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Optimized imaging methods 
for species‑level identification 
of food‑contaminating beetles
Tanmay Bera1, Leihong Wu1, Hongjian Ding2, Howard Semey2, Amy Barnes2, Zhichao Liu1, 
Himansu Vyas2, Weida Tong1 & Joshua Xu1*

Identifying the exact species of pantry beetle responsible for food contamination, is imperative in 
assessing the risks associated with contamination scenarios. Each beetle species is known to have 
unique patterns on their hardened forewings (known as elytra) through which they can be identified. 
Currently, this is done through manual microanalysis of the insect or their fragments in contaminated 
food samples. We envision that the use of automated pattern analysis would expedite and scale up the 
identification process. However, such automation would require images to be captured in a consistent 
manner, thereby enabling the creation of large repositories of high-quality images. Presently, 
there is no standard imaging technique for capturing images of beetle elytra, which consequently 
means, there is no standard method of beetle species identification through elytral pattern analysis. 
This deficiency inspired us to optimize and standardize imaging methods, especially for food-
contaminating beetles. For this endeavor, we chose multiple species of beetles belonging to different 
families or genera that have near-identical elytral patterns, and thus are difficult to identify correctly 
at the species level. Our optimized imaging method provides enhanced images such that the elytral 
patterns between individual species could easily be distinguished from each other, through visual 
observation. We believe such standardization is critical in developing automated species identification 
of pantry beetles and/or other insects. This eventually may lead to improved taxonomical 
classification, allowing for better management of food contamination and ecological conservation.

Due to associated health risks, food products are regularly inspected for pantry beetle infestation1–4. The health-
risk level involved in such contamination depends on the species of beetle, as some species are more harmful 
than others5–7. Inability to distinguish between pantry pests, agricultural pests and pests that are pathogenic 
vectors could adversely affect regulatory decisions, to grave consequences. Therefore, accurate and expeditious 
species-level identification of food-contaminating beetles is essential in assessing the actual risk, and thus for 
better managing contamination8. The current method for identifying the genus or species (whenever possible) 
of food contaminating beetles is done manually by expert entomologists who rely mostly on visual observation 
of anatomical details of the insect or its fragments9,10. This makes the process highly dependent on the expertise 
of the analyst, prone to personal bias and therefore less scalable.

As an alternative, researchers have proposed chemical methods for species identification, which show great 
promise11–13. However, regulatory bodies depend on methods of visual inspection and subsequent analysis, most 
likely due to the decreased possibility of false positives or negatives14. Thus, we propose that species identification 
could be done by characterizing elytral patterns which, like human fingerprints, are unique to each species15. 
As one of the hardest insect body parts, elytra may break into fragment, but do not become completely pulver-
ized during food processing and/or sample preparation steps16. The use of patterns, not anatomical cues (such 
as shape and size of the body parts such as elytra, antenna or legs), also opens up the possibility of automating 
the whole process by using computational image analysis algorithms. This process might significantly reduce 
the time and manpower required for species identification, as observed in similar studies from other fields17–20.

In previous works, we demonstrated that food-contaminating beetles could be identified by automated pat-
tern recognition using analyzed elytra images from 15 different species of pantry beetles21–24. In these studies, we 
noticed that some beetle species consistently were not being predicted accurately and were difficult to identify 
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correctly, they were misidentified as other species, despite the use of state-of-the art pattern recognition algo-
rithms. For instance, Lasioderma serricorne (L. serricorne) and Stegobium paniceum (S. paniceum), both belonging 
to the family Anobiidae, consistently were predicted inaccurately and often were confused with each other. The 
same trend was observed between the species Tribolium castaneum (T. castaneum) and Tribolium confusum (T. 
confusum) of genus Tribolium (Family: Tenebrionidae) and Oryzaephilus mercator (O. mercator) and Oryzaephilus 
surinamensis (O. surinamensis) of genus Oryzaephilus (Family: Silvanidae). Upon further investigation, we real-
ized that the images used for their identification contained such artifacts as glare spots, which were interpreted 
incorrectly as actual features in elytral patterns. The image set simply lacked the quality and clarity to reveal finer 
details of interest, and therefore, failed to yield species level accuracy, especially for species with near-identical 
elytral patterns. This is consistent with similar studies on species identification or pattern recognition and high-
lights the necessity of a high-quality image set for achieving good prediction accuracies25–28. This compelled us to 
develop a better imaging method which could yield elytral images of sufficient detail to enable us to distinguish 
between species from the same family or genus.

In this work, we focused on optimizing imaging conditions in order to capture elytral images with great clarity 
and quality. We used seven different beetle species such as L. serricorne and S. paniceum of the family Anobiidae; 
Gnatocerus cornutus (G. cornutus) and T. castaneum of the family Tenebrionidae; and T. castaneum & T. confusum 
of genus Tribolium (both belonging to the family Tenebrionidae) and O. mercator and O. surinamensis of genus 
Oryzaephilus. Three different lighting systems, namely, two-point reflected light (2Pt_Rf), reflected ring light 
with polarizing filter (RRf_P) and transmitted light (Trans), were utilized as illumination sources to compare 
their performances in distinguishing species of the same family or genus. The most conventional lighting sys-
tem, 2Pt_Rf , was used in our previous studies, but showed significant reflections and glare spots from the waxy 
coating that naturally exists on elytral surfaces. Images obtained using the RRf_P system did not obstruct elytral 
patterns and helped us understand the effect of glare in images.

