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ABSTRACT

Cereal-feeding beetles are a major risk for cereal crop maintenance. Cereal weevils such as Sitophilus oryzae have symbiotic intracellular bacteria that
provide essential aromatic amino acid to the host for the biosynthesis of their cuticle building blocks. Their cuticle is an important protective barrier
against biotic and abiotic stresses, providing high resistance from insecticides. Quantitative optical methods specialized in insect cuticle analysis
exist, but their scope of use and the repeatability of the results remain limited. Here, we investigated the potential of Hyperspectral Imaging (HSI) as
a standardized cuticle analysis tool. Based on HSI, we acquired time series of average reflectance profiles from 400 to 1000 nm from symbiotic (with
bacteria) and aposymbiotic (without bacteria) cereal weevils S. oryzae exposed to different nutritional stresses. We assessed the phenotypic changes
of weevils under different diets throughout their development and demonstrated the agreement of the results between the HSI method and the
classically used Red-Green-Blue analysis. Then, we compared the use of both technologies in laboratory conditions and highlighted the assets of HSI
to develop a simple, automated, and standardized analysis tool. This is the first study showing the reliability and feasibility of HSI for a standardized
analysis of insect cuticle changes.

1. Introduction

Cereal-feeding beetles are among the most dangerous risks for cereal agriculture, as they are responsible for 40% of storage grain
loss [1]. Several species of the genus Sitophilus, including Sitophilus oryzae, Sitophilus zeamais and Sitophilus granarius are among the
most destructive pests widespread in America, Asia, Africa, and Europe. Such weevil infestations in tropical and subtropical regions are
commonly responsible for 12 to 20% of grain loss [2]. The wide distribution of these insects across the globe together with the
emergence of resistance against the most common insecticide treatment (phosphine) have increased the interest on weevils’ biology
and ecology [3,4].

An important protective structure of cereal-feeding weevils and beetles is their external cuticle, which is chitin based and comprises
proteins and dark pigments derived from the aromatic amino acid tyrosine [5]. The cuticle is known to confer multiple advantages
against biotic stress, including fungal pathogens [6], predators [6], and bacteria [7,8], thus increasing the weevil fitness and danger for
agriculture. Furthermore, the cuticle is also an efficient protective barrier against abiotic stress, including desiccation — the most
important challenge faced by store grain pests [9]. Importantly, several insects thriving on substrates poor on aromatic amino acids
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have established long term symbioses with bacterial partners that can synthesize them autotrophically, so that the excess can be
redirected by the host to the biosynthesis of the cuticle building blocks. This is the case for several Sitophilus species [10], the red palm
weevil Rhynchophorus ferrugineus [7], the sawtoothed grain beetle Oryzaepilus surinamensis [11], and many others [9]. In particular, the
cereal weevil Sitophilus oryzae has been shown to harbor a population of gut endosymbionts of the gamma proteobacterium Sodalis
pierantonus, whose presence improves cuticle darkening and thickening in young adult insects compared to aposymbiotic weevils (i.e.
insects artificially devoid of endosymbionts) [10,12]. Because of its central role on beetle physiology and ecology, and its importance
in driving the evolution of bacterial symbioses, proper evaluation of cuticle morphology and biosynthesis is of primary importance,
both at the biochemical (composition) and at the mechanical level (color, thickness, and other physical properties).

The most common method of cuticle analysis to assess phenotypic changes involves qualitative visual picture observations [13-17].
This empirical observation is limited to changes that the human eye can detect, leading to a risk of missing important information, user
error and assertion bias. For this reason, optical methods for insect cuticle characterization using a quantitative approach are gradually
developing [18-20] and include: i) red, green, and blue color (RGB) quantification, ii) confocal microscopy, iii) electron microscopy,
iv) spectroscopic-based methods, and v) hyperspectral imaging.

