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ABSTRACT: Nanoparticle-based pesticide delivery systems have emerged to decrease the environmental and health impact of
pesticides while increasing their efficacy. A majority of nanopesticides in the development pipeline are synthetic materials, some of
which present their own environmental risks. We propose the development of naturally occurring nanomaterials, namely plant
viruses such as tobacco mild green mosaic virus (TMGMYV), for the delivery of pesticides. We and others have previously shown that
plant virus-based nanoparticles have favorable soil mobility properties and thus could offer new avenues for the delivery of pesticides
to target root-feeding pests. Toward the application of plant virus-based vectors as pesticide delivery agents, we optimized
inactivation methods. We report the successful inactivation of TMGMYV using 10 J cm™ of ultraviolet light, 1.5 M $PL, or 1 M
formalin; the lack of infectivity was confirmed using Nicotiana tabacum Tennessee 86, N. tabacum Samsun nn, and tropical soda
apple (Solanum viarum).
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B INTRODUCTION to accumulation at the crop root level, where pests such as
nematodes reside.'” Plant viruses are already part of the natural
soil ecosystem and are not known to cause adverse effects in
humans or animals.

While infectious TMGMYV has been approved by the U.S.
Environmental Protection Agency for use as a bioherbicide

Biological pests, including microbes, arthropods, nematodes,
and weeds, are responsible for major losses in crop yields.1 In
modern agriculture, pest management often relies on the use of
synthetic chemicals that are sparingly soluble and adsorb to soil
particles with high affinity. Contemporary pesticides generally

) . 11,12 -
have poor bioavailability and require applications in large against tropical soda apple (TSA) weed, for pesticide
quantities to achieve an effective dose.” The accumulation of delivery a non-infectious formulation would be most desired to
these chemicals in the environment contaminates both land and enable broad applicability. Therefore, in this work we report the
water resources, which leads to oﬂ.target toxjcity to other formulation of inactivated TMGMYV. Previous reports on the
species, includin§ domestic animals and humans (e.g., cancer inactivation of plant viruses have focused on chemical
and infertility).”" As a result, an increasing number of pesticides treatments such as formalin, hydrogen peroxide, or even sodium
have been withdrawn from the market. Because these nitrite."> Generally, these chemical treatments either cross-link
compounds are not being efliciently replaced, there is currently or oxidize the nucleic acids and/or proteins. In addition,
a gap in the market that threatens our food safety and security. ultraviolet (UV) radiation is a powerful tool for the inactivation

Advances in nanotechnology have led to the development of of plant viruses and has been demonstrated to inactivate
agrochemical nanomaterials to protect crops from various tobamoviruses.'*~** UV irradiation causes RNA—protein cross-
pests.”~ The encapsulation or conjugation of pesticides in(to) links as well as dimerization of adjacent uracils, both of which
nanocarriers improves their stability and solubility, preventing inhibit RNA replication and translation.>> While UV inactiva-
their premature degradation by photolysis or biodegradation. tion studies have been performed using TMGMYV, data relied on
While nanocarriers can provide significant benefits to the visual local lesion quantification to record the level of infectivity
agricultural industry, some health and environmental risks after viral inactivation; this method has now been outperformed
remain to be mitigated. A majority of nanopesticides in the by far more sensitive assays such as reverse-transcription
development pipeline are based on metallic compounds, polymerase chain reaction (RT-PCR), which detects the

synthetic or natural polymers, which tend to persist in the
environment and in some cases can cause acidification of soil,
impairing its fertility.”” We and others have proposed to
repurpose the capsids of plant viruses for pesticide delivery
applications. For example, the delivery of anthelmintic drugs to
endoparasitic nematodes using the icosahedral red clover
necrotic mosaic virus (RCNMV)® and the rod-shaped tobacco
mild green mosaic virus (TMGMV )” has been reported. We also
demonstrated that TMGMYV exhibits good soil mobility leading

presence of viral RNA within the inoculated leaves. Therefore,
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Figure 1. Characterization of inactivated TMGMV. (A) Dynamic light scattering of TMGMV treated with (left) UV light (0, 1, S, 7.5, 10, and 15 ]
cm™?), (middle) SPL (0, 100, 500, 750, 1000, and 1500 mM), and (right) formalin (0, 100, 250, 500, 750, and 1000 mM). (B) TEM images of the
inactivated TMGMYV formulations (negatively stained). Scale bars correspond to 200 nm. (C) UV—visible light spectra of native and inactivated
TMGMV. (D) Denaturing sodium dodecyl sulfate—polyacrylamide gel electrophoresis gels under white light after Coomassie staining (protein
detection) and under UV light after GelRed staining (RNA detection). (E) UV—visible light spectra of RNA extracted from native and inactivated
TMGMYV. (F) Agarose-GE gels of the RNA extracted from UV-TMGMYV, fPL-TMGMYV, and formalin-TMGMYV, under UV light after GelRed

staining (RNA detection).

follow-up studies to define the effective dose range were
warranted.

