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Abstract: Subterranean termites of the species Reticulitermes speratus kyushuensis Morimoto (Isoptera:
Rhinotermitidae) are notoriously destructive soil-dwelling pests that feed on the cellulosic wood
biomass. This leads to tremendous losses of forest trees such as Pinus densiflora Siebold and Zucc.
(Pinales: Pinaceae) and precious wooden structures of cultural heritage. This study investigated
the efficacy of chitinase and protease produced by Bacillus licheniformis PR2 as cuticle-degrading
enzymes for the biocontrol of worker termites. Bacillus licheniformis PR2 produced a strong chitinase
and protease activity up to a maximum of 82.3 unit/mL and 35.9 unit/mL, respectively, and caused a
lethal effect on termites under laboratory conditions. Treatment of termites with the bacterial broth
culture and the crude enzyme fraction of B. licheniformis PR2 resulted in a maximum mortality rate
(with a median lethal time (ET50)) of 83.3% (3 h, 36 min) and 88.9% (2 h, 59 min), respectively. The
termites treated with B. licheniformis PR2 exhibited loss of setae, disintegration of epicuticle, rupturing
of procuticle, and swelling at sockets. The degradation of cuticular chitin and glycoprotein polymers
in the termite cuticle by chitinase and protease enzymes produced by B. licheniformis PR2 represents
an effective eco-friendly strategy for controlling termite damage in Korean cultural heritage sites
and forests.

Keywords: wood structures; termite damage; entomopathogenic bacteria; cuticle-degrading enzymes;
termite mortality

1. Introduction

Termites (Isoptera) are a group of approximately 3000 species of soil-dwelling detri-
tophagous insects with the ability to feed and decompose cellulosic biomass such as wood
due to the presence of symbiotic protozoa in their hindguts [1-3]. The subterranean termites
are highly eusocial insects that collectively forage by communicating the location of their
food source to members of the same colony using sternal gland pheromones, which makes
them highly effective foragers for specific wood substrates [2,4]. The life cycle of termites is
still a subject of research, since the post-embryonic stage (early nymphs/im-matures) can
undergo varying development pathways into different specialized castes in a colony [5-7].
For instance, in a young colony, the eggs hatch into nymphs (avoiding the hemimetabolous
pathway to winged imago) and then molt several times into adult workers or sterile sol-
diers [7]. However, in old colonies, the eggs hatch into immatures that can in addition
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produce winged alates (reproductive males or females) which later disperse to form new
colonies at synchronized times of the year [5-7]. The alates make short dispersal/mating
flights, shed off their wings (dealation), and with the help of sex-attractant pheromones,
the dealates pair up on the ground (primary reproductive) to form new nests, and then
mate (queen and king) to establish new colonies [5,7].

Termites have a wide range of ecological distributions, ranging from the tropics, arid and
savanna vegetation, oceanic islands, and mangroves, to temperate regions, with higher diversity
and abundance in the rainforests of Africa, South America, and Southeast Asia [8-10]. Despite
their role in nutrient cycling through organic matter decomposition, termites are widely
categorized as pests of live wood in tree trunks and wooden structures such as houses and
cultural heritage sites [2,11,12]. Moreover, with the increasing changes in the global climate
and substrate distribution, some termite species have invaded new ecological regions
where they cause tremendous damage to wooden structures, forest trees, and crops [2,9,13].
Termites cause an estimated economic loss of approximately USD 40 billion globally per
year, with a continuous increase in the scale of damage due to global warming [14-17].
They mainly move through underground tunnels to enter wooden buildings through
the lower part of columns, attacking the inside of the wood in a concentric circle, which
damages the original shape and destabilizes the structure of wooden buildings [2,14,18].
In the Republic of Korea, a number of subterranean termite species are known to cause
substantial economic damage in agricultural /ornamental crops, live forest trees, especially
Pinus densiflora Siebold and Zucc. (Pinales: Pinaceae), and wooden structures of cultural
heritage [19,20]. The worker caste of Reticulitermes speratus kyushuensis Morimoto (Isoptera:
Rhinotermitidae) is responsible for causing the most severe damage in the trunks of live
trees and wooden structures, as observed in the live P. densiflora log (Figure 1).

Figure 1. (A) A brood of R. speratus worker termites on the trunk of P. densiflora and (B) Dorsal view
of R. speratus worker termite.

