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Abstract: The whitefly Bemisia tabaci is among the most important agricultural pests in the world
and one of the world’s top 10 most invasive insect pests. Bemisia tabaci is associated with severe
yield and quality losses, mainly due to the transmission of plant viruses, as in the case of common
beans (Phaseolus vulgaris L.). Reducing insecticide applications is a research priority, e.g., developing
innovative and clean tools such as electromagnetic waves. The present work aims to determine the
effective parameters of laser to reduce the Bemisia tabaci population in common beans. Preliminary
assays were conducted by manually irradiating continuous-wave laser beams with different wave-
lengths (444 nm, 527 nm, and 640 nm) and optical intensities directly on the insects. Among these,
the most effective wavelength was 444 nm. Later, we repeated the experiments using a homemade
automated system to control the exposure time (t; =1s, t; =25, {3 =3 s and t; = 4 s) of whiteflies
to the incident beam at different optical intensities (I; ~ 10 Wem=2, I, ~ 4 Wem ™2, Iz = 2 Wem™2).
We have achieved 100% insect mortality by irradiating 454 nm laser wavelength on the 3rd instar
nymphs of Bemisia tabaci, with the following parameters: I1(t1), I>(t3) and I3(t4). Moreover, the laser
irradiation test did not affect plant yield and development, revealing that our preliminary results
present a photonic technique that could control whiteflies without harming the plants’ development.

Keywords: integrated pest management; Hemiptera; agriphotonics; photonics; laser applications;
Phaseolus vulgaris

1. Introduction

The whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) biotype MEAML1 is one of the
most relevant insect pests of crops worldwide due to many reasons: its broad geographic
coverage, present in all continents; strong performance as a vector of plant viruses; ability
to colonize plants belonging to many plant families; high adaptability to different environ-
ments; and rapid selection of insecticide-resistant populations. As a result, whiteflies are a
threat to food security, especially in developing countries [1].

The common bean (Phaseolus vulgaris L.) is a staple food in developing countries of
Latin America, Africa, and Asia [2-4]. In Brazil, this crop is produced in a variety of
systems, in three cropping seasons (year-round), ranging from family farmers with low use
of technology to large business areas using high-tech solutions. Even so, losses of up to
100% have been reported in common bean yield due to damage associated with viruses
transmitted by the whitefly [5]. The main control method for plant viruses transmitted by
the whitefly has been the application of pesticides to control the vector, thus relying on
chemical or biological control processes. However, the intense use of the same molecules,
often not associated with other management techniques, has rapidly selected whitefly
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populations resistant to most of the commercially available insecticides, thus limiting the
efficiency of chemical control. In recent years, there have been no records of new insecticides
to control this pest, which indicates a limitation in developing new chemical molecules.
Furthermore, the excessive use of synthetic pesticides poses a risk to human health and the
environment, contributing to the carbon footprint of agricultural production. Pesticides
are extremely C-intensive, and their use is increasing rapidly worldwide, but especially in
India, China, Brazil, and other emerging economies [6—11]. Reports of 20 applications per
common bean crop season are usually a standard procedure [5], as well as in cotton and
tomato. Reducing the need to use insecticides has been a research priority for developing a
more sustainable production system, ensuring food security for low-income populations.

In addition to chemical and biological control methods, insect control methods based
on physics principles have been studied recently. An example, still only a little explored, is
using laser to damage insect tissues, causing insect mortality or delayed insect development.
Laser devices at several wavelengths have been tested, causing significant mortality to
a wide range of insects, such as ants, stored grain beetles, aphids, leaf miners, spider
mites, mosquitoes, Drosophila melanogaster, the cabbage whitefly Aleyrodes proletella, and
even larger insects, such as domestic cockroaches [12-22]. These results suggest that
electromagnetic radiation, such as the laser, can contribute to the management of the
whitefly B. tabaci as well. However, as most reports showed that insect mortality is dose
and insect-stage dependent, it is necessary to study the appropriate laser wavelength and
amount of dose to achieve significant insect mortality without harming the plants. Here,
we report the most effective parameters for a new biocompatible photonic technique able
to control whitefly nymphs without harming the host plants.