Here, we performed dose-escalation studies to determine the
effective dose required to inactivate TMGMYV particles by UV

125

light versus chemical treatment using -propiolactone (SPL) or
formalin; the chemical inactivation methods have not yet been
applied to TMGMYV. We determined the minimal effective dose
and also considered the structural stability and chemical
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Scheme 1. Comparison of the Effects of UV Light, fPL, and Formalin on TMGMV*
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“Left, structure of TMGMYV using UCSF Chimera (Protein Data Bank entry 1VTM) depicting the coat proteins in green and the RNA in red. At
the top right is a single coat protein in three different orientations, highlighting amino acids that could be potentially modified by SPL and/or
formalin. At the bottom right, (1) inactivation of RNA using 254 nm UV light to promote uracil dimers. In the RNA schematic, adenine is colored
blue, uracil green, cytosine yellow, and guanine red. (2) SfPL-induced acylation and alkylation of RNA and proteins. (3) Formalin-induced cross-

linking of RNA and proteins.

properties of the inactive TMGMYV. Longitudinal stability
studies were also carried out to confirm that the inactivated
TMGMYV remained non-infectious after extended storage.

B RESULTS AND DISCUSSION

Dose-escalation studies using UV light, fPL, and formalin were
performed, and the resulting inactivated TMGMYV particles were
characterized by dynamic light scattering (DLS), transmission
electron microscopy (TEM), and size exclusion chromatog-
raphy (SEC) to assess their physical state (Figure 1A,B, Figures
S1—S3, and Scheme 1). Independent of the treatment modality
or concentration, SEC indicated intact TMGMYV particles; free
coat proteins or broken particles were not detected (it should be
noted that the resolution of the Superose 6 column does not
allow the measurement of potential particle aggregation). The
elution profile was consistent with native TMGMYV and native or
treated TMGMYV particles eluted at ~8 mL from the Superose 6
column (Figures S1—S3). As a complementary method, DLS
was used to determine the hydrodynamic radius of TMGMYV;
DLS provides insight into the TMGMV formulation and its
possible aggregation state, albeit an estimated measure given the
high-aspect ratio shape of TMGMYV. DLS revealed signs of
particle breakage when UV-TMGMYV was treated with large
doses of UV light (Figure 1A). There was a trend that the
average hydrodynamic radius of TMGMYV decreased from 125
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nm to 112,102, 99, 91, and 78 nm with increasing UV doses of 0,
1,5,7.5,10,and 15]J cm™?, respectively. DLS also revealed signs
of particle aggregation in the SPL-TMGMYV formulations
(Figure 1A); compared to native TMGMYV (125 nm average),
PPL-TMGMYV exhibited hydrodynamic radii between 165 and
215 nm in samples treated with 0, 100, 500, 750, 1000, and 1500
mM pSPL. In contrast, formalin-treated TMGMV (Form-
TMGMV) showed no signs of particle breakage or aggregation
with average lengths of 125—129 nm in samples treated with 0,
100, 250, 500, 750, and 1000 mM formalin (Figure 1A).

The polydispersity of TMGMYV as observed by TEM was
consistent with our previous observations'’ and was attributed
to the methods used to produce and purify TMGMYV, as well as
the process by which the particles were dried during the
preparation of the TEM grids (Figure 1B). TEM data concurred
with the observations made by DLS. While the native TMGMV
averaged a size of 180 = 76 nm, the UV-TMGMYV (154 + 84
nm) revealed signs of breakage, and Form-TMGMYV (183 + 101
nm) retained its structural integrity. JPL-TMGMV (175 + 81
nm) did not show signs of aggregation but rather formed a head-
to-tail self-assembling filament. This phenomenon was
previously reported using TMV assisted by aniline polymer-
ization and was attributed to a combination of hydrophobic
interactions, electrostatic forces between the dipolar ends of
adjacent particles.”* We hypothesize that the acylation and
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alkylation of amino acid residues (Figure S4) toward the
opposite ends of TMGMYV promote such interactions.

