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ARTICLE INFO ABSTRACT

Editor: Daniel C.W. Tsang The integration of nanotechnology for efficient pest management is gaining momentum to overcome the chal-
lenges and drawbacks of traditional approaches. However, studies pertaining to termite pest control using bio-
synthesized nanoparticles are seldom. The present study aims to highlight the following key points: a) green
synthesis of AgNPs using Glochidion eriocarpum and their activity against wood-feeding termites, b) testing the
hypothesis that AgNPs diminish digestive enzymes in termite gut through in silico analysis. The green synthesis
route generated spherical PsAgNPs in the size range of 4-44.5 nm exhibiting higher thermal stability with
minimal weight loss at 700 °C. The choice and no-choice bioassays confirmed strong repellent (80.97%) and
antifeedant activity of PSAgNPs. Moreover, PsAgNPs exposure caused visible morphological changes in termites.
Molecular docking simulation indicated possible attenuation of endoglucanase and bacteria-origin xylanase,
digestive enzymes from termite gut, through partial blocking of the catalytic site by AgNPs. Altogether, our
preliminary study suggests promising potentials of PsAgNPs for pest management in forestry and agriculture
sectors to prevent damages to living trees, wood, crops, etc. As sustainable pest management practices demand
low risk to the environment and biodiversity therefore, we recommend that more extensive studies should be
performed to elucidate the environmental compatibility of PsAgNPs.
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1. Introduction

Considering the developing biosafety concerns associated with
nanotechnological applications worldwide, the green synthesis methods
for generating nanoparticles are becoming popular due to their
environment-friendly and sustainable approach and are much needed in
the present time (Iravani, 2011; Singh et al., 2018). The green synthesis
approach provides an excellent opportunity for utilizing natural bio-
molecules for the synthesis of nanoparticles (Mishra et al., 2014; Beh-
ravan et al., 2019). In general, naturally occurring microorganisms and
plants have been identified as the best available bioagents for the same
purpose (Narayanan and Sakthivel, 2010; Li et al., 2011; Gopinath et al.,

2016; Jain and Mehata, 2017; Yu et al., 2019). Nevertheless, natural
biomolecules (originating from beneficial bioagents) based synthesis of
nanoparticles are likely to expand their application range in various
important areas for societal benefits. Therefore, plants (due to their
dominance and easy accessibility) are considered as the most suitable
natural resource providing a rapid, inexpensive, non-toxic and eco-
friendly method that is accepted worldwide (Philip et al., 2011). Phy-
tochemicals such as polyphenols, terpenes, tannins, flavonoids, ketones,
etc. play a key role as reducing agents aiding the synthesis of nano-
particles and further provide stability via capping of the synthesized
nanoparticles (Park et al., 2011; Marslin et al., 2018). Most importantly,
large-scale synthesis under non-aseptic conditions, simple experimental
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setup, and high kinetics are major advantages associated with
plant-mediated synthesis method.

Several plants have been explored for their ability to synthesize silver
nanoparticles (AgNPs) showing antimicrobial and antiplasmodial ac-
tivities, for example, Catharanthus roseus (Mukunthan et al., 2011),
Tribulus terrestris (Gopinath et al., 2012), Aloe vera (Tippayawat et al.,
2016), Clitoria ternatea and Solanum nigrum (Krithiga et al., 2015),
Azadirachta indica (Ahmed et al., 2016), Berberis vulgaris (Behravan
et al., 2019), Coccinia grandis (Arunachalam et al., 2012), Moringa olei-
fera (Moodley et al., 2018), etc. Here, we report the synthesis of AgNPs
using leaf extract of Glochidion eriocarpum Champ. ex Benth., a tradi-
tional medicinal plant. G. eriocarpum (Phyllanthaceae) is a shrub
distributed in Asian countries such as Southern China, Thailand,
Myanmar, Vietnam, Laos, etc. (Yao et al., 2018; Zhang et al., 2020). To
the best of our knowledge, G. eriocarpum has not been explored before
for the synthesis of AgNPs.

In particular, AgNPs among metallic nanoparticles have gained
enormous popularity due to their antimicrobial properties indicating
wide-ranging applications in many sectors (Rai et al., 2009; Burdusel
et al., 2018). The promising results and anticipated benefits of AgNPs in
agriculture have opened up a new avenue of research in other areas such
as forestry and agroforestry, particularly for pest management purposes.
Termites are known for their significant contributions to ecosystem
functions such as organic matter decomposition, nutrients cycling and
soil fertility in tropical and sub-tropical forests (Bignell, 2006; Jouquet
et al., 2011; Govorushko, 2019; Liu et al., 2019). However, harmful
species of termites are considered as pests of agricultural crops, forestry
trees, and woods due to their malicious activities causing considerable
economic loss globally (Junqueira and Florencio, 2018; Govorushko,
2019). Despite knowing the potential benefits of nanotechnology for
pest management (Goswami et al., 2010; Worrall et al., 2018), their
worth for termite pests control and promising implications in forest
system is largely unexplored. To address this gap, the present study aims
to (a) highlight the important role of AgNPs synthesized using green
synthesis route for termite pests control, (b) improve our understanding
of AgNPs beyond well-studied antimicrobial properties, and (c) explore
the possible mechanisms of interaction between termite and AgNPs for
improving pest management efficiency.

