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Abstract
We examined the attraction of adults to six LEDs in the red flour beetles, Tribolium castaneum (Herbst) (Coleoptera: Ten-
ebrionidae), which is widespread as a stored grain insect. In the experiment, bluish green and green were more attractive 
than the two UVs, blue, and red LEDs only in females. On the other hand, no difference was found in attraction among the 
six LEDs in males. Next, we investigated the relationship between light intensity and attractiveness. No sexual difference 
in attractiveness in different light intensities was found, but the strongest light intensity was more attractive than other light 
intensities. Finally, we investigated the relationship between light attraction and strains artificially selected for the duration 
of death feigning. Short-strain beetles were more attracted to UV lights than long-strain beetles.
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Introduction

The red flour beetle, Tribolium castaneum (Herbst) (Coleop-
tera: Tenebrionidae), is an important cosmopolitan pest 
species that damages stored wheat and rice flour (Camp-
bell et al. 2010). Although many chemical insecticides and 
fumigants have been used for management, the beetles have 
developed resistance to those chemicals (Opit et al. 2012; 
Sokoloff 1977). Thus, new methods are necessary to manage 
this beetle species.

Recently, light has been used to trap and keep insects 
away from products, and recent studies have shown that 
insects respond differently to different light wavelengths 
(Shimoda and Honda 2013). The light response of stored 
product pests in the laboratory has been examined (Diaz-
Montano et al. 2016; Hironaka et al. 2017; Katsuki et al. 
2013) and also used to monitor the abundance of pests in a 
stored grain mill (see Miyatake et al. 2016).

On the other hand, behavioral responses to light may 
vary among insect populations, and different strains might 
respond differently to light, which is possible that all 

individuals are not equally attracted to light in the field. In 
fact, genetic variation in phototaxis has been reported in 
Drosophila flies (Dobzhansky and Spassky 1969; Hadler 
1964). However, to our knowledge, no study has been con-
ducted on the relationship between heritable variations of 
behavior and attraction to light sources using insect pest 
species.

Duehl et al. (2011) studied the attraction of T. castaneum 
to UV-LED lights. However, no studies have examined the 
effects of sex, and specific behavioral characteristics on the 
light-induced attraction of T. castaneum. Here, we measured 
(1) sexual differences in the distance of attraction to several 
different colors of LED light, (2) the relationships between 
the attractiveness and light intensities of LED light in male 
and female individuals, and (3) the difference in the distance 
of attraction to several different colors of LED lights of two 
strains artificially selected for the death-feigning duration, 
long and short, in T. castaneum adults (see Miyatake et al. 
2004, 2008).

Materials and methods

Insects

Three strains of T. castaneum were used in the experiments: 
a “base”, which has been kept in the laboratory of Okayama 
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University for more than 20 years, and “short” (S-strain) 
and “long” (L-strain) strains, which have been artificially 
selected for more than 10 years for the duration of death 
feigning (Matsumura and Miyatake 2018).

The beetles were reared with a mixture of whole-meal 
(Nisshin Seifun Group, Tokyo, Japan) enriched with brew-
er’s yeast (Asahi Beer, Tokyo, Japan) as the rearing medium 
and kept in a chamber (Model-470D Hitachi, Osaka, Japan) 
maintained at 28 ℃ under a photoperiod of 16L:8D.

Light stimuli for behavioral experiments

We used brand new LEDs (Nichia Corp. Tokushima, Japan) 
and examined the attraction of the base population of T. 
castaneum to different wavelengths using six LEDs: UV-L 
(NSHU590B 365 nm), UV-H (NSPU510CS 375 nm), blue 

(NSPB510 470 nm), bluish green (NSPB510DS 505 nm), 
green (NSPG510AS 520  nm), and red (NSPR510CS 
640 nm). An LED was set on an optical bench equipped 
with a set of quartz ND filters, a quartz optical wedge, and 
a UV-transparent liquid fiber, which directed the light to 
the experimental arena (see Fig. 1A). In the present experi-
ment, the numbers of photons were equalized to compare 
the attractiveness of LEDs accurately. First, we measured 
the photon flux of each LED at its maximal intensity with 
a spectrophotometer (HSU-100S; Asahi Spectra, Tokyo, 
Japan). The photon numbers were compared based on the 
integrated value in a range from 350 to 750 nm. The integral 
photon flux value was the lowest in UV-L LED (15.25 ×  1015 
photons  cm−2  s−1), so we adjusted the photon flux of all 
other LEDs to these values as closely as possible using the 
ND filters and the optical wedge. The resulting photon fluxes 