The Trans system revealed the internal structure of elytra, and compared to the reflected light, showed sur-
face features more clearly. Imaging magnification varied between 20 × to 160 × to balance between the field of 
view and pattern size. To include all the patterns, both dorsal (D) and ventral (V) sides of elytra were imaged 
for different illuminations and magnifications and matched to the optimum imaging conditions. This method 
therefore was aimed at producing high-quality images in an efficient and consistent manner, which often is the 
prerequisite for automated species identification through image analysis using machine learning. In the future, 
we anticipate this will help in building a database of images for pantry beetles (or other orders of insects) that 
would facilitate automated species identification using elytral pattern recognition and may eventually help better 
manage contamination scenarios and ecological systems in real-world situations.

Experimental methods
Elytra harvest.  Samples of pantry beetles of all seven species, which previously had been identified by 
expert entomologists, were cataloged and preserved in ~ 80% ethanol (in deionized water). They then were dis-
sected under a microscope (Leica EZ3) to harvest their elytra. The elytra were cleaned in ethanol and deionized 
water through mild sonication, and subsequently air-dried before being moved under the microscope for imag-
ing. No structural degradation, including the dissolution of the waxy coating on the elytra, was observed during 
these sample preservation and preparation steps. The list of beetle species and their scientific names, common 
names and abbreviations used here are listed in Table 1.

Imaging.  Given that elytra are curved objects, we used a confocal microscope (Leica MA 205) for their imag-
ing. Images were captured under three different lighting conditions (all bright field imaging using white light 
without any fluorescent filters) namely, 2Pt_Rf, RRf_P and Trans. For the 2Pt_Rf system (LED Stereo Microscope 
Light Source), two LED based point light sources were used to illuminate the samples from their left and right 

Table 1.   The various species imaged in this study along with their genus, family and common names and the 
abbreviations used in this study.

No Family Genus Species Common name Abbrev

1
Anobiidae

Laisoderma serricorne Cigarette Beetle LS

2 Stegobium paniceum Drugstore Beetle SP

3

Tenebrionidae

Gnatocerus cornutus Broadhorned Flour Beetle GC

4 Tribolium castaneum Red Flour Beetle TCa

5 Tribolium confusum Confused Flour Beetle TCo

6
Silvanidae

Oryzaephilus mercator Merchant Grain Beetle OM

7 Oryzaephilus surinamensis Sawtoothed Grain Beetle OS

8 Chrysomelidae Zabrotes subfasciatus Mexican Bean Weevil

9 Bostrichidae Rhyzopthera dominica Lesser Grain Borer

10
Curculionidae

Sitophilus granarius Granary Weevil

11 Sitophilus oryzae Rice Weevil

12
Tenebrionida

Tribolium freemani Kashmir Flour Beetle

13 Tribolium madens Black Flour Beetle
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sides, as is done in most filth laboratories9. For the RRf_P setup, we used a ring light (Leica LED5000RL) which 
provided more uniform illumination to the samples. The ring light was attached to a polarizing filter (Leica PF) 
which, when adjusted, removed most of the glare from the images. The Trans setup simply used a LED light 
source located at the base of the microscope on which the samples were placed. For any of these conditions, 
choosing the correct light intensity is important for avoiding any over or under exposure. All three conditions 
are illustrated, both schematically and with the actual experimental set-up, in Fig. 1.

To image curved elytra, we performed Z-stack imaging. In this case, multiple images were captured at various 
focal planes between the top and bottom most planes of the elytra. Selecting the top and bottom image planes 
accurately was critical. Fixing the planes too far away from the actual planes produced more image distortions 
and fixing them smaller than the actual range produced blurriness and loss of features. It is advisable to set the 
interplanar distances between two images to ~ 10 µm to ensure that all intricate pattern details are included dur-
ing imaging. Multiple raw images obtained from various focal planes then were processed using the Leica suite’s 
built-in Z processing algorithms that yielded a 2D equivalent image of the 3D elytra. To capture the images, a 
Leica MC170HD camera was used with an image resolution set to 2592 × 1944 dpi (the highest resolution avail-
able). In this study, both dorsal and ventral sides of each elytron were imaged at three lighting conditions and at 
magnifications varying from 20x to 160x. At the end of the imaging exercise we collected 20 images that collec-
tively represented each species under different imaging condition (three lighting at four different magnification 
ranging from 20x to 160x, each for all seven species).

Image analysis using ImageJ.  Images captured using all three lighting conditions were analyzed through 
ImageJ to grossly estimate the area of glares and number of glare spots. This was done simply through steps such 
as ‘threshold’, ‘binary’ and ‘analyze particles’ that yielded the total area and number of points due to over-expo-
sure. Average values were obtained by analyzing 10 elytra per species and plotted for comparison. For FFT (Fast 
Fourier Transformation), first a portion of the images that shows elytral patterns clearly were selected (to avoid 
any background signal). They were then converted to their FFT images using the FFT function (under Process 
Tab). For the pattern analysis, images captured only at 100x in Trans set up (being the optimal set up) were used. 
There were analyzed to calculate the ‘size’ and ‘shape’ distribution of the elytra patterns. First, the central portion 
of the raw images that showed the patterns only (without background or edges) were cropped manually to cre-
ate the input image folder. They were processed for ‘size’ and ‘circularity’ calculation using ImageJ, in a manner 
similar to our earlier reports29. The sequential steps used for the analysis are ‘set scale’, ‘threshold’, conversion to 

Figure 1.   Schematic and experimental setup for three lighting conditions used in this study; (a–c) schematic 
ray-diagram for the imaging conditions and (d–f) actual laboratory setup.
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‘binary’, ‘despeckle’ and ‘analyze particles’ and have been illustrated schematically in the supplementary infor-
mation (Supplementary Figure S2). The ‘circularity’ and ‘size’ distributions were binned in histograms and then 
analyzed through log-normal distribution to obtain parameters such as mean and standard deviations (SD).