Next, we assessed the RNA state after UV, fPL, and formalin
treatment. TMGMYV contains a positive-sense, single-stranded
RNA genome of 6355 nucleotides and contains more than 400
sites of adjacent uracils prone to dimerization (Figure SS).
Opverall, UV—visible spectroscopy indicated that the RNA:pro-
tein ratio (260 nm:280 nm absorbance ratio) of SPL-TMGMV
and Form-TMGMV remained close to 1.2, indicating no
degradation or loss of RNA, as expected (Figure 1C). UV-
TMGMYV suffered from an increase in the 260 nm:280 nm ratio
from 1.2 to 1.3. This change was attributed to coat protein
breakage, as was observed in the gel electrophoresis experiments
(Figure 1D). Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gels were imaged following staining for nucleic
acid and proteins under UV light and white light, respectively.
While the coat proteins of TMGMYV are ~17 kDa in size, a
second protein band (~14 kDa) was observed in the UV-
TMGMV-treated samples, and its intensity increased with UV
dosage. It should be noted that free coat protein could not be
detected by SEC (Figure S1); therefore, the smaller coat protein
may be partially broken yet still assembled in the nucleoprotein
complex. Identification of the amino acid sequence of the ~14
and ~17 kDa bands by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF/
MS) was inconclusive as it was not able to clearly resolve the
bands, and thus, we could not obtain pure samples for analysis.

Denatured fPL-TMGMYV coat proteins showed no sign of
protein breakage or aggregation regardless of the fPL dose used.
In contrast, the larger the dose of formalin, the more intercoat
protein cross-linking was observed, as indicated by the presence
of additional high-molecular weight bands. GelRed staining of
the RNA content of TMGMYV particles revealed no significant
changes in RNA motility in fPL-TMGMYV and Form-TMGMV
samples, but there were signs of RNA breakage in samples
treated with UV doses above 1 J cm ™ (Figure 1D). The genome
content of each formulation was further analyzed following RNA
extraction from the TMGMYV formulations on native agarose
gels (Figure 1E,F). Treatment doses of >1 J cm™ of UV or 10
mM fSPL and 100 mM formalin led to significant RNA damage
and a decrease in total RNA recovery.

On the basis of these biochemical data, we hypothesized that a
minimum of S J cm ™2 of UV light, 100 mM fPL, and 500 mM
formalin would have been required to inactivate TMGMYV; at
these concentrations, the overall structural integrity of the
particles was maintained, but RNA damage was confirmed.

To confirm the dose of UV, APL, or formalin required to
inactivate TMGMYV, three plant species susceptible to TMGMV
infection were inoculated (Figure 2).

(1) In Nicotiana tabacum Tennessee 86 (Tn86), which is a
diagnostic species, TMGMYV elicits a strong, bright, yellow and
green foliar mosaic with occasional necrotic patches; the
symptoms are obvious by visual inspection and allow for
photographic documentation.

(2) N. tabacum Samsun nn (Samsun nn) is also a diagnostic
species as well as propagation species; it is the propagation host
used by BioProdex to manufacture SolviNix (the TMGMV-
based bioherbicide). While Samsun nn produces high yields of
TMGMYV (1-3 mg/g of fresh leaf tissue), the mosaic symptom
in this host is mild and not always detectable by eye; it is quite
difficult to photograph.

(3) In tropical soda apple (TSA) (Solanum viarum),
TMGMYV elicits systemic necrosis that is almost invariable.
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Figure 2. Analysis of the infectivity of TMGMYV v. inactivated TMGMV
against N. tabacum Tennessee 86 (Tn86), N. tabacum Samsun nn
(Samsun nn), and tropical soda apple (TSA). Depiction of individual
leaves infected with TMGMYV, UV-TMGMYV, PL-TMGMYV, or Form-
TMGMYV at various doses. A minus sign indicates leaves that were
visually symptomless, while a plus sign represents infected leaves. RNA
was extracted from leaves, and RT-PCR amplicons were obtained
proportionally to the TMGMV infectivity level. RT-PCR results
highlighted by red boxes depict conditions that were positive for
TMGMYV RNA within at least one leaf per condition.