There are various control strategies that have been used to reduce damage caused
by termites, with synthetic pesticides or traditional wood preservatives being the most
commonly preferred methods [2,16,21]. The application of synthetic pesticides (termiti-
cides) including organophosphates (such as chlorpyrifos and endosulfan), carbamates,
pyrethroids, and insect growth inhibitors have been developed, used, and phased out in
succession as more effective and less harmful termiticides were developed in the mid-19th
century [22,23]. More recently, termiticides such as chitin synthesis inhibitors (CSIs), neoni-
cotinoids (imidacloprid), phenylpyrazoles (fipronil), bifenthrin, and chlorantraniliprole are
among the most widely used chemical insecticides to control termites through fumigation,
soil treatment, and colony removal [17,22-24]. The wooden structures are often protected
from termite damage by clearing the palatable wood trees around the structure and conduct-
ing pre-treatment of the construction foundation and wood materials with termiticides [14].
Even though the use of chemical insecticides can rapidly cause termite mortality, their
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continuous application, broad spectrum, and persistence in the soil cause devastating
effects on human life, animal health, and to non-target organisms, including beneficial
insects such as natural enemies and pollinators, and soil micro- and macrofauna [25-29].
Moreover, the indiscriminate use of chemical pesticides is also involved in the emergence
of insecticide resistance in other insect pests, leading to outbreaks of secondary insect pests
that would otherwise be maintained below threshold levels by natural enemies [30,31]. In
addition, the continuous use of these toxicants contaminates the soil and groundwater,
resulting in long-term retention and bioaccumulation of toxic residuals into the food chain,
which causes health risks to humans and animals [23,32]. This creates an urgent need for
developing environmentally friendly insecticides such as microbial-based biopesticides
to protect non-target organisms and human health by eliminating toxic residues that are
associated with conventional pesticides [8,30,33,34].

Several microorganisms, including bacteria, viruses, fungi, protozoa, and nematodes,
are among the potential entomopathogens for controlling insect pests [8,33,35-39]. The use
of bacterial entomopathogens such as Bacillus spp. is one of the most efficient strategies
in the biological control of insect pests through various insecticidal mechanisms [35-37].
Recently, some entomopathogenic bacteria have been described to exhibit chitinolytic
and proteolytic activities which cause the degradation of vital protective layers of the
exoskeleton (cuticles) in insect pests [33,35,36,40]. In eusocial insects such as termites,
enzymatic degradation of insect cuticles is more viable, since the cuticles of these insects
are biochemically soft and poorly sclerotized, which in turn makes them more susceptible
to insecticides [41-44]. In a previous study, Bacillus licheniformis PR2 was reported to
produce the cuticle-degrading enzymes chitinase and protease. These cuticle-degrading
enzymes effectively degrade cuticular chitin and glycoprotein polymers that constitute the
exoskeleton of larvae of the lepidopteran insect pest Hyphantria cunea Drury (Lepidoptera:
Erebidae) [36]. However, there is limited knowledge about the insecticidal effectiveness
of this bacterial entomopathogen against isopteran insects such as termites. Therefore,
the purpose of this study was to investigate the insecticidal activity of B. licheniformis PR2
entomopathogen as an eco-friendly alternative to synthetic insecticides in the control of
R. speratus worker termites.

2. Materials and Methods
2.1. Bacterial Broth Culture Preparation and Collection of R. speratus Worker Termites

The entomopathogenic strain B. licheniformis PR2 was isolated from soil grown with
pepper as previously described [45]. For the purpose of this study, the B. licheniformis PR2
strain was acquired from Purne Inc. (Jangseong-gun, Jeonnam-do, Republic of Korea). The
bacterial strain was spread on tryptone soy agar (TSA) medium and the resulting pure
single colony was re-inoculated into tryptone soy broth (TSB) medium for 48 h in an H1012
shaking incubator (Benchmark Scientific Inc., Edison, NJ, USA) set at 30 °C and 120 rpm.
The culture was used for further experiments.

In April 2022, logs inhabited by R. speratus were collected from P. densiflora habitat
at Chonnam National University arboretum in Gwangju-si, Korea. In order to prevent
moisture loss and death of R. speratus worker termites used in this study, the P. densiflora
branches were wrapped in plastic film during transportation to the laboratory (within
30 min). Then, R. speratus samples were immediately washed with tap water to remove
adhering dust and identified based on morphological characteristics.