Results and discussion
The illumination system often is considered the key setting in most image acquisitions30. Thus, we first studied 
this system under three different settings, namely 2Pt_Rf, RRf_P and Trans due to their practical and scientific 
merits. The schematic ray diagrams showing the lighting conditions and their experimental set-ups have already 
been illustrated (Fig. 1). The 2Pt_Rf system is one of the most-used illumination systems in the field of entomol-
ogy and food-filth detection, for it allows the operator to view a wide area of samples, even when they are dark 
and thick9. Beetle elytra (and other external surfaces of beetles) are coated with natural waxy substances and 
sometimes also with setae (hair-like features), which scatter reflected light, causing glare spots in their images31. 
Due to its reflective nature, this system, produced significant glare spots, often overshadowing the actual patterns 
of the elytra as seen on the top rows of Fig. 2a,b, and rendering it the least advantageous for our application.

The use of 2Pt_Rf light produced so much glare that it obstructed about 25% of the pattern area (Fig. 2c). 
Moreover, the dorsal setae produced a large number of tiny glare spots that could easily be confused for feature 
points (Fig. 2d), and led to misidentifications in previous studies21–24. Furthermore, we observed that the position 
of the glare spots did not remain constant, and varied with the angle of incident light and/or the ambient lighting 
conditions (Supplementary Figure S1). Such randomness in image illumination (i.e., brightness and contrast) 
makes this setting very inconsistent, (e.g., highly dependent on random, external factors) and rendering it inef-
fective for automated pattern analysis, particularly in developing computer models for pattern recognition27,28.

The RRf_P system was a significant improvement over the 2Pt_Rf system, as it allowed us to remove many 
of the illumination inconsistencies (Fig. 2a,b, the middle row). The use of a ring light instead of two light bulbs 
provided a more uniform illumination, and the polarized filter helped minimize glare spots from the images by 
imaging in circular polarized light (also minimizing the incoherent scattering of light, responsible for glare)32. 
However, upon closer observation, we found that the illumination system could not completely remove all the 

Figure 2.   Comparing three different illumination systems. Images of elytra under three different lighting 
conditions (top: 2Pt_Rf, middle: RRf_P and bottom: Trans), for two different families (a) Anobiidae, with species 
L. serricorne (1st column) and S. paniceum (2nd column) and (b) Tenebrionidae with species G. Cornutus (3rd 
column) and T. castaneum (4th column). All images were captured at 50x magnification, with the scale bars 
being 250 µm. The glare in images due to 2Pt_Rf illumination is evident. The RRf_P and Trans systems provide 
a much better alternative that significantly reduces glare, which obstruct elytral patterns. The extent of glare has 
been quantified as (c) percentage of elytra area obstructed due to glare, (d) number of glare spots (i.e. artifacts) 
due to setae when compared against three different illumination systems for two different families, which further 
highlights the advantages of RRf_P and Trans systems.
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glare spots, especially for the species with dorsal setae. The orientation of the polarizing filter can be adjusted to 
remove random scattering of light only from one particular plane and/or angle. Since dorsal setae lie at a slightly 
different angle to the elytra surface, it was not possible to simultaneously remove glare spots originating from 
both elytra and dorsal setae. However, this setting was found to be excellent in imaging whole insects and/or 
other thick, dark or shiny objects that may have been challenging when using the 2Pt_Rf setting33.

Compared to RRf_P and 2Pt_Rf, the Trans system was a much simpler and more economical set-up that 
produced excellent glare-free images (Fig. 2a,b, the bottom row). The images of elytra revealed patterns clearly 
as they did not suffer from any reflective glares (Fig. 2c,d). Unlike the RRf_P system, images captured in Trans 
remained mostly unaffected by the polarizing filter or its orientation (Supplementary Figure S2). This makes 
Trans least susceptible to variations such as those in operating personnel and ambient lighting conditions; and 
it remained relatively unaffected by the change in intensity of the transmitted beam, (i.e., due to the camera’s 
automatic intensity balance setting). Methods that enable consistent acquisition of data are highly desirable for 
any automated processing as they help avoid any batch effect or unknown error34,35. In this regard, the Trans 
system provides an effective, yet simple solution for consistently capturing clear, high-quality images.

We also captured images under the combined illumination of RRf_P and Trans systems. This combined 
lighting system, however, fell short by revealing both surface and internal features with equal precision, and 
its images more closely resembled the RRf_P-based images (Supplementary Figure S3). It was not possible to 
balance or equalize the illumination intensities of the two (i.e., reflected and transmitted) light beams. The ring 
light was higher in illumination intensity compared to the transmitted beam, which also underwent sample 
adsorption, possibly resulting from the camera’s greater expose to reflected light, producing images similar to 
those captured using RRf_P.

The key to discerning between similar patterns lies in acquiring images that enable the visualization of fine 
pattern details. This would permit maximum information to be extracted from each image and could help identify 
a species with a much larger set of characteristic features. To ensure visualization of the most patterns, both sides 
(D and V) of elytra were imaged. We noted that both of these illumination systems were excellent in revealing the 
pattern details, as one can clearly observe differences in patterns for D and V sides of the same elytron. The lack 
of glare spots made distinguishing between beetles belonging to the same family relatively easy, as their pattern 
features such as color, design, and setae are quite different from each other when observed through either the 
RRf_P or Trans illumination systems (Supplementary Figure S4).