Fig. 1  Equipment measuring 
insect attraction to different 
light intensities and wave-
lengths. A A set of quartz ND 
filters, a quartz optical wedge, 
and a UV-transparent liquid 
fiber, which led the light to the 
experimental arena, B the box 
used for the attraction experi-
ment, and C the release point 
(1 cm × 1 cm) of the beetles, the 
position of the beetle after 1 h, 
and the distance to the beetle 
from the surface where an LED 
light is set
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(UV-L: 15.25 ×  1015 photons  cm−2  s−1, UV-H: 14.01 ×  1015 
photons  cm−2  s−1, blue: 16.55 ×  1015 photons  cm−2  s−1, blu-
ish green: 15.89 ×  1015 photons  cm−2  s−1, green: 14.06 ×  1015 
photons  cm−2  s−1, and red: 16.66 ×  1015 photons  cm−2  s−1) 
were used as the “maximal equiquantal” intensities in this 
study.

The behavioral experiments were conducted in a dark 
room (24 ± 1 ℃, humidity 45 ± 5%) using a styrene foam 
box (22 cm in height × 28 cm width × 35 cm in length). 
We set one LED on the optical bench at a time (Fig. 1A) 
and changed the LED to alter the stimulus wavelengths. 
We made a hole at the bottom center of a wall (wall 1, see 
Fig. 1B, C) of the box to attach the exit pupil of the optical 
fiber (Fig. 1A). When necessary, we systematically changed 
the light intensity using the ND filters and the optical wedge 
on the bench.

Attraction of beetles to six different LEDs

We set a release point (1 cm × 1 cm) on the floor at the bot-
tom center of wall 2 (Fig. 1C). Twenty each male and female 
T. castaneum individuals of the base strain were randomly 
selected from 80 individuals each time, separately. The sexes 
were separated during the pupal period by the difference in 
genital organs and kept for 5 days after eclosion as virgins.

We put the lid on after we set the beetle in the release 
point, and then turned on the LED. 1 h after the light was 
turned on, we opened the box and photographed the inside 
from just above the box using a smartphone (iPhone 10, 
Apple, USA). In the photograph, we drew a line from each 
beetle perpendicular to the wall to measure the distance from 
wall 1 to each beetle (see dotted lines in Fig. 1C). Then, we 
compared the averages and standard errors of the distances 
of individuals in each wavelength.

We used the distances of each individual as the attrac-
tion index. The attraction index was defined as a reciprocal 
of the distance from wall 1 to each beetle that was attracted 
to an LED. If a beetle never moved, then we scored 0 for 
the beetle. If a beetle reaches wall 1, we noted it as 1. The 
graphs are presented using attraction indices rather than raw 
data to show them visually more clearly (see Figs. 2, 3, 4). 
We used the Steel–Dwass test for the distances to compare 
sexes and among all six LED colors using JMP version 12.2 
(SAS Institute Inc. 2015). The Wilcoxon rank-sum test was 
used to compare the sexual difference overall, or in each 
wavelength by JMP version 12.2 (SAS Institute Inc. 2015). 
Statistical tests for distances, on the other hand, were per-
formed on raw data.

Light intensity dependency of attraction

We tested the attraction at four different light intensities (1.9
6 ×  1015 → 1.44 ×  1016 → 1.35 ×  1017 → 1.51 ×  1018 [photons 
 cm−2  s−1]) to the green LED using the base strain. The pro-
cedure was similar to the experiments described above. The 
Steel test was used to test the relationships between pho-
ton flux and attraction distance by JMP version 12.2 (SAS 
Institute Inc., 2015). The Wilcoxon rank-sum test was used 

Fig. 2  Comparison of attraction of the red flour beetle to different 
light LEDs. The vertical axis is the attraction index. The letter on the 
graph is the result of the Steel–Dwass test. There was a significant 
difference between those with different letters. The asterisk on the 
graph shows the result of the Wilcoxon rank-sum test. There was a 
sex difference in wavelength with an asterisk. The white bar shows 
male results, and the black bar shows female results. The error bar is 
SE

Fig. 3  Comparison of attraction of the red flour beetle to different 
light intensities in males and females. The horizontal axis shows the 
number of photons, and the vertical axis is the attraction index. The 
asterisk on the graph shows the result of the Steel test. The white bar 
shows male results, and the black bar shows female results. The data 
bar is SE
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to compare the sexual difference overall, or in each light 
intensity by JMP version 12.2 (SAS Institute Inc., 2015).