2.2. Cell Growth Curve of B. licheniformis PR2 and Production of Cuticle-Degrading Enzymes

For the examination of growth conditions of B. licheniformis PR2 and its production
of chitinase and protease enzymes, 500 pL of the pre-inoculum (107 colony-forming unit
(CFU)/mL) was pipetted into 500 mL of pink fertilizer broth medium (PB). The PB medium
was composed of 1.5% NPK (20-20-20), 0.2% KH,POy, 0.2% MgSO4, 0.05% NaCl, 1.5%
sucrose (carbon source), 0.25% chitin powder, and 0.3% yeast extract in distilled water.
The bacterial strain was cultured in a shaking incubator at 120 rpm at 30 °C for 10 days,
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and 1 mL samples were collected daily for CFU. Then, the samples were serially diluted
for enumerating the viable cells of B. licheniformis PR2 with the plate spread technique on
the TSA medium at 30 °C after 1 day of incubation, and the experiment was conducted
in triplicate.

To determine the activity of the chitinase and protease enzymes produced by
B. licheniformis PR2, 2 mL bacterial broth cultures collected on a daily basis for 10 days were
centrifuged for 10 min at 13,000 rpm using a combi R515 centrifuge (Hanil Scientific Inc.,
Seoul, Republic of Korea), and the supernatants were analyzed for enzymatic activities.
The activity of chitinase produced by B. licheniformis PR2 was determined using the method
described by Hong et al. (2022) [46]. Then, 50 pL of the supernatant was added to 450 puL of
0.2 M sodium acetate (CoHzNaOy;) buffer (adjusted to pH 5.0) and then 500 uL of colloidal
chitin (0.5%) was added and the mixture was incubated at 37 °C for 1 h in a temperature-
controlled water bath 1660504EDU (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Then,
200 pL of 1 N NaOH was added to stop the reaction, and the solution was centrifuged at
13,000 rpm, and at 4 °C for 5 min, and 750 pL of the mixture was added to 1 mL of Schales’
reagent, followed by 250 uL of distilled water. The contents were incubated in boiling
water (at 100 °C) for 15 min, and the amount of reducing sugar was measured using a UV
spectrophotometer (UV-1650PC, Shimadzu, Kyoto, Japan) at a wavelength of 420 nm. The
experiment was repeated three times. One unit of chitinase activity was defined as the
reducing activity that released 1 umol of N-acetyl-glucosamine per hour at 37 °C.

The activity of the protease enzyme secreted by B. licheniformis PR2 was determined
as previously described by Ghorbel-Frikha et al. (2005) [47]. The Tris buffer (100 mM)
was prepared with 2 mM CaCl, and 1% casein, and the pH was adjusted to 8.0. Then,
50 pL of the bacterial supernatant was mixed with 950 uL of the buffer and the mixture
was incubated for 15 min at 60 °C in a water bath. To terminate the reaction, 500 uL of
20% trichloroacetic acid (TCA) was added and the reaction mixture was centrifuged for
15 min at 13,000 rpm. Then, the absorbance of the supernatant was measured using a
UV spectrophotometer at a wavelength of 280 nm, and the experiment was conducted in
triplicate. One unit of protease activity was defined as the amount of enzyme required to
produce 1 pug of tyrosine per min at 60 °C.

2.3. Preparation of Crude Enzyme Fraction from B. licheniformis PR2 Bacterial Broth Culture

The crude enzyme fraction of B. licheniformis PR2 was prepared from the bacterial
culture grown in PB medium for 7 days at 30 °C and 130 rpm as previously described [48].
The bacterial broth culture was centrifuged for 30 min in a combi R515 centrifuge set at
6000 rpm and 4 °C, and the supernatant was filtered through four layers of Whatman No.6
filter paper (Whatman International Ltd., Maidstone, UK). The crude enzyme fraction was
gradually precipitated from the filtrate using ammonium sulfate with gentle stirring at 4 °C,
up to 80% saturation as described by Choub et al. (2021) [48]. Then, the precipitated proteins
were separated by centrifugation for 30 min at 6000 rpm, after overnight stabilization of the
proteins at 4 °C. Then, the pellet was dissolved in a minimum volume of 20 mM Tris-HCI
buffer (pH 8.2) and the crude enzyme fraction was dialyzed at 4 °C for 24 h against the
same buffer. Chitinase and protease activity in the crude enzyme fraction was determined
as described above, based on the degradation of chitin and casein substrates, respectively.
The total protein concentration in the crude enzyme fraction was determined based on the
Bradford method, using bovine serum albumin as the standard [49]. The crude enzyme
fraction was then kept at —70 °C for use in termiticidal experiments.
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2.4. Anti-Termite Activity of B. licheniformis PR2 Broth Culture and Crude Enzymes on
R. speratus Worker Termites