RGB composition analysis is a fast and simple method for quantifying color changes in insects, requiring common sample prep-
aration and using basic equipment. Moreover, it is possible to use live insects, which is an asset to study an insect population over a
long period of time, or to optimize timing of subsequent destructive measures [18]. Easy-to-use tools have been developed such as the
ForensiGraph® (a grey and colored label added to each sample before image acquisition for RGB calibration [21]), or the Natsumushi
software for RGB quantification [22]. For its versatility and easiness, RGB analyses have been used to study phenotypic changes related
to the environment [21], gene expression [23] or even symbiotic relationships [12,24-27]. These changes can be assessed by quan-
tifying, from digital images, the composition of RGB colors of the insect cuticle. Nevertheless, RGB analysis has some limitations. When
taking images, there is no reference to standardize lighting conditions across all images. All photographs should therefore be taken
under the same lighting conditions, ideally at the same time. Additionally, the lumpy and waxy surface of insect cuticles can create
shiny or shadowy effects that compromise color analysis. Finally, this method which summarizes the surface color in only three colors
has a limited precision to evaluate the complexity of the properties and color patterns of the cuticle, which can vary according to the
area of the body, and from one insect to another.

Analysis of the composition and physical properties of dissected cuticles of arthropods is usually performed using Confocal Laser
Scanning Microscopy (CLSM) [28-30], Scanning Electron Microscopy (SEM) [31,32], or Transmission Electron Microscopy (TEM) [33,
34] coupled with a spectrophotometer. The CLSM technology measures the natural or induced fluorescence of the cuticle emitted in
the RGB wavelengths of light. Using this technology, Eshghi et al. [30] have developed a simple, non-destructive imaging-based
method to model the mechanical properties of insect cuticle with high efficiency compared to more complex mechanical methods [30].
However, the latter presents the same drawbacks as RGB analysis discussed above. The SEM and TEM coupled with a spectropho-
tometer have been used to study the structure of “metallic” gold and silver reflects on insect cuticles illuminated with a circularly
polarized light (CPL) [19,35]. The spectrophotometer, unlike RGB analysis, makes it possible to measure the fraction of light energy
reflected by insects, called reflectance, in a wider range of wavelengths, generally from 300 to 2500 nm, covering a part of ultraviolet,
visible and near infrared light. Thus, it can measure the chemical signature of samples in response to light absorption by organic
molecules [36]. Few studies have explored the potential of such spectrophotometer to classify insects according to their species [37],
age, and gender but also to detect signs of infection [36]. In these cases, only the spectrophotometer is required to capture the light
reflectance emitted by an insect, dead or alive, placed under the lens. This is called Near Infrared Spectroscopy (NIRS), but due to the
lack of calibration, it is best to capture all samples under the same lighting conditions for comparisons. In addition, spectrophotometers
generally focus on a few relatively broad wavebands between 300 and 2500 nm, which considerably reduces the information collected.
Finally, background control is limited with spectrometry-based techniques, which requires zooming on smaller areas of the sample to
avoid (or limit) background presence.

The newest optical technology that has been applied to insect cuticle analysis is Hyperspectral Imaging (HSI). A hyperspectral
image is a hypercube composed by the spatial X and Y axes, and a spectral Z axis covering a broad range of wavelength, so that each
pixel of the image contains a full wavelength information. It is then possible to select the area of interest in an image and extract its
spectral signature at high-resolution. The HSI dataset can be processed with machine learning classifiers to extract the relevant in-
formation and develop more or less automated programs capable of detecting subtle changes in body reflectance with high accuracy. It
is also a non-destructive method, making it possible to analyze the cuticle of living insects. Only few studies using HSI have been
conducted so far, but it has already proven its great potential for monitoring phenotypic changes after insecticide exposure [38,39],
comparing structural properties of insect cuticle and biomimetic film [40], and classifying insect species [41] and ages [42,43].

In comparison with the RGB method mostly used in optical analysis of insect cuticles, HSI has many advantages. First, each
hyperspectral image is taken with a dark and white reference for calibration, making it possible to normalize the insect reflectance
across samples, and therefore to capture images at any time and with different light parameters. Moreover, the high resolution of the
data coupled with a statistical analysis makes it possible to cluster the insect cuticle pixels that constitute the shiny, shaded, neutral
area or even more precisely the cuticle color patterns of certain species. Thus, we can record the average spectrum of a cluster of
insect’s pixels by avoiding areas of shadow or shine, and study the spectral signatures of complex structures and patterns of the insect
cuticle.