Higher termites possess a unique and complex digestive system
where digestive enzymes secreted by termites host and gut symbionts
play a key role in the metabolism of lignocellulosic materials (Brune,
2014). Since termite’s survival is highly dependent on its digestive
system and gut-associated microbes, therefore, targeting this system
could be an important strategy for efficient pest control (Lima et al.,
2014). We hypothesize that AgNPs have hazardous impacts on the
digestive enzymes of termites and their gut symbionts. Considering the
dearth of knowledge regarding this, we attempt to study termites-AgNPs
interaction for proposing their pest management efficiency. Here, we
provide evidence from laboratory-based experiments showing activities
of AgNPs against termites and molecular docking analysis disclosing
details of interactions between AgNPs and digestive enzymes.

2. Materials and methods
2.1. Collection of plant materials and extraction methods

Fresh, healthy, green, and medium-sized leaves of G. eriocarpum
were collected from the plants growing in the Xishuangbanna Tropical
Botanical Garden (21°41’ North latitude, and 101°25’ East longitude)
under natural conditions in a clean plastic bag. After transporting to the
laboratory, leaves were properly washed with distilled water to remove
dust and other impurities. After washing, leaves were kept under the
blotting paper to absorb excess water on the leaf surface. For the prep-
aration of leaves extract, 10 g of washed fresh leaves were chopped into
small pieces in a sterile glass beaker with the help of a clean scissor. To
this, 100 mL of Milli-Q (MQ) water was added and boiled for 3 minutes
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using a microwave oven. The extract was cooled down and filtered
through Whatman filter paper no.l. The filtered leaf extract was
immediately used for AgNPs synthesis.

2.2. Biosynthesis of AgNPs using G. eriocarpum leaves extract

For the biosynthesis of AgNPs, we followed the protocol described by
Krishnaraj et al. (2010) with some modifications. The fresh stock of
silver nitrate (AgNO3) (GB670-86, Shanghai Chemical Reagent Co. Ltd.)
was prepared in sterile distilled water at the final concentration of 1 mM.
To 100 mL of 1 mM AgNOs stock in a sterile conical flask, 10 mL of
leaves extract (as prepared in the previous step) was added slowly with
continuous stirring of a conical flask. After this, the conical flask was
covered with aluminum foil and kept in a rotary shaker (140 rpm) at 30
°C under dark condition. The biosynthesis of AgNPs was monitored by a
color change of the solution to dark brown. The biosynthesized AgNPs
(hereafter referred to as PsAgNPs) were harvested by centrifugation at
7000 rpm for 30 min (Dakshayani et al., 2019) followed by washing of
pellet with MQ water to remove impurities.

2.3. Characterization of PsSAgNPs

The UV-vis absorption spectrum of the 1 mL PsAgNPs aliquot was
recorded at a wavelength range of 200-600 nm to confirm the efficient
synthesis of AgNPs using UV-visible spectrophotometer (UV-2600, Shi-
madzu Corporation, Japan) at a resolution of 1 nm. The leaf extract
diluted in the same range (i.e. 10 mL leaves extract +100 mL water) was
used to set a blank. The morphology and elemental composition of the
PsAgNPs were analyzed using scanning electron microscopy (SEM) (FEI
Nova NanoSEM 450, USA) equipped with the energy dispersive X-ray
spectrometer (X-MaxN Oxford Instruments) at 15 kv acceleration
voltage. Furthermore, morphology and size of the PsAgNPs were
confirmed by transmission electron microscopy (TEM) (FEI Tecnai G2
TF30 S-Twin, USA). The X-ray diffraction (XRD) analysis for powdered
PsAgNPs was done using X-ray diffractometer (Empyrean, PANalytical,
The Netherlands) with Cu-Ka radiation (40 kv, 40 mA) in the range of 20
= 20°—80° with a wavelength of 1.54 A. The functional characterization
of PsAgNPs was done using Fourier transform infrared (FTIR) spec-
trometer (Bruker Tensor 27, Germany) using kBr pellets. The FTIR
spectrum was recorded from 400-4000 cm™ wavenumber at a resolution
of 4 cm™. In addition, the Raman spectrum was also recorded to identify
biomolecules attached to PsAgNPs surface using Raman spectrometer
(LabRAM HR Evolution, HORIBA, Japan) in a spectral range of 100-
4000 cm™. Thermogravimetric analysis (TGA) was performed to check
the thermal stability of PsAgNPs by a synchronous thermal analyzer
TGA/DSC HT 1600 (METTLER TOLEDO International Traditional
Limited Company, Switzerland). The powdered sample of PsAgNPs was
exposed to a temperature range of 25-700 °C with a heating rate of 10
°C/min under nitrogen gas atmosphere (20 mL/min).

2.4. Effect of PsAgNPs treatment on seed germination

To study whether PsAgNPs possess any toxic effect on plant germi-
nation, the seed germination assay was conducted under in vitro condi-
tion. The Cajanus cajan seeds were washed properly with water and
surface dried using blotting paper. Three treatments were set as follows:
control (water), AgNOs (50 pg/mL) and AgNPs (50 pug/mL). In total 6
replicates were maintained for each treatment. The seeds were soaked in
the respective suspension for 1 h. After this, seeds were placed in a
petriplate containing moist blotting paper and left at room temperature
till germination starts. Seed germination was recorded in each treatment
set. Primary root length and lateral root length were also measured at
different time intervals to observe the pattern of growth. Another set of
the same experiment (as mentioned above) was also monitored by the
Plants Vivo Imaging System (Berthold Technolog, Germany) to observe
the progress of growth in different treatments.
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2.5. Anatomical analysis for studying silver accumulation in plant cells

The transverse sections (TS) of the primary root of each treatment
(Control, AgNOs, PsAgNPs) were cut with the help of a sharp razor and
further stained with 50% safranin (Tripathi et al., 2017). After staining,
TS was mounted on glycerin over the glass slide and observed under a
microscope equipped with a digital camera (Leica microsystem
DM2000, Germany).