All experiments on the insecticidal activity of B. licheniformis PR2 against R. speratus
worker termites were conducted in insect growth chambers (VS-91G09M-1300, VISION
Co., Daejeon, Korea). Four treatment groups were used in this experiment; (1) control (only
sterile distilled water), (2) PB medium without B. licheniformis PR2 inoculation, (3) Bacterial
broth culture of B. licheniformis PR2 (67.4 x 10”7 CFU/mL), and (4) Bacterial crude enzymes
of B. licheniformis PR2 (47.6 unit/mg of protein and 17.9 unit/mg of protein). Treatments
were prepared by placing sterile, wet filter paper disks in pre-sterilized polystyrene insect-
breeding dishes of 10 cm diameter and 4 cm height, with a ventilated lid, pore size = 0.053 mm
(SPL Life Science Co., Ltd., Pocheon-si, Republic of Korea). Then, ten (10) worker termites
were gently placed on paper in each insect-rearing dish and sprayed with 2 mL of each
treatment solution. The experiment was repeated three times for each treatment. The
experiment was conducted at 25 £ 2 °C, with a relative humidity of 70 £ 5%, and the
light duration of 14:10 (L:D). A completely randomized design (CRD) was used and the
mortality rate for R. speratus worker termites was evaluated hourly for 12 h after treatment.

The termite mortality was evaluated as a percentage of the number of dead termites
to the initial number of termites in each treatment group. Termites were considered
dead if they did not respond after being gently touched with a soft brush while being
observed at a magnification of 10 x using an optical microscope (BX41TF, Olympus,
Tokyo, Japan). The median lethal time (ET50) and the time required to attain 90% of the
maximum response/termite mortality (ET90) were calculated from the regression curve in a
Microsoft Excel spreadsheet (Microsoft Office Professional Plus 2019, Microsoft Corporation,
Redmond, Washington, USA). In each treatment, dead termites were collected every day
during the experimental period and kept in a fixative (4% p-formaldehyde). The surviving
termites were also fixed after the study period (12 h) and all samples were stored at 4 °C in
a separate sterile vial for morphological analysis.

2.5. Effect of Treatments on the Morphological Changes in Cuticle of R. speratus Worker Termites

To examine the morphological deformations in the cuticle of R. speratus worker termites
due to treatment application, the fixed samples were washed in phosphate buffer (pH 7.4)
three times to remove the paraformaldehyde. The samples were then processed through
a concentration series of two dehydrating agents: ethanol (40, 60, 80, 95, and 100% at an
interval of 30 min/step) and isoamyl acetate/ethanol at a concentration ratio of 1:2, 1:1, and
pure isoamyl acetate (v/v), for 20, 30, and 60 min, respectively. Each sample was air-dried
overnight under a fume hood. The dried sample was mounted on an aluminum pin stub
with carbon conductive tape and gold coated at 60 °C. The cuticles of R. speratus worker
termites were then observed on a GeminiSEM 500 scanning electron microscope (SEM)
(Carl Zeiss AG, Oberkochen, Germany). The acceleration voltage was set at 15 kV and the
magnification at 500 x.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS 25.0 statistical software (SPSS Inc., Chicago,
IL, USA). Cell growth and the activity of cuticle-degrading enzyme produced by B. licheniformis
PR2 were subjected to analysis of variance (ANOVA) using the Waller-Duncan test at
p = 0.01. The data for termite mortality during the treatment period were subjected to
two-way ANOVA and the results were presented as mean + standard deviation.