Tn86, Samsun nn, and TSA were challenged with native or
UV-treated or chemically treated TMGMYV. Leaves were imaged
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Table 1. Leaf Infectivity as Determined by Visual Inspection”

N. tabacum Tennessee 86 (Tn86)

UV light (=) control 15J em™ 10J em™ 7.5] em™ 5] cm™ 1Jem™ 02]J em™ TMGMV
- - - - - + - e+

BPL (=) control 1500 mM 1000 mM 750 mM 500 mM 100 mM 1 mM TMGMV
- - - - - + ++ e+t

formalin (=) control 1000 mM 750 mM 500 mM 250 mM 100 mM 1 mM TMGMV
- - - - - - ++ e+t

N. tabacum Samsun nn (Samsun nn)

UV light (=) control 15] cm™ 10J cm™ 7.5] cm™ 5Jem™ 1Jem™ 0.2]J cm™ TMGMV
- - - - - - - e+t

SPL (=) control 1500 mM 1000 mM 750 mM 500 mM 100 mM 1 mM TMGMV
- - - - - ++ 4+ o+t

formalin (=) control 1000 750 500 250 100 1 TMGMV
- - - - - + ++ e+t

tropical soda apple (TSA)

UV light (=) control 15] em™ 10J cm™ 7.5] cm™ 5Jem™ 1Jcm™ 02]J cm™ TMGMV
- - - - - - - o+

SPL (=) control 1500 mM 1000 mM 750 mM 500 mM 100 mM 1 mM TMGMV
- - - - - +++ +++ e+

formalin (=) control 1000 mM 750 mM 500 mM 250 mM 100 mM 1 mM TMGMV
- - - - - - + e+

“A minus sign indicates no symptoms, while plus signs indicate symptom levels.

and harvested individually ~20 days post-inoculation (Figure 2
and Table 1). Leaves inoculated with larger doses of UV-treated
or chemically treated TMGMV showed no visual signs of
infection in all three species. In addition to visual inspection for
symptoms, RT-PCR was carried out on the total RNA content
extracted from individual leaves to further attest to the presence
of TMGMYV infection or lack thereof (Figures S6—S8). A total of
three leaves per treatment condition were selected randomly and
analyzed by RT-PCR. This method is a more sensitive assay as
opposed to visual inspection of the leaves; for example, visual
inspection of the leaves may indicate a lack of apparent infection
when using $ J cm ™2 of UV, 500 mM SPL, or S00 mM formalin
in either plant species tested. However, at these concentrations,
the leaves were TMGMYV positive using Tn86 and TSA plants.
RT-PCR testing and analysis of the amplified DNA fragments by
agarose gel electrophoresis confirmed the inactivating UV dose
for TMGMYV to be 7.5—10] cm™?, and this was consistent for the
three plant species tested. Differences were noted for the
chemically inactivated TMGMYV preparations. While 750 mM
PPL was enough to inactivate TMGMYV and prevents infection
of Tn86 and Samsun nn, 1500 mM SPL was required to prevent
TMGMYV infection in the hypersensitive TSA. Therefore, one
could inactivate TMGMYV using 750 mM fPL and still use it as a
bioherbicide with high specificity against TSA, which may be an
interesting extension of the current formulation. Formalin was
the least consistent treatment modality and required doses
varying of 1000, 250, and 750 mM to inactivate Tn86, Samsun
nn, and TSA, respectively. Overall, the required treatment doses
to prevent infection in all three plant species were 10 J cm™ of
UV, 1.5 M PL, and 1 M formalin. However, given the variability
of formalin dosage needed to achieve inactivation, this may be
the least favorable to use for commercialization.

Next, we determined whether inactivated TMGMYV remained
inactivated and structurally intact during storage. A longitudinal
study was carried out, in which native TMGMYV and inactivated
TMGMYV were stored in KP buffer at 4 °C and samples were
removed and characterized at the following time points: 1 day, 1
week, 3 months, 4 months, 5 months, and 6 months post-
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treatment using SEC, DLS, and TEM methods, as described
above (Figures S9—S14). The overall data indicate that
TMGMV remained intact during storage; aggregation or
disassembly was not observed. However, it was noted that the
average length of UV-, fPL-, and formalin-inactivated TMGMV
decreased over the 6-month time frame; 32%, 34%, and 14%
decreases in length were observed for UV-, SPL-, and Form-
TMGMYV, respectively (for a detailed discussion, see the
Supporting Information). The infectivity of the freshly
inactivated TMGMV was compared to their 6-month old
counterparts, and plant challenge studies indicate that the
inactivated TMGMYV preparations are suitable for storage
(Figure 15 and Table S2). However, one has to consider the
shortening of the nanoparticles that may impact soil and plant
distribution and pesticide loading.