2. Materials and Methods
2.1. Insect Colonies

The whitefly Bemisia tabaci MEAM1 biotype used in the experiments originated from a
colony on common bean (Phaseolus vulgaris, cv. Pérola), kept under screen house conditions
at Embrapa Arroz e Feijao, Santo Antonio de Goids, GO, Brazil (16°28'00” S, 49° 17/00” W;
823 m asl), as previously described [23,24]. To obtain age-synchronized adult insects, plants
containing whitefly eggs laid for 2 h were isolated in insect cages, after removing the adults,
until reaching the third larval instar. Then, insects were irradiated with laser beams at
different larval stages in the preliminary screening.

2.2. Laser Sources and Physical Parameters

The laser sources used in this work were continuous-wave (CW) diode lasers (DL)
emitting in the visible (VIS) spectral range. The CW-DL models acquired from the manu-
facturer Wicked Lasers, Shanghai, China, are S3 Inferno Series (635 nm), S3 Krypton Series
(520 nm), and S3 Artic Series (445 nm). The model DM-B5000 (454 nm) was acquired from
Sunshine Electronics, Guangzhou, China. All four CW-DL are direct-diode type lasers and
can be considered low-cost DL with an average optical power ranging from approximately
408 mW (S3 Krypton Series) to approximately 800 mW (DM-B5000). A thermopile power
sensor (Coherent, PowerMAX, Santa Clara, CA, USA) measured the average optical power.
The values differ from both manufacturers, as one can verify in Tables S51-54 in the Supple-
mentary Materials (SM). The DL’s spectral emission was obtained by filtering down the
average optical power using a set of neutral density filters before the beam collection by an
optical fiber (¢ = 20 um) connected to the optical spectrometer (slit of 25 pm) to avoid CCD
saturation. All results are in good accordance with the manufacturer’s announcement and
can be found in Tables S1-54 and Figures S1-54 on the SM.

Whether a DL employs a traditional monolithic design or an external cavity configu-
ration, the laser light must pass through the diode’s PN junction via a ridge waveguide.
Commonly, these types of structures have an optical cavity with an asymmetric geometry,
resulting in a high beam divergence more significant along one axis (known as the fast axis),
leading to an elliptical beam shape [25]. DLs also have a highly divergent beam compared
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to other lasers, e.g., Nd:YAG (neodymium-doped yttrium aluminum garnet). As a result, it
needs to be collimated with additional optics on the output facet to manage these types of
asymmetric laser beams. The manufacturer provides such lenses, particularly in assembled
DL models, such as the ones used in this work. As a result, a low-cost DL beam, after
propagating through the set of lenses, typically presents an elliptical spatial profile in the far
field. A homemade automated system based on the well-known knife-edge technique [26]
was used to characterize the transversal spatial laser beam of the DL models used in this
work. Figures S1B-54B in the SM show the laser transversal spatial profiles. As one can
verify, all spatial profiles are approximately elliptical, and the fluctuation intensity profile
recorded is directly related to the quality of the laser cavity, which in this case, does not
represent a drawback once the purpose is only to irradiate the physical system plant-insect,
on the contrary, once our goal is to show that affordable lasers can be used for pest control.

The irradiation area was determined using the knife-edge parameters, i.e., by recording
the length of the vertical and horizontal laser beam cross-sections and considering an
elliptical area, as shown in Table 1. The models used for the laser wavelength screening
were Inferno, Krypton, and Artic. Their optical intensity was intentionally kept at the
same values for the three lasers by controlling the average optical power with a set of
Glan-laser calcite polarizers (Thorlabs, GL10, Jessup, MD, USA) and an achromatic half-
wave plate (ThorLabs, AHWP05M-580, Jessup, MD, USA) placed on the beam optical path
immediately after the laser’s output. On the other hand, the irradiation made with the
DM-B5000 model did not use the previous apparatus to control the optical intensity. We
have electronically set the average optical power to 660 mW and utilized a 12,5 cm focal
biconvex lens to record the beam area at 20 cm (Spot 1), 25 cm (Spot 2), and 35 cm (Spot 3)
from the focal point. The area of each spot was determined by knife-edge parameters, as
mentioned before, and presented in Table 1.