3. Results
3.1. Cell Growth, Chitinase and Protease Production by B. licheniformis PR2
The cell growth of B. licheniformis PR2 gradually increased from day 1 to day 4 after

inoculation, followed by a sharp increase from day 4 to day 5. The cell growth remained
relatively constant from day 5 to day 6 before the second sharp increase to a maximum of
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67.4 x 107 CFU/mL after 7 days post-inoculation (Figure 2A). Following the maximum cell
growth, the number of viable cells sharply declined until the final sampling day (day 10).
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Figure 2. The viable cell count (A), chitinase enzyme activity (B), protease enzyme activity (C), and
crude enzyme activity of B. licheniformis PR2 (D). The bacterial culture was grown in PB medium at
30 °C for 10 days. The bacterial culture for crude enzyme preparation was grown for 7 days. All
points represent mean =+ standard deviation (n = 3). Different superscript letters in a figure indicate
that values are significantly different (p = 0.01).

During growth, B. licheniformis PR2 produced high concentrations of cuticle-degrading
enzymes, chitinase, and protease in the broth culture. Chitinase activity showed a steady increase
from day 1 up to day 7 post-inoculation, attaining a maximum activity of 82.3 unit/mL, which is
consistent with the increase in number of viable cells in the same period (Figure 2B). Then,
a slight decline in chitinase enzyme activity occurred from day 8 to day 9 of inoculation.
The activity of chitinase then remained stable until the end of the experimental period. A
similar phenomenon was observed for protease enzyme activity, which gradually increased
from day 1 to day 3 and remained relatively stable up to day 5 of inoculation (Figure 2C).
From day 5 onwards, the enzyme activity of protease showed a faster rate of increase and
reached the peak of 35.9 unit/mL on day 7 after inoculation. Subsequently, the activity of
protease slightly decreased from day 7 to day 8 and then showed a relatively stable pattern
until the end of the experiment. The activity of both enzymes was positively correlated
to the pattern of B. licheniformis PR2 cell growth in the first 7 days after inoculation. The
crude enzyme fraction showed chitinase and protease enzyme activity of 47.6 units/mg of
protein and 17.9 units/mg of protein, respectively. The activity of chitinase and protease
enzymes did not vary before and after storage at —70 °C.

3.2. Anti-Termite Activity of B. licheniformis PR2 against R. speratus Worker Termites

Both the crude enzymes and the bacterial broth culture of B. licheniformis PR2 showed
a high anti-termite effect on R. speratus worker termites under laboratory conditions
(Figure 3A). The anti-termite effect of both the crude enzymes and bacterial broth cul-
ture of B. licheniformis PR2 increased with time from 1 h to 11 h after treatment application.
Treatment with crude enzymes resulted in a faster and higher lethal effect than the bacterial
broth culture treatment. After 1 h of treatment application, the mortality rate of termites
in the crude enzymes and bacterial broth culture treatments were only 8.9% and 6.7%,
respectively. By the end of the experiment (after 12 h), the termite mortality rate had
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increased by 10.0 and 12.4 times to 88.9% and 83.3% in the crude enzymes and bacterial
broth culture treatments, respectively. Based on the regression analysis for the bacterial
broth culture against subterranean worker termites, the median lethal time (ET50) and the
time require to attain 90% of the termite mortality (ET90) were 3 h, 36 min, and 9 h, 6 min,
respectively (Figure 3B). The ET50 and ET90 for the termiticidal effect of crude enzyme
fraction were 2 h, 59 min and 7 h, 41 min, respectively (Figure 3C). However, PB medium
treatment and control group did not have a significant lethal effect on R. speratus workers
during the experimental period.

(A)
100 4

®
&
®
=
»
s
»
®
z
&
®
&

o
g
%

a
a
&
7
2]

7
75

det

N
AW
AW
\
N
R
ma
n
o JeanllE \

1 2 3 4 5 6 7 8 9 10 11 12
Hours post application

Control - PB medium [[H:m]m]ﬂ Bacterial broth culture

(B) ©

[y

®
S

a

&

8,
)
s

@

4

%

=
£

7%

60

7228
%

722
7
7

Mortality (%)
Z)
ZA

40

%
%

7

mn
mn
N mn Mo}

20 4 N

7

mn|
mn

n N\

7

7

n n N

N

n n

7

0

%

Z
7

80 4 ET90=9h, 6 min

ET50 =3 h, 36 min
40 oo 5
! y=33.685In(x) - 0.7347 Sy

! R2=0974 : %1 Fol R2=09383

Mortality (%)
Mortality (%)

'
'
'
'

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)

e Bacterial broth culture -+« Log (Bacterial broth culture) e Bacterial crude enzyme «+----- Log (Bacterial crude enzyme)
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broth culture, and bacterial crude enzymes from B. licheniformis PR2 under laboratory conditions (A).
Regression curves illustrating the median lethal time (ET50) and the time required to attain 90% of
the maximum response (ET90), for the bacterial broth culture (B), and crude enzyme fraction (C).
The bars represent mean + standard deviation (n = 3). Different superscript letters a—n in the figure
indicate that values are significantly different (p = 0.01).