2.6. Termite repellent assay (Choice bioassay)

We collected termites from the infested dead wood lying on the
ground in Xishuangbanna Tropical Botanical Garden. For capturing
termites, deadwood logs containing termites were collected and trans-
ported to the laboratory. After this, termites were captured gently from
the deadwood using a featherweight forcep. For identification, termites
were examined under the microscope and later identified as Odonto-
termes sp. The repellent activity was determined using a filter paper
technique (Rech-Cainelli et al., 2015). Filter paper disc was divided into
two equal parts. One-half part was soaked with water and the other half
part was soaked in 1 mL of 0.1% PsAgNPs suspension. Both parts of
soaked blotting paper were put in a petridish (8.5 cm diameter) main-
taining a proper space between them. Then the population of 50-65
collected termites including soldiers and workers was released at the
center point of the petridish. This experimental set up was replicated
three times. The movement of termites was monitored at a timely in-
terval to know which part termites like to go. Finally, the number of
termites was counted on each part after 72 h and percent repellency was
calculated to check the efficacy of PsAgNPs. For further validation, the
bioassay was technically repeated four times and 3 replicates were
maintained each time.

2.7. Contact toxicity assay (No-choice assay)

Contact toxicity assay was performed to study the direct interaction
between termites and PsAgNPs in triplicates. In this assay, termites were
provided no-choice and were released in the experimental chamber
(same as described above) containing either PsAgNPs soaked or water-
soaked filter paper disc. Termites were observed under a microscope
equipped with a digital camera (Leica microsystem DFC450 C, Ger-
many) after 24 h of treatments for viewing the morphological and
structural changes. To determine the antifeedant activity, the experi-
ment was further extended for one week and the percent antifeedant
index (AI) was calculated using the formula described by Rech-Cainelli
et al. (2015).

Another experimental setup was prepared to link the repellent po-
tency of PsAgNPs with tunneling activity and antifeedant behavior of
termites. An experimental chamber consists of a 100 mL glass beaker (7
cm height x5.5 cm diameter) filled with 100 g of 25% moistened soil.
Control and PsAgNPs treated chambers were maintained separately by
placing a filter paper disc (5.0 cm diameter) soaked in water and
PsAgNPs, respectively on top of the soil and later covered with
aluminum foil after introducing 30 termites inside each chamber. We
used this setup to observe the tunneling behavior of termites resulting
from the repellent activity of PsAgNPs. Termite movement within the
chamber was observed at a timely interval. The experiment continued
for 14 days for observing tunneling response and paper consumption.

2.8. Molecular Docking Simulation: In silico approach to study
interaction between Ag/AgNPs and digestive enzymes in termite

Details about the interactions of proteins present in termite sp.
participating in cellulose degradation with Ag and AgNPs were evalu-
ated by molecular docking. Two enzymes were chosen according to their
structure availability in Protein Data Bank (PDB) platform: i. the struc-
ture of Endoglucanase from termite, Nasutitermes takasagoensis, PDB:
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1KS8, structure obtained by X-ray diffraction method at a resolution of
1.4 ;\, a monomer with a sequence length of 433 amino acids (Khademi
et al., 2002), ii. the crystal structure of a bacterial domain containing
xylanase from termite gut, Globitermes brachycerastes, PDB: 4HUS, a
crystallographic structure with a resolution of 2.0 A and a sequence
length of 456 amino acids (Han et al., 2013). The Ag was obtained from
PubChem database CID:23954 uploaded in Avogadro 1.2.0 to generate
coordinates for the Ag.pdb file (Hanwell et al., 2012). The AgNP struc-
ture required for protein-AgNPs interaction was previously developed
and validated by Kyrychenko et al. (2015) and has been provided to us
by Chandankere et al. (2020). Briefly, the AgNP is a truncated octahe-
dron with a face-centered cubic (fcc) crystalline structure containing
3871 Ag atoms with a diameter of approximately 4.5 nm (Kyrychenko
et al., 2015). Docking calculus of the Ag and AgNP was performed using
PatchDock server Beta 1.3 version. This program is a geometry-based
molecular docking algorithm, a good approach for molecular shape
complementarity (Duhovny et al., 2002; Schneidman-Duhovny et al.,
2005). Default options were adopted in the server platform for complex
type and root mean square deviations (RMSD) of 4.0 A for clustering and
all figures were made using the VMD program (Humphrey et al., 1996).

2.9. Statistical Analysis

Data for termites and plant growth-related experiments were repre-
sented as mean =+ standard error. Means were compared using analysis
of variance (ANOVA) followed by Tukey’s HSD test for plant data and t-
test for termite data at the significant level of P < 0.05. All statistical
analyses and graphs plotting were done using ‘multcomp’ and ‘ggpubr’
packages in R statistical software (version 3.6.3).