Table 1. Physical parameters of the lasers used in this work to irradiate the physical system plant-insect.

. Beam Area Avg. Optical Power Optical Intensity
CW-DL Model [em—2] W] [W cm-2]
Inferno (640 nm) 0.088 & 0.009 0.530 + 0.032 6.000 + 0.702
Krypton (527 nm) 0.057 + 0.006 0.345 + 0.021 6.049 + 0.708
Artic (444 nm) 0.065 + 0.006 0.395 + 0.024 6.014 + 0.704
DM-B5000 (454 nm) 0.065 + 0.006 0.660 + 0.040 10.021 + 1.173
Spot 1
DM-B5000 (454 nm) 0.109 + 0.011 0.660 & 0.040 6.037 + 0.706
Spot 2
DM'BE’SOgg t(§54 nm) 0.242 + 0.024 0.660 + 0.040 4.074 + 0477

The uncertainty associated with the optical intensity was calculated considering the
relative experimental error of average optical power (6%) and beam area calculation (10%).
The associated error of the average optical power is mainly due to the laser beam fluc-
tuations, which surpass the calibration uncertainty of the equipment (+1%). Therefore,
considering the propagation of errors, we can estimate that the optical intensity’s uncer-
tainty is 11.7% of the measured value.

Another essential physical parameter is dose; in fact, the term “dose” is a concept
primarily associated with ionizing EM radiation, commonly used in dosimetry applica-
tions [27] expressed in units of millisievert (mSv) or Gray (Gy). For example, Gy measures
the amount of EM radiation energy absorbed by a substance, while mSv measures the
potential health risk associated with that EM radiation exposure. However, in our work in
which we use non-ionizing EM radiation, we will define the physical quantity “dose” as
the product of optical intensity (irradiance) with time exposure, commonly called radiant
exposure, in the radiometry field. Thus, subsequently, the dose (D) will represent the
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value that can be assessed to determine insect mortality, expressed in units of Joule per
area (Jcm™2).

2.3. Laser Wavelength Screening

Preliminary assays were conducted by manually irradiating the physical system
plant-insect with CW-DL models Inferno (640 nm), Krypton (527 nm), and Artic (444 nm)
continuous-wave (CW). Because the primary purpose was to identify which wavelength
would be more effective on the insect’s mortality, we have kept the optical intensity of these
irradiations at approximately 6.0 Wem ™2, as described in Section 2.2. The manufacturer of
such DL models provided an expansion kit of lenses to shape the laser beam. One of those
shapes can be described as a line laser beam or a thin laser beam. It is characterized by its
long and narrow shape, with a rectangular or elongated cross-section. The estimated optical
intensity for this line laser beam was below 0.08 Wem ~2, which did not cause any mortality
to the whiteflies Bemisia tabaci. Therefore, we have conducted the screening wavelength
with the beam shapes presented in SM (Figures S1B-53B).

The laser beams were applied directly on the whitefly nymphs and eggs on common
bean leaves to screen the most effective laser parameters for insect control without dam-
aging the plants. Common bean plants cv BRS FC401 RMD with the primary leaves fully
expanded (7 days after sowing, DAS) were infested with whitefly adults for oviposition for
1 h. Then, the adult insects were removed from the plants. When the eggs developed into
3rd instar nymphs, the irradiation started within the abaxial surface of the primary leaves
(where insects were located) (Figure 1A,B), gently fixed to a sheet of paper using masking
tape. Nymph size was about 440 um x 260 pm (Figure 1C). Each replicate consisted of
at least three irradiated areas, containing variable numbers of nymphs. Finally, using a
stereoscopic microscope, insect mortality, i.e., the proportion of dead nymphs in relation
to the total number of insects evaluated, was evaluated after the laser beam exposure.
Dead nymphs are identified by a drier appearance, darker color, and reduced volume, in
comparison with the live nymphs (Figure 1D,E)).