3.3. Morphological Cuticle Deformation of R. speratus Worker Termites after Treatment

The SEM analysis of the morphological changes in the cuticle of R. speratus worker ter-
mites treated with the bacterial broth culture and the crude enzyme treatments
(Figure 4C,D) revealed deleterious degradation of the termite cuticle compared to PB
medium treatment and the control group (Figure 4A,B). The morphological characteristics
of dead R. speratus worker termites from the bacterial broth culture treatment revealed a
ruptured epicuticle and some broken setae. In the crude enzyme treatment, the dead ter-
mites exhibited complete rupturing of the epicuticle and the procuticle, some broken setae,
and abnormal swelling at sockets. However, the cuticle of dead R. speratus worker termites
in the PB medium treatment and control group showed normal cuticle morphologies with
healthy setae (Figure 4).
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Figure 4. The scanning electron micrographs indicating the morphological characteristics in the
cuticles of R. speratus worker termites in the different treatment groups; control (A), PB medium
(B), bacterial broth culture (C), and bacterial crude enzymes (D) from B. licheniformis PR2 under
laboratory conditions. The yellow arrows indicate cuticle deformations such as rupturing, swollen
socket and broken setae due to treatment application.

4. Discussion

The arthropod cuticle (especially in insects) is a biological composite material that
contains fibrous chains of alpha-chitin which combine to form crystalline structures with
H-bonded sugar residues [50]. These cuticular chitin nanofibrils are interlinked to silk-
like collagen and globular proteins to provide for vital structural, protective, and sensory
functions of the insect cuticle [50,51]. For instance, the insect cuticle serves multiple life
functions, including body shape stabilization by holding appendages and internal organs
in their right positions, aids in locomotion, prevents desiccation, and serves as a physical
barrier against toxins and pathogenic infections [50-52]. In most terrestrial insects, such as
the Coleoptera order, the epicuticle is covered by a single waxy layer that prevents water
loss [53,54]. The wax is mainly composed of surface lipids and hydrocarbon mixtures
which play a waterproofing role on the surface of the epicuticle of insects [53,54]. Thus, the
disruption or degradation of insect cuticles is one of the most promising strategies in the
control of insect pests [35,36,40,55]. The role of cuticle-degrading enzymes such as chitinase
and protease has been elucidated as a mechanism by which some entomopathogenic
microbes control insect pests in agriculture and forestry [35,36,40,56]. Among the bacterial
entomopathogens, Bacillus spp. are the most prospective biological control agents against
insect pests, which in part is attributed to the secretion of cuticle-degrading enzymes such as
chitinase and protease [35,36]. In this study, B. licheniformis PR2 secreted cuticle-degrading
enzymes such as chitinase and protease into bacterial broth culture during its growth phase.
These cuticle-degrading enzymes have the potential to hydrolyze the cuticular chitin
polymers and structural proteins that are vital for the survival of insects [40,57-59]. The
SEM analysis of the cuticles in R. speratus worker termites treated with the crude enzyme
fraction (containing chitinase and protease) and bacterial broth culture of B. licheniformis
PR2 revealed morphological deformation such as the loss of setae, rupturing of the cuticle
surface, and swelling at sockets. The degradation of the cuticle by the crude enzyme fraction
of chitinase and protease indicates the surface of the termite epicuticle could be largely
composed of chitin and glycoprotein fibers. Both the crude enzymes and the bacterial
broth culture of B. licheniformis PR2 showed a high anti-termite effect on R. speratus worker
termites. Thus, the production of cuticle-degrading chitinase and protease enzymes by
B. licheniformis PR2 could play a significant role in the biological control of insect pests such
as R. speratus worker termites.
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In addition, treatment of R. speratus worker termites with crude enzymes and bacterial
broth culture from B. licheniformis PR2 caused a maximum mortality rate of 88.9% and
83.3%, respectively. Specifically, treatment with crude enzymes had a higher rate of termite
mortality and showed a rapid anti-termite activity compared to bacterial broth culture.
From 5 h to 10 h after termite treatment, the mortality rate in the group treated with crude
enzymes was significantly (p < 0.01) higher than that in the group treated with the bacte-