Comparison of attraction for short and long strains

We examined the attractiveness of six different LEDs to 
virgin beetles derived from short (S) and long (L) strains, 
which were artificially selected for the duration of death 
feigning. Each strain has two independent replicate selec-
tion lines (see Miyatake et al. 2004). The experimental 
procedure was the same as above except that we measured 
the distance twice at 1 h and 3 h after turning on the light 
to consider the effect of the long death-feigning duration 
of L-strains. The Steel–Dwass test was used to compare 
the attraction distance between the strains and the effects 
of LEDs by JMP version 12.2 (SAS Institute Inc., 2015). 
The Wilcoxon rank-sum test was used to compare the 

difference of strains overall, or in each wavelength by JMP 
version 12.2 (SAS Institute Inc., 2015). In the comparison 
between S- and L-strains, we used only females because 
only females had shown a wavelength preference in the 
previous experiment (see Fig. 2).

Results

Attraction of beetles to six different LEDs

Figure 2 shows the attractiveness of different LED colors to 
males and females. Statistical analysis showed that females 
were attracted to LEDs more strongly than males (Wilcoxon 
rank-sum test, male–female, p < 0.0001). A sexual compari-
son of each wavelength showed sexual differences in blue, 
bluish green, green, and red (Fig. 2, Wilcoxon rank-sum test, 
male–female, blue, p = 0.0015; bluish green, p < 0.0001; 
green, p < 0.0001; red, p < 0.0001). In males, no signifi-
cant difference was found in attraction distances among the 
six LEDs (Fig. 2, Steel–Dwass, colors: p > 0.05). On the 
other hand, bluish green and green LEDs were more attrac-
tive to females than UV-L, UV-H, and blue LEDs (Fig. 2, 
Steel–Dwass, UV-L–bluish green, p = 0.0004; UV-H–bluish 
green, p = 0.0022; UV-L–green, p = 0.0019; UV-H–green, 
p = 0.0114). Moreover, red LED was more attractive com-
pared to UV-L and UV-H LEDs (Fig.  2, Steel–Dwass, 
UV-L–red, p = 0.0012; UV-H–red, p = 0.0088).

Light intensity dependency of attraction

Figure 3 shows the effects of light intensity on males and 
females measured using the green LED. This is because 
the green LED was one of the most attractive colors in the 
previous experiment (see Fig. 2). We found no significant 
differences in attraction indices between sexes (Wilcoxon 
rank-sum, male–female, p > 0.05). In the comparison of 
light intensity, we found a significant difference between 
the weakest intensity and the strongest intensity (Fig. 3, 
Steel, 1.96 ×  1015–1.51 ×  1018, p = 0.0428). In the Steel 
test, 1.96 ×  1015 was used as the criterion. In addition, the 
Steel test was performed on combined male and female data 
because no sex differences were found.

Comparison of attraction in S‑ and L‑strains

We used only females, which showed the wavelength prefer-
ence in the base strain (see Fig. 2).