Figure 1. Common ben leaf containing whitefly nymphs and eggs. (A) View of the entire leaf,
marked with a permanent marker in spots where the number of insects was counted. (B) Highlighted
area showing whitefly nymphs and eggs at a 10 x magnified scale, under stereoscopic microscope.
(C) Whitefly nymph dimensions. (D) Live and (E) dead whitefly nymphs observed at a 10 x magnified
scale, under stereoscopic microscope after leaves’ irradiation with laser. Dead nymphs have a dry
appearance, darker color, and reduced volume.
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2.4. Effect of Laser Application on Plant Development

To evaluate whether the laser irradiance could impair plant development, common
bean plants cv BRS FC401 RMD with primary leaves fully expanded (7 DAS) were exposed
to the same laser wavelengths and intensities used in the preliminary assays, except for
the 640 nm laser, which did not cause significant insect mortality. Plants were set up with
the abaxial surface of their leaves exposed to the laser irradiation as previously described,
i.e., the same optical and time exposure parameters used in Section 2.2. Plants were
irradiated 2 more times at 14 and 21 DAS, in the first and second leaflets, respectively.
Controls were not exposed to the laser beam. To assess a possible thermal effect, thermal
images of the leaves were taken at the laser application and immediately afterward, using
a FLIR® thermal camera. The thermal camera’s characteristic and calibration is reported in
SM (Section S2).

Plants were kept in a greenhouse, following all the recommended management, until
the end of their cycle to evaluate plant development and yield. The number of pods per
plant, number of grains per plant and seed viability (germination rate) were evaluated. To
evaluate seed germination rate, seeds were placed on Germitest® paper, previously soaked
in water, and then taken to a germination chamber, with a controlled temperature of 28 °C
for four days. Three replicates per treatment were performed, each containing 6-10 seeds.
The proportion of viable and non-viable seeds in each of the treatments was determined.
For the statistical analysis, tests of the normality of residues and homogeneity of variances
were performed, followed by Tukey’s HSD to compare the treatments.

2.5. Automated Homemade System for Reliable Time Exposure Laser Irradiation

After analyzing the most suitable wavelength to achieve the insect’s mortality, we
have decided to increase the reliability of the experiments. For this purpose, we have used
the CW-DL DM-B5000 model (454 nm). The DM-B5000 model showed reasonable stability
during the tests, as shown in Figure 2, in which the average optical power variation is
below 6%. Furthermore, we built a simple but efficient homemade system that is fully
automated to control the exposure time of whiteflies to the incident laser beam. With
this homemade system, which also electronically controls the average optical power, we
achieved the desirable reliability, guaranteeing the effectiveness of the results presented in
this work.

The homemade system has a straightforward construction, as depicted in the schemat-
ics of Figure 3A. The working principle is based on controlling the DL, i.e., turning it “ON”
and “OFF” and controlling the average optical power assuring the optical intensity used for
the insect’s irradiation. Still, the most crucial part of this homemade system is the shutter
which allows a reliable insect’s time exposure. The shutter unblocks the beam when the
“ON” plateau is stable (inset of Figure 2). Because this system also intends to be low-cost,
an Arduino UNO has been used as a data acquisition (DAQ) device. The Arduino’s Pulse
Width Modulation (PWM) port was connected to the DL driver to control both on-off and
average optical power. Moreover, a metal plate coupled to a low-cost servo motor was used
to block the DL beam, which served as a beam shutter. We also developed a graphical user
interface (GUI), allowing a non-technical user to perform the irradiation experiments, as
shown in Figure 3B.