No study has compared RGB and HSI methods on insects cuticle characterization but some performed on agricultural crops have
shown that HSI was more reliable in phenotyping wheat crops [44] and more accurate in monitoring changes in storage feed quality
over time [45,46] compared to RGB. Thus, the objective of this study is to evaluate the reliability and feasibility of HSI to analyze
cereal weevil phenotypes and the possibility of use it as a standardized, simple, and automated analysis tool. To this end, we compared
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the results obtained to monitor the phenotypic changes of symbiotic and aposymbiotic cereal weevils exposed to different nutritional
stresses using the RGB quantification and HSI. Finally, we evaluated the practical application and the potential for standardization and
automation of the two methods in laboratory conditions.

2. Materials and methods
2.1. Insect rearing and growth conditions

S. oryzae weevils [47] are reared in the dark at 27 °C and 70% relative humidity. Insects are routinely reared on organic wheat
grains (Nature et Progres®, Ales, France) kept at —80 °C to avoid grain contamination with mites. The aposymbiotic line was pre-
viously obtained by a heat treatment at 35 °C and 90% relative humidity for 1 month, followed by female oviposition under normal
conditions, and maintained ever since [48]. Pupae were manually extracted from grains and subsequently kept on plates at 27 °C and
70% relative humidity until reaching stage 3 of adult development as in a previous study [12]. Note that in our conditions stage 1 is
defined as the first adult stage after metamorphosis; adult stage 2 occurs 6-12 h after stage 1 and adult stage 3 occurs 12-24 h after
stage 2; each developmental stage from stage 3 to stage 15 corresponds to a solar day. Subsequently, insects were pooled and subjected
to various nutritional treatments.

To assess the potential of HSI in detecting cuticle color changes during development and depending on rearing conditions, we
applied the HSI system to weevils subjected to some of the treatments investigated in Dell’Aglio et al. [12]. These conditions included:
i) symbiotic weevils fed on wheat grains from adult stage 3 (control condition), ii) aposymbiotic weevils fed on wheat grains from adult
stage 3, iii) symbiotic weevils fed on wheat grains from adult stage 5, and iv) symbiotic weevils fed on starch grains (Stijfsel Remy,
Belgium), from adult stage 3. In all conditions, the pools of weevils were maintained up to adult stage 15.

2.2. Sample preparation
For the RGB analysis of weevils’ cuticle performed previously [12], 20 to 30 weevils per conditions were used. At every capture day,

8 to 15 randomly selected living individuals were imaged from each pool. Regarding hyperspectral images taken during this study, 8 to
20 individuals were collected at each condition and stage. They were frozen and kept at —80 °C until imaged.
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Fig. 1. Hyperspectral images acquisition and analysis. (a) Pushbroom Hyperspectral Imaging system for hyperspectral images recording combining
a spatial and spectral dimension. The spatial and spectral axis form a hypercube; (b) Hyperspectral images processing resulting in a weevil spectral
library. Data conversion and statistical analysis are performed using a Jupyter notebook script. Adapted from Lacotte et al. [50].
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2.3. Analysis of cuticle color using RGB method

Data for weevil cuticle tanning obtained with the RGB method have been published previously [12]. Briefly, the analysis was
performed with the method described in Tanahashi et al. [22] and used in other studies [24-27]. Color digital images were taken with
an Olympus XC50 (Olympus LS, Tokyo, Japan) camera attached to a Leica MZFLIII (Leica Camera AG, Wetzlar, Germany), binocular
and the CellF software (Olympus Soft Imaging System). As the normalization of the digital images is not feasible, all the images were
carefully taken in the same lighting conditions and keeping the samples at the same distance of the device. Cuticle tanning was then
evaluated with the software Natsumushi v.1.10 (National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba,
Japan) for entomological studies, using thorax redness as a proxy calculated as ¥ (R — mean [R, G, B])/n (n = each measured pixel), as
described in Anbutsu et al. [26]. The thorax region was selected for its uniformity in color with respect to the abdomen, especially at
late adult stages. Because the weevils’ cuticle unevenness creates shiny spots and shadows on the surface, we excluded the pixels with
brightness over top 10% or below bottom 10%. Data are reported as mean and standard error per condition and stage.