Differences between species were subtler for beetles belonging to the same genus however. For instance, 
rectangular patterns are only slightly lighter with marginally thicker ridge lines between T. castaneum and T. 
confusum (both genus Tribolium), irrespective of the illumination system used (Fig. 3a,b). Differences also were 
found to be subtle between O. mercator and O. surinamensis (genus Oryzaephilus) (Supplementary Figure S4e). 
For the same species, the variation in elytra patterns due to two different illumination settings (RRf_P and Trans) 
could only be perceived during careful observation of the images (refer to first row for D & second row for V side 
in images Fig. 3a,b). This difference, though minute, originated from the variation in the imaging mechanism 
and deserves comprehensive interpretation. The RRf_P system uses a light beam that reflects back from the 
specimen surface to capture an image, which allows better visualization of surface features. On the contrary, the 
Trans system uses a transmitted light beam that traverses through the specimen allowing better visualization of 
internal structures, in our case this is the cytoskeletal pattern on each elytron. That may explain why the images 
captured through the Trans system did not appear significantly different between the D and V sides, as they did 
for RRf_P lighting (Fig. 3a,b).

In an ideal scenario the RRf_P system should be used for imaging surface features such as setae, contours and 
the like, and the Trans system for such internal structures as ridges and bulges. In practice however we observed 
that the RRf_P system is more susceptible to dorsal setae or artifacts such as contaminants or adherents (Fig. 3c). 
In several of the elytron samples, especially in the case of deeply concave samples such as L. serricorne, we found 
thin adherent coatings (possibly from the medium in which the insect lived) on the V side of the elytra persisted 
even after thorough ultrasonic cleaning. We also observed occasional dust-like adherent on either side of the 
elytra, all of which masked the actual elytral patterns. Additionally, we foresee the loss of non-structural surface 
features such as setae in real-world samples that undergo aggressive sample preparation steps prior to analysis. 
The internal structures of elytra are made of well crosslinked chitin (or its modified version), which is known 
to have excellent mechanical and structural properties16,36. Thus, capturing images through the Trans system 
is advantageous in this regard, as it captures the internal structures which usually remain unaffected by minor 
surface adhesions, contamination or even vigorous sample preparation steps.

Having studied the illumination systems, we focused on another important imaging parameter, namely, 
magnification. Figure 4b shows images of elytra from O. mercator and O. surinamensis at magnifications 20 x 
to 160 x under the Trans system. It is obvious that the patterns are visibly better and more prominent at higher 
magnifications. Moreover, the size and shape of an elytron varies from one species to another (Fig. 4a,c). For 
the seven beetle species examined in this study, their sizes varied from ~ 5 mm2 for genus Oryzaephilus to ~ 13 
mm2 for genus Tribolium. At these sizes, 50 x to 100 x magnification seemed a good choice, as it enabled us to 
capture most of the elytra (Fig. 4b,d). Imaging at higher magnifications (such as 160 x) allowed significantly 
better visualization of individual patterns. On the other hand, it only revealed parts of the elytral patterns, with 
a large portion remaining out of the field of view, and thus unanalyzed.

To remedy this inconvenience, many images must be captured in order to visually represent the entire elytra 
(about five or so in some cases as shown in Fig. 4e). This would increase overlapping errors (i.e. same parts being 
imaged in multiple images) without significantly increasing the pattern information. It also makes the process 
more susceptible to vibrations, thus increasing the likelihood of introducing undesirable artifacts. Increasing the 
magnification also significantly reduces the frame area. The average size of pantry beetle elytra is approximately 
10 mm2, which is similar in dimension to the area of the image frame at 100 x magnification (Fig. 4f). Therefore, 
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Figure 3.   Acquired patterns on either side of elytra dorsal (D) & ventral (V) sides for maximum visualization of the patterns and to 
compare the two different illumination systems, RRf_P and Trans, for (a) T. castenium, (b) T. confusum both belonging to the genus 
Tribolium; and are well known for their remarkably similar appearance; and (c) in visualizing surface features in O. surinamensis (OS), 
L. serricorne (LS), and T. confusum (TCo). Although, both systems seemed equally good for visualizing elytral patterns, the Trans 
system was found to be the least affected by minor surface features such as setae, thin surface coatings or occasional adherents, making 
it more advantageous for the imaging application.
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images captured at this magnification (i.e. 100 x), would reveal all or most of the elytra structure for a majority of 
the pantry beetles (Fig. 5a). We thus concluded that this a good starting point for a more detailed investigation.

Like the sizes of elytra, morphology of the patterns also varied widely across family and genera, and even 
within the same genera, which could clearly be visible at 100 x magnification across all the species (Fig. 5b). 
For instance, the central bulges were more circular in shape and measured on average ~ 100 µm diameter for T. 
confusum compared to a less circular bulge shape that measured less than ~ 50 µm in diameter for T. castaneum. 
Interestingly, L. serricorne completely lacked any such bulges (a feature we observed on very few pantry beetles) 
and had distances of less than 20 µm between the seatal pits (hair roots). Such small feature size could not be 
resolved adequately at 50 x magnification (even at ~ 2400 × 1900 dpi image resolution). Imaging at 100 x magni-
fication (and at ~ 2400 × 1900 dpi resolution) allowed us to visualize the patterns clearly enough to visibly distin-
guish one elytra pattern from another (Fig. 5c). We therefore, chose this magnification as optimal, as it struck a 
reasonable balance between appropriate field of view and adequate resolution of detailed elytral patterns. At this 
point we also began to concur that magnification of 100 x under Trans illumination yielded high quality elytra 
images that allowed one to visualize fine patterns in beetle elytra in a consistent manner. It could be the optimal 
imaging condition, as images captured this way enabled us to visually differentiate one species from another, at 
least for the set of beetle species under investigation.