rial broth culture. Treatment with crude enzymes caused a significant change in termite
mortality in each successive hour from 1 h to 6 h after treatment application. Treatment of
subterranean worker termites with the crude enzyme fraction reduced the ET50 by 36 min,
and ET90 by 1 h 25 min compared to bacterial broth culture treatment. This indicates
a higher efficacy of the crude enzyme fraction due to the increased concentration of the
chitinase and proteinase enzymes. The termites in the PB medium and the control group
showed a negligible mortality rate of only 10.0% in each group by the end of the experiment.
This was also consistent with SEM analysis, which revealed that dead termites in the PB
medium and the control group exhibited normal cuticle shapes with healthy sockets and
setae. Thus, the observed termite mortality in both the crude enzymes and bacterial broth
culture treatments could be a direct result of the activity of cuticle-degrading enzymes such
as chitinase and protease. Unlike in other insects such as the Coleoptera, the nature of
termite cuticles could have unique weaknesses that may contribute to the susceptibility to
cuticle degradation [60,61]. For instance, wet wood termites are extremely prone to desicca-
tion and require high relative humidity to survive, which indicates a potential deficiency in
the development of a waterproof waxy layer on the surface of the epicuticle [60,61]. This
could also reduce the barrier and allows the contact of treatments with the epicuticle, which
consists of a cuticulin bilayer of chitin, lipoproteins, and protein-polyphenol sandwiching
fatty acid polymers [34,40,62]. The activity of chitinase and protease on the epicuticle causes
the degradation of cuticular chitin and protein polymers [34,62]. Moreover, the termite
procuticle is also unsclerotized, and thus, the procuticle (potentially dominated by weaker
arthropodin protein) could be more susceptible to the hydrolyzing activity of proteases
compared to other insect cuticles that contain sclerotin proteins [44,60,61]. The degrada-
tion of termite cuticles causes rupturing and subsequent loss of moisture which in turn
leads to rapid termite mortality due to their low tolerance to desiccation [35,36,40,60,61].
Moreover, the rupturing of the termite cuticles also exposes internal tissues to environ-
mental aggressions, such as microbial infections and pressure, while the damage to the
sensory organs/setae reduces the insect’s mobility, which could all cumulatively accelerate
termite mortality [35,36,40,51]. These findings are consistent with previous studies that
demonstrated the potential of cuticle-degrading enzymes such as chitinase and protease
from entomopathogenic bacteria. For instance, in the biological control of various insect
pests such as the larvae of the fall webworm H. cunea (Lepidoptera: Erebidae) [36], the
jujube gall midge Dasyneura jujubifolia Jiao and Bu (Diptera: Cecidomyiidae) [35], and
subterranean termites, (Isoptera: Rhinotermitidae) [33,62]. Moon et al. (2022) demonstrated
the insecticidal and repellent effect of B. licheniformis PR2 against fall webworm larvae by
inducing cuticle degradation, which was linked to the activities of chitinase and protease
enzymes [36]. Therefore, the results of this study confirm that B. licheniformis PR2 could be
effectively used to control several insect pests, including R. speratus, through the production
of cuticle-degrading chitinase and protease enzymes.

5. Conclusions

Bacillus licheniformis PR2 produced cuticle-degrading chitinase and protease enzymes
during its growth. Treatment of termites with the bacterial broth culture and crude enzyme
fraction effectively degraded the termite cuticle and lead to a rapid rate of termite mortality.
The degradation of termite cuticles could in part be attributed to the degradation of chitin
and protein fibers in the soft unsclerotized nature termite cuticles. The treatment with crude
enzyme fraction substantially lowered the ET50 and ET90 values compared to the bacterial
culture broth, which indicates a higher termiticidal efficacy of the purified chitinase and
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protease enzymes. The rapid and high termiticidal efficacy of B. licheniformis PR2 highlights
its potential for field application to control termite damage and reduce the use of harmful
chemical pesticides. This is the first report to demonstrate the potential of cuticle-degrading
chitinase and protease enzymes secreted by B. licheniformis PR2 as an effective and eco-
friendly biological control strategy against R. speratus worker termites. Further studies such
as the chemical analysis of the cuticle before and after treatment could help to elucidate the
precise mode of cuticle degradation.
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