3. Results and discussion
3.1. PsAgNPs synthesis and characterization

The present study provides a simple and rapid method for biosyn-
thesis of AgNPs from freshly collected leaves of G. eriocarpum (Fig. 1).
The visible color change of the mixture from transparent to dark brown
(Fig. 2a) indicates an efficacious synthesis of PsAgNPs due to the
reduction of Ag' to Ag°. Interestingly, the synthesis process was faster
under constant shaking than a static condition. The AgNPs exhibit
unique optical properties indicative of shape and size due to their ab-
sorption efficiency (Lee and Jun, 2019). In this study, the UV-visible
spectrum is showing the presence of a strong surface plasmon reso-
nance (SPR) peak at ~457 nm, which represents the formation of AgNPs
(Fig. 2b). AgNPs have extraordinary efficiency of absorption and scat-
tering that leads to the appearance of an SPR peak at a visible range of
light due to the excitation of free electrons on the surface of AgNPs
(Aherne et al., 2008). Further characterization by SEM and TEM analysis
provided a better view of the shape and morphology of PsAgNPs (Fig. 2
¢,d). The spherical morphology of PsAgNPs in the size range of 4 - 44.5
nm was observed (Fig. 2 d,e). Due to Mie scattering effect, the absorp-
tion spectra of the spherical nanoparticles display a single SPR peak
whereas anisotropy in nanoparticles leads to the development of more
than one SPR peaks (Sosa et al., 2003; Amendola et al., 2007). The data
obtained by Uv-visible spectroscopy and SEM are in accordance with
this theory and confirm the spherical morphology of PsAgNPs in this
study which was also validated by TEM. Moreover, PsAgNPs were found
to be well dispersed indicating efficient capping agent properties of
G. eriocarpum biomolecules.

Furthermore, the degree of crystallinity of the PsAgNPs was revealed
by XRD analysis. The XRD spectrum showed the presence of 4 broad
Bragg reflection peaks at 20 angles of 38.01°, 44.25°, 64.20°, and 77.80°
which were assigned to (111), (200), (220), and (311) crystallographic
planes of face-centered cubic (fcc) structures of AgNPs, respectively
(Fig. 2f). This pattern is indicating the crystalline nature of PsAgNPs as
reported in earlier studies (Gong et al., 2018; Femi-Adepoju et al., 2019;
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Fig. 1. Green synthesis route of PSAgNPs using aqueous leaf extract of G. eriocarpum growing in Xishuangbanna Tropical Botanical Garden.

Pirtarighat et al., 2019). Although the predominant crystalline phase
was achieved due to silver, some unassigned peaks were also observed at
20 = 27.9° and 32.05° that could be due to G. eriocarpum phytochemi-
cals present in the leaf extract which represent bioorganic phase. This
result is supported by previous findings (Jeeva et al., 2014; Behravan
et al., 2019). Using the XRD spectrum, the average crystallite size was
calculated to be 25.6 nm using Debye-Scherrer formula i.e. D =
k\/Bcos0, where, k is 0.9, B is full width at half maximum (FWHM) and 6
is diffraction angle. The elemental characterization as detected by the
EDAX spectrum indicated the purity of PsAgNPs. As shown in Fig. 2j, the
intense peak at 3 kev indicated that silver (Ag) is the major element in
the PsAgNPs represented by 84.4% weight. However, the other peaks of
carbon (9.8% wt) and oxygen (5.8% wt) correspond to the biomolecules
present in the leaf extract which are acting as capping agents. The
occurrence of a strong peak at 3 kev is characteristic of a metallic silver
due to surface plasmon resonance (Kaviya et al., 2011; Moodley et al.,
2018; Dakshayani et al., 2019).

FTIR spectroscopy is an important analysis for characterizing the
possible biomolecules aiding the reduction of silver ions and their
further capping/stabilization. Functional groups representing the plant
biomolecules associated with PsAgNPs can be identified using FTIR.
Here, the FTIR spectrum is showing strong absorption bands at 3434,
2917, 1624, 1443, 1385, 1207, 1027, and 514 cm™®. The peak at 3434
cm™ corresponds to O-H stretching vibration arising due to the presence
of alcohol and phenols. Another peak at 2917 cm™ was assigned to C-H
group of alkane/aromatic compounds. The band at 1624, 1443 cm’
corresponds to C-N, C-C and N-H stretching vibrations present in pro-
teins. The band at 1385 cm™! arising due to N-O stretching of nitro
compounds. The peaks near 1207 and 1027 cm'! exemplify aliphatic C-N
and carbonyl stretching in proteins. The band at 514 cm™ is arising due
to stretching vibration of alkynes (Fig. 2g). The obtained FTIR spectrum
results correspond well with the previous studies on green synthesis of
AgNPs using plants (Balashanmugam and Kalaichelvan, 2015; Femi-A-
depoju et al., 2019; Pirtarighat et al., 2019). Additionally, the potential
role of proteins present in G. eriocarpum leaf extracts for the biosynthesis
of PsAgNPs was confirmed by the Raman spectrum showing a strong
characteristic peak at 1599.4 cm™ with the highest intensity (Fig. 2h).
According to previous reports, the presence of 1600 cm! band resembles
with benzene ring that could be possibly due to aromatic amino acids
such as tyrosine, phenylalanine, tryptophan (Costa Silva et al., 2017;