In this automated assay, four exposure times were used (t1 =1s, tp =2s,t3=23s
and t4 = 4 s) at different optical intensities (I; ~ 10 Wem ™2, I ~ 4Wem ™2, I3 ~ 2 Wcm’z).
The plant’s irradiation procedure was similar to the manual assay, i.e., detached common bean
leaves containing whitefly nymphs were fixed to a piece of paper and exposed to laser irradiation
(Figure 3C). The control experiment was performed in two ways: (i) using CW-DL Inferno
(640 nm); (ii) with no laser irradiation. Both control experiments showed zero percent mortality
in the automated assay. The insect mortality rate evaluation was made using a stereoscopic
microscope (Figure 1D,E). Finally, all the described experiments were repeated in triplicate.
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Figure 2. Maximum optical power stability during approximately 16 min revealed an uncertainty
(highlighted in gray) of about 6% by using the “ON-OFF” automated procedure via PWM.
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Figure 3. An automated assay was developed to study the effect of laser irradiation on whitefly
nymphs. (A) Simplified block diagram illustrating the homemade automated setup used to obtain
accurate exposure irradiation times. In addition, (B) presents the developed GUI'’s print screen.
(C) Incidence of the CW-DL DB-B5000 (454 nm) on common bean detached leaves containing 3rd
instar whitefly nymphs, controlling the irradiation exposure time.

3. Results

In the preliminary tests, i.e., the manual irradiation of the physical system plant—
insect using the CW-DL models Inferno (640 nm), Krypton (527 nm), and Artic (444 nm)
manually, revealed that only 527 nm and 444 nm wavelengths caused 100% insect mortality
(Table 2). The best irradiation performance belongs to the wavelength 444 nm, which only
required about 1 s to eliminate all irradiated whiteflies. On the other hand, the 527 nm
wavelength needed 60 s to eliminate all the irradiated insects, causing damage to the plant’s
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development. The lowest recorded performance is from the lowest energy wavelength
(640 nm), in which the irradiation achieved only 4% of mortality with an exposure time of
60 s. We want to emphasize that the results obtained for the 3rd instar nymphs represent
what was observed for the earlier stages, which are usually more susceptible to stress and
adverse conditions. The mortality of younger nymphs (1st and 2nd instar) and eggs was
also significant (data not shown).

Table 2. Insect mortality and laser parameters used in the preliminary assays for insect stage of 3rd
instar nymphs. The uncertainty associated with the intensity is about 12%, as reported in Section 2.2,
while the uncertainty associated with the manually controlled time exposure varies from 5% for
longer times (60 s), while for shorter times (5 s and 1 s) it drastically increases to around 50%.

Continuous-Wave Diode Lasers

Artic Krypton Inferno
444 [nm] 527 [nm] 640 [nm]
Intensity [Wem 2] 6.0 6.0 6.0
Exposure time [s] 1 60 60
Total number of insects evaluated 24 24 24
Number of dead insects after laser irradiation 24 24 1
Insect mortality ® [%] 100 100 4
Damage to plant development NO YES YES

@ The proportion of dead insects in relation to the total number of insects evaluated.

It is pointless to show a photonic technique to eliminate pests from plants if such a
technique causes permanent harm to the plant, i.e., that will damage the plant’s develop-
ment. That being said, we carefully analyzed how any possible damage from the laser
would influence the plant’s growth. The most critical data is shown in Table 3, where we
show that plants treated with laser beams did not differ from the controls (not treated)
regarding plant development (plant yield and seed viability). As one can check, the most
effective irradiation within the least amount of time possible that eliminates the insects
(444 nm, I = 6.0 Wem™2, t = 1 s) does not cause any harm to the plant development
(Tables 2 and 3). The 527 nm wavelength did not harm the plants when applied on the
leaves for only 1 s (Table 3). However, at a longer exposure time (60 s), damage to plant
development was observed for 527 nm and 640 nm (Table 2).

Table 3. Average number of pods and grains per plant and seed germination rate after exposing
the common bean plants to irradiation three times using different laser wavelengths and beams.
The uncertainty associated with the intensity is about 12%, as reported in Section 2.2, while the
uncertainty associated with the manually controlled time exposure varies from 5% for longer times
(60 s), while for shorter times (5 s and 1 s) it drastically increases to around 50%.

CW-DL Artic (444 nm) and Krypton (527 nm)

444 [nm] 527 [nm] Control Experiment
I=6[Wem™2] I=6[Wcm ? ..
t=1]s] £=1s] No Irradiation
Average number of pods per plant 6.00 (a) 5.00 (a) 5.85 (a)
Average number of grains 2233 (a) 18.75 (a) 25.14 (a)
per plant
Seed germination rate [%] 97.60 (a) 99.15 (a) 96.90 (a)

(a) means followed by the same letters in the rows do not differ by Tukey’s test (p < 0.05).