2.4. Analysis of cuticle reflectance by hyperspectral imaging

2.4.1. Hyperspectral image recording

Images were acquired using a pushbroom HSI system (Fig. 1a) composed of a HSI camera Specim FX10 (Specim, Spectral Imaging
Ltd., Ouly, Finland) and a halogen lighting mounted above a mobile plate Specim LabScanner (Specim, Spectral Imaging Ltd., Oulu,
Finland). The HSI system is controlled from a computer recording the hyperspectral image using Specim’s LUMO Scanner software
(Specim, Spectral Imaging Ltd., Oulu, Finland). The camera has a spectral range of 400-1000 nm, corresponding to the visible
(400-700 nm) and Near Infrared — NIR (700-1000 nm) region of the light spectrum. Along the mobile plate, we can record a
hyperspectral image with a camera line of 1024 spatial pixels and a spectral data acquisition along this line with a maximum frame rate
of 327 frames per second (fps) full frame. During the image capture, the camera parameters were as follows: RGB calibration on 700,
535 and 436 nm respectively; frame rate at 50 Hz; exposure time at 10 ms and scanning speed at 10 mm/s with a positioning speed of
40 mm/s.

Before taking the hyperspectral images, frozen weevils were thawed for a few minutes and their cuticle wiped to prevent the water
condensed on the surface from impacting the reflection of light. Then, weevils were staged on their abdomen on a white paper
background, and their cuticle reflectance was captured. During hyperspectral measurements, the HSI system was placed in a black
room to avoid interferences with other light sources than halogen lamps. Each hyperspectral image was taken with two extra images
for reflectance calibration, the dark reference recorded by closing an internal camera shutter and the white reference recorded on a
Teflon white calibration bar with standard reflectance of 99%. One hyperspectral image containing all weevil replicates was taken per
stage and condition. Weevil hyperspectral images are publicly available at Lacotte et al. [49].

2.4.2. Image processing

Hyperspectral image processing was performed as in Lacotte et al. [50] using a Jupyter Notebook Python 3.7 script [51], relying on
the scikit-learn [52], Pandas [53], Numpy [54], Matplotlib [55], Seaborn [56] and Spectral [57] Python libraries. The Jupyter
Notebook script used in this work is also publicly available at Lacotte et al. [49]. For each hyperspectral image, first, we converted the
raw data into a hyperspectral reflectance image and manually zoomed on the weevils one by one, performing the following steps for
each replicate (Fig. 1b).

On the zoomed image containing one weevil, we applied a Principal Component Analysis (PCA) [58] of the spectra and computed
the percentage of variance carried by each Principal Component (PC). Next, we visualized the zoomed image projected on the most
important PCs and kept the PCs revealing the weevil for the remaining steps. Usually, the two first PCs were selected, revealing the
weevil’s body and the shadow surrounding it, respectively. Afterwards, we applied a K-means clustering algorithm [59] on the pixels of
the zoomed image projected in the kept PCs space, in order to group similar pixels together. Thus, we generally obtained three clusters
corresponding to the weevil, its shadow, and the background. Finally, we computed the average spectrum of the pixels corresponding
to the weevil’s cluster, normalized the raw data using dark and white references to show light reflectance spectrum between
0 (minimum reflectance) and 1 (maximum reflectance) and stored it in a dataset.

2.4.3. Cuticle reflectance analysis

Before analyzing weevil cuticle reflectance, an Isolation Forest technique [60] was used to remove outliers from the normalized
weevil spectra dataset. Then, for each developmental stage, we computed the average and standard deviation of the light reflectance
spectra between 400 and 1000 nm, as represented in Fig. 3. The average spectra for the different developmental stages share the same
profiles, differ mainly in terms of reflectance intensity, especially for wave lengths higher than 600 nm. Then, in order to assess the
reflectance as a function of the developmental stage, we computed the total reflectance as the sum of reflectance values within the most
discriminating wavelength region. To do so, we compute for each wavelength A the inter-condition Sum of Square Errors (SSE},,,). Let
x}, be the reflectance of spectrum i of cuticle tanning condition ¢ (i.e., both rearing condition and developmental stage considered

simultaneously), along wavelength 1. Let x} = %Z;’;le_c be the average reflectance for condition ¢ along wavelength 1 and let x/ =
117125:1 Y-, x}, denote the average reflectance along wavelength 1 where n. denotes the number of reflectance values of condition ¢ and

N = Y"¢ | n, denotes the total number of reflectance values. Then, the inter-condition Sum of Square Errors for wavelength 2 is defined
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as SSEL.. = Y5 n.(x —?)2. In order to determine the most discriminating wavelength region, we have computed the
inter-condition Sum of Square Errors for all wavelengths, then we computed the 66th percentile denoted SSE*, and finally, we
determine the discriminating wavelength region A such that for all 1 € A, SE},,,. > SSE*. In this work, the region A falls between 690
and 900 nm (Fig. 2).