Singh et al., 2017). As documented earlier, protein biomolecules in plant
extract are excellent capping agents and lead to the stabilization of
biosynthesized nanoparticles (de Barros et al., 2018; Pirtarighat et al.,
2019). Altogether, the results indicate the effectiveness of phytochem-
icals of G. eriocarpum for the synthesis, capping, and stabilization of
metal nanoparticles. Furthermore, TGA confirmed the thermal stability
of PsAgNPs at a temperature range of 25-700 °C. The first step minimal
weight loss was recorded at ~100-200 °C. This weight loss was due to
the removal of moisture adsorbed into PsAgNPs surface. The noticeable
second step weight loss was recorded at a temperature range of
~200-700 °C. This weight loss is appearing due to the desorption of
biomolecules such as carbohydrates, polyphenols, etc. (Sun et al., 2014;
Moldovan et al., 2018) present on the surface of AgNPs. Most impor-
tantly, 82.85% residual weight was obtained after heating samples up to
700 °C causing 17.15% weight loss that indicates significant thermal
stability of the PsAgNPs (Fig. 2i). The high degree of thermal stability
can be attributed to the significant role of protein biomolecules as
capping agents of PsAgNPs as authenticated by FTIR and Raman spec-
troscopy. Based on these facts, we can say that G. eriocarpum is a suitable
natural biosynthetic source for obtaining efficient AgNPs by following a
simple synthesis process and without using hazardous or costly
chemicals.

3.2. Effects of PsAgNPs on plant growth

Since the major anticipated areas for broad-range applications of
PsAgNPs include agriculture and forestry therefore, we contemplated
examining their impacts on plant growth in terms of seed germination
and primary root growth. The PsAgNPs treatment did not cause an
inhibitory impact on Cajanus cajan seeds germination. The pronounced
toxic effect was observed for AgNO; treatment while seeds in both
control and PsAgNPs treated set germinated well. A noticeable signifi-
cant difference in the primary root and lateral root growth among the
three treatments was observed (Fig. 3, Fig. S1). The primary root length
in PsAgNPs (38.14 + 1.36) and AgNOs (19.75 + 1.97) treated set
showed 35.44% increase and 29.86% decrease, respectively over the
control set (28.16 + 1.06) after 8 days of treatment (Fig. 3 a,b). Like-
wise, lateral root length showed a prominent significant difference
among the three treatments but also showed a high range of variation
compared to the primary root length. The lateral root length showed
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Fig. 2. Biosynthesis and characterization of
PsAgNPs: (a) PsAgNPs showing visible color
change after treatment with AgNOg; (b) Uv-vis
spectrum of PsAgNPs showing SPR peak at
457 nm; Morphological characterization of
PsAgNPs using SEM (c) and TEM (d) micro-
scopy; (e) size range distribution of PsAgNPs;
XRD (f), FTIR (g) and Raman (h) spectra; (i)
TGA showing thermal stability of PSAgNPs; (j)
Elemental characterization: EDAX spectrum of
PsAgNPs showing 84.4% Ag followed by C
(9.8%) and O (5.8%).
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33.53% decrease in AgNOj3 treatment (3.27 + 0.60) and 35.56% in-
crease due to PsAgNPs treatment (6.67 + 0.53) as compared to control
set (4.92 £+ 0.43) (Fig. 3 c,d). This result is supported by previous studies
which suggest certain mechanisms such as improved water uptake by
seeds (Mahakham et al., 2017), enhanced photosynthesis process, and
stimulation of nitrogen transport (Das et al., 2018) are responsible for
biosynthesized AgNPs mediated augmentation of seed germination and

plant growth. However, we can witness both kinds of effects (beneficial
or toxic) of AgNPs in literature and due to discrepancy in results, the
mechanism of AgNPs causing either positive or negative effects are not
very well understood.

Furthermore, the cross-section of the primary root treated with
AgNOj3 showed significant changes in anatomy as compared to control
and PsAgNPs treatment (Fig. S2). The outer epidermis layer was
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Fig. 3. Impact of PsAgNPs and AgNOs3 on
Cajanus cajan seeds germination and primary
root growth at different days. (a, ¢) Primary
root length and lateral root length in different
treatments after 8 days of treatments. Values for
barplot represent mean + standard error (n =
6); different letters over the bar indicate that
\ mean values of the three treatments are signif-
icantly different from each other as determined
by one-way ANOVA followed by Tukey’s post
hoc test at P < 0.05. (b, d) Pattern of primary
and lateral root growth among three treatments
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observed to be thin and distorted in AgNOg treatment. Most importantly,
a dark spot close to the vascular bundle was noticed. In contrast, no such
irregularity and distortion of the epidermis was observed in control and
PsAgNPs treatment. The presence of a dark spot could be possibly due to
the enrichment of silver ions in cells that cause toxicity and further
distortion of cells leading to reduced germination process. The bulk form
of silver i.e. AgNO3 can release silver ions after dissolution in water and
then can easily be translocated through xylem vessels. We hypothesize
that PsAgNPs, due to capping with G. eriocarpum biomolecules, are in
more stabilized form and hence release of silver ions from PsAgNPs is
not frequent. Furthermore, the sensitivity towards nanoparticles may
vary for different plants and we assume that an optimum dose of
PsAgNPs i.e. 50 pg/mL is having growth stimulatory effects. The release
of silver ions is the main toxicity determining factor (Liu et al., 2010;
Reidy et al., 2013). Interestingly, AgNOs is reported to cause stronger
phytotoxic effects than AgNPs due to the high accumulation of silver
ions (Vishwakarma et al., 2017). Based on this, we assume that the dark
spot close to the vascular bundle resulting from high silver accumulation
in AgNOj3 treatment might be the possible mechanism of phytotoxicity.
The high stabilization of PsAgNPs is another important clue as obtained
by this data. We hypothesize that G. eriocarpum leaf extracts bio-
molecules are key players in determining the stability of PsAgNPs.