Fig. 4  Comparison of attraction to different light LEDs of S- and 
L-strains of the red flour beetle: the results of a 1 h and b 3 h at the 
insect release. The vertical axis is the attraction index. The letter on 
the graph is the result of the Steel–Dwass test. There was a significant 
difference between those with different letters. The asterisk on the 
graph shows the result of the Wilcoxon rank-sum test. There was a 
significant difference between strains in wavelength with an asterisk. 
The white bar shows S-results, and the black bar shows L-results. The 
error bar is SE
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Figure 4 shows the attractiveness of different LED colors 
to S- and L-strains. The S-strain individuals were attracted 
more strongly to LED other than those of L-strains at 1 h 
(Wilcoxon rank-sum test, S–L, p < 0.0001) and 3 h (Wil-
coxon rank-sum test, S–L, p = 0.0005). A strain comparison 
of each wavelength showed significant differences in UV-L, 
blue, and green at 1 h (Fig. 4a, Wilcoxon rank-sum test, S–L, 
UV-L, p = 0.0101; blue, p = 0.0396; green, p = 0.0306). At 
3 h, a strain comparison of each wavelength showed signifi-
cant differences in UV-H, blue and green (Fig. 4b, Wilcoxon 
rank-sum test, S–L, UV-H, p = 0.0374; blue, p = 0.0093; 
green, p = 0.0316). In addition, UV-L was more attractive 
to the S-strains compared to UV-H and red at 1 h after the 
light was turned on (Fig. 4a, Steel–Dwass, UV-H–UV-L, 
p = 0.0362; red–UV-L, p = 0.0321). At 3 h after the light was 
turned on, UV-L and blue were more attractive than UV-H 
and red in the S-strain (Fig. 4b, Steel–Dwass, UV-H–UV-L, 
p = 0.0496; red–UV-L, p = 0.0240, UV-H–blue, p = 0.0118; 
red–blue, p = 0.0119). We detected no significant difference 
among LED color preferences in the L-strains at 1 h (Fig. 4a, 
Steel–Dwass, colors: p > 0.05). At 3 h, only UV-H was less 
attractive than UV-L (Fig. 4b, Steel–Dwass, UV-H–UV-L, 
p = 0.0129).

Discussion

In the present study, a significant sex difference was found in 
the attractiveness of LEDs (Fig. 2). In some species, sexual 
differences in responses to light were found (Imafuku et al. 
2007; Nowinszky and Puskas 2015), so sex is possibly an 
important factor in light attraction. Furthermore, previous 
studies showed sex differences at the level of photorecep-
tor spectral sensitivity (van der Kooi et al. 2021). Further 
studies are required to understand the mechanism of sexual 
differences in attraction to LEDs. In terms of wavelength 
preferences, the attraction to bluish green (505 nm), green 
(520 nm), and red (640 nm) was higher in females, but not in 
males (Fig. 2). A few previous studies of other species show 
that wavelength preferences are different between the sexes 
(Endo et al. 2014; Katsuki et al. 2013; Ogino et al. 2015). 
Because the mechanism and function of such a sexual dif-
ference in attraction to LEDs are unknown, further detailed 
research is needed to determine these.

The results of the present experiment differ from those of 
previous studies on attractive wavelengths in T. castaneum. 
For example, Duehl et al. (2011) conducted experiments 
equalizing spectral irradiance (W/cm2) and showed that T. 
castaneum was attracted more to UV lights (390 nm) than 
other lights including 360, 380, 410, 555, 587, and 655 nm. 
On the other hand, Song et al. (2016) conducted experiments 
equalizing luminosity (lux) and concluded that T. castaneum 

was more attracted to red light (625 nm) than other lights, 
including 470, 520, 590, and 625 nm.

Note that the energy of a photon is inversely proportional 
to light wavelength. For example, the energy of one photon 
of 350 nm is equal to that of two photons of 700 nm (Ari-
kawa et al. 2014). When spectral irradiance is equalized, 
the numbers of photons decrease as wavelengths become 
shorter. If Duehl et al. (2011) conducted their experiments 
with equiquantal stimuli, as we have done here, the attrac-
tiveness of 360 nm and 380 nm would have been a little 
enhanced, but the predominance of 390 nm would remain. 
Therefore, using irradiance instead of photon flux is com-
pletely acceptable because both values are convertible. How-
ever, using luminosity for studying vision in non-human 
organisms is inappropriate because luminosity is a measure 
of brightness for humans. Any illuminometer is equipped 
with a sensor whose sensitivity peaks at 500 nm and zeros at 
400 nm and 700 nm. When the luminosity of LED (470, 520, 
590, 625 nm) is equalized using this device as Song et al. 
(2016) did, 470 nm and 625 nm light would contain many 
more photons than 520 nm, for example. The high attractive-
ness of 625 nm lights that Song et al. (2016) observed is pre-
sumably attributed to the light measurement protocol. In any 
case, the high attractiveness of 390 nm obtained by Duehl 
et al. (2011) is not consistent with our result here (Fig. 2). 
The difference might be attributed to the paradigm differ-
ence in light conditions of both behavioral experiments. UV 
used in the present study were 365 nm and 375 nm, which 
were different from UV (390 nm) attractive to T. castaneum 
in Duehl et al. (2011). Then, Duehl et al. (2011) adjusted 
the spectral irradiance of all LED lights to 10mW/cm2. On 
the other hand, we adjusted the photon flux of all LEDs to 
about 15 ×  1015 photons  cm−2  s−1. The spectral irradiance of 
each LED we adjusted was about 0.5–0.8 μW/cm2. The light 
intensity of our experiments with six different LEDs was 
about 10,000 times lower than those of Duehl et al. (2011). 
The light intensity influences the light response of insects 
(Mellor and Hamilton 2003; Merling et al. 2020; Meyer 
1978). It is possible that responsiveness to UV was lower 
than green in the light intensity we adjusted. In addition, we 
compared the average distance from the wall set light source 
in the box to each beetle for 1 h, while Duehl et al. (2011) 
compared the number of beetles that visited LED lights for 
5 min. These differences might be related to the difference in 
the results of spectral preference between Duehl et al. (2011) 
and the present experiments.