Thermal images showed that the leaf temperature, initially at 26 °C (room temperature)
(Figure 4A), rapidly increased during 1 s of laser irradiation, reaching 36 °C on average
(Figure 4B) in about 3 s. However, the temperature dropped quickly, returning to room
temperature about 10 s after laser irradiation (Figure 4C). We emphasize that the analyzed
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damage concerns plant development, which was not negatively impacted. However, that
does not mean that the laser irradiation is innocuous to plants: a temporary, isolated
burn, with no side effects on the plant’s development, was observed on some of the leaves
irradiated in the various experiments conducted. This effect, which was previously reported
in the literature [16], was not observed in plants presenting a normal state of turgidity. That
is, it is possible that the plants that presented the small burns were dehydrated, or were not
in their normal state of turgidity. In most irradiated plants, the only effect observed was a
slight discoloration of the leaf at the site of application. This observation is important, as it
leads us to think about technology application recommendations considering satisfactory
irrigation levels before laser application for future studies.

e

Figure 4. Thermal images of the common bean leaf before (A), during (B), and after (C) laser irradiance.

With the previously presented results, it was clear that a wavelength close to 444 nm
was suitable for testing in a more controlled environment from the data and acquisition
control point of view. Therefore, we have achieved reliability values regarding optical
intensity and time exposure using a homemade automated system with a laser source at
454 nm wavelength. The results are presented in Table 4 for three different optical intensities
with a maximum of 4 s of irradiation time. Even with the lowest optical intensity applied
(~ 2.0 Wem™2), the full insect mortality was achieved, but it took 4 s. The second lowest
optical intensity (~ 4.0 Wem™2) reached the total mortality within 3 s. As expected, the
total mortality with an optical intensity above 6.0 Wem =2 would get the complete mortality.
In this case, we tested an optical intensity of approximately 10.0 Wem 2. Regarding plant
damage, a punctual burn in the irradiation site was observed on the leaves. However, this is
considered temporary damage without an effect on plant development, as explained before.

Table 4. Data corresponding to 100% insect mortality achieved with laser wavelength 454 nm in
the automated assays for insect stage of 3rd instar nymphs. The uncertainty associated with the
intensity is about 12%, as reported in Section 2.2, while the uncertainty associated with the automated
controlled time exposure is negligible.

CW-DL Model DM-B5000 (454 nm)

Intensity [Wem 2] L =10 L =4 I3=2
Exposure time [s] =1 t3 =23 ty =4
Total number of insects evaluated 56 51 52
Number of dead insects after laser irradiation 56 51 52
Insect mortality @ [%] 100 100 100

@ The proportion of dead insects in relation to the total number of insects evaluated.

4. Discussion

Recent advances in physical methods for insect management, mainly using electro-
magnetic (EM) radiation, have been reported for several insect species, including ants,
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stored grain beetles, aphids, leaf miners, spider mites, mosquitoes, and whiteflies [12-22,28].
All of these previous works reported the usage of different laser systems, ranging from
VIS to IR (infrared), using both continuous-wave and pulsed beams. However, two of
those works have attracted our attention, particularly [13,21], which used low-cost and
compact laser systems with wavelength emission at 405 nm and 445 nm, respectively. The
low-cost and reduced dimension factors are crucial for our work proposal, which presents
a potential alternative method to the chemical and biological processes for pest control by
small farmers. In Ref. [13], the authors reported an exposure time of 30 min to achieve 100%
mortality in adults of Tribolium castaneum species. However, they did not mention what
optical intensity they used. Such exposure time is a considerable drawback to presenting a
practical alternative pest control method.

On the other hand, Ref. [21] has shown that a 445 nm laser with an average optical
power of approximately 670 mW focused was able to cause mortality rates depending on
the emitted pulse energy. With all this in mind, we have decided to choose the VIS spectral
region (445 nm, 520 nm, and 635 nm) to check which wavelength and dose will be efficient
to achieve 100% mortality of the whitefly (B. tabaci), without causing permanent damage to
the plant (Phaseolus vulgaris L.). Moreover, to the best of our knowledge, our report is the
first one showing the use of a laser to control the whitefly B. tabaci.