After optimizing the illumination and magnification settings (which were the hardware-based parameters), we 
focused our attention to digital parameters for improving the image quality. Amongst these parameters, sharp-
ness, distortion and aberration were important for their significance in image processing. They also contribute 
to the visual clarity, by revealing the finest elytral patterns required for distinguishing one species from another. 
The corresponding FFT images of the images obtained using conventional (low resolution 2Pt_Rf), 2Pt-Rf and 
Trans settings (Supplementary Figure S5) highlights the difference in the pattern clarity. The central vertical line 
represents the horizonal groves in the pattern and the smaller spots on both sides possibly represent the rec-
tangular box like features patterns. Their distinct nature for the FFT image, indicates that the pattern (obtained 
using the Trans setting) is clear due to the good image quality. On the contrary, the FFT patterns are increasingly 

Figure 4.   Magnification considerations: (a) Elytra images captured at 50 ×  magnification, showing their 
overall appearance; (b) Elytra images of T. castaneum (TCa) and T. confusum (TCo) at various magnifications 
showing area of elytra captured in each frame/magnification, (c) variation in average elytra sizes (of 10 images 
per species) for the seven different species used in this study, (d) proportion (area imaged/total area) of elytra 
captured at various magnifications, (e) number of images required (elytra size/frame size) to visually represent 
the whole elytra and (f) change in frame area (area captured in an image) by magnification. Even though there is 
a variation in elytral sizes, collectively they can be represented effectively at a magnification of 100 x.
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Figure 5.   Elytra and their patterns at various magnifications; (a) elytral images of species O. mercator (OM) 
and O. surinamensis (OS) at magnifications 20x to 160x; (b) elytra patterns captured for six different species at 
100x magnification under the Trans illumination system; and (c) various elytra patterns for the same six species 
at higher display resolution, which highlights that this setup (Trans at 100x) is capable of resolving the finest 
pattern details required to distinguish species belonging to the same genus or family from one another.
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diffused (due to glare and scattering, less sharpness and clarity) for 2Pt-Rf setting and lower resolution. The FFT 
patterns from species belong to different families shows variation. The FFTs from those belong to the same genus 
and family, shows some similarity (due to the similarity in their elytral patterns) but are not identical, further 
bolsters the superior image quality of Trans setting that allows distinction of one species from another.

Image resolution, another of the image quality parameter, was kept at 2592 × 1944 dpi (~ 5-megapixel, image 
size: 14 MB per image). This was found to be adequate for our applications, as higher resolution (greater than 10 
megapixel) increased the images size significantly without providing any additional information. This may also 
cause difficulty in handling and storage for a repository aimed to contain about 2000 images. Fortunately, most 
modern cameras, including the one we used, comes with well-documented, user-guided software interface that 
allows convenient optimization of the ‘soft’ parameters enabling easy capturing of good quality images. So, it was 
less arduous for us to obtain good quality elytral images of once the illumination and magnification settings were 
worked out. A step-wise details on how to capture a good quality image has been elaborated (Supplementary 
Information-Step-Wise Imaging Method) for consistency and reproducibility.

Our ultimate objective is to obtain large number of high-quality elytral images for species identification 
through elytral pattern recognition using artificial intelligence (AI) based machine learning methods. However, 
developing such methods require both time and high-performing computational capability, which could be 
expensive. It may be prudent to run a ‘quick-check’ to observe if improving the image quality indeed showed any 
promise in improving species-level identification. Therefore, as a proof of concept, we used ImageJ to analyze 
the elytral patterns based on their difference in sizes and shapes. For this test, we analyzed elytra images of G. 
cornutus, T. castaneum and T. confusum, all three belonging to the same family Tenebrionidae, thus showing very 
similar elytral patterns (Fig. 6a). The processed images yield corresponding pattern outlines whose size and shape 
have been quantified by the area within the outlines and their circularity (area/perimeter2, 0 for line and 1 for 
circle) (Fig. 6b). It can be noted that their distributions created three different bell curves for the three species 
analyzed. The shape distributions did show three peaks having good overlap, probably indicating the similarity 
in pattern shapes for species belonging to the same family (Fig. 6c). The size distribution curves however are 
further apart for the species belonging to the same family but different genus and quite close for those of the same 
genus (Fig. 6d). This species wise classification using rudimentary size analysis of elytra patterns indicated  that 
improving image quality may indeed help improve species-level identification.

Any optimization technique must be tested for its robustness before being extended to a much wider range of 
samples. Thus, we wanted to observe whether the Trans setting at a 100x magnification could be used for other 
species of beetles. For this setting to work the transmitted light must pass through the elytra, which may seem 
difficult if the elytron is too dark and/or thick. Thus, we tested this system to image elytral patterns on rainbow 
scrap beetle (Phanaeus vindex), black dung beetle (Onitis aygulus) and click beetle (Orthostethus infuscatus), 
(none of which are pantry beetles), for they have some of the biggest, darkest and thickest elytral known to ento-
mologists (Fig. 7a,b)36. It was indeed possible to capture elytra patterns for all three species using this setup. For 
comparison, images also were obtained using the RRf_P setting further highlighting the advantage of imaging 
in transmitted light, Trans remains least influenced by the presence of surface features such as pigmentation, 
excessive setae and the like as shown in the bottom row images in Fig. 7a–c. Since the setup worked well for some 
of the biggest and darkest elytra samples, presumably it could be used for imaging any species of pantry beetle 
(or other class of beetles) which are roughly 10 times smaller in size and have far thinner elytra.