3. Results and discussion

3.1. Weevil’s hyperspectral reflectance

The cuticle of symbiotic S. oryzae weevils has been shown to darken and thicken in early adults [10]. By using the decrease in thorax
redness as a proxy for cuticle reinforcement in a RGB quantification, we have shown that cuticle darkening occurs from adult stage 1 to
adult stage 9 (defined as in Dell’Aglio et al. [12] as different phases after larval metamorphosis, see Methods and Fig. 3), while in the
following stages no more differences are observed [12]. A surplus of aromatic amino acids produced by S. pierantonius gut endo-
symbionts has been shown to be crucial for physiological cuticle reinforcement [10], thus explaining the lighter and thinner cuticle of
aposymbiotic weevils [10,12] (Fig. 3).

To compare the previously employed RGB quantification technique with HSI, we performed statistical analysis on hyperspectral
images data and obtained a database listing the normalized average reflectance spectrum from 400 to 1000 nm of weevils per condition
and developmental stage (Fig. 4a). Weevil’s spectral signatures showed a high absorbance of short high-energy wavelengths, corre-
sponding to the purple-blue range of the visible light (400-500 nm), then an increasingly reflectance of larger wavelengths at low
energy, corresponding to the green-red range of the visible light (500-700 nm) and the NIR range (700-1000 nm). The same
reflectance parameters have already been observed in other beetles such as Chrysina aurigans [34]. The presence of melanin pigments
in weevil cuticle layers might explain this high absorption of short wavelengths as light absorption by melanin increases with
decreasing wavelength, especially when approaching the violet wavelength range [34]. Moreover, although very little is known on NIR
insect reflectance, the high reflectance in the NIR range could be the consequence of multiple scattering inside intercellular spaces in
the weevil body [61]. Globally, the spectral curves from all stages have the same pattern but different levels of light reflectance.
Indeed, the more the weevil’s cuticle tans over time (Fig. 3), the lower the light reflectance (Fig. 4a) as light colors reflect light more
than dark ones.

The spectral signatures measured by HSI correspond to empirical observations of S. oryzae’s cuticle tanning, confirming the po-
tential of such an approach for weevil’s cuticle analysis in comparison with the usual RGB method. However, the graphic represen-
tation of the weevil’s reflectance spectra does not allow an efficient analysis of the information since the curves, which can be
numerous when comparing several conditions, overlap and prevent correct visualization of the differences in reflectance. Therefore,
since the difference between the weevil spectra was mostly in the overall reflectance level, we summed the reflectance values in the
most discriminating wavelength region and visualized the total reflectance of each developmental stage (Fig. 4b). The weevils’ cuticle
tanning, corresponding to a decrease in total reflectance, occurs suddenly between stages 1 and 3, then gradually up to stage 15. Thus,
hyperspectral imaging can assess cuticle changes between different stages of development and makes it possible to compare in the
following section results of total reflectance of weevils of all stages and conditions with those obtained by RGB quantification [12].

3.2. The new HSI-based cuticle analysis method mirrors RGB-based standard method in a variety of developmental and stress conditions

Next, we analyzed the changes in cuticle reflectance for symbiotic and aposymbiotic weevils as well as weevils subjected to
different diets, and we compared our results based on total reflectance, obtained by HSI on the whole insect body, with previous thorax
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Fig. 2. Inter-condition Sum of Squared Errors for each wavelength. The 66th percentile is denoted as a red line and the most discriminating

wavelength region between 690 and 900 nm is delimited using vertical black lines. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)