Our results show that the whitefly B. tabaci can be controlled, i.e., the mortality can be
fully achieved, with the following doses: D1 = [ t; = 10] em 2, Dy =Dt~ 12]cm 2,
and D3 = I3 t4 =~ 8] cm 2. One can compare our results with previously reported ones in
terms of dose evaluation. One of the closest examples in terms of wavelength and type of
laser that we have found in the literature for comparison purposes is the work reported
by Gaetani et al. [16]. In their work, the authors reported they used a Diode Pump Solid
State (DPPS) CW laser, with an emission centered at 532 nm, delivering a dose of about
54 ] cm~2 to control aphids. The dose used to eliminate the aphids is around five times
higher when compared to the doses we used to eliminate the whitefly B. tabaci, which is
reasonable, considering that aphids are usually at least three times larger than whiteflies.
Still, the amount of energy required to cause significant mortality of insects also varies with
the insect species [29].

There are few reports on the effect of EM radiation within the visible (VIS) spectral
window on insect mortality. Ultraviolet (UV) light is the best-known EM radiation to have
lethal effects on most organisms, being highly damaging to biological systems because it
can induce a variety of mutagenic and cytotoxic DNA alterations. For example, a significant
reduction of the number of eggs and nymphs of the whitefly B. tabaci was reported in plants
treated with UV (315400 nm) irradiation [28]. These authors discuss that UV-B radiation
might have lethal effects on plants, so they decided to work with UV-A, which is not
absorbed by native DNA [30], but can still damage cell constituents, such as lipids, proteins,
and even DNA, by increasing the synthesis of reactive oxygen species (ROS) [31]. One
might consider that using UV radiation is not safe to non-target organisms. Therefore, in
addition to its potential to be harmful to DNA and other cellular components, UV lasers
are highly expensive, so they would not serve our future goals of providing an affordable
technology for small farmers.

Moreover, it has been suggested that VIS EM radiation around 444 nm can damage
insect cells by increasing the synthesis of ROS [29], which may be one of the possible causes
of the mortality rate presented in our work. As an alternative to the toxic effect of ROS,
insect mortality could be caused by a rapid increase in body temperature. In the present
work, insect mortality does not seem to be related to a thermal effect, considering that
thermal images showed a rapid increase in the leaf temperature, from ~26 °C to ~36 °C
during laser irradiation, and then dropping down to ~26 °C about 10 s after the irradiation.
The observed temperature gradient did not influence plant survival and development,
although some tissue damage was observed.

Other types of laser beams should be considered for pest management, such as pulsed
laser systems. In the interaction of a laser beam with a biological tissue, which in our
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context is a physical system plant-insect, the main advantage of using a pulsed laser
system, with the same wavelength 454 nm, would be related to the reduction of thermal
effects on the plant [32,33], which represents an unquestionable advantage. However, in
the context of this work, which is to present a photonic technique that small farmers could
use, the considerable drawback of a pulsed laser system is the cost factor compared to a
CW DL system. From a practical point of view, a CW DL system is a robust, small-sized,
and affordable laser system emitting a 454 nm wavelength that will achieve 100% mortality
of whiteflies without permanently damaging the plant.