Having tested the Trans system at 100x magnification on thicker and darker elytral samples, we moved for-
ward in capturing elytral images of other pantry beetles to further expand the robustness of this system. Figure 8 
shows representative images of six more species, listed in Table 1, by their family and genus names. We observed 
that this system (100 x magnification with the Trans setting) yielded excellent images for most of the beetles. 
The only exception was Zabrotes subfasciatus (Z. subfasciatus- commonly known as Mexican bean weevil of 
family Chrysomelidae). Its dark dorsal setae with white stripes, combined with a deeply concave shape probably 
made auto-focusing difficult during image acquisition. This could have contributed to slightly imperfect stack-
ing of multi-layer images resulting in a poorer 3D montage construction. Images of the same species obtained 
through the RRf_P system also were of poorer quality, leading us to conclude that elytra with surface setae of 
contrasting colors combined with deep concave shapes are more difficult to image compared to elytra with 
more uniform color, flatter shape and clear patterns. This, however, may not pose a significant challenge, as in 
a real-world scenario, elytra often lose both their dorsal setae and concave shape due to food processing steps 
and/or fragmentation.

We currently are extending this imaging method to a total of 40 different species and plan to create a publicly 
available database of these images. Such database is meant to serve the food safety and entomology communities 
by providing good quality images for referencing and taxonomical applications. The optimization of parameters 
required for machine learning methods for species identification through pattern recognition are quite different 
from those in image acquisition and is far beyond the scope of this manuscript. But this study is aimed to serve 
as a forerunner for such study as it provides the means to obtain a large set of good-quality, noise-free images 
for developing a good computational model, which has been one of the primary challenges in the field of AI and 
machine leaning. We hope that a publicly available database of images will encourage data scientists to develop 
state-of-the art species identification algorithms, thus eventually contribute to our long-term goal of efficient 
automated species identification of food contaminating beetles. We believe this work lays a solid foundation for 
such an exhaustive study, which would require more resources and would help predict the correct species of pan-
try pests with greater accuracy. We hope such efforts ultimately would expedite the entire process of taxonomical 
analysis and help better manage contamination scenarios or catalog ecological systems, in the foreseeable future.
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Conclusion
Our study’s aim was to develop better imaging conditions that would allow capture of high-quality images of bee-
tle elytra in a consistent manner. In this investigation, multiple species that had significant similarities (within a 
pair) were imaged under different illumination systems (i.e. 2Pt_Rf, RRf_P and Trans) and various magnifications 
(i.e. 20 x to 160 x). Through this exhaustive imaging exercise, we sought to find the optimal imaging method that 
yielded images clear enough to differentiate the species belonging to the same family or genus. Of the three light-
ing conditions, we found the Trans setting was the most simple and economical, and also provided images that 
were least susceptible to external and random variables. We also found that both 50 x and 100 x magnifications 
were adequate to capture elytra specimens for most species of pantry beetles. However, 100 x magnification was 
more advantageous in resolving finer patterns whose dimensions sometimes were smaller than ~ 20 µm. Images 
captured using the optimal imaging condition, (i.e. the Trans setting at 100 x magnification) showed very clear 
elytral patterns. These images were also subjected to quick and simple pattern analysis to obtain their size and 
circularity distributions, which showed distinct distribution peaks specific to each species belonging to the same 
family or genus. It thus allowed us to capture high-quality images from various food-contaminating species and 
managed to highlight the subtle yet distinct differences in their elytra patterns, even for species that appeared 
nearly identical. We believe that the study has paved the way forward towards an automated species identification 
of food-contaminating (or of other types) beetles through elytral pattern recognition using advanced machine 
learning algorithms in the near future.

Figure 6.   Analysis of elytra patterns for 3 different species, namely G. cornutus (GC), T. confusum (TCo), & T. 
castaneum (TCa) belonging to the same family Tenebrionidae. (a) optical images captured in Trans illumination 
at 100x magnification showing elytra patterns, with the scale bars being 250 µm; (b) the corresponding binary 
image, that shows only the dominant patterns. The log-normal distribution of (c) ‘circularity’ (shape) and (d) 
‘size’ of the patterns for the three different species. It can be noted that the shape of the patterns are similar (close 
‘circularity’ distribution) for the species belonging to the same family. But the ‘size’ distribution varied for three 
species with TCo & TCa belonging to the same genus Tribolium, much closer compared to the other family 
member GC. The indexed numbers show the mean and SD of the distribution, with the size values bearing units 
of  10–3 mm2.
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Figure 7.   Control study to evaluate imaging capability when using Trans at 100x magnification, which was 
employed to image (a) Rainbow Scrap Beetle (Phanaeus vindex); (b) Black Dung Beetle (Onitis aygulus) and 
(c) Click Beetle (Orthostethus infuscatus), which possess some of the thickest and darkest known elytra in 
beetles. For comparison, the bottom row imaged using the RRf_P system, shows colored pigmentation, waxy 
coating and excessive setae. The top row represents images captured using the Trans system showing only the 
cytoskeletal structure, and which remain mostly unaffected by nonuniform surface features.

Figure 8.   Extending this imaging method to other species of food contaminating beetles. Elytra images 
of species belonging to (a) two completely different families; (b,c) of same genus. Sitophilus granarius and 
Sitophilus oryzae of genus Sitophilus; T. freemani and T. madens of genus Tribolium. The optimized imaging 
technique works well for imaging elytra of most species of pantry beetles. However, species with variegated 
dorsal setae and deep concave shapes are most difficult to image properly. The images are at 100x magnification, 
with the scale bars being 250 µm; the insets show the magnified patters with scale bar being 100 µm.



