 60 UH, we find two clearly
distinct subzones. First, a region of very small volume (low number of
voxels) with densities between 60 and 120 UH. In the X-ray CT images
(Fig. 4b), this region appears as the boundary that separates areas of low
and moderate density. The other subzone begins with a sharp increase in
the number of voxels at p = 120 UH, and then decays to practically zero
for p > 224 UH. This subzone corresponds to the densest tissues of the
animal (cuticle and cephalic capsule), but also to the content of the
digestive tract, quite opaque to X-rays.

Once identified the minimum (ppyin) and maximum (ppax) tomo-
graphic density of each internal component of animals, the volume of
the different components can be computed by integrating the distribu-
tion of p between the corresponding values of ppin and pmax. In the same
way, the integral between the extreme values of p (—200 and 224 UH)

gives the total volume of the animal excluding air in internal cavities.
This in turn provides the percentage in volume represented by each
component.

Data are average values + S.E.M. Within columns, values with
different superscripts (a, b) are significantly different at P < 0.05. Dense
Tissue (D.T.) includes cuticle, cephalic capsule and digestive tract.

Table 1 summarizes our results for the volume percentage of the
different components, or density zones, in the three groups of larvae. To
separate the contribution of hemolymph and fat body, which overlap in
the range —32 < p < 0 UH, we have fitted the background fat body
distribution to a cubic polynomial, which subtracted from the total gives
a good approximation of the relative volume of hemolymph. These re-
sults are also shown in Fig. 5, which displays the average composition in
hemolymph, fat body and moderately dense zones (tissues and border)
for the three groups of samples.

3.2. Outer physiological features: digital holographic microscopy

Fig. 6 displays the results obtained from digital holographic micro-
scopy for the frequency distribution of the cuticle roughness in the three
groups of samples. All groups have the same number of data (1600
subzones in 100 DHM images). We see that the roughness distributions
have quite different shapes and a wide dispersion of data, with mean
values of 0.15 £ 0.09 pm (control), 0.12 + 0.09 pm (cold) and 0.10 +
0.09 um (AT). Statistical tests rejected the hypothesis of normal (and
lognormal) distributions. In addition, these tests conclude that all dis-
tributions are significantly different at P < 0.05. Indeed, they differ in
the height of the maximum and in the subsequent rate of decrease. The
control group has a smooth secondary maximum at roughness of about
0.18 pm. The cumulative frequency (fourth panel of Fig. 6) indicates that
50% of the control samples (solid lines) have roughness above 0.15 pm.
At the opposite extreme, the ambient temperature group (dotted line)
has a very pronounced maximum at low roughness and then the distri-
bution falls very abruptly. The cumulative frequency indicates that 80%
of the samples from this group have roughness less than 0.15 pm. The
cold group (dashed line) is intermediate between the two previous ones,
with 65% of samples with roughness less than 0.15 pm. The averaging
over 1600 subzones or 100 images leads to the same conclusions.

3.3. Cryoprotective response

Figs. 7 and 8 show the results concerning glucose level in
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Fig. 3. Typical distribution of the tomographic density in each of the three groups of larvae: controls, subjected to cold and ambient temperature (AT).

hemolymph. We see from these figures that larvae that remained for 7
day at ambient temperature (AT) have slightly lower glucose concen-
tration than those presented by the control ones, although the difference
is not statistically significant (0.8 £+ 0.2 vs. 1.0 £+ 0.4 mmol/L, respec-
tively). For both control and AT groups, glucose values are always less
than 2.3 mmol/L (left panel in Fig. 7) and their cumulative frequency
profiles practically overlap (Fig. 8). However, a large part of the larvae
exposed to cold stress for 7 days presented glucose concentration
considerably higher than in the other two groups, with an average value
of 5.8 mmol/L and a maximum peak of 17.5 mmol/L (Fig. 7). In the
same way, the cumulative frequency profile is clearly different from
those found for groups not subjected to cold (Fig. 8).