All three treatment modalities have advantages and
disadvantages in terms of manufacturing (Table S3). UV
treatment is the cheapest, fastest, and most reproducible
inactivation modality but leads to shortening of the particles;
10J cm™* UV-TMGMY particles are on average 30 nm shorter
than native TMGMYV (or in other words 10% shorter than the
native TMGMYV). In contrast, fPL treatment maintains particle
integrity, although it leads to end-to-end alignment of TMGMV.
Furthermore, APL is an expensive and biohazardous chemical;
the chemical treatment also requires additional purification
steps, therefore reducing yields by 40—60%. Similarly, formalin
maintains particle integrity but requires a long treatment
incubation (S days); the additional purification steps required
to remove the treatment reagents are also at the cost of lower
yields (40—60%). Formalin treatment gave the least consistent
inactivation results among different plant species and therefore
may require careful optimization for each species of interest.
Altogether, UV inactivation may be the most suitable; it could be
easily integrated into the purification process.

The inactivation of TMGMYV by UV light has been reported in
the 20th century using the focal lesion quantification
method.'®*® These studies reported using different sources of
UV light with various intensities and power settings, which
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makes it difficult to compare the results. In addition, the time of
UV exposure was recorded to assess UV inactivation instead of
the more accurate joules per square centimeter units of measure;
for example, Ginoza et al. reported full inactivation of TMGMV
after UV exposure for 2 min, while Streeter et al. stated that a 6
min exposure was required. Using our system, UV exposure for 2
and 6 min would correspond to ~1 and ~2.5 J cm~?
respectively. At these concentrations, the leaves appear
symptomless but RT-PCR revealed the presence of infectious
TMGMYV (Figures S6—S8).

The plant virus cowpea mosaic virus (CPMV) has been
shown to be inactivated at UV doses of 2.5—5 J cm 2>***
CPMV consists of a bipartite ssRNA virus forming a 31 nm
icosahedron with pseudo T = 3 symmetry. The differences in the
UV dose required to yield inactivated virus preparations can be
explained by differences in virus structure and assembly:
CPMV’s ssRNA genome is encapsulated into the internal cavity
of the capsid; in contrast, TMGMV’s genome is incorporated
into the nucleoprotein assembly. Thus, the TMGMV is
somewhat buried in the coat protein structure, which likely
confers enhanced stability. The reported inactivation of
mammalian viruses such as influenza (ssRNA, ~1 J cm™2),*
HIV (ssRNA, ~1 J cm™2),”” and hepatitis A (ssRNA, ~0.3 ]
cm™2)*® required smaller doses, which may reflect the less robust
structure of mammalian viruses that did not evolve to persist
under changing environmental conditions.

PPL and formalin are more commonly used to produce
nonvirulent mammalian virus vaccines.””*’ Compared to plant
viruses, many mammalian viruses have a lipid envelope that can
be cross-linked by formalin or acylated/alkylated by SPL; thus,
they generally require smaller treatment doses to be inactivated.
For example, equine herpesvirus e L’ eastern equine
encephalitis and poliomyelitis type IT,>* HIV,”” and the influenza
virus’* were successfully inactivated with 5—60 mM APL.
Hepatitis A,> Japanese encephalitis virus,*® HIV,* influenza A
virus,”” and rabies’® were also successfully treated with 5—120
mM formalin. It is the structural integrity of TMGMYV that
makes it attractive for exploitation in nanoengineering and
environmental applications; however, these same features make
it harder, yet not impossible, to generate inactivated TMGMV
preparations; the dose required was ~10-fold larger than those
of the previously mentioned mammalian vaccines.

B CONCLUSIONS

To date, TMGMYV is the only plant viral nanoparticle that has
been approved by the U.S. Environmental Protection Agency for
use as a bioherbicide. To advance and broaden the use of
TMGMYV as a potential pesticide nanocarrier, we addressed its
potential nontarget risk by producing a set of inactivated
TMGMV formulations. TMGMYV was inactivated with 10 J
cm™? of UV light, 1500 mM fPL, and 1000 mM formalin, laying
the groundwork for the development of eco-friendly and non-
infectious viral pesticide nanocarriers.
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