No sexual differences in attraction by light inten-
sity were found, although the attraction to green LED 
increased as the value of light intensity in males and 
females (Fig. 3). We found that the light intensity influ-
ences the light response of insects in T. castaneum. Moreo-
ver, the attraction of females rapidly tended to increase in a 
change from 1.96 ×  1015 to 1.44 ×  1016, while the attraction 
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of males gradually tended to increase as the value of light 
intensity. Thus, in T. castaneum, the threshold of the opti-
cal response may differ by sex. These would provide a 
useful perspective on pest control by light attraction, as 
light intensity is related to phototaxis and wavelength 
preference in insects, and the optimum light intensity for 
attraction may differ between light wavelengths and sexes. 
In sandfly, Lutzomyia longipalpis, it has been observed 
that wavelength preference varies with light intensity in 
males and females (Mellor and Hamilton 2003). On the 
other hand, a previous study with the blowfly, Calliphora 
erythrocephala has confirmed that positive phototaxis is 
maximized at a particular light intensity in males (Meyer 
1978). Therefore, it is necessary to verify in the future how 
wavelength preference changes in females and whether 
wavelength preference is observed in males when similar 
attraction experiments are conducted at higher reference 
light intensities.

In the experiment that compared short with long strains 
using adult females, the L-strain individuals were less 
attracted than those of S-strains. A previous study showed 
beetles derived from the L-strains had lower levels of 
activity than beetles from S-strains (Miyatake et al. 2008). 
These results suggest that there seems to be a relationship 
between activity and attraction to light. Therefore, it is 
possible that the colors such as UV, blue, and green pre-
ferred by the beetles (Fig. 2) differed significantly between 
S- and L-strains (Fig. 4).

On the other hand, the death-feigning duration of 
wild-caught T. castaneum is basically similar to that of 
the S-strain (Konishi et al. 2020). Therefore, a trapping 
and monitoring system using LED lights may be effec-
tive to trap wild beetles. However, the base and selected 
lines differed in their attractiveness to light wavelengths 
(See Figs. 2 and 4). The reason for this is unclear, but 
the attractiveness to light wavelengths may change during 
long periods of successive rearing or artificial selection. 
In addition, the wavelength preferences of the base and 
selected lines are possible to differ from that of the wild 
type. Therefore, we need to conduct future experiments in 
the wild type of T. castaneum.

In this study, the number of insects attracted was recorded 
1 h after the insects were released. Previous studies using 
other species of beetles have set longer experimental dura-
tions than the present study, with some of the longer ones 
lasting more than 24 h (Jeon et al. 2012; Katsuki et al. 2013; 
Song et al. 2016). However, as the wavelength preference 
was confirmed even for as short a time as 1 h, the dura-
tion of the present experiment is considered sufficient for 
the assessment of phototaxis. Also, in the comparison of 
attraction in S- and L-strains, the time of the experiment 
was set up as 1 h and 3 h in consideration of the effect of the 
long death-feigning duration of L-strains. The fact that there 

is little difference between the data after 1 h and 3 h sug-
gests that the results of this study adequately assess positive 
phototaxis, as it is likely that T. castaneum remains in that 
position after being attracted to some extent. However, we 
need to conduct more detailed experiments on the behavior 
of attraction to light over time in this insect in the future.
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