5. Conclusions

In the present study, we reported for the first time a mortality of 100% of whitefly
Bemisia tabaci 3rd instar nymphs on common bean (Phaseolus vulgaris L.), using a continuous-
wave, low-cost, diode laser emitting a 454 nm beam to deliver lower doses (< 12 ]cm_z) to
the plants. In addition, preliminary irradiations with 444 nm, 527 nm, and 640 nm laser
wavelengths have been conducted to understand the effect of impaired plant development.
Although temporary damage appeared after the laser irradiation, it was not enough to
impair the plant development, suggesting that 454 nm laser wavelength irradiation could
be used on a large scale to control the 3rd instar nymphs of B. tabaci. In order to record
a reliable dose value, we have developed an automated homemade system that controls,
with precision, the exposure time. The low-cost automated system associated with the
low-cost laser source is an excellent indicator that this system could be, in the near future,
an alternative for small and medium farm producers to have a biocompatible photonic
technique available.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ photonics10060636/s1, Figure S1-A: Inferno’s spectral emission
used in the preliminary tests, where the emission peak is centered at c.a. 640 nm; Figure S1-B:
Inferno’s spatial profile was acquired with an automated knife-edge home system (step of 50 pm),
revealing an elliptical-like spatial profile. No additional lens was used besides the set of lenses
coupled to the output facet by the manufacturer. The cross-section was acquired at ~40 cm from the
laser. The inset is a laser beam photograph in a black target to give the reader a qualitative aspect
ratio of the beam; Figure S2-A: Krypton’s spectral emission used in the preliminary tests, where the
emission peak is centered at c.a. 527 nm; Figure S2-B: Krypton's spatial profile was acquired with an
automated knife-edge home system (step of 50 um), revealing an elliptical-like spatial profile. No
additional lens was used besides the set of lenses coupled to the output facet by the manufacturer.
The cross-section was acquired at ~40 cm from the laser. The inset is a laser beam photograph in a
black target to give the reader a qualitative aspect ratio of the beam; Figure S3-A: Artic’s spectral
emission used in the preliminary tests, where the emission peak is centered at c.a. 444 nm; Figure S3-B:
Artic’s spatial profile was acquired with an automated knife-edge home system (step of 50 um),
revealing an elliptical-like spatial profile. No additional lens was used besides the set of lenses
coupled to the output facet by the manufacturer. The cross-section was acquired at ~40 cm from
the laser. The inset is a laser beam photograph in a black target to give the reader a qualitative
aspect ratio of the beam; Figure S4-A: DM-B5000’s spectral emission used in the preliminary tests,
where the emission peak is centered at c.a. 454 nm; Figure S4-B: DM-B5000’s spatial profile was
acquired with an automated knife-edge home system (step of 50 um), revealing an elliptical-like
spatial profile. A 13.5 cm bi-convex lens was used in addition to the set of lenses coupled to the
output facet by the manufacturer. The vertical and horizontal cross-sections were acquired at ~20 cm
from the focal point. The inset is a laser beam photograph in a black target to give the reader a
qualitative aspect ratio of the beam; Figure S5: Calibration procedures of the thermal camera used in
this work; Table S1: Some of the technical specifications provided by the manufacturer regarding the
Inferno laser (635 nm) model from Wicked Lasers (China) used in the preliminary tests conducted
in this work. Wavelength emission, laser power, and beam shape were tested in the laboratory
using an optical spectrometer (Avantes, AvaSpec-HERO, Netherlands), power meter (Coherent,
PowerMax, USA), and automated homemade knife-edge system with a 50 pum step, respectively;
Table S2: Some of the technical specifications provided by the manufacturer regarding the Krypton
laser (520 nm) model from Wicked Lasers (China) used in the preliminary tests conducted in this work.
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Wavelength emission, laser power, and beam shape were tested in the laboratory using an optical
spectrometer (Avantes, AvaSpec-HERO, Netherlands), power meter (Coherent, PowerMax, USA),
and automated homemade knife-edge system with a 50 um step, respectively; Table S3: Some of the
technical specifications provided by the manufacturer regarding the Artic laser (445 nm) model from
Wicked Lasers (China) used in the preliminary tests conducted in this work. Wavelength emission,
laser power, and beam shape were tested in the laboratory using an optical spectrometer (Avantes,
AvaSpec-HERO, Netherlands), power meter (Coherent, PowerMax, USA), and automated homemade
knife-edge system with a 50 um step, respectively; Table S4: Some of the technical specifications
provided by the manufacturer regarding the DM-B5000 laser (445 nm) model from Sunshine Eletronics
(China) used in the automated tests conducted in this work. Wavelength emission, laser power, and
beam shape were tested in the laboratory using an optical spectrometer (Avantes, AvaSpec-HERO,
Netherlands), power meter (Coherent, PowerMax, USA), and automated homemade knife-edge
system with a 50 um step, respectively.
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