V. Lacotte et al. Heliyon 9 (2023) 13962

Developmental stages

6-12h 12-24h 24h/stage
— > —» >

1 2 3 10 12 15

KR8 &
— bttt & b
> kv 1
00 b

Fig. 3. Digital images of weevil’s phenotypes per condition and stage. Adult weevils normally start feeding at stage 3. Here, both control and
aposymbiotic weevils were fed from stage 3 onwards with wheat grains. Starch-fed symbiotic weevils were fed from stage 3 onwards but only with
pure starch. Finally, a group of symbiotic weevils was fed on wheat grains only from stage 5 onwards. Cuticle tanning increases over time at a
different rate depending on the conditions. The images were taken with an Olympus XC50 camera attached to a Leica MZFLIII binocular.
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Fig. 4. Light reflectance of weevils from the control condition measured by Hyperspectral Imaging. (a) Normalized average light reflectance spectra
with standard deviation between 400 and 1000 nm. Light reflectance decreases with developmental stages (D1 to D15), along with cuticle tanning.
(b) Average total reflectance (%) of each developmental stage of the control weevils calculated by the sum of reflectance values in the most
discriminating wavelength region between 690 and 900 nm. Error bars represent standard error. The weevils’ cuticle tanning corresponds to a
decrease in total reflectance.

redness quantifications obtained by the RGB method [12] (Fig. 5). The thorax redness curves based on RGB analysis (Fig. 5b,d,f) and
those of total reflectance obtained by HSI (Fig. 5a,c,e) have the same pattern. Therefore, the decrease in weevil thorax redness and total
reflectance correlate with cuticle tanning across developmental stages (Figs. 3 and 5).

First, in agreement with RGB-based results [10,12], the HSI-based method shows that aposymbiotic insects are impaired in cuticle
development, which is slower than symbiotic insects and the profiles obtained with the two techniques are similar (Fig. 5a-b). In
particular, the lowest aposymbiotic weevil’s thorax redness index is equivalent to that of symbiotic weevils at stage 7. Consequently,
aposymbiotic weevils never complete their cuticle tanning. Thus, HSI-based results (Fig. 5a) corroborate the previous conclusions
(Fig. 5b) [12] that endosymbionts are crucial for weevil’s cuticle tanning.

We then decided to test our HSI-based method by following the cuticle tanning of symbiotic weevils subjected to nutritional stress.
Firstly, we analyzed cuticle development in insects fed from stage 3 only with pure starch. These weevils showed a faster cuticle
tanning process (Fig. 5¢), mirroring previous results obtained with the standard RGB-based method (Fig. 5d) [12,26] and might be due
to the higher friability of starch grains, which could be easier to eat and digest than wheat grains, thus leading to a faster energy uptake
by the insect as well as to symbiotic bacteria which might contribute more to cuticle biosynthesis.

Finally, we tested the effects of feeding symbiotic weevils only from stage 5 onwards instead of from stage 3 onwards. The two-days
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Fig. 5. Quantitative evaluation of phenotypic changes in weevils exposed to nutritional stresses by optical methods. (a,b) Cuticle darkening process
measured in symbiotic (control) and aposymbiotic adult weevils by the HSI method and RGB method, respectively. (c,d) Cuticle darkening process
measured in symbiotic (control) and starch-fed adult weevils by the HSI method and RGB method, respectively. (e,f) Cuticle darkening process
measured in symbiotic (control) and starved adult weevils by the HSI method and RGB method, respectively. Data for thorax redness evaluation by
RGB are taken from Dell’Aglio et al. [12]. RGB values for all (=n) pixels were measured and averaged to obtain the thorax redness index without
unit by = (R — mean [R, G, B])/n. The cuticle average total reflectance (%) per developmental stage and condition is calculated by the sum of the
reflectance values in the most discriminating wavelength region between 690 and 900 nm. Error bars represent standard error of the mean.
Comparisons were made by two-way ANOVA followed by Tukey’s multiple comparison test. *: p < 0.05, **: p < 0.01; ***: p < 0.001. The weevils’
cuticle tanning corresponds to a decrease in thorax redness and total reflectance.

starvation period was associated, with both RGB and HSI-based methods, with a significant delay in cuticle tanning compared to the
control fed from stage 3 (Fig. Se—f). The thorax redness as well as the total cuticle reflectance of starved weevils are superposable from
stage 3-7, then the cuticle tanning was triggered and let to a phenotype similar to the control from stage 12 onwards [12]. This suggests
that nutrient supply is crucial to maintain endosymbiont proliferation, thereby supporting the cuticle tanning process. In agreement
with the previous RGB-based results (Fig. 5f), our HSI-based method showed a clear delay in cuticle tanning of starved insects at stages
7 and 8, with subsequent recovery at stage 12 and 15 (Fig. 5e).