Nevertheless, cold treated individuals have an unequal response.
When looking at the left panel of Fig. 7, glucose concentration in
response to cold seems to divide larvae into two subpopulations. Almost
half (48.3%) of the larval population subjected to cold did not show an
increase in their glucose level, which was similar (0.6-2.5 mmol/L) to
those observed both in the control and AT groups. In contrast, the
remaining subpopulation (51.7%) responded to cold by increasing
glucose concentration, although in a heterogeneous way, with values
ranging from 4.0 to 17.5 mmol/L.

4. Discussion

In this work, we used an imaging technique, X-Ray Computer To-
mography, which in recent years has allowed new insights into tissue
morphology and internal anatomy of different animal species (e.g.,
Smith et al., 2016). Our study has focused on the internal and external
morphological response of the RPW to a sudden but transient decrease in
the environmental temperature. By graphical analysis of CT data,
different authors (e.g., Smith et al., 2016) have reported precise volu-
metric estimates of different internal organs in insects. The volume of
hemolymph is however difficult to quantify since insects have an open
circulatory system. In this work, we have accurately measured the vol-
umes of hemolymph, fat body and other tissues, as well as their changes
under different environmental temperatures.

From the distribution of tomographic densities, we have found that
control RPW larvae have a fat body content of 58% by volume. This
value is in close agreement with that found (57-60% by weight) for the
RPW from a completely different methodology (Cito et al., 2017). We
find that, after 7 days, pre-pupae from both cold and AT groups signif-
icantly separate from controls and follow a development in which their
fat body content decreases while a thick and dense cuticle forms. A
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Fig. 4. Identification of areas with different tomographic densities: a) Low-density zones. From left to right: mainly hemolymph (—32 < p < 0 UH), fat body
(remaining voxels with —200 < p < 60 UH) and sum of both; b) Moderate-density zones: from left to right: border (60 < p < 120 UH), dense tissues (p > 120 UH) and

sum of both.

Table 1

Volume percentage of different tissues in the three groups of larvae.
Group Low density zones (%)

Fat body Hemolymph Total

Control 58 + 3% 15 +1? 73 + 3%
Cold 42+3° 14 £ 2° 56 + 3°
Ambient 434 3° 11 +2° 54 + 4°

Moderate-density zones (%) Fat/D.T. ratio

Dense Tissue Border Total

20 + 3* 7+12 27 + 32 3.0 £ 0.6
38 + 3" 5+1° 44+ 3° 1.1+0.2°
39 + 4° 7 4 2° 46 + 4° 1.1+0.2°

possible explanation for these changes is the fat body and cuticle
remodeling during the larva-pupal transition. Indeed, in holometabo-
lous insects, the fat body synthesizes and stores proteins that participate
during pupation in the development of tissues such as the cuticle (Csikos
etal., 1999; Gullan and Cranston, 2010), which in some species becomes
thicker than in larval stages (Moussian, 2010). In addition, during the
larva-pupal transition, the fat body is used as the main energy source
(Nestel et al., 2003). The higher energy requirement and the feeding
cessation in this stage would cause the progressive consumption of this
energy reserve. Our X-Ray CT results for cold and AT groups then reveal
that a decrease in the environmental temperature for seven days has not
stopped the RPW larval-pupal transition. Only some aspects seem to

indicate a slight delay in the rate of development of pre-pupae subjected
to low temperatures. This is the case of the hemolymph content, which is
similar in the control (15%) and cold (14%) groups, while it is slightly
but significantly smaller (11%) in the ambient temperature group.