3.3. Evidence for pest controlling properties of PsSAgNPs
The present study provides evidence for the novel future application

of PsAgNPs based nanoformulation for pest management. Our rationale
for this assumption is based on two key features: a) termites

(Odontotermes sp.) were collected from infested woods that indicate their
wood-feeding activity, b) Odontotermes spp. have been identified as
destructive pests of woods, trees, forest, crops (Chiu et al., 2018; Ahmad
etal., 2019). Significant use of nanotechnology in the agricultural sector
is gaining huge attention due to its multifarious applications (Mishra
et al., 2017a, 2017b). Currently, Borges et al. (2018) proposed possi-
bilities of implementing nanotechnology-based techniques for wood
protection. In this regard, we suggest that PsAgNPs exhibiting excellent
termite repellent activity could be used for termite pest management.
Several studies are available showing antimicrobial properties of AgNPs
(Sondi and Salopek-Sondi, 2004; Mishra et al., 2017b, 2014; Mishra and
Singh, 2015; Loo et al., 2018), however, their activity against termite
pests are largely missing and not well attempted. The choice-bioassay
confirmed strong repellent activity of PsAgNPs compared to control (t
= 22.818, df = 11, P <0.001) (Fig. 4 a). The average number of in-
dividuals of termites making contact with the control part (50.83 +
1.78) was always significantly higher than PsAgNPs treated part (5.41 +
0.83). The repellent effect of PsAgNPs towards termites was found to be
consistent each time during the repetition of the experiment showing a
mean percent repellent efficiency of 80.97 + 2.77. Similarly, the anti-
feedant effect of PsAgNPs (Fig. 4b) was also found to be promising in
no-choice bioassay indicating antifeedant index (AI) of 53.49 + 7.37.
Since the observation on feeding behavior in terms of paper consump-
tion was made after one week therefore, we assume to get more Al value
if we would have continued the experiment for 15-30 days. Tunneling
activity is another important feature of pest termites as it allows them to
reach the food source and hence affect their foraging efficiency (Xu
et al., 2019). Therefore, understanding the tunneling behavior of



S. Mishra et al.

(a) Termite repellency

P =1.29e-10

» @
) ]

Number of termites

N
°

E——

Control PsAgNPs

(c) Repellency + Feeding behavior + Tunneling activity
C

termites as influenced by PsAgNPs treatment can help us to develop
more effective pest control measures. The most effective way for sus-
tainable pest management could be achieved via targeting feeding
behavior, tunneling activity, and repellency of termite pests. For that
reason, we used an experimental setup to observe all the above activities
together and to capture a more holistic view. As shown in Fig. 4c, we
observed a noticeable difference in the tunneling pattern between con-
trol and PsAgNPs treated chamber. In the control set, tunneling activity
was higher resulting in many interconnected tunnels at a height of 2.5
cm from the top. Tunnels were constructed in such a way that termites
can easily reach and attack filter paper (on the top) as evident from
paper consumption. Moreover, the movement of termites within visible
tunnels was observed very frequently. In contrast, in the PsAgNPs
treated chamber, termites adopted different tunneling strategy and they
tended to avoid the treated filter paper disc. One very prominent visible
tunnel going straight down to the bottom was observed and termites
movement was also restricted possibly due to their avoidance strategy
leading to initiate hiding.

Recent recognition of integration between nanotechnology and
arthropod control offers a new area of research that extends our
knowledge beyond the well-studied antimicrobial potential of a myriad
of metal nanoparticles. This offers a potential way to control a range of
pests, insects, vectors (Amerasan et al., 2016; Wakeil et al., 2017; Pascoli
et al., 2019). Although previous efforts have been focused more on
exploiting toxic effects of nanoparticles against mosquitoes, parasites
and ticks (Abinaya et al., 2018; Alyahya et al., 2018; Amerasan et al.,
2016; Benelli, 2018, Benelli, 2016), their efficacy against termites has
been the least explored area. Dorau et al. (2004) proposed the idea to use
silver-based biocides as wood protectants to restrict fungal decay and
termite damage. They recommended advantages of a range of silver salts
such as silver bromide, silver chloride, silver nitrate and silver thiosul-
fate over chromated copper arsenate, a widely used wood preservative
for health and environment toxicity concerns. Likewise, Qi et al. (2011)
also reported an important role of Copper-Carbon Core-Shell nano-
particles for forest protection considering its efficacy against termites
and wood-decaying fungi. Our understandings of the potency of bio-
synthesized AgNPs for maintaining forest health, forest trees growth
promotion, wood protection is in infancy. It is obvious from previous
reports that very limited efforts have been put to test the efficiency of
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(b) Antifeedant activity  Fig. 4. Effect of PsAgNPs on different activities
w 1 of termites. (a) Choice bioassay and boxplot
g '! ™ showing termite repellent activity of PsSAgNPs;
k. -:“-. data for boxplot have been compiled from 4
' ! B individual experimental setup (4 times x 3
replicates; n = 12) repeated at random time for
confirmation (b) Antifeedant activity displaying
paper consumed in control and treated part (c)
An experimental setup to observe repellency,
feeding behavior and tunneling activity
together. Red arrows indicate paper consump-
tion and yellow arrows indicate path of tunnel
constructed in experimental chambers. (C)
control, (T) PsAgNPs treatment.