These subtle phenotypic changes in weevils exposed to nutritional stresses have been successfully detected and quantified using
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Table 1

Comparative study of Red-Green-Blue (RGB) and Hyperspectral Imaging (HSI) technologies for image analysis in laboratory
conditions based on current knowledge [62-69]. Scores are assigned from 1 (low) to 4 (high) points on various features such as
the cost of the equipment, the quality as well as the ease of acquisition and analysis of the data and the precision of the results.
The text in italics refers to the equipment used in this study while the regular text refers to general information related to RGB
and HSI technologies.

EAMBIIEEE + computer + computer
Olympus XC50 camera HSI camera Specim FX10
Technology Modelieamele + Leica MZFLIIl binocular + Specim LabScanner
Price u LLL]
Portability LLLL LL]
Storage space required L} LLL]
Spatial information v v
Spatial resolution 72 ppi 130 ppi
Color information RGB v v
Color depth 24 bits/px 12 bits/px
Spectral information x v
q[::ItiEt)y Spectral resolution x 5nm (1-10 nm)
Spectrum beyond visible light x 400-1000 nm (Infrared 700-2500)
Information amount L] LLLL]
Image size 15 Mb 1Gb
Multi-constituent information Limited v
Sensitivity to minor components x v
Current expertise LLL] L}
Usability LLL] Ll
Noninvasive v v
Data Lighting homogeneity u LLL]
acquisition Lighting calibration x v
Standardization u LLL]
327 fps
Image speed 24 fps High speed for large data recording.
Depends on scanner speed.
Software available commercislisotowane and Vendors software
others created by peers
Software application scope LLL) =
Custom software development L} LLL]
L1 1]
Data Machine learning approach " Suitable for processing of large data
analysis  Computing power required D Co0
||
Analysis speed (L] Depends on computing power. Faster
once the technique is established.
[ 1]
Automation L] High automation potential but more
training and expertise required
[ 1]
nterpretation . Deeper'kn.ov.vledge of spect.ral data .with
transdisciplinary cooperation required
for robust analysis tools
Abiotic and biotic stress detection LL] LLL)
esutis Early changes detection L} CLL]
Storage food quality control L} LLL]
[ 1]
Accuracy Depends on color mixing and image T

Digital camera + (optical microscope)

quality. Limited by factors interacting.

Hyperspectral camera + scanner
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optical analysis methods (Fig. 5), which would not have been possible by a simple visual qualitative analysis of cuticles (Fig. 3).
Moreover, the agreement between the previously employed RGB quantification of thorax redness and present measurements of total
reflectance by HSI demonstrate that HSI is a reliable method for the phenotypic analysis of weevils, in a variety of growth and stress
conditions.

3.3. Comparison of the use of hyperspectral imaging versus RGB technologies in laboratory conditions

Having demonstrated the reliability of HSI for detecting phenotypic changes in weevil cuticle, the feasibility of widespread use of
this technology in cuticle research through a simple, accessible, standardized, and automated analysis tool should be assessed. To
evaluate the possibility of developing such a tool, we compared the use of HSI and RGB technologies in laboratory conditions on many
practical aspects such as the equipment investment, the quality as well as the ease of acquisition and analysis of the data and the
precision of the results (Table 1).

The equipment for HSI consists of a hyperspectral camera coupled with a scanner moving under the camera lens and a computer for
recording and analyzing the images [62]. This equipment is similar to that of RGB analysis which includes a digital camera, a mi-
croscope for the analysis of small samples, and a computer. The main difference is the available budget since, although the HSI is not
excessively expensive and is spreading in the market becoming more accessible, it remains considerably more expensive than the RGB
technology which can consist of a simple camera or even a phone [62-65]. The portability of RGB technology can thus be much higher
than with HIS [64]. However, this is no longer true if one uses a microscope coupled to the camera to observe details in small samples,
as in this study.