The results obtained from digital holographic microscopy also show
morphological changes in the integument shape’ architecture of animals
subjected for seven days to a low temperature (cold group) and animals
that remained the same time at room temperature (AT group). In both
cases, the integument has followed during this time a development in
which the roughness of its outer surface decreases. More precisely, there
is a higher percentage of integumental areas with low roughness.
Compared to the initial control state, these differences in roughness are
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Fig. 5. Average composition in hemolymph (white), fat body (light grey) and dense zones (dark grey) in (a) control, (b) cold and (c) ambient temperature groups.
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significant for both cold and AT samples. We thus obtain again that RPW
pre-pupae subjected to a low temperature have not experienced a stop in
their development. However, a more obvious developmental delay is
now observed in the results obtained by holographic microscopy, with
the cold group appearing as a significantly different and intermediate
state between the control and AT groups.

Regarding the hemolymph glucose level, we find that over half
(51.7%) of pre-pupae subjected to cold presented an increase of glucose
concentration up to an average value six times greater than in groups
with no cold stress (controls and AT). These values are similar, in ab-
solute terms (from about 1 to 6 mmol/L), to those previously found by
other authors for some overwintering Coleoptera (Feng et al., 2016),
where glucose was identified among other cryoprotectant substances. In
relative terms, a 6-fold increase is also comparable to the glucose in-
crease found in the literature for different insects living in cold zones.
For example, the 6-fold increase found by Saeidi and Moharramipour
(2017) or the 3-fold found by Shao et al. (2018). Similarly, WangQi and
Kang (2010) and Chowanski et al. (2015) have reported in tropical
species a glucose increase of 6-fold and 2-fold, respectively. Our results
then suggest a physiological role of glucose as one of the endogenous
cryoprotectants used by RPW pre-pupae to deal with and overcome a
sudden and transient low temperature event.

Additionally, our results of 51.7% of pre-pupae that increased their
glucose level roughly coincides with the final survival rate of 60% pre-
viously found by Martin and Cabello (2005, 2006) for RPW pupae
subjected to the same conditions (7 days at 5 °C) as in the present work.
Taking all these results together, we hypothesize a possible link between
the observed survival rate and the percentage of individuals that
developed a cryoprotective response, where glucose seems to play a
significant role, very likely in combination with other substances.

5. Summary and conclusions

In this work, we have studied the morphological response of the RPW
to a sudden and transitory decrease in the environmental temperature.
More specifically, we have analyzed whether such a morphological
response shows evidence of an arrest or some delay in the RPW devel-
opment. The approach that we have followed has several innovative
aspects. On the one hand, we have used a modern noninvasive imaging
technique, X-Ray Computer Tomography, where we have developed a
procedure to carry out fast and automated measurements of the volu-
metric content of hemolymph, fat body and other tissues. On the other
hand, we make use of another emerging technique, Digital Holographic
Microscopy (DHM). As far as we know, this is the first time that DHM has
been used to quantify the roughness of insect tissues.

Our results provide morphological evidence that the larval-pupal
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transition of the RPW continues almost undisturbed even during the
quiescence induced by cold stress. Indeed, both pre-pupae subjected to
cold and those remaining in optimal environmental temperature fol-
lowed a seven-day development in which their fat body content de-
creases while a thick and dense cuticle is formed. Such a development
and the rate of change of fat body and dense tissues resulted to be
indistinguishable between both groups. Nevertheless, the decrease in
the volume of hemolymph, as well as in the cuticle roughness, indicate a
slight delay in the development of individuals subjected to cold
treatment.

We also show for the first time the ability of the RPW, a species native
to warm places, to increase the secretion of certain substances to deal
with cold temperatures. In this work, we have analyzed glucose as one of
the potentially cryoprotective substances. Our results suggest a physio-
logical role of glucose as one of the endogenous cryoprotectants used by
RPW pre-pupae as part of their cold tolerance strategy. Very likely, other
substances (e.g. trehalose, glycerol ...) could also play a major role
within this cold resistance strategy. A detailed analysis of all these
substances will be addressed in a future work.

Finally, our results can be relevant to deepen the knowledge of cold
adaptation in insects inhabiting warm geographical areas, especially
under a context of climatic unpredictability. In addition, the knowledge
of the physiological bases underlying the adaptive responses of pest
insects could be relevant to better design strategies to combat them.
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