12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7957  | https://doi.org/10.1038/s41598-021-86643-y

www.nature.com/scientificreports/

Received: 12 August 2020; Accepted: 10 March 2021

References
	 1.	 Zhang, G. et al. Prevalence of Salmonella in 11 spices offered for sale from retail establishments and in imported shipments offered 

for entry to the United States. J. Food Prot. 80, 1791–1805. https://​doi.​org/​10.​4315/​0362-​028X.​JFP-​17-​072 (2017).
	 2.	 Voeller, J.G. (Ed.). Food Safety and Food Security. (Wiley, 2014).
	 3.	 U.S. Food and Drug Administration. Requirements of Laws and Regulations Enforced by the United States Food and Drug Admin-

istration. (University of Michigan Library, 1979).
	 4.	 U.S. Food and Drug Administration. Risk Profile: Pathogens and Filth in Spices. (2017). https://​www.​fda.​gov/​media/​108126/​downl​

oad.
	 5.	 Heeps, J. Insect Management for Food Storage and Processing. (Elsevier, 2016).
	 6.	 Rees, D. Insects of Stored Grain: A Pocket Reference. (CSIRO Publishing, 2007).
	 7.	 Jood, S., Kapoor, A. C. & Singh, R. Effect of insect infestation and storage on lipids of cereal grains. J. Agric. Food Chem. 44, 

1502–1506. https://​doi.​org/​10.​1021/​jf950​270e (1996).
	 8.	 Bell, C. H. Food Safety Management: Chap. 29. Pest Management. (Elsevier, 2013).
	 9.	 U.S. Food and Drug Administration. Microanalytical & Filth Analysis, ORA Laboratory Manual (FDA Document, Office of Regula-

tory Science, FDA, 2013). https://​www.​fda.​gov/​media/​73557/​downl​oad.
	10.	 Liu, S. S. Investigation and Identification of Physical Contaminants in Food. Food Safety Magazinein (Food Safety Magazine) Vol. 16 

(2018). https://​www.​foods​afety​mag-​digit​al.​com/​foods​afety​mag/​june_​july_​2018?​artic​le_​id=​14041​00&​pg=​NaN#​pgNaN.
	11.	 Mackie, I. M. Species identification of cooked fish by disc electrophoresis. Analyst 93, 458–460. https://​doi.​org/​10.​1039/​AN968​

93004​58 (1968).
	12.	 Serrano, A. et al. Identification of Dactylopius cochineal species with high-performance liquid chromatography and multivariate 

data analysis. Analyst 138, 6081–6090. https://​doi.​org/​10.​1039/​C3AN0​0052D (2013).
	13.	 Naumann, A. A novel procedure for strain classification of fungal mycelium by cluster and artificial neural network analysis of 

Fourier transform infrared (FTIR) spectra. Analyst 134, 1215–1223. https://​doi.​org/​10.​1039/​B8212​86D (2009).
	14.	 U.S. Food and Drug Administration. Analysts on Inspection, ORA Laboratory Manual (FDA Document, Office of Regulatory 

Science, FDA, 2019). https://​www.​fda.​gov/​media/​73537/​downl​oad.
	15.	 Crowson, R. A. The Biology of the Coleoptera. Vol. 43 (Academic Press, 1981).
	16.	 Lomakin, J. et al. Mechanical properties of the beetle elytron, a biological composite material. Biomacromol 12, 321–335. https://​

doi.​org/​10.​1021/​bm100​9156 (2011).
	17.	 Mayo, M. & Watson, A. T. Automatic species identification of live moths. Knowl.-Based Syst. 20, 195–202. https://​doi.​org/​10.​1016/j.​

knosys.​2006.​11.​012 (2007).
	18.	 Wang, J., Lin, C., Ji, L. & Liang, A. A new automatic identification system of insect images at the order level. Knowl.-Based Syst. 

33, 102–110. https://​doi.​org/​10.​1016/j.​knosys.​2012.​03.​014 (2012).
	19.	 Cope, J. S., Corney, D., Clark, J.Y., Remagnino, P., Wilkin, P. Plant species identification using digital morphometrics: A review. 

Expert Syst. Appl. 39, 7562–7573 (2012).
	20.	 Yang, H. P., Ma, C. S., Wen, H., Zhan, Q. B. & Wang, X. L. A tool for developing an automatic insect identification system based 

on wing outlines. Sci. Rep. 5, 12786. https://​doi.​org/​10.​1038/​srep1​2786 (2015).
	21.	 Bisgin, H. et al. Comparing SVM and ANN based machine learning methods for species identification of food contaminating 

beetles. Sci. Rep. 8, 6532. https://​doi.​org/​10.​1038/​s41598-​018-​24926-7 (2018).
	22.	 Wu, L. et al. A deep learning model to recognize food contaminating beetle species based on elytra fragments. Comput. Electron. 

Agric. 166, 105002. https://​doi.​org/​10.​1016/j.​compag.​2019.​105002 (2019).
	23.	 Martin, D. et al. An Image Analysis Environment for species indentification for food contaminating beetles. In Proceedings of the 

Thirtieth AAAI Conference on Artificial Intelligence Vol. 16, 4375–4376 (2016).
	24.	 Park, S. I. et al. Species identification of food contaminating beetles by recognizing patterns in microscopic images of elytra frag-

ments. PLoS ONE 11, e0157940. https://​doi.​org/​10.​1371/​journ​al.​pone.​01579​40 (2016).
	25.	 Zhou, J. et al. BIOCAT: A pattern recognition platform for customizable biological image classification and annotation. BMC 

Bioinform. 14, 1–14. https://​doi.​org/​10.​1186/​1471-​2105-​14-​291 (2013).
	26.	 Eliceiri, K. W. et al. Biological imaging software tools. Nat. Methods 9, 697–710. https://​doi.​org/​10.​1038/​nmeth.​2084 (2012).
	27.	 Shamir, L., Delaney, J. D., Orlov, N., Eckley, D. M. & Goldberg, I. G. Pattern recognition software and techniques for biological 

image analysis. PLoS Comput. Biol. 6, e1000974. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10009​74 (2010).
	28.	 Yuan, T., Zheng, X., Hu, X., Zhou, W. & Wang, W. A method for the evaluation of image quality according to the recognition 

effectiveness of objects in the optical remote sensing image using machine learning algorithm. PLoS ONE 9, e86528. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00865​28 (2014).