AgNPs (more specifically biosynthesized AgNPs) against termites,
therefore there are significant knowledge gaps about the key role and
probable mechanisms of action of AgNPs against termites. We argue that
this study highlights a novel application of PSAgNPs against termites
pointing towards their future application in the agriculture and forestry
sectors for pest management. Nanotechnology holds promising appli-
cations in the forest (McCrank, 2009) and we need to discover the po-
tency of synthesized metal nanoparticles for their successful applications
in maintaining the forest health. The mechanisms of AgNPs toxicity to
insects could be due to oxidative stress, DNA & organelles damage,
membrane permeability disruption, and intracellular enzyme deactiva-
tion (Jiang et al., 2015; Benelli, 2018; Mao et al., 2018). More specif-
ically, toxicity to insects is triggered mainly due to the release of silver
ions. In addition to this, prior studies documented that AgNPs can cause
up/downregulation of oxidative stress-related genes, downregulation of
ribosomal protein causing protein synthesis inhibition, attenuation of
signal transduction pathway, etc., leading to the development of toxicity
behavior towards Chironomus riparius, Lepidopteran insects (Nair et al.,
2011; Nair and Choi, 2012, 2011; Yasur and Usha Rani, 2015). In our
study, contact toxicity assay provided useful information about PsAgNPs
toxicity to termites. We observed some visible changes such as
whole-body shrinkage, contracted abdomen, and abnormal head struc-
ture in termites exposed to PsAgNPs (Fig. 5). Interestingly, we noticed
dark-colored lower abdomen (Fig. 5d, Supplementary data S3) which
might be due to intake and accumulation of AgNPs that can damage
their digestive systems. This observation could also be related to the
absorption of nanoparticles by termites as PsAgNPs could also be seen
attached to their body.

3.4. Molecular docking simulation for Protein-Ag and Protein-AgNPs
interactions: Impact on digestive enzymes

Termites mainly feed on the primary nutrition source i.e. lignocel-
lulose which is the major component of woody plants. The unique ability
to digest lignocellulose is driven by a variety of enzymes secreted by
termites host itself and gut-associated symbionts (Brune, 2014). There-
fore, two different proteins were used because of their distinct origins:
xylanase from Globitermes brachycerastes termite gut bacteria and
endoglucanase from termite Nasutitermes takasagoensis (Khademi et al.,
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Fig. 5. No-choice bioassay: Pictures are showing visible morphological changes in termites after 24 h of exposure to PsAgNPs. (a) termites soon after collection and
before exposure; (b) red arrow indicate the shrinkage of abdominal part after exposure; (c, d, €) visible changes in body parts such as head structure, dark colored
lower abdomen and whole-body shrinkage; (f) PsAgNPs attached to legs. C (control) and T (PsAgNPs exposure).

2002; Han et al., 2013). Most importantly, we selected these two pro-
teins structure from termites showing the same wood-feeding behavior.
The objective was to evaluate the interactions of Ag and AgNPs with
digestive enzymes of termites, considering the chemical element in its
elementary and nanoparticle forms. Previously, Dorau et al. (2004)
documented that silver ions released from silver salt can attack micro-
organisms in the termite gut resulting in the impaired digestive system
that causes toxic impacts on termites. In our contact toxicity assay, we
observed dark-colored lower abdomen due to PsAgNPs exposure (Sup-
plementary data S3). This observation provided us a practical clue for
AgNPs mediated damage to the digestive system of termites. Hence, we
attempted to provide evidence based on molecular docking results.

The endo-f-1,4-glucanases compose a group of endogenous cellulase
present in termites responsible for degrading carboxymethyl cellulose
(CMCQ), belonging to glycosyl hydrolase family 9. The majority of these
proteins have a similar structure showing a catalytic domain linked to a
cellulose-binding domain (CBD), except for plants and termites which
contain a single catalytic site without CBD and linkers (Khademi et al.,
2002). The xylanase adopted here was obtained from gut bacteria of a
wood-feeding termite (Globitermes brachycerastes). This enzyme belongs
to glycoside hydrolases (GH) family with common synonyms as
endoxylanase or 1,4-B-D-xylanohydrolases, which catalyzes the hydro-
lysis of the internal 1,4-f D-xylosidic bond of xylan, the major compo-
nent of hemicellulose in plant cell walls (Han et al., 2013).