Both technologies transmit spatial and color information (RGB) related to the analyzed sample but only the HSI provides spectral
information [66]. According to the properties of the models used in this study (Table 1), the HSI technology has a lower color depth
than the RGB technology (12 bits/px against 24 bits/px), but a higher spatial definition (130 ppi against 72 ppi) and a very high
spectral resolution (5 nm on average) providing information in visible light and well beyond (from 400 up to 2500 nm, including
visible, near and short-wave infrared) [64,67,68]. This large amount of information collected with HSI (image of 1 Gb against 15 mb
with RGB technology) makes it possible to analyze the multiple constituents of an image as well as its minor components, which is
hardly possible with the RGB method [66].

Image acquisition with the RGB method is well understood while very little is known about HSI in research [63,64]. However, both
are easy to use and do not require complex sample preparation, which can even be live animals, as imaging is non-invasive [64,68]. For
both technologies, the image acquisition parameters must be set before shooting. Then it is possible to capture a series of images with
the same parameters. With the RGB method, it will be necessary to configure the focus, sharpness, lighting, and distance between the
sample and the sensor because all these characteristics influence the image quality and therefore the precision of the results [69]. Then,
image capture is relatively fast with a speed of 24 fps with the model used in this study.

Since there is no lighting calibration, special attention must be given to the image configuration step to repeat the results, otherwise
all images must be taken at the same time [69]. By using HSI, it will be necessary to define parameters on the camera and the scanner
which will always remain the same such as the frame rate or the scan speed. Then, images are taken at a high speed of 327 fps (with the
camera used) allowing the recording of a large amount of data in a few seconds. For each image, the lighting is calibrated by recording
a black and white reference. Calibration makes it possible to compare images taken under different lighting conditions and at different
times and opens up the possibility to develop a standardized imaging procedure [62].

Image analysis is done using software developed by vendors or by peers [63,69]. In the case of RGB analysis, several easy-to-learn
software exist with a very wide scope for analyzing various objects, colors, and shapes. Automated image analysis is possible but
difficult due to heterogenic lighting conditions and image quality [69]. There is little software for the analysis of hyperspectral images
which are often created by suppliers for very specific uses depending on the type of sample and the element detected. Thus, the
development of custom software for hyperspectral image analysis is booming. This software generally incorporates machine learning
that is perfectly suited to processing the large amounts of data provided by HIS [64,65,68]. Running the software requires a lot of
computing power on which the speed of data analysis will depend [62,64]. Furthermore, the use of machine learning opens the door to
the automation of data analysis [62,63], that can be based on a technique established by experts including data dimensioning and
extensive training, increasing at the same time the speed of analysis [64].

The interpretation of the results of RGB analysis based on the color of the samples is relatively simple, while that of hyperspectral
images based essentially on spectral information requires interdisciplinary expertise to associate a light response with a biological or
chemical status [68]. This last point requires deeper knowledge in order to develop robust cuticle analysis tools that can be used by
everyone [65,67]. Thus, with proper use of this technology, HSI has the potential to detect with high accuracy abiotic or biotic stresses,
early phenotypic changes or monitor storage food infestation [64].

4. Conclusions

Here, we showed for the first time the reliability and feasibility of HSI as a tool for standardized analysis of cuticle changes in
weevils under different diets throughout their development. HSI technology is increasingly available, and is easy to use under labo-
ratory conditions. HSI provides the image calibration required for a standardized imaging process, so that the initial cost can be quickly
offset by the productivity benefits for a wide range of projects and purposes. In addition, it provides high quality data in large
quantities, enabling the development of machine learning based software that can lead to the automation of data analysis. HSI seems to
be the best technology for the development of an analysis tool in entomological research, which could be achieved in the future.
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The development and standardization of such an HSI analysis tool will require the definition of a standardized imaging procedure
based on the same camera and scanner parameters, as well as the use of samples produced under the same conditions, whether they are
live, dead, frozen, dissected or whole, depending on the needs of the study. It would then be possible to develop automated software to
detect insects in images, record their spectral signature, classify them on the basis of their spectral differences and associate them with
a species, genus, age or even stress, as previously reported [37,38,40-42]. To develop a robust tool to accurately and comprehensively
reconstruct the properties and changes of insect cuticles, a large amount of data and the collaboration of several bioinformatics,
photobiology and entomology researchers would be required, to allow a wide dissemination of the HSI technology [65,68].
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