	29.	 Bera, T. et al. Estimating bacterial concentrations in fibrous substrates through a combination of scanning electron microscopy 
and ImageJ. Anal. Chem. 91, 4405–4412. https://​doi.​org/​10.​1021/​acs.​analc​hem.​8b048​62 (2019).

	30.	 Qian, J. et al. Large-scale 3D imaging of insects with natural color. Opt. Express 27, 4845. https://​doi.​org/​10.​1364/​oe.​27.​004845 
(2019).

	31.	 Sun, M. et al. Compound microstructures and wax layer of beetle elytral surfaces and their influence on wetting properties. PLoS 
ONE 7, e46710. https://​doi.​org/​10.​1371/​journ​al.​pone.​00467​10 (2012).

	32.	 Macleod, H.A. Thin-Film Optical Filters. 4 edn, 21–30 (CRC Press, Tayloy and Francis Group, 2010).
	33.	 Nguyen, C. V., Lovell, D. R., Adcock, M. & La Salle, J. Capturing natural-colour 3D models of insects for species discovery and 

diagnostics. PLoS ONE 9, e94346. https://​doi.​org/​10.​1371/​journ​al.​pone.​00943​46 (2014).
	34.	 Caicedo, J. C. et al. Data-analysis strategies for image-based cell profiling. Nat. Methods 14, 849. https://​doi.​org/​10.​1038/​nmeth.​

4397 (2017).
	35.	 Shen, D., Wu, G. & Suk, H.-I. Deep learning in medical image analysis. Annu. Rev. Biomed. Eng. 19, 221–248. https://​doi.​org/​10.​

1146/​annur​ev-​bioeng-​071516-​044442 (2017).
	36.	 Sun, J. & Bhushan, B. Structure and mechanical properties of beetle wings: A review. RSC Adv. 2, 12606. https://​doi.​org/​10.​1039/​

c2ra2​1276e (2012).

Acknowledgements
The authors are thankful to James Campbell, Stored Product Insect and Engineering Research Unit, US Depart-
ment of Agriculture (USDA) and Michael Domingue, Animal and Plant Health Inspection Service, USDA for 
providing some of the beetle samples. The authors are also thankful to Drs. Pierre Alusta and Tucker Patterson 
of NCTR and Drs. Joshua Moore and Michael Wichman of ARKL, and Paul Howard of ORS/ORA for their com-
ments and suggestions during the internal review of the manuscript. T.B. is grateful to NCTR and Oak Ridge 

https://doi.org/10.4315/0362-028X.JFP-17-072
https://www.fda.gov/media/108126/download
https://www.fda.gov/media/108126/download
https://doi.org/10.1021/jf950270e
https://www.fda.gov/media/73557/download
https://www.foodsafetymag-digital.com/foodsafetymag/june_july_2018?article_id=1404100&pg=NaN#pgNaN
https://doi.org/10.1039/AN9689300458
https://doi.org/10.1039/AN9689300458
https://doi.org/10.1039/C3AN00052D
https://doi.org/10.1039/B821286D
https://www.fda.gov/media/73537/download
https://doi.org/10.1021/bm1009156
https://doi.org/10.1021/bm1009156
https://doi.org/10.1016/j.knosys.2006.11.012
https://doi.org/10.1016/j.knosys.2006.11.012
https://doi.org/10.1016/j.knosys.2012.03.014
https://doi.org/10.1038/srep12786
https://doi.org/10.1038/s41598-018-24926-7
https://doi.org/10.1016/j.compag.2019.105002
https://doi.org/10.1371/journal.pone.0157940
https://doi.org/10.1186/1471-2105-14-291
https://doi.org/10.1038/nmeth.2084
https://doi.org/10.1371/journal.pcbi.1000974
https://doi.org/10.1371/journal.pone.0086528
https://doi.org/10.1371/journal.pone.0086528
https://doi.org/10.1021/acs.analchem.8b04862
https://doi.org/10.1364/oe.27.004845
https://doi.org/10.1371/journal.pone.0046710
https://doi.org/10.1371/journal.pone.0094346
https://doi.org/10.1038/nmeth.4397
https://doi.org/10.1038/nmeth.4397
https://doi.org/10.1146/annurev-bioeng-071516-044442
https://doi.org/10.1146/annurev-bioeng-071516-044442
https://doi.org/10.1039/c2ra21276e
https://doi.org/10.1039/c2ra21276e


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7957  | https://doi.org/10.1038/s41598-021-86643-y

www.nature.com/scientificreports/

Institute for Science and Education (ORISE) for his postdoctoral fellowship. The authors also acknowledge the 
intramural research NCTR grant (E0759101), which supported the study.

Author contributions
T.B. designed and performed the experiments. T.B. analyzed the results and prepared the manuscript with help 
from L.W., Z.L., and J.X. H.D., H.S., A.B. helped with the sample collection and provided support on instrumenta-
tion. J.X., H.V. and W.T. managed and supported the study. All authors reviewed and approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​86643-y.

Correspondence and requests for materials should be addressed to J.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

https://doi.org/10.1038/s41598-021-86643-y
https://doi.org/10.1038/s41598-021-86643-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimized imaging methods for species-level identification of food-contaminating beetles
	Experimental methods
	Elytra harvest. 
	Imaging. 
	Image analysis using ImageJ. 

	Results and discussion
	Conclusion
	References
	Acknowledgements