Details about the Ag-endoglucanase and Ag-xylanase interactions are
presented in Fig. 6. The endoglucanase enzyme has Glu412 as the cat-
alytic acid/base residue and Asp54 or Asp57 as the basic residue.
Moreover, this enzyme has an important biding site close to the catalytic
pocket responsible for interacting with Ca®* (Chauvaux et al., 1992;
Khademi et al., 2002) as shown in Fig. 6a. Docking analysis showed that
the protein surface can stabilize Ag at several cavities, mainly in its
front-face, i.e., closest to the catalytic and Ca®"-binding domains. Ag
was found close to Asp54, Asp57, and Glu 412 in the catalytic site, and

also close to Asp210, Asp213, Glu214, and Asp254 in the calcium
domain. In this regard, it is possible to suggest a disturbance promoted
by Ag in these protein types, compromising the cellulose degradation in
termite guts via competitive interaction with the substrate to the cata-
lytic pocket. Moreover, Ca2t-binding sites are important, for example,
for endoglucanase from C. thermocellum, for stability and the kinetic
properties of the enzyme (Chauvaux et al., 1995). Similarly, the GH
xylanase can stabilize Ag in its surface, as depicted in Fig. 6b. This
protein has two distinct domains, a catalytic domain - CD, and a
non-catalytic domain. Interestingly, Ag was only docked in the CD
domain, suggesting a specific contribution for disturbance in the cata-
lytic reaction. The docking results pointed out some possibilities for
mostly direct contributions for enzyme inhibition, according to
Ag-protein interactions on to the catalytic site, specifically with Trp205,
Glu251, Asn299, GlIn341, His343, Glu371, Trp430, and Trp438. In
general, both proteins can be disturbed by Ag in its elementary form due
to the accommodation of Ag on the protein surface vacancies, affecting
the kinetics and yield for cellulose degradations.

In the next step, we hypothesized that the most suitable chemical
structure for understanding the inhibition process is AgNPs. Therefore,
we also performed molecular docking to assess protein-AgNPs in-
teractions. The results from Protein-AgNP interactions suggest an
important contribution of silver nanoparticles in the inhibition process
through partial blocking of the catalytic pocket entrance. For both en-
zymes, our findings might justify an avoided substrate accessibility
leading to a disturbance in the catalytic reaction. In Fig. 7a, there is a
unique position assumed by AgNPs for all 20 runs, suggesting its high
stability in the catalytic and Ca®*-binding domains. Hence, it is expected
that AgNPs are stabilized in a critical surface region of the endogluca-
nase, especially on the calcium linkage domain. On the other hand, for
xylanase, the best position was found in the “back-face” of the protein
catalytic domain, 18 structures, and two structures closest to the CD
surface, as detailed in Fig. 7b. Similar to that observed for Ag-xylanase
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Fig. 6. Docking analysis of the Ag deposition at
different parts of the protein surfaces. (a) De-
tails for endoglucanase, PDB:1KS8, depicting
the Ag deposition close to the catalytic and
Ca2+-binding domains. (b) Interaction with
xylanase, PDB:4HUS8, highlighting the Ag in-
teractions with residues that compose the cat-
alytic site, such as Trp205, Glu251, Asn299,
Gln341, His343, Glu371, Trp430 and Trp438.
All positions assumed by Ag were the 10 best
scored values according to the docking Patch-
Dock program.

interactions (Fig. 6b), there was no deposition of AgNPs sampled in the
non-CD region highlighting the possibility of nanoparticles acting
directly in the catalytic process via steric disturbance of the substrate
accessibility. Apart from this, indirect disturbance by nanoparticles
stabilized far away from the catalytic site may also be considered. This
behavior can promote changes in the protein structure, as already sug-
gested, for instance, for thrombin protein (Chandankere et al., 2020).

4. Conclusions

In recent years, with the purpose of generating environment-friendly
nanoparticles encompassing a vast range of applications, the green

Catalytic domain - CD

4

Trp205

Glu251
& Asn299

Trp438 “

synthesis approach involving plants has gained great attention. Never-
theless, embracing sustainability in a way that is beneficial to the
environment and humankind is most important and required constantly.
Hence, the increasing demand and usage of plants for industrial appli-
cations must be compensated with their cultivation on a large scale.
Therefore, we propose that G. eriocarpum must be used prudently for the
large-scale synthesis of AgNPs. Additionally, there is also need to iden-
tify potential biomolecules of G. eriocarpum facilitating synthesis of
PsAgNPs as it would help augment the synthesis process and enhance
properties and stability of generated nanoparticles.

Secondly, this preliminary study is intended to suggest probable
future applications of AgNPs against potentially damaging termite pests
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Catalytic domain

Fig. 7. Protein-AgNP interactions calculated by molecular docking. (a) Interaction sampled by endoglucanase, PDB:1KS8, and AgNPs representing the total of 20
runs, showing that nanoparticle is accommodated in the catalytic pocket entrance. (b) Disposition of AgNPs around the xylanase, PDB:4HUS, suggesting three distinct
positions assumed by the nanoparticle. In both proteins, the catalytic domains are partially closed by AgNPs.

in agriculture and agroforestry sectors for pest management to prevent
damages to living trees, woods, crops, etc. caused by termites. Moreover,
incorporating this strategy as a part of an integrated pest management
approach can be fruitful in reducing the excessive use of pesticides and
minimizing their potential hazards to the environment. However, the
third most important point for consideration and a future goal is to
elucidate the environmental compatibility of biosynthesized PSAgNPs.
Whilst the green synthesis approach is considered as environment-
friendly, we recommend for more extensive research for understand-
ing the all possible impacts of PsAgNPs on plants, soil, soil biota,
beneficial microorganisms, and associated functions, etc. and to opti-
mize the environmentally relevant dose to ensure their safe applications
for environmental protection and achieving sustainability.
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